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ABSTRACT
Epidemiological evidence suggests that adult cardiovascular disease may originate in fetal 
life. In humans, impaired fetal development is associated with an increased incidence of 
hypertension and other cardiovascular disease risk factors. However, an adverse 
environmental influence during pregnancy may, if not severe, ‘programme’ fetal 
development to produce adaptations which preserve growth but have long-term effects on 
cardiovascular function. Experimental studies suggest that one such adverse 
environmental factor may be maternal nutrition, as restriction of maternal nutrient supply 
during pregnancy in rats produces hypertension in adult offspring. It is not known if 
these effects are initiated in fetal life. Furthermore, the mechanisms by which maternal 
undemutrition programmes fetal cardiovascular development are not fully understood.

Experiments were performed to examine the effects of a modest level of maternal 
undemutrition in early gestation on fetal cardiovascular development in late gestation. 
Development of the fetal hypothalamic-pituitary-adrenal (HPA) axis, and fetal and 
placental growth were also examined to investigate the underlying mechanisms which 
may mediate changes in cardiovascular function. In addition, the physiological 
consequences of effects on the fetus were studied by investigating cardiovascular and 
HPA axis function in postnatal life. These experiments were conducted using chronic 
fetal and neonatal sheep preparations.

The results of these studies show that fetuses of undernourished mothers have low mean 
arterial pressure (MAP) and reduced HPA axis activity. However, fetal body weight and 
body proportions are not altered. Reduced fetal HPA axis activity may be mediated by a 
decrease in corticotropin releasing hormone (CRH)-mediated stimulation of the pituitary 
gland. Postnatally, MAP is elevated and HPA axis activity is greater in offspring of 
nutritionally restricted mothers. Thus maternal undernutrition during pregnancy can 
programme fetal cardiovascular development without substantial effects on fetal growth 
or blood-gases. These alterations in cardiovascular development may be mediated by 
changes in activity of the HPA axis. Furthermore, development of postnatal hypertension 
may be initiated in utero, even though the mechanisms involved produce low blood 
pressure in fetal life.
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CHAPTER 1 

INTRODUCTION
1.1 OVERVIEW OF INTRODUCTION

Epidemiological evidence suggests that impaired fetal development may be associated 
with an increased risk of cardiovascular disease in adult life. It is thought that an adverse 
environmental influence, acting during pregnancy, could alter fetal development and fetal 
organ function, producing changes in cardiovascular development. These changes may be 
linked to the development of later disease. Maternal undemutrition has been suggested as 
a factor which could act as an adverse environmental influence. This thesis describes 
studies that were performed to investigate the effects of maternal undernutrition on 
development of the cardiovascular system and hypothalamic-pituitary-adrenal (HPA) 
axis, primarily in the fetus. Development of the HPA axis was studied, as it is central to a 
number of developmental processes, including cardiovascular regulation, and thus may 
have a role in mediating the effects of maternal undernutrition on the cardiovascular 
system. In addition, development of blood pressure is closely related to growth, and thus 
the effects of maternal undernutrition on fetal growth have also been investigated. The 
potential roles of the kidney and placenta, and other aspects of cardiovascular control, in 
mediating effects on cardiovascular development have also been considered in this thesis, 
however, at present they have not been investigated in detail, and therefore are discussed 
only briefly.

The experiments described in this thesis were conducted using the sheep as an animal 
model. Thus in section 1.2 I will describe the use of this model in the study of fetal 
physiology. In section 1.3 I will go on to describe the development of the cardiovascular 
system, focusing on development in the fetus. Fetal hypoxia is widely used in fetal 
physiology to study developmental changes in control of numerous cardiovascular, 
endocrine and behavioural mechanisms. It has also been used in this thesis to examine 
responses of the cardiovascular system and the HPA axis, and thus is discussed in 
section 1.4. Development of the fetal HPA axis is reviewed in section 1.5. In section 1.6 
I will discuss the importance of nutrient supply and endocrine environment in the 
regulation of fetal growth. Finally, in section 1.7 I will describe the epidemiological and 
experimental observations which suggest how impaired fetal development may be linked 
to later disease, and how this effect may be produced by maternal undemutrition.
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1.2 THE CHRONICALLY INSTRUMENTED FETAL SHEEP

Most of the experiments performed as part of this thesis, and most of the studies referred 
to, have been conducted using chronically instrumented fetal sheep. Early studies of fetal 
physiology were performed using exteriorised fetal sheep preparations. This involved 
anaesthetising the ewe and fetus and removing the fetus from the uterus which was then 
placed on an adjacent table with the umbilical cord intact. A fluid-filled bag would 
sometimes be placed over the fetal head to mimic the uterine environment and prevent 
initiation of spontaneous breathing. The disadvantage of these preparations was that, any 
physiological measurements that were recorded may have been influenced by the effects 
of anaesthesia and the substantial stress responses that exteriorisation and surgery 
induced. In addition, the length of experiments that could be performed was limited, and 
it was not possible to observe longitudinal developmental processes.

Development of the chronically instrumented fetal sheep preparation has permitted study 
of fetal physiology without the complications of the above factors. These preparations 
involve performing surgery under aseptic conditions during maternal general anaesthesia. 
The uterus is opened and the fetus is partially exteriorised. At this time, the fetus can be 
instrumented with vascular catheters, electrodes and other recording devices. The fetus is 
then returned to the uterus, the incisions are closed, and the ewe and fetus are allowed to 
recover for a period of 4-5 days. Surgery can be performed as early as 0.6 gestation, and 
measurements can be made over a number of weeks. Thus, the chronically instrumented 
fetal sheep is a powerful model that enables the study of fetal physiology without the 
complications of anaesthesia, under relatively undisturbed conditions. Major advances in 
the study of fetal physiology have resulted from the use of this model.

The sheep has become the most widely used model for chronic fetal preparations. Their 
large size means that intravascular catheterisation of the fetus can be performed, and their 
relatively large blood volume allows serial blood samples to be taken. The sheep tolerates 
surgical manipulations and recovers well with relatively few complications. There are also 
relatively few problems with premature labour. In addition, the structural nature of the 
sheep placenta (caruncles separated by large areas of endometrium) means that surgical 
interventions do not damage the utero-placental circulation.

1.3 DEVELOPMENT OF THE FETAL CARDIOVASCULAR 
SYSTEM

30



V / i i g p t V A  x J L A A I< A  V /  V *  V *  V

Development of the fetal cardiovascular system can be described in terms of changes in 
arterial pressure, fetal heart rate (FHR), cardiac output and blood flow distribution. The 
changes are effected by development of neural and endocrine control systems and by 
structural changes within the fetal circulatory system.

1.3.1 Structural development

Early gestation

The formation of the heart involves a number of complex processes which include cell 
division, cell enlargement, cell death and cell migration. By these processes, the heart is 
formed from an undifferentiated mass of cells in the early embryo to a fully formed 
miniature heart in the late embryo. There are several general periods which describe 
development of the heart. The first developmental period is precardiogenesis. During this 
stage, at the cephalic end of the embryo there are two lateral areas of mesoderm which 
contain cells that will become the heart. These fold underneath the embryo along with 
tissue that will become the primitive foregut. During the fusion  stage, the lateral 
mesoderm cells meet in the central midline and fuse to form a single tubular heart. Soon 
after this stage, the primitive heart becomes functional. As development proceeds, the 
primitive heart continues to grow and undergoes a series of shape changes known as 
looping. This looping stage is characterised by a rightwards bulging of the middle of the 
heart tube, which continues to bend until a C-shaped loop is formed. The heart tube is 
further transformed until the primitive atria are adjacent to the primitive ventricular outlet 
region. Following the looping stage, the heart must then form chambers and outflow 
vessels. This occurs in the septation stage, in which there is formation of the atrial 
septum, the interventricular septum, the atrioventricular canal and the conotruncal septum 
which is important for division of the primitive outflow tract and formation of the aorta 
and pulmonary artery. Growth of the heart during, and after, these early developmental 
periods is primarily achieved by hyperplasia (cell division). After birth the myocytes stop 
dividing and all subsequent growth is achieved by hypertrophy (Thornburg & Morton, 
1993; Thornburg & Morton 1994). Primitive vascular structures are formed at the same 
time as the early development of the heart. Extensive rearrangement of these structures 
occurs in the establishment of the circulation in the late gestation fetus.

Late gestation

The most important feature of the fetal circulation in late gestation is the presence of the 
vascular shunts, the foramen ovale, the ductus arteriosus and the ductus venosus. The
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other important difference compared to the adult is the presence of the umbilical 
circulation.
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Fig. 1.1. The fetal circulation. (Taken from Walker, 1993).

Blood flow returns from the placenta in the umbilical veins. The common umbilical vein 
enters the porta hepatis where it is joined by the portal vein. Blood flow in the portal 
sinus then divides to branches of the left and right lobes of the liver, or through the 
ductus venosus, which connects to the inferior vena cava, and thus, allows umbilical 
venous blood to bypass the hepatic circulation. In the adult, blood entering the heart 
through the inferior vena cava would enter the right atrium, pass through to the right 
ventricle and be ejected through the pulmonary artery to the pulmonary circulation. In the
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fetus, the lungs do not function as organs of gas exchange, and thus blood flow is 
shunted away from the pulmonary circulation by means of the other two vascular shunts, 
the foramen ovale and ductus arteriosus. In the fetus, blood flow in the vena cava can 
enter the right atrium or pass through the foramen ovale to the left atrium. Blood ejected 
from the right ventricle can pass to the lungs via the pulmonary artery, but the majority 
passes through the ductus arteriosus and enters the systemic circulation along with blood 
ejected by the left ventricle (Rudolph, 1985) (Fig. 1.1).

1.3.2 Combined ventricular output

Due to the presence of the foramen ovale and ductus arteriosus, and the relatively small 
amount of blood flowing to the lung (8% of combined ventricular output), the left and 
right ventricle are considered to pump blood into the systemic circulation in parallel. 
Cardiac output is therefore, described as the sum of the right and left ventricular outputs, 
the combined ventricular output (CVO).

Fig. 1.2. Diagram of the fetal heart showing percentages of combined ventricular output 
ejected by each ventricle and distribution to the major vascular pathways. Ao = aorta; 
MPT = main pulmonary trunk; DA = ductus arteriosus; PA = pulmonary artery; RV =
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right ventricle; LV = left ventricle; RA = right atrium; LA = left atrium. (Taken from 
Rudolph, 1985).

In fetal sheep in late gestation, CVO has been reported to be about 450 ml/min/kg. CVO 
measured per kg bodyweight does not change substantially during the second half of 
gestation (Rudolph & Heymann, 1970). The absolute CVO is about 250 ml/min at 80 
dGA and rises to about 2000 ml/min at 140 dGA. This change closely parallels the 
increase in fetal weight during gestation (Rudolph & Heymann, 1970). The right ventricle 
ejects about 60-65% of the CVO, and the left about 35-40% (Fig. 1.2). The lung receives 
7-8% of CVO, and the remaining 55% of CVO ejected by the right ventricle passes 
through the ductus arteriosus to the descending aorta. The left ventricle ejects 3% of CVO 
to the myocardium, 20% to the head and upper body via the ascending aorta, and 10-15% 
passes through the aortic isthmus to the descending aorta. The placenta receives about 
40% of CVO, which equates to 200 ml/min/kg fetal bodyweight (Rudolph & Heymann, 
1970; Rudolph, 1985).

Fetal CVO is determined by the same factors which regulate cardiac output in the adult. 
Fetal CVO is the product of FHR and stroke volume. In turn, stroke volume is 
determined by filling pressure or preload, compliance of the ventricles, resistance against 
which the ventricles eject or afterload, chamber size and myocardial contractility. The 
problem with investigating the effects of changes in a particular variable controlling CVO 
is that, as regulation of CVO is dependent on multiple factors, alterations in one factor 
will produce reciprocal changes in others. Thus, regulation of CVO in vivo is achieved by 
the integrated effects of these multiple control systems.

When continuous measurement of left and right ventricular output is made with 
electromagnetic flowmeters in chronically instrumented fetal sheep, it is possible to detect 
changes in output associated with spontaneous alterations in FHR. Increases in FHR are 
associated with increases in output, and decreases in FHR are associated with reductions 
in output (Rudolph & Heymann, 1976). Electrical pacing of the heart above the resting 
rate has been shown to increase output from the left ventricle, and slowing by vagal 
inhibition has been shown to reduce output from both ventricles. Bradycardia has been 
suggested to contribute to the fall in fetal CVO during severe hypoxia, as atropine has 
been reported to prevent both events (see Rudolph, 1985). Thus, there is evidence for the 
involvement of FHR in regulation of CVO in the fetus.

Important considerations when describing the control of cardiac output in either the fetus 
or the adult are the determinants of wall stress of the ventricle and ventricular transmural 
pressure. Wall stress is defined as the force per unit cross sectional area of the
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myocardium. Thus, during diastole, this is the force that must be overcome to distend the 
heart and allow filling to occur. During systole, the wall stress is the force that the cardiac 
muscle must achieve before the myofibrils can shorten and generate pressure to eject 
blood. The determinants of wall stress can be described by using a theoretical model of a 
ventricle. If the ventricle is thought of as a thin-walled sphere, then wall stress at 
equilibrium can be described using Laplace’s Law:

Sw = 0.5(Pr/h)

where Sw = wall stress in the circumferential direction (pascals); P = transmural pressure 
(pascals); r is the radius of curvature (mm); and h is the wall thickness (mm). Thus, 
transmural pressure and the anatomical features of the heart determine the wall stress of 
the ventricle (Thornburg & Morton, 1993).

Ventricular transmural pressure is determined by the volume of fluid within the ventricle. 
This relationship can be described experimentally by generating pressure-volume curves. 
This is achieved in vitro by infusing fluid into the ventricle at constant rate and measuring 
the pressure produced (Pinson et al., 1987). The pressure-volume curve that is produced 
demonstrates that ventricular transmural pressure increases with the volume of fluid in the 
ventricle, and that the rate of increase of pressure increases at greater volumes (Pinson et 
al., 1987). Increases in ventricular fluid volume will thus elevate ventricular transmural 
pressure which will consequently produce an increase in ventricular wall stress. This will 
affect the capacity of the heart to contract during systole and distend during diastole. 
Therefore, these relationships are important when describing the factors that determine 
stroke volume and CVO.

During diastole, wall stress of the ventricular wall must be overcome to allow distension 
and filling to occur. Thus, the filling pressure of blood entering the heart must be equal 
to, or greater than, the ventricular wall stress. At the end of diastole, the value of 
ventricular wall stress is termed the preload. According to the Frank-Starling Law of the 
heart, as cardiac muscle is stretched within the physiological range, the amount of tension 
that it can produce increases. As ventricular volume determines ventricular tension, or 
wall stress, the pressure produced by the ventricle increases with ventricular volume. 
Thus, an increase in preload will result in elevation of stroke volume (see Thornburg & 
Morton, 1993). Experimentally, preload is difficult to quantify. Mean atrial pressure has 
been used as an index of preload, and to examine the role of preload in determining stroke 
volume. Ventricular function curves have been used to examine the role of preload (Reller 
et al., 1987). These are generated by rapidly withdrawing and reinfusing blood to alter 
mean atrial pressure, and measuring the effects on stroke volume with electromagnetic
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flow sensors placed around the pulmonary artery proximal to the ductus arteriosus, and 
around the ascending aorta. It has been demonstrated that when mean atrial pressure is 
increased, there is an increase in stroke volume, which produces an ascending limb on the 
ventricular function curve. The curve reaches a plateau at about 3 mmHg atrial pressure, 
at which point further increases in atrial pressure only produce a small increase in stroke 
volume, if at all (Reller et al., 1987). The fetal heart normally operates at a mean 
transmural pressure of about 3 mmHg (Thornburg & Morton, 1993). Thus, decreases in 
mean atrial pressure in utero can result in large reductions in stroke volume, but increases 
in atrial pressure will only increase stroke volume slightly. This observation has lead to 
the idea that the fetal heart operates near its maximum capacity and has limited ability to 
increase CVO by increasing stroke volume.

During systole, the ventricular wall stress is the force that the cardiac muscle must achieve 
before the myofibrils can shorten and generate pressure to eject blood. This value of wall 
stress is termed the afterload. It has been described as representing the ‘difficulty’ of 
ejecting blood from the ventricles (Thornburg & Morton, 1993). Afterload is determined 
by the impedance of the vascular tree, and is a function of vascular resistance and arterial 
compliance. Experimentally, increased vascular resistance and arterial pressure produced 
by occlusion of the descending aorta result in a reduction of stroke volume (Reller et al., 
1987). The right ventricle is more sensitive to increases in pressure and right ventricular 
stroke volume is reduced to a greater degree compared to the left ventricle by elevation of 
arterial pressure (Reller et al., 1987). Thus, increasing afterload decreases stroke volume 
and CVO.

Contractility is the intrinsic strength of contraction of the myocardium at a particular 
preload and afterload. Cardiac contractility is reported to increase during gestation in the 
fetal sheep (Anderson et al., 1984; Nakanishi & Jarmakani, 1984). It is regulated by 
cytosolic Ca2+ concentration, sensitivity of the contractile elements to Ca2+, the ability of 
myosin to act as an ATPase, and biochemical changes in the contractile proteins.

1.3.3 Central blood flow patterns

The presence of the vascular shunts in the fetal circulation in late gestation produces 
differential flow patterns of well-oxygenated and poorly-oxygenated blood. In the fetal 
sheep, approximately 55% of umbilical venous blood passes through the ductus venosus, 
with 45% distributed to the left and right lobes of the liver. In the region just distal to the 
diaphragm, the inferior vena cava receives blood from four sources, the left and right 
hepatic veins, the portal vein and the ductus venosus. Oxygen saturation in the portal vein 
is about 30%, in the left and right hepatic veins it is about 70-75% and 50-55%
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respectively, and in the ductus venosus blood, which is almost exclusively derived from 
the umbilical vein, it is about 85% (Rudolph, 1985). At first it was assumed that blood 
from these sources would be reasonably well mixed in the inferior vena cava. However, 
it has since been shown that preferential streaming patterns exist. Using radiolabelled 
microspheres, it has been demonstrated that ductus venosus blood is preferentially 
distributed across the foramen ovale, while distal inferior vena caval blood preferentially 
passes through the tricuspid valve (Edelstone & Rudolph, 1979). Right hepatic venous 
blood follows the pattern of distal inferior vena caval blood, whereas left hepatic venous 
blood preferentially passes across the foramen ovale with ductus venosus blood 
(Rudolph, 1985).

It is thought that the presence of valve-like structure in the inferior vena cava contribute to 
this preferential streaming pattern. The well-oxygenated blood from the ductus venosus 
and left hepatic vein appears to be deflected to the posterior portion of the thoracic inferior 
vena cava to the foramen ovale. Right hepatic venous blood is directed anteriorly with 
distal vena caval blood to the tricuspid valve (Bristow et al., 1981; Rudolph, 1985).

About 20% of venous return to the heart is made up of superior vena caval blood flow, 
which has an oxygen saturation of about 35%. Almost all of this is directed to the 
tricuspid valve and right ventricle (Rudolph & Heymann, 1967). Thus, the preferential 
streaming patterns act to maintain a distinction between well-oxygenated blood and 
poorly-oxygenated blood. This results in an oxygen saturation of about 65% in left 
ventricular blood, and a lower value of about 50-52% in right ventricular blood 
(Rudolph, 1985). Most blood ejected from the right ventricle is directed through the 
ductus venosus to the descending aorta, whereas blood ejected from the left ventricle is 
primarily directed to the ascending aorta. Thus, the overall result of the different flow 
patterns and vascular shunts is to facilitate delivery of well-oxygenated blood to the upper 
body, including the brain and heart, and direct poorly-oxygenated blood to the lower 
body and placenta. This relationship also applies to any other substance that enters the 
umbilical venous blood, such as nutrients or drugs. Direction of blood of relatively low 
oxygen content to the placenta contributes to the maintenance of the concentration gradient 
for oxygen diffusion. This blood will also be high in concentrations of waste substances 
such as C 02, which can be removed at the placenta.

In the fetus, the left and right ventricles do not contribute equally to CVO. The right 
ventricle ejects 65% of CVO, and the left ventricle 35% (Rudolph, 1985). It is thought 
that this is due to different afterloads placed on the ventricles. The left ventricle ejects into 
the resistance bed of the heart, upper body and brain, and thus, may be exposed to a 
relatively high afterload. In contrast, most of the blood ejected by the right ventricle is
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directed to the lower body, with a substantial proportion going to the lower resistance bed 
of the umbilical-placental circulation, and may therefore, be exposed to a relatively lower 
afterload. The lower afterload placed on the right ventricle allows it to eject a greater 
proportion of CVO (Teitel, 1988).

1.3.4 Arterial pressure and heart rate

Fetal mean arterial pressure (MAP) gradually increases from about 30 mmHg at 100 dGA 
to about 50 mmHg at 140 dGA. FHR shows an inverse relationship with MAP, and 
declines from about 200 beats per minute (bpm) at 100 dGA to about 160 bpm at 140 
dGA (Rudolph & Heymann, 1970; Boddy et al., 1974a; Dawes, 1985; Kitanaka et al., 
1989; Crowe et al., 1995).

The increase in fetal MAP is partly due to the rise in absolute CVO that occurs during 
gestation, described above, and an increase in peripheral vascular resistance which also 
occurs with gestational age (Iwamoto, 1989). The increase in peripheral vascular 
resistance may be related to growth of the fetus. It has been proposed that if fetal growth 
is accompanied by growth of new vessels and consequently an increase in cross-sectional 
area of the entire vascular bed, then a decrease in vascular resistance should occur with 
age (Iwamoto, 1989). However, if vascular growth does not follow the same pattern of 
growth of the fetal body, then an increase in peripheral vascular resistance could occur, 
and this has been suggested to be one of the contributory factors to the increase in MAP 
(Hanson, 1993).

The increase in peripheral resistance could also be due to development of sympathetic 
innervation of the peripheral vasculature, or altered levels of, or responsiveness to, 
circulating vasoactive hormones. Levels of catecholamines have been reported to decrease 
with gestational age (Palmer et al., 1984), and thus do not appear to be involved in the 
increase in vascular tone. Evidence in support of an increase in responsiveness to 
vasoactive agents has been demonstrated. Studies which have examined the 
cardiovascular responses to adrenergic stimulation by a fixed dose of exogenous 
noradrenaline have shown that the increase in FHR and left and right ventricular outputs 
increases with gestational age, indicating maturation of 8-adrenergic responsiveness 
(Nuwayhid et al., 1975). In addition, the magnitude of the rise in MAP to noradrenaline 
stimulation also increases with age, suggesting maturation and increased responsiveness 
of a-adrenergic systems (Nuwayhid et al., 1975). The ED50 of these responses did not 

change with gestational age indicating that the augmentation of responsiveness was due to 
increased numbers of receptors or alterations in the arteriolar effector system, but not 
changes in receptor sensitivity (Nuwayhid et al., 1975). Other investigations have shown
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that the magnitude of the fall in systolic blood pressure following a-adrenergic blockade 
increases with gestational age, possibly indicating the presence of an increase in tonic a -  

adrenergic influence (Vapaavouri et al., 1973). Recent studies have shown that the 
contractile response to noradrenaline of fetal sheep resistance vessels in vitro increases 
markedly with gestational age, an effect that may be related to an increase in vascular 
smooth muscle mass (Ozaki et al., 1997).

The decrease in FHR that occurs during gestation may be related to a decrease in 6- 
adrenergic stimulation resulting from the decreased levels of circulating catecholamines. 
Indeed, it has been reported that noradrenaline concentrations correlate positively with 
FHR (Palmer et al., 1984). It has also been shown that parasympathetic influences on the 
heart increase with gestation and contribute to the decrease in FHR. Following vagotomy 
or pharmacological blockade of cholinergic effects, FHR increases. This effect increases 
during gestation, demonstrating the increasing influence of the parasympathetic nervous 
system (Vapaavouri et al., 1973; Walker et al., 1978). The tonic sympathetic influence on 
the fetal heart is thought to develop earlier in gestation, producing a high resting FHR in 
mid-gestation (Vapaavouri et al., 1973; Walker et al., 1978). As gestation progresses the 
relative influences of the parasympathetic and sympathetic nervous systems change, 
producing an overall decrease in FHR with age.

The decrease in FHR is not thought to be the result of a baroreflex-mediated mechanism 
caused by the increasing MAP. The pattern of the fall in FHR is linear and in proportion 
to the increase in MAP. However, the gain of the fetal baroreflex decreases with age, and 
thus it would be expected that the rate of decrease of FHR would also decline with age, 
which would not result in the linear pattern that is observed. Furthermore, the baroreflex 
is not considered to influence the mean value of FHR on a long-term basis, rather, to 
control short-term responses and variability (Itskovitz et al., 1983).

1.3.5 Organ blood flow

Umbilical-placental blood flow

The percentage of CVO directed to the placenta is ca. 50% in immature sheep fetuses at 
approximately 90 dGA. As gestation progresses, this value declines to ca. 40% at term 
(Rudolph & Heymann, 1970). The absolute level of fetal placental blood flow increases 
progressively during gestation. The increase in umbilical-placental blood flow between 90 
and 115 dGA is thought to be a result of a decrease in vascular resistance, and between 
115 and 140 dGA it is due to an increase in fetal MAP (see Carter, 1993). The umbilical 
vasculature is not innervated, so control of the placental vasculature must involve
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endocrine or paracrine mechanisms. These may include paracrine effects of locally 
synthesised vasoactive agents, such as prostaglandin E2 (PGE2), which is a 
vasoconstrictor in the umbilical circulation (Carter, 1993). Placental CRH may be 
involved in paracrine control of placental blood flow in the human. Maternal plasma 
levels of CRH are high in the human, and it has been reported that it can produce 
vasodilation of the fetal-placental circulation (see Clifton et al., 1995). In the sheep, 
maternal and fetal levels of CRH are low (Jones et al., 1989a), and so its role may not be 
as important. Evidence for endocrine control of the umbilical circulation is shown in 
immature fetal sheep, in which umbilical blood flow decreases during hypoxia, 
suggesting that an increase in vascular resistance occurs (Iwamoto et al., 1989). This 
could involve changes in release of endocrine agents, either an increase in release of a 
vasoconstrictor substance, or decrease in release of a vasodilator substance. Hypoxia is 
known to increase release of catecholamines, AVP and angiotensin II, which are all 
vasoconstrictors.

Cerebral blood flow

The brain receives only 2-4% of the CVO under resting conditions in the second half of 
pregnancy, and this value does not change substantially with gestational age (Rudolph & 
Heymann, 1970; Jensen et al., 1991). The actual blood flow to the brain increases from 
ca. 30 ml/min/kg fetal bodyweight at 60-85 dGA, to ca. 132 ml/min/kg fetal bodyweight 
near term. There are also regional differences in blood supply to different parts of the 
brain. Near term, the cerebrum receives the greatest proportion of CVO (2%, ca. 80 
ml/min/lOOg tissue). The medulla has the highest blood flow compared to other brain 
regions (ca. 145 ml/min/lOOg tissue, 0.15% CVO) (Jensen & Berger, 1993).

M yocardial blood flow

The heart receives ca. 3% of the CVO and this does not change during the second half of 
pregnancy. The level of blood flow also does not change significantly with age, and is 
maintained at approximately 170-290 ml/min/kg fetal bodyweight (Rudolph & Heymann, 
1970).

Pulmonary blood flow

The lungs do not function as organs of gaseous exchange in the fetus, therefore, the 
primary function of blood flow to the lungs is to provide nutrients for growth. The 
fraction of CVO directed to the lungs remains constant at ca. 3.8% until about 110 dGA, 
when it starts to increase, and by term it is ca. 7% (Rudolph & Heymann, 1970). Blood
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flow also increases during gestation, from ca. 38 ml/min/kg fetal bodyweight in mid
gestation to ca. 130 ml/min/kg fetal bodyweight at term (Rudolph & Heymann, 1970). 
Low pulmonary blood flow in immature fetuses is thought to be the result of high 
pulmonary vascular resistance caused by vasoconstriction of small pulmonary arteries 
(Walker, 1993). The increase in pulmonary blood flow during gestation is due to a 
decrease in pulmonary vascular resistance. This may involve an increase in vascularity, or 
a reduction of hypoxic vasoconstriction caused by increased vasodilatation in response to 
oxygen (Walker, 1993).

Renal blood flow

The kidneys receive 2-3% of the CVO during gestation (Rudolph & Heymann, 1970; 
Jensen et al., 1991). It has been reported that renal blood flow does not change with 
gestation, with values of 85-211 ml/min/kg fetal bodyweight described during the second 
half of gestation (Rudolph & Heymann, 1970; Iwamoto, 1989).

Adrenal gland blood flow

The adrenal gland receives 0.06% of the CVO. Adrenal blood flow is ca. 174 
ml/min/lOOg tissue, and is not thought to change substantially during gestation (Jensen & 
Berger, 1993). The adrenal medulla and cortex have distinct blood supplies, and it has 
been reported that blood flow to the medulla is several times greater than that to the 
adrenal cortex. Therefore, separate regulatory mechanisms may exist. ACTH is thought 
to be important for control of cortical blood flow, and neural influences via the splanchnic 
nerve may mediate control of medullary blood flow (Carter et al., 1995).

Intestinal, cutaneous and skeletal muscle blood flow s

The fraction of CVO to the gut is ca. 3% prior to 120 dGA, after which it increases to ca. 
6% towards term. This pattern is mirrored by changes in blood flow, which increase 
from ca. 40 ml/min/kg fetal bodyweight before 110 dGA, to ca 65 ml/min/kg fetal 
bodyweight near term (Rudolph & Heymann, 1970).

The carcass is defined as the rest of the body, once the viscera, intracranial tissues and 
eyes have been removed, i.e. the skin, skeletal muscle and bones (see Peeters et al., 
1979). The carcass receives a substantial proportion of the CVO, ca. 30-40%, which 
does not alter significantly during gestation. Blood flow to the carcass is ca. 25 ml/min/kg 
fetal bodyweight during the second half of gestation (Rudolph & Heymann, 1970). In
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many studies, femoral artery blood flow is used as an index of skeletal muscle blood flow 

(see Giussani et al., 1993).

1.3.6 Fetal cardiovascular control mechanisms

Control of the cardiovascular parameters described above is achieved by the integrated 
effects the of the autonomic nervous system and various endocrine systems. The roles of 
these systems will be outlined in this section. Short-term control of fetal cardiovascular 
parameters is generally achieved through changes in FHR and vascular resistance. Long
term control requires regulation of fetal fluid balance.

Autonomic neural reflexes

Two neural reflexes are particularly important in control of the fetal cardiovascular 
system. These are the chemoreflex and the baroreflex. These reflexes function to maintain 
cardiovascular homeostasis and minimise the effects of adverse cardiovascular changes. 
The baroreflex detects and controls fluctuations in blood pressure, and, as in the adult, is 
one of the most important mechanisms for short-term regulation of the cardiovascular 
system. The chemoreflex is responsible for detection and control of chemical changes 
within the blood, and is also important for short-term cardiovascular regulation. The role 
of the chemoreflex in long-term regulation of the fetal cardiovascular system, although 
suggested, has not been examined. Baroreflex control of the cardiovascular system will 
be discussed in this section. Chemoreflex mechanisms will be discussed separately in a 
subsequent section [1.4.4].

Baroreflex

The arterial baroreceptor reflex is the most important mechanism providing short-term 
regulation of arterial pressure. Baroreceptors are spray-type nerve endings which are 
activated by stretch. They are located in the walls of almost every large artery of the 
thoracic and neck regions, but are mostly concentrated at the arch of the aorta (aortic 
baroreceptors) and at the bifurcation of the common carotid artery (carotid sinus 
baroreceptors). Changes in arterial pressure within the vessels at these regions are 
detected by these baroreceptors, and cause increased activation of their afferent fibres. 
The baroreceptors actually detect both the absolute pressure, and the rate of change of 
pressure. Action potentials generated by baroreceptors of the carotid sinus are transmitted 
via afferent fibres in the carotid sinus nerves (Hering’s nerves) and the glossopharyngeal 
nerves (IXth cranial nerves). Signals from the aortic baroreceptors are transmitted to the 
central nervous system via the vagus nerves (Xth cranial nerve). Both these afferent
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pathways project to the medulla oblongata of the brainstem. These fibres synapse with 
other neurones at the nucleus tractus solitarius, where the afferent information is relayed 
via polysynaptic pathways to other structures in the medulla and other higher centres. 
These other structures mainly comprise the medullary ‘cardiovascular centres’. The cell 
bodies of the efferent vagal parasympathetic cardiac nerves are located primarily in the 
medullary nucleus ambiguus, which is also termed the ‘cardioinhibitory centre’. The 
sympathetic autonomic efferent information leaves the medulla predominantly from the 
rostral ventrolateral medulla groups of neurones (excitatory pathway) or the raphe nucleus 
(inhibitory pathway). Input from the baroreceptors forms the major external influence on 
these cardiovascular centres. Increased baroreceptor input results in activation of the 
sympathetic inhibitory and parasympathetic pathways, and inhibition of the sympathetic 
excitatory pathways, to produce an overall decrease in heart rate and peripheral resistance 
and consequently, lower arterial pressure. Decreased baroreceptor input produces the 
reverse response.

Baroreceptor activity has been measured in anaesthetised, exteriorised fetal sheep in late 
gestation (Biscoe et al., 1969). Existence and operation of the reflex has been 
demonstrated as early as 88 days gestation (Blanco et al., 1988). There is evidence that 
the reflex is involved in continuous ‘fine-tuning’ of fetal arterial pressure, as it has been 
shown that baroreceptor discharge is phasically active, and is synchronised with the 
arterial pressure pulse, resulting in increases in discharge during the rising portion of the 
arterial pressure wave (systole), and decreases during the falling portion (diastole) 
(Blanco et al., 1988). Perturbations of circulatory control which produce elevation or 
lowering of arterial pressure, result in increased or decreased discharge from baroreceptor 
afferents, respectively (Blanco et al., 1988). Operation of the baroreflex has also been 
demonstrated in the fetal sheep in utero, by injection of exogenous vasoconstrictor or 
vasodilator agents to increase or decrease blood pressure (Maloney et al., 1977; Dawes et 
al., 1980; Segar, 1997). The resulting decrease or increase in heart rate that occurs 
demonstrates that the baroreflex is functional in the fetus in late gestation and operates to 
maintain blood pressure at normal levels. However, the importance of the baroreflex in 
the fetus has been questioned by the fact that mean arterial pressure is lower in the fetus, 
compared to the neonate and adult, and therefore it might be below the threshold pressure 
for eliciting the reflex. In addition, some studies have found that the sensitivity of the 
reflex is lower in the fetus compared to the adult (Ismay et al., 1979; Dawes et al., 1980). 
In contrast, Maloney et al. (1977) reported that sensitivity was greater in the fetus 
compared to the newborn. It is possible that the differences between these investigations 
was related to the different methods used to manipulate blood pressure. It is also possible 
that the effects of the baroreflex are mediated by producing changes in blood flow 
distribution, in combination with changes in heart rate (Itskovitz et al., 1983), which
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could result in false results if assessing reflex sensitivity by measuring heart rate alone. 
This question was addressed by Blanco et al. (1988) who examined discharge from 
baroreceptor afferent fibres directly. Their studies demonstrated that the sensitivity 
progressively decreased with age between mid-late gestation and 30-40 days postnatally. 
Further evidence for a physiological role for the baroreflex in normal fetal cardiovascular 
development has been obtained by studying the effects of denervation of the afferent 
fibres (Yardley et al., 1983; Itskovitz et al., 1983). These studies both showed that 
arterial pressure variability was increased following denervation, supporting the idea that 
the baroreceptors do have a physiological role in fetal cardiovascular control.

Endocrine systems

Catecholamines

Plasma catecholamine concentrations in fetal sheep were originally reported by Jones & 
Robinson (1975), who demonstrated that concentrations were usually < 0.07 ng/ml. 
Further investigations reported that plasma catecholamine concentrations decrease during 
late gestation in fetal sheep (Palmer et al., 1984). Noradrenaline concentrations have been 
reported to be ca. 1347 pg/ml at 116-120 dGA, and then decline progressively to ca. 118 
pg/ml at 140-145 dGA. Adrenaline concentrations are lower at all points in late gestation, 
being ca. 653 pg/ml at 116-120 dGA, and 52 pg/ml at 140-145 dGA (Palmer et al., 
1984). The source of catecholamines in plasma could be secretion from either the adrenal 
medulla or sympathetic nerve endings. Collection of adrenal effluent demonstrates that the 
adrenal medulla actively secretes both adrenaline and noradrenaline (Cohen et al., 1984). 
The relative contributions of the sympathetic nervous system and the adrenal medulla to 
circulating catecholamine concentrations has been investigated by chemical destruction of 
the adrenal medulla (Jones et al., 1988). When this is performed, adrenaline 
concentrations are reduced to undetectable levels, indicating that almost all adrenaline in 
plasma is secreted from the adrenal medulla. Noradrenaline concentrations are also 
reduced, but only by 40%, indicating that much of the circulating levels originates from 
sympathetic nerve terminals through ‘overspill’ (Walker, 1994).

Catecholamines may modulate the cardiovascular system through actions at their 
receptors, located at the heart and the vasculature. Thus, in very general terms, 
catecholamines can act to promote increased FHR and CVO through 6-adrenergic effects 
at the heart, and elevate MAP through a,-adrenergic effects at the vasculature. The 

cardiovascular effects of circulating catecholamines in the fetus can be studied by infusion 
of exogenous adrenaline, noradrenaline, or their antagonists. Adrenaline infusion 
produces an increase in FHR, an effect which can be prevented by blockade of 8-
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adrenergic receptors using propranolol. Noradrenaline infusion stimulates an increase in 
MAP, which is abolished by oc-blockade with phentolamine. Blockade of B-adrenergic 

receptors alone produces a decrease in FHR (Jones & Ritchie, 1978). These effects are 
consistent with roles for adrenaline stimulating FHR through 8-receptor effects at the 
heart, and for noradrenaline stimulating increased MAP through vasoconstrictor effects at 
the vasculature.

Arginine vasopressin (AVP)

AVP is a potent vasoconstrictor and is involved in regulation of fluid balance, and thus 
may have a role in fetal cardiovascular regulation. AVP is synthesised in magnocellular 
and parvocellular neurones of the paraventricular nucleus and supraoptic nucleus of the 
hypothalamus. Magnocellular neurones send projections to the posterior lobe of the 
pituitary gland where AVP is released directly into the systemic circulation. In the fetus, 
irAVP and AVP mRNA can be detected at the hypothalamus from approximately 70 
dGA, indicating that active synthesis of AVP occurs by this stage of development. 
Plasma AVP concentration has been reported to be ca. 1.9 |iU/ml at 101-120 dGA. 
Concentrations at 121-141 dGA are significantly lower, at ca. 0.77 (lU/ml (Weitzman et 
al., 1978).

Infusion of AVP to levels that occur during conditions of stress, produces a rise in MAP 
and decrease in FHR. CVO does not change following AVP administration, but there is a 
redistribution of blood flow, with an increase the percentage of CVO to the umbilical, 
myocardial and cerebral vascular beds, and a decrease to the gut and peripheral 
circulations (Iwamoto et al., 1979; Wiriyathian et al., 1983; Tomita et al., 1985). AVP 
can produce effects through actions at Vj and V2 receptors. It has been reported that 
administration of a Vj receptor antagonist does not affect basal MAP or FHR, suggesting 
that AVP V! receptor-mediated events are not important for maintenance of these 
parameters under resting conditions (Ervin et al., 1992). Administration of V! receptor 
antagonist does prevent the increase in MAP to subsequent AVP stimulation, but does not 
alter the fall in FHR (Ervin et al., 1992). This indicates that AVP acts at Vj receptors to 
produce its effects on MAP, presumably by causing vasoconstriction in peripheral beds. 
These findings also show that the fall in FHR in response to AVP is not mediated by Vj 
receptors, and furthermore, that the bradycardia is independent of the change in MAP, 
i.e. it is not a baroreflex-mediated event (see Harper & Rose, 1987). Further experiments 
have shown that selective V2 receptor stimulation does not affect fetal MAP or FHR 
(Ervin et al., 1992; Ervin et al., 1993). Thus, the effects of AVP on FHR appear to be 
mediated by a class of AVP receptors that have not been identified.
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In the adult, AVP is the main endocrine regulator of water excretion. Increases in plasma 
osmolality stimulate osmoreceptors at the hypothalamus and produce AVP secretion from 
the posterior pituitary. AVP acts at the kidney to increase water reabsorption, and reduce 
urine output. In the fetal sheep, the osmoreceptor system is thought to be fully functional 
by the last third of gestation. Infusion of hypertonic saline stimulates secretion of AVP by 
day 101 of gestation, and basal plasma osmolality shows a significant positive correlation 
with AVP concentration (Weitzman et al., 1978; Siegal et al., 1980). Infusion of AVP 
stimulates fetal renal water reabsorption, which may be a V2 receptor-mediated event 
(Lingwood et al., 1978b; Ervin et al., 1992). In contrast, fetal urine is usually 
hyposmotic to fetal plasma, suggesting that the fetal kidney does not have substantial 
capacity to concentrate urine by water reabsorption. The increase in urine osmolality 
following AVP infusion is much lower in the fetus compared to the adult for the same 
AVP concentration, indicating that sensitivity of the kidney to AVP is low during fetal life 
(Robillard et al., 1994).

Atrial natriuretic factor

Atrial natriuretic factor (ANF) is synthesised and stored in the atria of the fetus. Plasma 
ANF concentration is higher in the fetus compared to the mother, indicating independent 
secretion of ANF by the fetus. Release of ANF is primarily stimulated by distension of 
the atrial wall caused by increased pressure, and also by hyperosmolality and humoral 
factors such as endothelin, angiotensin II and a-adrenergic agonists, acetylcholine, 

androgens, glucocorticoids, thyroid hormones and AVP (Smith et al., 1989). The classic 
action of ANF is to promote renal excretion of sodium and water to decrease extracellular 
fluid volume. It has been reported that infusion of ANF to fetal sheep reduces CVO, but 
does not affect MAP or FHR (Hargrave et al., 1989). Other studies have shown that 
ANF causes hypotension (Brace & Cheung, 1987a). Consistent with this is the 
observation that administration of ANF antiserum causes a delayed increase in fetal MAP, 
suggesting that ANF may contribute to maintenance of MAP (Cheung, 1991). 
Administration of ANF antiserum also produces a decrease in urinary flow rate, and 
urinary excretion of sodium, potassium and chloride (Cheung, 1991). The opposite 
effects are produced by ANF infusion (see Smith et al., 1989). Thus, ANF appears to 
have a physiologic role in regulation of MAP and fluid balance in the fetus.

Cortisol

Fetal plasma concentrations of cortisol increase during gestation [1.5.5]. Glucocorticoids, 
including cortisol, are thought to be involved in cardiovascular regulation, and may 
produce their cardiovascular effects by altering vascular reactivity to other vasoactive

46



agents (Schimmer & Parker, 1996). In the fetus, fetal adrenalectomy at 119-133 dGA has 
been reported to produce no effect on basal MAP or FHR (Ray et al., 1988), although 
this study did not assess development of MAP or FHR. In contrast, infusion of cortisol 
has been shown to cause an increase in MAP (Tangalakis et al., 1992a; Dodic & Wintour, 
1994) and to decrease FHR (Wood et al., 1987). This effect can be maintained during 
extended infusion for 48 h (Dodic & Wintour, 1994). It has been suggested that cortisol 
may be more important for fetal cardiovascular regulation prior to 130 dGA as, in one 
study, cortisol infusion before this period increased MAP, but after 130 dGA there was 
no effect (Tangalakis et al., 1992a). The mechanism of the increase in MAP may involve 
sensitisation of the vasculature to angiotensin II, as it has been demonstrated that vascular 
responsiveness to angiotensin II is increased following cortisol infusion (Tangalakis et 
al., 1992a). Studies in adult rats have shown that glucocorticoid treatment, which elevates 
MAP, may do so by increasing the concentration of vascular angiotensin type 1 receptors 
(Sato et al., 1994). Increased adrenergic-mediated vasoconstriction does not appear to be 
involved in the increase in MAP, as cortisol infusion is associated with a decrease in 
plasma noradrenaline and adrenaline concentrations (Wood et al., 1987), and vascular 
sensitivity to noradrenaline is not altered (Tangalakis et al., 1992a). Thus, circulating 
cortisol may contribute to maintenance of fetal cardiovascular parameters, however the 
mechanisms and the extent of their involvement is not known.

Angiotensin 11

Angiotensin II has been suggested to be important in maintenance of fetal cardiovascular 
variables. Angiotensin II is a vasoconstrictor, and infusion of angiotensin II in fetal sheep 
to levels seen during conditions of stress produces an increase in fetal MAP, and delayed 
increase in FHR and CVO. Angiotensin II also produces redistribution of CVO, reducing 
the proportion to the umbilical-placental circulation through an increase in vascular 
resistance, reducing blood flows to the gut and kidneys, and enhancing flow to the heart 
and lungs (Iwamoto & Rudolph, 1981a). The effect of angiotensin II on FHR is not 
altered by B-adrenergic or cholinergic blockade (Iwamoto & Rudolph, 1981a), suggesting 
that angiotensin II can increase FHR by a direct action on the heart. The increase in FHR 
is likely to be the principal factor responsible for the increase in CVO, although 
angiotensin II may have a direct effect on the myocardium, but this is unlikely as the fetal 
heart has limited capacity to increase contractility. The vasoconstrictor effect of 
angiotensin II on the umbilical-placental circulation may represent part of the endogenous 
endocrine mechanisms controlling blood flow to the placenta. Inhibition of angiotensin 
binding by saralasin infusion can reduce basal fetal MAP (Broughton Pipkin & O’Brien, 
1978; Iwamoto & Rudolph, 1981b), suggesting a possible role in basal cardiovascular 
homeostasis. Angiotensin II is also released under conditions of fetal stress such as

47



haemorrhage. The fall in FHR and CVO that occurs during fetal haemorrhage is enhanced 
by blockade of angiotensin binding, indicating that angiotensin II is also important for 
maintenance of cardiovascular parameters during stress (Iwamoto & Rudolph, 1981b).

1.3.7 Transition at birth

At birth, a number of dramatic changes occur in the neurohormonal, metabolic and 
cardiorespiratory status of the infant. The most important changes that occur in the 
cardiovascular system are the removal of the placenta, the closure of the vascular shunts, 
and changes in regional blood flow including increased flow to the lungs (see Teitel, 
1988; Walker, 1993). The mechanisms producing these changes can be studied in the 
fetal sheep by mimicking the conditions of birth through experimental interventions such 
as ventilation and oxygenation of the lungs, injection of catecholamines or occlusion of 
the umbilical cord (see Padbury et al., 1981; Teitel et al., 1987).

Central blood flow  patterns

At birth, the fetal circulation, which is considered to function in parallel, is replaced by 
two distinct circulations which function in series. This is achieved by closure of the 
ductus venosus, the foramen ovale and the ductus arteriosus. The umbilical circulation 
supplies 95% of ductus venosus blood flow. When this circulation is removed by 
constriction and cutting of the umbilical cord, there is a large fall in ductus venosus flow 
(Walker, 1993). There is also the suggestion of active closure of the ductus venosus by 
a-adrenergic stimulation (see Teitel, 1988), possibly involving a muscular sphincter at 

the entrance, however this is a controversial area and definite active involvement in ductus 
venosus closure has not been established. Permanent closure of the ductus venosus is 
produced after proliferation of connective tissue which fills the lumen (Meyer & Lind, 
1966).

The foramen ovale is a distinct channel connecting the inferior vena cava and the left 
atrium, it is not an opening between the two atria (Walker, 1993). It terminates in a one
way valve, preventing back-flow of blood. Maintenance of the foramen ovale in the open 
position is achieved by the kinetic energy of the high blood flow rate in the inferior vena 
cava (Anderson et al., 1985). Maintenance of the open position is not thought to involve a 
hydrostatic pressure difference between the vena cava and the atria, as the mean pressures 
at these sites are thought to be similar, at approximately 3 mmHg (Anderson et al., 1985; 
Teitel et al., 1987). At birth, there is an increase in blood flow to the pulmonary 
circulation, resulting in an increase in pulmonary venous return. This elevates pressure in 
the left atrium to approximately 7 mmHg. In addition, removal of the umbilical circulation
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markedly reduces blood flow in the inferior vena cava. Together, these haemodynamic 
changes result in functional closure of the foramen ovale (Walker, 1993). Anatomical 
closure occurs when the valve becomes fixed to the interatrial septum.

The ductus arteriosus connects the pulmonary artery to the descending aorta, shunting 
blood from the right ventricle away from the lungs. Its structure differs from the vessels it 
connects in that it consists predominantly of smooth muscle, whereas the other two 
vessels have a higher content of elastic tissue (see Walker, 1993). Patency of the ductus 
arteriosus is thought to be an active process mediated by the vasodilatory actions of 
prostaglandins. Its closure at birth is stimulated by the elevation of blood oxygen tension, 
which produces vasoconstriction of the ductus (Clyman, 1987). It is thought that 
sensitivity to constriction by oxygen increases with gestation (Clyman, 1987), and that 
sensitivity to dilatation by prostaglandins decreases, along with an increase in 
prostaglandin clearance. Functional closure of the ductus may also involve a decrease in 
pressure in the pulmonary artery (Walker, 1993).

Pulmonary circulation

In the fetus, the low blood flow to the pulmonary circulation is a consequence of high 
pulmonary vascular resistance. This effect is not thought to involve a tonic neural 
influence. Rather, that the pulmonary vasculature is highly sensitive to oxygen (Peeters et 
al., 1979), and that hypoxic vasoconstriction is the primary mechanism producing high 
pulmonary vasoconstriction (Walker, 1993). Thus, initiation of spontaneous breathing at 
birth increases fetal blood oxygen levels, producing a powerful vasodilation and decrease 
in vascular resistance. A decrease in pulmonary vascular resistance is also thought to 
occur following lung ventilation. This effect may involve physical expansion of blood 
vessels, and release of vasodilator prostaglandins (Walker, 1993). This is demonstrated 
by ventilation of the lungs in fetal sheep at 133-137 dGA, which increases the percentage 
of CVO to the lungs, an effect which is augmented by combined ventilation and 
oxygenation (Teitel et al., 1987). Thus, the act of initiation of breathing at birth is not 
only vital for oxygenation of the newborn, but is also central to cardiovascular 
adjustments. Oxygenation and ventilation produce chemical and haemodynamic changes 
in the circulation which are responsible for functional closure of the foramen ovale and 
the ductus arteriosus.

Cardiac output

In the postnatal circulation, because the systemic and pulmonary circulations operate in 
series, the output of each of the ventricles must be equal. In the fetus, output from the
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right ventricle is greater, therefore, during the transition at birth, ventricular outputs must 
equalise. This process occurs in association with closure of the vascular shunts, and is 
accompanied by increases in outputs from both ventricles. In the sheep, left ventricular 
output increases substantially from ca. 150 ml/min/kg fetal body weight to ca. 400 
ml/min/kg. Right ventricular output increases modestly from ca. 300 ml/min/kg to ca. 400 
ml/min/kg (Walker, 1993). The mechanisms that allow the increases in output are 
uncertain, as are the components of the birth process that initiate them. In the adult, 
increased cardiac output can result from an increase in preload (Starling mechanism). 
However, the fetus operates near the limit of its ventricular function curve and has little 
capacity to increase stroke volume in response to an increase in preload. Therefore, a 
transition must occur between the two stages, and this may be one of the mechanisms by 
which the newborn can increase its cardiac output. The increase in cardiac output may be 
related to changes in compliance of the myocardium. The fetal ventricle is thought to have 
low compliance, and it has been suggested that an elevation of compliance could increase 
the ability of the heart to increase stroke volume in response to elevated preload (Walker, 
1993). Other potential mechanisms may involve the mechanical constraints placed on the 
heart by the thoracic cavity, the fluid-filled lungs, amniotic fluid and maternal tissues. 
When these are reduced following birth and initiation of breathing, the capacity to 
increase cardiac output may be increased (Walker, 1993). Fetuses thyroidectomised 2 
weeks before term do not show an increase in cardiac output at birth, suggesting that the 
prenatal increase in thyroid hormone that occurs is important for maturation of the heart 
(Breall et al., 1984). It is suggested that thyroid hormone may enhance the ability of the 
heart to increase its output in response to the large increase in circulating catecholamines 
that occurs at birth (Padbury et al., 1981). The decrease in pulmonary vascular resistance 
that occurs at birth will result in a decrease in afterload exerted on the right ventricle, and 
this may contribute to the increase in right ventricular output (Beming et al., 1997). The 
consequent increase in pulmonary blood flow elevates venous return to the left ventricle, 
thus increasing preload, and possibly left ventricular output. Thus, inotropic effects of 
elevated catecholamines, increased preload, decreased afterload and a decrease in the 
mechanical constraints placed on the heart all appear to contribute to the elevation of 
cardiac output at birth.

The components of the birth process responsible for increasing cardiac output have been 
investigated. In the fetal sheep, combined ventilation, oxygenation and cord occlusion 
increases left ventricular output from 35% of CVO to 59% of CVO. However, this 
procedure also produces a decrease in right ventricular output, so that CVO does not 
change (Teitel et al., 1987). Therefore, additional factors appear to be involved. These 
may include respiratory work or cold stimulation.
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Arterial pressure

The effects of birth on arterial pressure are thought to be transient. Systemic arterial 
pressure increases immediately after birth in newborn sheep, but then returns to a low 
level during the first day of life. The maintenance of a low arterial pressure may be due to 
systemic vasodilation to support increased metabolism and temperature regulation in the 
first days of birth (Walker, 1993). Subsequently, arterial pressure then increases with age 
in postnatal life, and is closely correlated with growth (see Lever & Harrap, 1992).

Regional blood flow s

The major changes in the regional distribution of blood flow that occur at birth are to the 
umbilical-placental circulation, which is abolished, and the pulmonary circulation, which 
increases dramatically as described. Regional changes in other vascular beds reflect 
changes in the level of work, and tissue oxygen consumption. At the heart, flow to the 
left ventricle increases, whereas that to the right ventricle decreases. These changes are 
due to the increased work performed by the left ventricle which is associated with a 
substantial increase in left ventricular output. Output from the right ventricle increases 
only slightly, and pulmonary artery pressure decreases, reducing the level of work that 
the right ventricle is required to perform (Walker, 1993). In tissues which do not increase 
oxygen consumption, there will be a fall in blood flow due to the increase in oxygen 
supply. This is shown in cerebral blood flow which is reduced, as cerebral metabolic rate 
is not changed at birth (Richardson et al., 1989). The increase in arterial oxygen levels 
elicits a vasoconstrictor response in the cerebral circulation.

1.3.8 Postnatal cardiovascular regulation

Regulation of the cardiovascular system in postnatal and adult life is achieved by 
mechanisms similar to those which control the fetal circulation, which are outlined briefly 
below. The obvious major differences are the absence of the umbilical-placental 
circulation and the vascular shunts, and the supply of oxygen through spontaneous 
breathing. In the context of this thesis, the most important regulatory mechanisms are 
those which are concerned with control of MAP, and thus, will be focused on in the 
present section.

As already described, MAP is determined by cardiac output and peripheral resistance, and 
both of these factors can be manipulated to achieve cardiovascular homeostasis. 
Mechanisms that control MAP through changes in these parameters generally act to
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achieve short-term cardiovascular regulation. These mechanisms include, neural reflexes, 
and endocrine systems such as the adrenal catecholamines, AVP and the renin- 
angiotensin system (RAS). Long-term control of MAP is performed primarily by renal 
control of blood volume through changes in the RAS and aldosterone release.

Short-term regulation

The arterial baroreflex is the most important mechanism providing short-term regulation 
of MAP. As described for the fetus, increases in MAP elicit reflex decreases in heart rate, 
returning MAP to its normal level. In addition to the baroreceptors there are many other 
types of inputs from peripheral and central receptors and other higher centres, such as the 
hypothalamus and the cortex, that affect the medullary cardiovascular centres. For 
example, there are numerous ‘cardiopulmonary receptors’ in the atria, ventricles, 
coronary vessels and the lungs. The general function of these receptors is to detect 
pressure changes in the atria and central venous pool. Increased pressure results in a 
reflex decrease in sympathetic activity. In addition, a separate group of atrial receptors are 
thought to be involved in the ‘Bainbridge reflex’, where large increases in atrial stretch 
result in a reflex increase in sympathetic activity and increase in heart rate. 
Chemoreceptors are also involved in regulation of arterial pressure. These are located 
both peripherally, in the carotid bodies and aortic arch, and centrally in the medulla. They 
are activated by decreases in arterial PO2 and increases in PCO2, and produce reflex 
increases in arterial pressure (Ganong, 1997; Guyton, 1997).

A number of endocrine mechanisms are important for short-term cardiovascular 
regulation. Under conditions of sympathetic activation, both adrenaline and noradrenaline 
are released from the adrenal medulla. Similar to the effects of sympathetic stimulation, 
the overall action of adrenaline and noradrenaline is to cause peripheral vasoconstriction 
and an increase in arterial pressure. AVP is released from the posterior pituitary under 
conditions of low arterial pressure, and in the short-term can produce increases in 
peripheral resistance via its vasoconstrictor actions which are especially pronounced at the 
arterioles. The RAS has important effects on arterial pressure regulation in both the short- 
and long-term. Lowered renal perfusion, resulting from low arterial pressure, local 
vasoconstriction or pathological changes in the renal vessels stimulates release of renin 
from the juxtaglomerular apparatus. This can also be achieved by direct sympathetic 
activation. Increased renin release results in increased production of angiotensin II. 
Angiotensin II elicits a very powerful vasoconstriction of the arterioles and to a lesser 
extent of the veins. It also activates central and peripheral structures in the sympathetic 
system, with the overall effect being an increase in peripheral resistance and arterial 
pressure. In addition, it is the primary stimulator of the secretion of aldosterone from the
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adrenal cortex, which stimulates increased salt and water reabsorption at the kidney 
(Ganong, 1997; Guyton, 1997), the importance of which is discussed below.

Long-term regulation

Long-term cardiovascular regulation is achieved by different mechanisms to those 
described above. The reason for this, is that mechanisms such as the baroreflex are ‘reset’ 
in a matter of days following exposure to a new pressure level. The principal system 
which operates long term arterial pressure control is renal control of blood volume.

Increased extracellular fluid (ECF) volume causes an increase in blood volume which 
results in an elevation of preload at the heart. Due to Starling’s Law, this increases cardiac 
output which causes a direct increase in MAP. Increased cardiac output can also elevate 
MAP through indirect mechanisms, by causing an increase in blood flow through 
peripheral tissues. Since local blood flow is ‘autoregulated’, an increase in blood flow 
results in peripheral vasoconstriction. This secondary effect of an increase in peripheral 
resistance can also contribute to an elevation of MAP. Thus, changes in MAP are tightly 
linked to changes in ECF volume. Regulation of MAP can therefore be performed at the 
kidney through manipulation of ECF volume. At the medulla of the kidney, 
autoregulation of blood flow is thought to be less effective than in other vascular beds. 
Increased renal blood flow associated with elevated MAP can therefore result in increased 
renal output of water and salt, through pressure diuresis and natriuresis respectively. This 
effect can restore ECF volume, and hence MAP, to normal levels. In addition, increased 
renal perfusion will reduce activation of the RAS, decreasing levels of renin and 
angiotensin II. This will reduce the vasoconstrictor effect of angiotensin II, and also 
reduce stimulation to aldosterone release. Therefore, there will be decreased reabsorption 
of salt and water at the kidney. These effects will also contribute to the maintenance of 
normal ECF volume and MAP (Ganong, 1997; Guyton, 1997).

1.4 HYPOXIA

1.4.1 Use of hypoxia

Fetal hypoxia may occur in many situations during pregnancy, and around the time of 
labour. During pregnancy, episodes of reduced oxygenation may be associated with 
maternal hypertension or placental insufficiency (see Giussani et al., 1994c). During late 
gestation, there are spontaneous periods of myometrial activity which have been termed 
‘uterine contractures’ (Jenkin & Nathanielsz, 1994). These contractures produce small 
reductions in oxygenation which can be detected by the fetus (Woudstra et al., 1991).
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Small alterations in fetal oxygen supply during pregnancy may also result from changes 
in maternal movement or posture, associated with reductions in uterine blood flow 
(Harding et al., 1983). More substantial reductions in fetal oxygenation are associated 
with uterine contractions proper (Assali et al., 1958).

Reduction of oxygen supply stimulates various cardiovascular, behavioural and endocrine 
responses designed to limit the potentially adverse effects of the hypoxaemic challenge. In 
view of the number of situations in which the fetus may be exposed to hypoxia, normal 
operation of these responses is important for fetal development, and any alterations could 
have serious consequences. It is possible to examine the functional status of fetal 
physiological responses to hypoxia using various animal models. By performing these 
experiments it is possible to examine the mechanisms which contribute to the regulation 
of the fetal cardiovascular system and certain endocrine axes, and observe how these 
different systems interact. These experiments have been used to investigate development 
of a number of control systems, including autonomic control of cardiovascular function 
(Iwamoto, 1989), and development of HP A axis activity (Akagi & Challis, 1989).

1.4.2 Types of hypoxia

Several methods have been used to examine fetal responses to reduced oxygenation. 
These include reduction of inspired oxygen delivered to the mother (Boddy et al., 1974a; 
Cohn et al., 1974), reduction of uterine blood flow (Yaffe et al., 1987; Jensen et al., 
1991), reduction of umbilical blood flow (Itskovitz et al., 1987), decreases in 
haemoglobin concentration (Fumia et al., 1984), decreases in haemoglobin affinity for 
oxygen (Itskovitz et al., 1984), placental embolisation (Murotsuki et al., 1997), and 
carunclectomy (Robinson et al., 1979).

Reduction o f  maternal inspired oxygen

Reduction of maternal inspired oxygen is a common method of reducing fetal 
oxygenation. Using this technique, the mixture of maternal inspired gas is manipulated. 
This can be achieved by altering the composition of gases piped into a bag over the 
mother’s head (Giussani et al., 1994c), or by administering nitrogen directly into the 
maternal trachea (Kamitomo et al., 1992). Using the ‘bag’ method of manipulating the 
gas composition, oxygen levels are reduced, and are normally replaced with nitrogen to 
maintain a constant flow rate. CO2 is also added to the inspired gas mixture to prevent a 
fall of fetal PaC 02 due to maternal hyperventilation. Using this method, fetal Pa0 2 can be 
reduced to a desired level, either by a sudden drop, or in a graded manner, without
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producing changes in fetal pH or PaC 0 2. It is possible to maintain reduced fetal Pa0 2 
levels for a number of hours.

Producing fetal hypoxia using the bag method is relatively less complicated than other 
methods, and requires less instrumentation. Disadvantages are that it produces effects on 
both the placenta and mother, as well as the fetus. Changes in maternal arterial pressure, 
or in endocrine agents released from the placenta could arise as a result of hypoxaemic 
effects, and therefore, may affect the overall fetal response.

Reduction o f  uterine artery blood flow

This can be achieved by reversible uterine artery occlusion (Bocking et al., 1988; Bennet 
& Hanson, 1994). This technique reduces umbilical venous oxygen content, but does not 
affect umbilical-placental blood flow (Rudolph, 1989). In addition to producing hypoxia, 
uterine artery occlusion has a marked effect on umbilical venous blood, and produces 
acidaemia and hypercapnia (Jensen et al., 1991).

Reduction o f  umbilical blood flow

This is achieved by compression of the umbilical cord, which can be performed by 
placement of an inflatable cuff (Itskovitz et al., 1987). This procedure reduces fetal 
oxygen delivery by reducing umbilical blood flow rather than umbilical venous oxygen 
content (Rudolph, 1989). As for uterine artery occlusion, cord compression also 
produces acidaemia and hypercapnia (Iwamoto, 1993).

Decrease in haemoglobin concentration

Fetal anaemia decreases arterial oxygen content but does not alter Pa0 2, PaC 0 2 or pH 
(Fumia et al., 1984).

Decrease in haemoglobin affinity

Decreased haemoglobin affinity produced by exchanging adult haemoglobin for fetal 
haemoglobin reduces arterial oxygen content, but does not alter Pa0 2 (Itskovitz et al., 
1984).

Placental embolization
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The placenta can be embolized on either the fetal (Murotsuki et al., 1997) or maternal side 
(Block et al., 1984). These procedures reduce fetal oxygen delivery in association with 
reduced umbilical and uterine blood flows respectively.

Carunclectomy

This procedure involves surgical removal of maternal caruncles from the uterus prior to 
conception. This procedure results in a reduction of the number of sites for placental 
implantation, restriction of placental function, and consequently, fetal hypoxia (Robinson 
et al., 1979).

Classification

Hypoxaemia is when oxygenation of the blood is deficient. Hypoxia occurs when this 
reduced oxygenation of the blood is translated into a reduced supply of oxygen to a 
tissue. There are several types of stimuli which can be classified as hypoxia. Hypoxic 
hypoxia occurs when the P 0 2 of arterial blood is reduced. This is also referred to as 
hypoxia or arterial hypoxia. Anaemic hypoxia is due to a reduction of the oxygen- 
carrying capacity of the blood, caused by a decrease in total haemoglobin, or alteration of 
the haemoglobin constituents. Histoxic hypoxia occurs when the utilisation of oxygen by 
tissues is impaired. Stagnant hypoxia is due to failure to transport sufficient oxygen 
because of inadequate blood flow (Dorland’s Medical Dictionary, 1995).

The experiments in this thesis used reduction of maternal inspired oxygen to produce 
reduced fetal oxygenation. Therefore, this condition may be termed hypoxic hypoxia. 
However, as the fetus is supplied with oxygen by the maternal blood, it could be argued 
that the fetus can be considered as an organ just like the maternal heart or brain. 
Therefore, as oxygenation of the fetus is reduced, it could be said to be in a hypoxic state. 
Therefore, I have used the term hypoxia throughout this thesis when referring to the 
condition of reduced fetal oxygenation.

1.4.3 Fetal cardiovascular and endocrine responses to hypoxia

In the following sections, fetal cardiovascular and endocrine responses to hypoxia will be 
described. The majority of studies, will relate to assessment of responses in the late 
gestation fetal sheep (approximately 110-135 dGA) to hypoxia induced by reduction of 
maternal inspired oxygen (fetal Pa0 2 to approximately 10-14 mmHg). Where this is not 
the case, it will be stated in the text.
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Arterial pressure and heart rate

In the late gestation fetus, it has been widely demonstrated that hypoxia produces an 
initial marked decrease in heart rate and a gradual increase in blood pressure (Boddy et 
al., 1974a; Cohn et al., 1974; Giussani et al., 1993). The bradycardia is rapid in onset, 
but only persists for a few minutes, and then gradually returns to control values. The 
increase in arterial pressure is maintained for the duration of the hypoxic period (Giussani 
et al., 1993). It is a variable response which is dependent on the severity of hypoxia 
achieved (Cohn et al., 1974). The effects of hypoxia on arterial pressure and heart rate are 
augmented by acidaemia (Cohn et al., 1974).

Earlier in gestation, between ca. 90-100 dGA, hypoxia does not produce any effect on 
arterial pressure, but at 100 dGA it causes heart rate to increase (Iwamoto et al., 1989).

Combined ventricular output and blood flow  distribution

In the late gestation fetus, combined ventricular output (CVO) is usually maintained 
during hypoxia, but decreases when acidaemia occurs (Cohn et al., 1974; Rudolph, 
1984). CVO is redistributed, with a marked increase in myocardial and adrenal blood 
flows, and a moderate increase in cerebral blood flow. This occurs at the expense of 
flows to the gastrointestinal tract, lungs, kidneys and peripheral circulation, which are all 
reduced (Cohn et al., 1974; Peeters et al., 1979; Rudolph, 1984; Jensen & Berger, 
1993). Flow to the umbilical-placental circulation is generally maintained during hypoxia

Prior to 100 dGA, hypoxia produces a decrease in CVO (Iwamoto et al., 1989). The 
immature fetus also shows an increase in blood flow to the brain, heart and adrenals, and 
decreased flow to the lungs, but a decrease in flow to the periphery does not occur at 90 
dGA, and is only observed by 100 dGA (Iwamoto et al., 1989). In contrast to late 
gestation, umbilical-placental blood flow is significantly reduced during hypoxia in 
immature fetuses (Iwamoto et al., 1989).

Fetal hypoxia also causes alterations in central blood flow patterns (Rudolph, 1984). 
Hypoxia produces a 20% fall in liver blood flow, and an increase in flow to the ductus 
venosus from 55% to 65% (Reuss & Rudolph, 1980). These changes enhance umbilical 
venous return through the ductus venosus, and facilitate delivery of the most highly 
oxygenated blood directly to the heart without passing through the hepatic circulation. 
During hypoxia there is maintained preferential streaming of inferior vena caval blood 
originating from the ductus venosus through the foramen ovale into the left atrium and left
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ventricle (Reuss & Rudolph, 1980). Since most blood ejected form the left ventricle is 
directed to the brain and heart (Rudolph, 1985), this acts to maintain oxygen delivery to 
these organs.

Catecholamines

Plasma concentrations of both adrenaline and noradrenaline increase during fetal hypoxia, 
and there is an inverse relationship between catecholamine secretion rates and fetal Pa0 2 
(Jones & Robinson, 1975; Cohen et al., 1982; Cohen et al., 1984; McMillen et al.,
1997). The increase in plasma noradrenaline is rapid, occurring within minutes of the 
induction of hypoxia, and is maintained for the duration of the hypoxic period. In 
contrast, the rise in adrenaline has been shown to occur gradually during hypoxia (Cohen 
et al., 1984). Noradrenaline concentrations are usually greater than adrenaline at all time 
points during hypoxia, and may even reach levels which are 10-fold higher (Cohen et al.,
1984). The source of circulating catecholamines could either be secretion from the adrenal 
medulla, or overflow from sympathetic nerve terminals (see Jones & Robinson, 1975). 
Studies which have examined secretion rates of catecholamines directly, by collecting 
blood samples from the fetal renal vein, have confirmed that the adrenal gland is a major 
source of noradrenaline and adrenaline during hypoxia (Cohen et al., 1984). These data 
also suggest that noradrenaline and adrenaline are secreted from two separate types of 
adrenal medullary cell, which respond differently to a hypoxic stimulus.

Other endocrine responses

Hypoxia stimulates activation of a number of components of the fetal HPA axis [1.5.3]. 
In addition, increases in the levels of a number of other circulating endocrine agents occur 
during conditions of reduced oxygenation. Plasma angiotensin II and renin concentrations 
increase during fetal hypoxia (Broughton Pipkin et al., 1974; Green et al., 1998), and 
may be important for cardiovascular redistribution (Iwamoto & Rudolph, 1981a). 
Hypoxia is also a potent stimulus for elevating plasma atrial natriuretic factor (ANF) 
concentrations (Cheung & Brace, 1988). The mechanism for this increase may involve a 
direct action of hypoxia on the fetal heart, or the effects of plasma catecholamines 
(Cheung & Brace, 1988), with modulatory effects by AVP and the autonomic nervous 
system (Cheung, 1992). The release of ANF appears to be greater in immature fetuses 
(Cheung, 1992).

Hypoxia is also thought to have direct actions at the local tissue level. The vascular 
endothelium may act as a hypoxic sensor and effector system, as endothelial cells are 
known to release a variety of vasoactive substances, including nitric oxide (NO),
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endothelin-I and prostacyclin (Vane et al., 1990). Indeed, NO is thought to be important 
in regulating blood flow in various vascular beds during hypoxia, including flow in the 
carotid vasculature (Green et al., 1996).

1.4.4 Mechanisms controlling fetal cardiovascular and 
endocrine responses to hypoxia

Afferent mechanisms

The obvious starting point to examine the way in which hypoxia initiates cardiovascular 
responses in the fetus is to investigate the process of detection of the chemical changes in 
the blood that reduced oxygenation produces. This function is performed by the 
chemoreceptors, which are subdivided into the peripheral and central chemoreceptors.

There is evidence for central medullary function in utero (Hohimer et al., 1983; Koos,
1985). However, the precise location and role of these chemoreceptors is not known. In 
the adult they are located in the ventro-lateral surface of the medulla (Mitchell et al., 
1963), and are stimulated by increases in PC02 or H+.

The most discrete sites of peripheral chemoreceptor tissue are the carotid and aortic 
bodies. The carotid bodies are located near the bifurcation of the common carotid arteries, 
which form the internal and external carotid arteries. Sensory afferent fibres from the 
carotid body run in the carotid sinus nerve, a branch of the glossopharyngeal (IXth) 
nerve, to the central nervous system (CNS). The aortic bodies are present along the aortic 
arch and at the roots of the great arteries, and have afferent fibres running to the CNS in 
the aortic branch of the vagus (Xth) nerve. At the CNS, afferent information from the 
chemoreceptors is sent to the brainstem, where it is integrated with other sensory 
information, and commands are sent to effector organs via efferent pathways.

The carotid body is thought to be the major site of peripheral chemoreceptor activity. Each 
carotid body contains two types of cells, type I and type II cells. The type II cells, which 
are thought to be glial cells, surround the type I, or glomus, cells. Unmyelinated endings 
of carotid sinus nerve fibres are found at intervals between the type I and type II cells. It 
is thought that the type I cell acts as a transducer to relay chemosensory information to the 
afferent nerve terminals of the carotid sinus nerve (see Biscoe & Duchen, 1990; Gonzalez 
et al., 1995).

In the adult human, blood flow to the carotid body is about 0.04 ml/min, or 2000 ml per 
lOOg tissue per minute. This compares to values of 54 and 420 ml/lOOg tissue/min in the
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brain and kidney. Thus, the carotid body receives an enormous blood flow per unit of 
tissue, and as such, its oxygen needs can be met by dissolved oxygen alone. Therefore, 
the receptors are not stimulated by conditions such as anaemia or carbon monoxide 
poisoning, but are activated when arterial P 0 2 is low, or when delivery is reduced 
because of vascular stasis. They are also stimulated by cyanide treatment, which prevents 
0 2 utilisation at the tissue level (see Biscoe & Duchen, 1990; Gonzalez et al., 1995). The 
peripheral chemoreceptors also have a role in detecting changes in arterial PC02 and H+ 
concentration.

Function of the peripheral chemoreceptors, and their role in the fetal responses to hypoxia 
can be studied by making recordings from their afferent fibres, measurement of the 
effects of direct stimulation, or by removal of their inputs to the CNS by denervation. 
Existence and operation of the peripheral chemoreceptors has been demonstrated, using 
the first two techniques of recording and stimulation. Their role in the fetal response to 
hypoxia has largely been determined by denervation experiments.

Dawes et al. (1969a) studied the effects of changes in fetal Pa0 2 on cardiovascular 
parameters in exteriorised fetal sheep under anaesthesia. They found that reduction of 
fetal Pa0 2 from an artificially high level of ca. 40 mmHg to ca. 20 mmHg initiated a rise 
in arterial pressure, a fall in femoral blood flow and a variable change in heart rate. 
Section of the aortic and vagus nerves abolished these responses, demonstrating evidence 
of a role for the aortic chemoreceptors. In subsequent experiments, Dawes et al. (1969b) 
injected cyanide into the left atrium, ascending aorta, or the common carotid artery, and 
measured the effects on the fetal cardiovascular system. All three procedures produced a 
rise in arterial pressure, bradycardia and femoral vasoconstriction. Responses to atrial and 
aortic injections were diminished by section of the vagi or carotid denervation, and 
abolished by cutting both sets of nerves. Carotid denervation also abolished the 
cardiovascular responses to injection of cyanide in the carotid arteries. These experiments 
provided further evidence that the fetal peripheral chemoreceptors could be excited by a 
hypoxic stimulus, and that they were involved in mediating cardiovascular responses. 
Activity of the fetal carotid chemoreceptors was also demonstrated by Blanco et al. 
(1984), who examined discharge from carotid chemoreceptor afferents in the carotid 
sinus nerve, in anaesthetised exteriorised fetal sheep. They demonstrated that activity was 
present, and that discharge increased following injection of cyanide, or hypoxia produced 
by umbilical cord occlusion or reduction of maternal inspired oxygen.

The precise role of the peripheral chemoreceptors in mediating cardiovascular responses 
to hypoxia has been investigated in fetal sheep in utero, using various methods of 
denervation. Itskovitz & Rudolph (1982) examined the effects of fetal sino-aortic
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denervation on cardiovascular responses. They achieved carotid body denervation by 
vascular stripping of the carotid artery and cutting the carotid sinus nerve. Aortic 
denervation was accomplished by cutting the superior laryngeal nerves. They 
demonstrated that the rise in arterial pressure and fall in heart rate seen in intact fetuses 
during hypoxia was absent in fetuses that had been denervated (Itskovitz & Rudolph, 
1982). In later experiments, Itskovitz et al. (1991) reported that sino-aortic denervation 
also attenuated peripheral vasoconstriction during hypoxia, providing substantial evidence 
of a role for the peripheral chemoreceptors in mediating fetal cardiovascular responses to 
hypoxia. Their studies demonstrated that peripheral chemoreceptor denervation did not 
affect the increase in blood flow to the brain, heart and adrenals, or the decrease in flow 
to the lungs, indicating that these responses were under control of local mechanisms 
(Itskovitz et al., 1991). The role of the peripheral chemoreceptors in controlling 
peripheral blood flow was supported by the experiments of Jansen et al. (1989), who 
also found that redistribution of blood flow was attenuated by vagotomy, and to a greater 
degree by vagotomy and carotid denervation.

Recent experiments have focused on the role of the carotid chemoreceptors alone in 
mediating fetal responses to hypoxia. Giussani et al. (1993) demonstrated that carotid 
denervation alone abolished the initial bradycardia and increase in femoral vascular 
resistance seen in intact fetuses during hypoxia, but did not affect the increase in arterial 
pressure or the response of the carotid vasculature. This study showed that the 
bradycardia and peripheral vasoconstriction were initiated by a chemoreflex, and that this 
was primarily produced by the carotid chemoreceptors. Evidence that the fall in heart rate 
is a chemoreflex rather than a baroreflex is provided by the fact that the increase in 
pressure is slow and gradual, whereas the bradycardia is rapid in onset and lasts only a 
few minutes (Giussani et al., 1993). In addition, the increase in arterial pressure does not 
occur in all fetuses during hypoxia, while the degree of bradycardia is similar (Walker et 
al., 1979).

Efferent mechanisms

It is thought that there are multiple mechanisms mediating the efferent components of the 
fetal cardiovascular responses to hypoxia, that involve both neural activation and 
endocrine changes.

Parasympathetic efferent pathways

The reflex fall in fetal heart rate at the onset of hypoxia suggests the influence of either 
stimulation of the parasympathetic nervous system, or inhibition of the sympathetic
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nervous system. Studies of fetal vagotomy (Boddy et al., 1974a) and muscarinic 
blockade (see Martin, 1985) have both been shown to prevent the bradycardia, 
suggesting that it is activation of the parasympathetic nervous system that is important. 
This effect was also demonstrated by Giussani et al. (1993) who found that atropine 
abolished the fall in heart rate and also caused tachycardia during the hypoxic period. 
These studies suggest that the reflex decrease in fetal heart rate in response to hypoxia is 
produced by activation of vagal cholinergic fibres, producing a direct negative 
chronotropic action at the heart.

Studies in immature fetuses have shown that hypoxia can actually produce fetal 
tachycardia (Iwamoto et al., 1989). This suggests that the balance of influences 
controlling the heart rate response to hypoxia changes with gestational age. Examination 
of the effects of parasympathetic blockade at different ages has provided evidence in 
support of a gestational increase in the capacity of vagal outflow to decrease heart rate 
during hypoxic stimulation (Walker et al., 1979). Thus the influence of the 
parasympathetic nervous system appears to be less in immature fetuses, allowing 
increases in heart rate to occur, but as gestation progress, the parasympathetic influence 
predominates resulting in the bradycardic response.

Sympathetic efferent pathways

The changes in arterial pressure and peripheral blood flow seen during fetal hypoxia 
suggest the existence of activation of sympathetic adrenergic mechanisms and/or 
inhibition of parasympathetic influences. This is supported by the rise in heart rate 
observed following blockade of parasympathetic activity, described above. The role of 
adrenergic mechanisms in the control of fetal heart rate during hypoxia has been 
investigated (Cohn et al., 1982; Jones & Ritchie, 1983). Administration of the 6-blocker, 
propranolol, results in a greater fall in heart rate during hypoxia, and also, a greater 
decrease in umbilical blood flow and increase in placental vascular resistance. In the 
presence of 6-blockade, hypoxia also causes a decrease in CVO, but the blood flow 
redistribution is not altered (Cohn et al., 1982). These experiments suggested that 6- 
adrenergic stimulation is important for the fetal cardiovascular response to hypoxia, and 
that it may serve to maintain fetal cardiac output through chronotropic, and possibly 
inotropic, effects at the heart. In addition, 6-adrenergic stimulation may serve to maintain 
a low resistance in the umbilical circuit during hypoxia. Other experiments have 
confirmed a role for 6-adrenergic activity in maintenance of placental blood flow through 
an inotropic effect at the heart, and maintenance of placental vasodilation (Jones & 
Ritchie, 1983; Court et al., 1984). It is also suggested that a component of the increase in
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myocardial blood flow during hypoxia is mediated by 8-adrenergic mechanisms (Court et 
al., 1984).

Blockade of a-adrenergic activity with the drug, phenoxybenzamine, causes a profound 

decrease in total fetal body vascular resistance during hypoxia, returning values to below 
normoxic levels (Reuss et al., 1982). The rise in mean arterial pressure is also reduced, 
and consequently heart rate is increased in an attempt to compensate, possibly via 
baroreflex mechanisms. Alpha-blockade also reduces vascular resistance in the gut, 
lungs, spleen and liver. Vascular resistance is also decreased in the heart, and 
consequently myocardial blood flow is increased (Reuss et al., 1982). It is suggested that 
a-adrenergic activity is the main factor which acts to increase peripheral vascular 

resistance during hypoxia, producing increased arterial pressure, redistribution of blood 
flow and allowing increased or, maintenance of, blood flow to the brain, heart and 
placenta without a change in cardiac output. Blockade of a-adrenergic activity can be 

achieved with phentolamine, which also reduces the rise in blood pressure during 
hypoxia, causes elevation of heart rate and abolishes the rise in vascular resistance at the 
femoral artery (Jones & Ritchie, 1983; Giussani et al., 1993). This reinforces the 
importance of a-adrenergic mechanisms in producing peripheral vasoconstriction and 
blood flow redistribution.

Endocrine mechanisms

The cardiovascular effects of sympathetic activation may be mediated by neural reflex 
mechanisms, or increased secretion of catecholamines into the fetal circulation. An 
important role for the peripheral sympathetic nervous system is demonstrated by chemical 
sympathectomy (Iwamoto et al., 1983), a procedure which destroys sympathetic nerve 
terminals but leaves the adrenal medulla intact. Following this procedure, the rise in 
arterial pressure during hypoxia is abolished, an effect which is thought to be due to the 
absence of vasoconstriction in peripheral vascular beds (Iwamoto et al., 1983). The role 
of adrenal secretion of catecholamines during hypoxia has been studied using a model of 
adrenal demedullation (Jones et al., 1988). This procedure markedly reduces the 
adrenaline and noradrenaline responses, and abolishes the rise in arterial pressure during 
hypoxia, but does not affect heart rate. Jones et al. (1988) concluded that adrenal output 
of catecholamines was important for sustaining cardiovascular responses to hypoxia, but 
not initiating them. Thus, there appears to be good evidence for an a-adrenerg ic  

mediated vasoconstriction at the periphery, produced initially by activation of the 
peripheral sympathetic nervous system. Actions of circulating catecholamines may then 
be important in maintaining this effect, and in producing a recovery of heart rate via B- 
adrenergic actions at the heart.

63



It has been suggested that a component of the initial peripheral vasoconstriction during 
hypoxia is mediated by chemoreflexly released vasoconstrictors which do not act via an 
a-adrenergic mechanism (Giussani et al., 1993). Evidence for this is provided by the 

fact that the rise in arterial pressure during hypoxia is delayed, but not abolished, after 
combined a -  and 6-adrenergic blockade (Brace & Cheung, 1987b). In addition, fetuses 
with a-adrenergic blockade survive hypoxia better than fetuses with combined carotid 
denervation and a-blockade (Giussani et al., 1993), suggesting that release of an 

additional vasoconstrictor is mediated by activation of a chemoreflex. Possible candidates 
that may mediate the initial non-adrenergic vasoconstriction include, angiotensin II, 
neuropeptide Y, endothelin-I, ACTH, cortisol and AVP (see Giussani et al., 1994c).

Plasma AVP concentration increases during hypoxia in the fetus (Rurak, 1978, Daniel et 
al., 1983; Raff et al., 1991; Raff & Wood, 1992), and infusion stimulates increased 
arterial pressure and blood flow redistribution (Iwamoto et al., 1979). In addition, 
administration of a Vr receptor antagonist reduces the rise in arterial pressure observed 
during hypoxia (Perez et al., 1989). However, section of the carotid sinus nerves, which 
prevents the peripheral vasoconstriction, does not affect the increase in plasma AVP 
during hypoxia (Giussani et al., 1994b), indicating that the carotid chemoreflex 
vasoconstriction is mediated by vasoconstrictors other than AVP, and that carotid 
chemoreceptors do not contribute to AVP release during hypoxia. It is likely that AVP has 
a role in maintaining the vasoconstriction, rather than initiating it.

Plasma ACTH and cortisol concentrations are known to increase during fetal hypoxia 
(Boddy et al., 1974b), and it is possible that they could be involved in mediating non- 
adrenergic vasoconstriction. Investigation of their release after carotid denervation has 
shown that ACTH is unaffected, but the rise in cortisol is delayed, and is not significantly 
increased after 15 min of hypoxia (Giussani et al., 1994a). This suggests that activation 
of carotid chemoreceptor afferents may initiate ACTH-independent release of cortisol, 
possibly via activation of the splanchnic nerve, or by increasing sensitivity of the adrenal 
cortex to circulating ACTH. In addition, cortisol release could be a possible mechanism 
for the early increase in peripheral resistance, although the precise role of cortisol in 
vascular control still remains to be determined.

Plasma angiotensin II levels are also known to increase during hypoxia (Broughton 
Pipkin et al., 1974), and angiotensin II can increase arterial pressure through its 
vasoconstrictor actions in certain vascular beds (Iwamoto & Rudolph, 1981a). Release of 
angiotensin II during hypoxia does not appear to be mediated via carotid reflex 
mechanisms, as it is unaffected by section of the carotid sinus nerves (Green et al.,
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1998). However, it is thought that angiotensin II could be important in maintaining the 
peripheral vasoconstriction during the latter stages of hypoxia (Green et al., 1998). Thus, 
the identity of the non-adrenergic vasoconstrictor involved in the initial peripheral 
vasoconstriction remains to be determined.

Catecholamines

There may be several mechanisms for the increase in plasma catecholamine concentrations 
during hypoxia. It is likely that both secretion from the adrenal medulla and overspill 
from sympathetic nerve terminals could contribute to an increase in plasma levels. Studies 
of direct collection of adrenal outflow, described above, suggest that the adrenal medulla 
has a major role in the elevation of catecholamine levels during hypoxia. Furthermore, 
demedullation of the fetal adrenal gland by injection of acid formalin abolishes the plasma 
adrenaline response to hypoxia, and markedly reduces the noradrenaline response to 10% 
of normal (Jones et al., 1988). This demonstrates that adrenaline in the circulation is 
derived largely, if not exclusively, from the adrenal medulla, and that this gland is also a 
major source of noradrenaline. Activation of the peripheral sympathetic nervous system 
occurs during hypoxia, and it is possible that this is the source of the remaining 10% of 
noradrenaline in plasma after demedullation. This is supported by the fact that chemical 
sympathectomy by chronic guanethidine sulphate treatment has a small effect on plasma 
catecholamine levels (Jones et al., 1988).

The mechanism for catecholamine secretion is likely to involve a direct effect of hypoxia 
on the adrenal gland, as well as stimulation via the splanchnic nerve (Comline et al., 
1965; Cohen et al., 1984; Cheung, 1989; McMillen et al., 1997). Recent evidence has 
shown that the increase in adrenal medullary blood flow is attenuated by section of the 
splanchnic nerves (Buchwalder et al., 1998). It is likely that this could also suppress the 
increase in catecholamine secretion. This response may occur by a carotid chemoreflex 
(Jensen & Hanson, 1995). In addition, studies of fetal adrenal medulla cells in vitro at
137-144 dGA have demonstrated evidence of cellular oxygen-sensing mechanisms, 
which are suggested to underlie the non-neurogenic secretion of catecholamines 
(Rychkov et al., 1998).

Integration o f  fe ta l cardiovascular and endocrine responses to hypoxia

The studies described above demonstrate that multiple mechanisms are involved in control 
of the late gestation fetal cardiovascular system during hypoxia. The cardiovascular 
responses are mediated by both neural reflex and endocrine mechanisms, with stimulation 
of the peripheral chemoreceptors playing an integral role. To summarise the effects, fetal
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hypoxia results in stimulation of carotid and aortic chemoreceptors and an increase in 
discharge of their afferent fibres. Following central integration of this sensory afferent 
information, there is reflex activation of various efferent pathways. Activation of vagal 
cholinergic fibres results in an initial rapid bradycardia at the onset of hypoxia. This is 
followed by a partial recovery of heart rate, thought to be produced by B-adrenergic 
stimulation by circulating catecholamines. In addition, there is activation of a-adrenergic 

efferent fibres of the peripheral sympathetic nervous system, which contributes to the 
production of peripheral vasoconstriction. Maintenance of this effect involves the actions 
of circulating catecholamines and AVP, and other vasoactive agents such as angiotensin II 
and cortisol. Increased levels of circulating catecholamines may involve reflex stimulation 
of the adrenal medulla via the splanchnic nerve, in addition to a direct effect of hypoxia on 
the adrenal gland. The peripheral vasoconstriction results in an elevation of blood 
pressure, and redistribution of blood flow in favour of the myocardial, cerebral and 
adrenal vascular beds, and maintenance of blood flow to the placenta. These actions serve 
to maintain the supply of oxygen to the organs which are critical for fetal survival.

1.5 DEVELOPMENT OF THE FETAL HPA AXIS

The hypothalamic-pituitary-adrenal (HPA) axis is central to many important aspects of 
fetal development, and its maturation and regulation has been extensively studied in the 
fetal sheep. Maturation of the axis results in increased output of cortisol from the fetal 
adrenal gland, and elevation of plasma cortisol concentrations. In the sheep, fetal cortisol 
provides the trigger for the onset of the maternal endocrine changes which result in 
increased uterine activity and parturition (see Challis & Brooks, 1989). Fetal cortisol is 
also important for regulation of fetal growth, and maturation of a number of fetal organ 
systems, including the lung, which are essential for extrauterine survival. The axis is 
activated by intrauterine stress, such as, hypoxia, hypotension, hypoglycaemia or 
haemorrhage, and thus, is important for fetal homeostasis. Cortisol is reported to produce 
vasopressor effects, and it has been suggested that the HPA axis may have a role in 
cardiovascular regulation.

The increase in total fetal plasma cortisol concentration in late gestation is associated with 
an increase in plasma ACTH concentration. This is despite the presence and operation of 
glucocorticoid negative feedback processes. This peculiarity of fetal HPA axis 
development is an area that has received considerable interest. This relationship suggests 
the possibility that negative feedback control is overcome by enhanced hypothalamic drive 
to the pituitary gland, or that the process of negative feedback is altered to perhaps change 
the set point of control, allowing plasma ACTH and cortisol concentrations to increase 
simultaneously. Thus, the fetal HPA axis is a dynamic system which is regulated at a
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number of different levels by both stimulatory and inhibitory factors. The regulatory 
processes may be altered under certain adverse conditions, such as fetal hypoxia. In view 
of the number of aspects of fetal development in which the axis is involved, chronic 
changes in HPA axis function could potentially have serious consequences. The fetal 
HPA axis has been studied extensively in the sheep because of the importance of fetal 
cortisol in initiating parturition in this species (Liggins, 1994b). The following sections 
will describe the development of the fetal sheep HPA axis during the second half of 
pregnancy, and will discuss the processes which may contribute to its maturation.

1.5.1 Hypothalamus

The major regulators of fetal pituitary corticotroph function are CRH and AVP. These 
hypothalamic peptides are released into the hypophyseal portal circulation at the median 
eminence (ME) in fetal sheep (see Challis & Brooks, 1989). Their ability to regulate 
ACTH production from fetal pituitary corticotrophs has been demonstrated in vivo and in 
vitro [1.5.3].

CRH

It is thought that CRH mRNA and immunoreactive (ir) CRH are localised primarily in the 
parvocellular region of the paraventricular nucleus (PVN) of the hypothalamus (Matthews 
et al., 1991; Watabe et al., 1991; Myers et al., 1993). Parvocellular neurones containing 
CRH have been reported to project to the external zone of the ME, where CRH is released 
into the hypophyseal portal blood to regulate corticotroph activity (see Matthews et al., 
1995b). It has been reported that cell bodies containing CRH, which project to the median 
eminence can be detected at 90 dGA (Levidiotis et al., 1987). The presence of 
hypothalamic irCRH and its developmental changes have been studied by 
radioimmunoassay in extracts of hypothalami. Currie & Brooks (1992) examined irCRH 
concentrations at 70, 100 and 130 dGA, and demonstrated that concentrations increased 
slightly between day 70 and day 100, and increased markedly between day 100 and day 
130. This immunoreactive form of CRH was demonstrated to have significant ACTH- 
releasing bioactivity in cultures of adult pituitary cells (Currie & Brooks, 1992). This 
study, and others (Watabe et al., 1991; Brooks et al., 1989; Saoud & Wood, 1996b), 
demonstrated an overall effect of an increase in fetal hypothalamic CRH from mid
gestation onwards. Other studies of perifused fetal hypothalamic tissues show that release 
of CRH increases with gestational age (Brooks et al., 1989), suggesting that the increase 
in peptide content is translated into an increase in secretion, and possibly, greater 
activation of the pituitary-adrenal axis. The fact that plasma ACTH does not increase until 
approximately 120 dGA, despite increases in hypothalamic CRH, and the evidence that
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the fetal pituitary can respond to exogenous CRH prior to 100 dGA [1.5.3], suggests that 
there may be inhibitory factors present which prevent either the release of CRH, or its 
action at the fetal pituitary. Evidence for such a factor has been provided, as discussed 
below.

It has been reported that fetal hypothalamic irCRH is present as a single molecular form 
corresponding to ovine CRH (oCRH) (1-41) (Currie & Brooks, 1992). This is in 
contrast to irCRH in the human fetal hypothalamus, which has been reported to exist as 
two immunoreactive forms, oCRH (1-41) which is the bioactive form, and a larger 
molecular weight form which has no bioactivity and may be a CRH precursor (Ackland et 
al., 1986). This study suggests that the fetal sheep hypothalamus does not store 
substantial amounts of CRH precursors, but that the precursor is rapidly processed to 
produce oCRH (1-41). However, recent studies have shown evidence of a high 
molecular weight form of irCRH at the fetal sheep hypothalamus, which is consistent 
with the molecular weight of pro-CRH (Saoud & Wood, 1996b). The discrepancy 
between these studies may relate to methodological differences (see Saoud & Wood, 
1996b).

The level of gene expression of hypothalamic CRH has been studied at various stages of 
gestation using in situ hybridization (Myers et al., 1993; Matthews & Challis, 1995b). 
The presence of CRH mRNA in parvocellular fields of the PVN has been demonstrated 
by 60 dGA in fetal sheep (Matthews & Challis, 1995b). Myers et al. (1993) reported that 
CRH mRNA levels increased between 105-107 dGA and 128-130 dGA. CRH mRNA 
levels at 138-140 dGA declined to levels intermediate between the previous two ages but 
were not significantly different from either. The changes in CRH mRNA were thought to 
reflect an increase in the number of neurones expressing CRH, and in the amount of 
CRH mRNA present within neurones (Myers et al., 1993). The decline of CRH mRNA 
levels at 138-140 dGA may be due to increased effects of cortisol negative feedback, 
caused by the increasing cortisol concentrations at this time. The increase of CRH mRNA 
is consistent with observations of hypothalamic irCRH, described above, and it appears 
that the increase in irCRH peptide is due to elevation of gene/mRNA expression and not 
inhibition of release of stored peptide. The increases of CRH mRNA and irCRH appear 
to occur at the same time as, or even before, the activation of fetal adrenal function and 
increase in plasma cortisol concentration. Thus, it is possible that this is an important 
event which initiates maturation of HPA axis function. Matthews & Challis (1995b) also 
demonstrated an increase in CRH mRNA between 60-80 and 100-120 dGA. However, in 
contrast to Myers et al. (1993), further elevation of CRH mRNA was shown between 
100-120 and 140-143 dGA, and then again at term. This discrepancy may be due to 
differences in experimental approach or in the area of the PVN analysed. Alternatively,
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there were slight differences in the gestational age at which levels were measured, i.e. 
140-143 dGA vs. 138-140 dGA. However, overall, the study of Matthews et al. (1995b) 
provides further evidence in support of a role of CRH released from the hypothalamus in 
providing an important drive to activation of the HPA axis in late gestation.

The importance of the hypothalamus in HPA axis maturation has been shown by studies 
in which the PVN is ablated by lesioning. This procedure markedly reduces CRH 
staining in the median eminence, and prevents the normal increase in plasma ACTH and 
cortisol during late gestation. Consequently, this procedure also delays parturition 
substantially (McDonald & Nathanielsz, 1991; Gluckman et al., 1991). Other studies 
have shown that the preparturient increases in the levels of 17a-hydroxylase and side- 

chain cleavage enzyme at the adrenal cortex are dependent on the presence of a functional 
PVN (Myers et al., 1992b, 1992c). Thus, the PVN appears to be essential for HPA axis 
maturation and for parturition to occur.

Basal CRH mRNA levels are unaffected by 6 h cortisol infusion (Matthews & Challis, 
1995b). However, they are decreased following placement of dexamethasone implants 
adjacent to the PVN (Myers et al., 1992a), and increased by fetal adrenalectomy (Myers 
et al., 1991; Unno et al., 1998b), indicating that expression of CRH is regulated by 
glucocorticoid negative feedback. CRH mRNA levels can be stimulated to increase by 
fetal hypoxia (6 h), demonstrating the importance of the hypothalamus in the overall 
response to stress. This effect of fetal hypoxia can also be attenuated by glucocorticoid 
administration (Matthews & Challis, 1995b).

A V P

As for CRH, AVP mRNA and irAVP are thought to be present in the parvocellular region 
of the PVN, and additionally, in magnocellular areas of the PVN and the magnocellular 
supraoptic nucleus (SON) (Levidiotis et al., 1989; Matthews et al., 1993). Parvocellular 
neurones containing AVP are also thought to project to the external zone of the ME where 
AVP is released into the hypophyseal portal circulation to affect corticotroph function. In 
contrast, magnocellular neurones containing AVP pass through the internal zone of the 
ME to the posterior pituitary (see Matthews et al., 1995b). Cell bodies for AVP have been 
detected in the fetal sheep hypothalamus by 42 dGA (Levidiotis et al., 1987), and irAVP 
can be detected by approximately 70 dGA (Currie & Brooks, 1992). Concentrations of 
irAVP have show a similar developmental pattern to irCRH. Concentrations increase 
slightly between day 70 and day 100, and then more substantially at day 130 (Currie & 
Brooks, 1992; Saoud & Wood, 1996b). At all these ages, levels of irAVP are higher than 
those of irCRH. This irAVP has been shown to have ACTH-releasing activity in cultures
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of adult sheep pituitary cells, an effect which is dose-dependent, with AVP being more 
potent than CRH (Currie & Brooks, 1992). As for CRH, fetal hypothalamic AVP is 
shown to increase from mid-gestation onwards. It has been suggested that AVP may be a 
more important ACTH secretagogue than CRH in the fetal sheep, and the fact that levels 
of irAVP are greater than irCRH supports this idea, although this may be due to high 
levels in magnocellular neurones which are not involved in regulation of pituitary 
corticotrophs. Other studies have shown that AVP is more potent than CRH in 
stimulating ACTH secretion from cultured fetal pituitary cells (Brooks & Gibson, 1992). 
In addition, when given as equimolar doses, AVP produces a greater ACTH response 
than CRH when given to immature fetal sheep in utero (Norman & Challis, 1987a; 
Brooks & White, 1990). Thus, it is proposed that AVP may be a more important than 
CRH in early gestation (see Currie & Brooks, 1992).

Studies of AVP mRNA have shown that it can be detected by 60 dGA. AVP mRNA is 
present at substantially higher levels in magnocellular neurones compared to parvocellular 
neurones (Matthews & Challis, 1995b). Levels in parvocellular neurones of the PVN do 
not change significantly during gestation. AVP mRNA levels in the PVN, when 
examined as a whole, also do not change during gestation, however, there is a slight 
increase at 140-143 dGA and term in expression in magnocellular neurones. There is also 
a slight increase in AVP mRNA levels in the SON between 60-80 and 100-120 dGA 
(Matthews & Challis, 1995b). Thus, overall, there is little change in AVP mRNA levels 
in the PVN of the developing fetus.

Cortisol infusion (11 h) does not significantly affect AVP mRNA levels in any area of the 
PVN or SON (Matthews & Challis, 1995b). This is consistent with the finding that 
cortisol infusion does not reduce the rise in plasma AVP during hypoxia (Akagi et al., 
1990). However, fetal adrenalectomy results in an increase of AVP mRNA in 
parvocellular regions (Unno et al., 1998b), indicating possible glucocorticoid regulation. 
AVP mRNA levels are slightly, but not significantly, increased following fetal hypoxia (6 
h), and this is not affected by prior cortisol infusion (Matthews & Challis, 1995b). The 
observation that hypoxia does not change AVP mRNA levels is not consistent with 
studies which have described substantial increases in plasma AVP during hypoxia (see 
below).

Corticotropin release-inhibiting factor

There is some evidence to suggest that the hypothalamus may release a factor that inhibits 
release of ACTH from the fetal pituitary gland. When surgery is performed in fetuses to 
produce hypothalamic-pituitary disconnection (HPD), it results in a rise in fetal plasma



ACTH concentrations that are maintained from the time of surgery until term (Antolovich 
et a l, 1991). This suggests that the hypothalamus is not responsible for maintaining basal 
plasma ACTH concentrations, and moreover, that ACTH secretion may be tonically 
inhibited during late gestation. It has been suggested that this may be mediated by a 
corticotropin release-inhibiting factor (CRIF), released from the hypothalamus 
(Antolovich et al., 1991). It is thought that the rise in plasma ACTH occurring after HPD 
is not due to a reduction of glucocorticoid negative feedback, as cortisol concentrations 
are not altered. In addition to being elevated in HPD fetuses, ACTH concentrations rise 
with gestation, as reported in the intact fetal sheep. This suggests, that the preparturient 
increase in ACTH may be determined by extra-hypothalamic factors. Despite the greater 
ACTH concentrations in HPD fetuses, cortisol concentrations are not elevated, and do not 
increase with gestation (Antolovich et al., 1991). The reason for this may be that the 
increased ACTH released from the pituitary may not have strong biological activity, i.e. it 
may be comprised mostly of the large molecular weight precursor peptides, which are 
thought to inhibit adrenocortical activation. Alternatively, HPD may alter the pulsatile 
nature of ACTH release which may have effects for its ability to stimulate cortisol release.

1.5.2 Pituitary Gland

M orphology and ultrastructure

Immunohistochemical studies have been performed to examine the morphology and 
ultrastructure of the fetal sheep pituitary gland (Perry et al., 1985). These studies have 
shown that specific immunohistochemical staining for ACTH can be detected as early as 
day 40 of gestation. This observation is consistent with the finding that ACTH is present 
in fetal plasma by day 59 of gestation (Alexander et al., 1973). It is thought that, in the 
ovine anterior pituitary, corticotrophs are among the first fully differentiated cells derived 
from undifferentiated or immature embryonic cells. At day 40, irACTH cells do not 
appear to display any particularly striking morphological characteristics. By 
approximately 90 dGA, two morphologically different cell types are present. The 
predominant type is large and columnar and shows variation in staining intensity. This 
cell type has been termed the ‘fetal’ corticotroph. The numbers of this cell type decline 
after day 130, and completely disappear before term. The fetal corticotroph is not found 
in the adult pituitary (Perry et al., 1985). The second cell type stains strongly for ACTH 
and is angular in shape. This cell type has been termed the ‘adult’ corticotroph. The 
numbers of this cell type gradually increase with gestation, and become the predominant 
type by 140 dGA (Perry et al., 1985). Perry et al. (1985) suggested that the fetal 
corticotroph could be the site of synthesis and release of the large molecular weight 
ACTH precursor peptides. The decline in numbers of the fetal corticotroph could be
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involved in the increase in plasma ACTH (1-39) concentration relative to the plasma 
concentrations of the large molecular weight precursors that has been reported to occur in 
late gestation [1.5.3].

The factors regulating the proportion of corticotroph types in the fetal pituitary have been 
investigated. It has been reported that, after fetal adrenalectomy, the change from the fetal 
to adult type corticotroph does not occur. Conversely, infusion of cortisol to the immature 
fetus (109-115 dGA) accelerates the maturational changes (Antolovich et al., 1989). 
These findings provide good evidence that fetal cortisol is a factor responsible for the 
maturational change from fetal to adult type corticotroph. Other studies have shown that 
hypothalamic factors may also be important, as the maturational switch of the corticotroph 
types is delayed after surgical disconnection of the pituitary and hypothalamus 
(Antolovich et al., 1991). The changes in responsiveness of the fetal pituitary to CRH 
and AVP stimulation that occur with gestational age may be associated with the changes 
in corticotroph type.

There is evidence that pituitary corticotrophs can be distinguished on the basis of their 
activation by different secretagogues, with some cells being responsive to CRH and 
others to AVP (see Jia et al., 1991). It has been suggested that the fetal type corticotroph 
may be more responsive to AVP, and that the decline in response to AVP [1.5.3] may be 
a consequence of the switch from fetal to adult type.

Numbers of pituitary corticotrophs may be regulated by inputs from the hypothalamus. 
Studies in rats have shown that chronic administration of CRH can result in an increase in 
the number of pituitary corticotrophs (Gertz et al., 1987). This effect is thought to occur 
by stimulation of cell proliferation, rather than recruitment of non-ACTH secretory cells. 
Thus, changes in the stimulatory inputs may also be involved in regulation of structural 
development of the pituitary gland.

POM C and ACTH synthesis

At the pituitary gland, corticotrophs of the anterior pituitary synthesise the precursor 
polypeptide, pro-opiomelanocortin (POMC). POMC is cleaved to produce several 
biologically active peptides, including ACTH. Melanotrophs of the pars intermedia also 
synthesise POMC, but the main cleavage products are a-melanocyte stimulating hormone 
(a-MSH) and B-endorphin (Smith & Funder, 1988; Matthews et al., 1995a). There is a 

certain amount of debate surrounding the ontogenic changes in fetal anterior pituitary 
POMC mRNA expression, with different studies finding conflicting results.
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McMillen et al. (1988) examined changes in POMC mRNA in fetal anterior pituitary 
tissue using Northern blot analysis between day 100 of gestation and term. They 
demonstrated a decrease in POMC mRNA between 100-135 and 141-144 dGA, possibly 
reflecting an effect of increased glucocorticoid feedback. These results suggest that the 
increase in plasma ACTH in late gestation may be due to an increase in post-translational 
processing of POMC rather than increased transcription. Other studies have shown that 
POMC mRNA increases in the anterior pituitary close to term (Yang et al., 1991). Myers 
et al. (1993) examined development of anterior pituitary mRNA at 105-107, 128-130 and
138-140 dGA by Northern blot analysis. They demonstrated that POMC mRNA 
increased progressively at each gestational age. It was thought that these increases 
represented increased cellular expression within individual corticotrophs, rather than an 
increase in corticotroph number (Myers et al., 1993). These findings are in agreement 
with those of Yang et al. (1991), but not of McMillen et al. (1988), however, all these 
studies show an increase in anterior pituitary POMC mRNA levels during the second half 
of gestation. This increase in POMC mRNA may result in increased biosynthesis of the 
POMC peptide, and thus, may be one of the factors that contribute to the increased 
plasma ACTH concentrations in late gestation. The increase may be the result of greater 
stimulation by the hypothalamus, as in the study of Myers et al. (1993) it occurred at the 
same time as the elevation of CRH mRNA levels in the fetal PVN. In view of the conflict 
between studies, described above, development of pituitary POMC mRNA levels has 
been studied further by Matthews et al. (1994) using in situ hybridization. It was shown 
that POMC mRNA was present in both the anterior pituitary and pars intermedia by day 
60 of gestation. At the anterior pituitary, the distribution of POMC mRNA was greater in 
the inferior region compared to the superior region. Within the inferior region, POMC 
mRNA levels increased between 60-80 and 100-120 dGA, remained similar until 142- 
143 dGA, and then increased further at term. POMC mRNA levels in the superior region 
of the anterior pituitary did not change during gestation. At the pars intermedia, POMC 
mRNA levels were approximately 5 fold greater than at the anterior pituitary, and showed 
an increase between 60-80 and 100-120 dGA, but remained unchanged for the remainder 
of gestation (Matthews et al., 1994). This study provided further evidence in support of 
increases in POMC mRNA at the time of increasing plasma ACTH concentrations. 
POMC mRNA levels are also appear to increase at the same time as plasma cortisol 
concentration increases. This may result from alterations in the glucocorticoid negative 
feedback mechanisms, or by stimulation from the hypothalamus. The role of the pars 
intermedia in processing and regulation of POMC peptides is not fully understood. It has 
been suggested that this part of the pituitary may be the source of the large molecular 
weight precursor peptides in fetal plasma (Matthews et al., 1994). Certainly, the late 
gestation increase in POMC mRNA at the anterior pituitary with no change at the pars
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intermedia would be consistent with observations of an increase in plasma ACTH (1-39) 
relative to that of the ACTH precursor peptides (see below).

Expression of fetal pituitary POMC mRNA may be altered by stimulatory inputs from the 
hypothalamus, inhibitory effects of glucocorticoid feedback, or under conditions of 
stress, such as hypoxia. Increases in PVN CRH mRNA and anterior pituitary POMC 
mRNA occur at similar times in gestation, suggesting that POMC mRNA expression may 
be regulated by CRH inputs. Studies in the adult rat have shown that CRH can stimulate 
increased POMC mRNA expression at the anterior pituitary (Gagner & Drouin, 1987). In 
contrast, studies in adult sheep show that neither CRH or AVP can stimulate POMC 
mRNA expression (Levin et al., 1993). A similar finding has been shown in the fetal 
sheep, in which treatment of cultured anterior pituitary cells at 142-144 dGA with CRH 
or AVP for 48 h did not affect POMC mRNA levels (Lu et al., 1994). These studies 
suggest that, in the sheep, CRH and AVP are not primary regulators of POMC mRNA 
expression. However, recent experiments in adult sheep have demonstrated that AVP can 
increase basal POMC mRNA levels in the anterior pituitary (Van de Pavert et al., 1997). 
In addition, incubation of fetal anterior pituitary cells at 138 dGA with CRH or AVP for 
18 h increases POMC mRNA levels (Matthews & Challis, 1997). Thus, it appears that 
fetal anterior pituitary corticotrophs can respond to CRH or AVP stimulation by 
increasing POMC mRNA expression. CRH and AVP were reported to be equipotent in 
their stimulation of POMC mRNA expression, and combined CRH+AVP treatment did 
not augment the response (Matthews & Challis, 1997).

The effects of glucocorticoid negative feedback on pituitary POMC synthesis has been 
examined in numerous investigations. Miller & Leisti (1984) examined the effects of 48 h 
cortisol infusion on synthesis of pituitary POMC peptide at 120-125 dGA. They found 
that cortisol did not inhibit POMC synthesis in either the anterior pituitary or pars 
intermedia, suggesting that feedback inhibition of POMC synthesis was not operational at 
this stage of gestation. However, the stage at which their study was performed may have 
been before the initiation of the hypothalamic-mediated drive to pituitary activation, and 
thus, tonic stimulation of the pituitary by the hypothalamus may not have been at such a 
high level. In support of this idea is the finding that fetal adrenalectomy at 118-121 dGA 
results in significantly greater levels of anterior pituitary POMC mRNA at 134 dGA 
compared to sham operated controls (Myers et al., 1991). Thus, this increase in POMC 
mRNA expression following adrenalectomy may be due to increased drive to the pituitary 
coupled with the removal of glucocorticoid negative feedback. Studies of cortisol infusion 
have shown that a 11 h infusion at 135 dGA (Matthews & Challis, 1995a), or a 12 h or 
24 h infusion at 124-129 dGA (Jeffray et al., 1998a) does not significantly affect basal 
POMC mRNA levels in the anterior pituitary or pars intermedia. However, the infusion at
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135 dGA (Matthews & Challis, 1995a) did attenuate the increase in POMC mRNA in 
response to 6 h of fetal hypoxia. Similarly, incubation of cultured anterior pituitary cells 
for 18 h with cortisol does not alter basal POMC mRNA levels, but does attenuate the 
increase in POMC mRNA to subsequent CRH or AVP stimulation (Matthews & Challis, 
1997). When cortisol infusion at 124-129 dGA is extended to 96 h, there is marked 
reduction of POMC mRNA levels in both the anterior pituitary and pars intermedia, and a 
decrease in the number of irACTH-positive cells at the anterior pituitary (Jeffray et al., 
1998a). Thus, glucocorticoids appear to be able to regulate stimulated-POMC mRNA 
expression over relatively short periods of time. Regulation of basal levels of POMC 
mRNA may require long-term exposure to glucocorticoids to produce effects.

Stressful intrauterine conditions which increase plasma ACTH concentrations may 
stimulate changes in pituitary POMC mRNA expression. Fetal hypoxia, induced by 
reduction of maternal inspired oxygen, has been demonstrated to result in activation of 
HPA axis function and produce alterations in pituitary POMC mRNA expression. 
Following 6 h of hypoxia at 135 dGA, levels of POMC mRNA are significantly elevated 
at the anterior pituitary, but not the pars intermedia (Matthews & Challis, 1995a). This 
effect shows that POMC mRNA expression can be altered by fetal hypoxia, and suggests 
that expression may be differentially regulated in the anterior pituitary and pars 
intermedia. The increased plasma ACTH concentration that occurs during hypoxia of this 
duration may therefore be produced by increased gene expression and synthesis of 
POMC. When fetal hypoxia is extended to 48 h, the increase in POMC mRNA at the 
anterior pituitary is maintained, but levels at the pars intermedia are reduced, and this 
effect occurs at both 126-130 and 134-136 dGA (Braems et al., 1996). Hypoxia 
produced by placental embolization for 21 days also results in a reduction in POMC 
mRNA in the pars intermedia, but does not affect levels at the anterior pituitary 
(Murotsuki et al., 1996). Thus, there is good evidence for differential regulation of the 
two areas. The pars intermedia may be the source of the large molecular weight ACTH 
precursors in fetal plasma, thus a potential consequence of the downregulation of pars 
intermedia POMC mRNA expression during hypoxia could be a change in the ratio of 
ACTH-like peptides in fetal plasma and enhanced stimulation of the adrenal gland.

1.5.3 Pituitary Activation

CRH

CRH has been shown to stimulate the release of ACTH in a variety of species (see Challis 
& Brooks, 1989). Some of the first studies of the effects of CRH on secretion of ACTH 
from the fetal sheep pituitary were performed by Wintour and colleagues. Their studies
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demonstrated that a bolus injection of 0.1 jxg CRH caused elevation of plasma ACTH 
concentrations in chronically catheterised fetal sheep in late gestation (Wintour, 1984). 
These data have been confirmed and extended in a number of different studies, using 
doses of CRH ranging from 0.1 pg - 10 pg (Pradier et al., 1985; Brooks & White, 
1990). It has been shown that fetuses between 95-100 days are also capable of 
responding to CRH by increasing ACTH release (Hargrave & Rose, 1986; Maclsaac et 
al., 1989a). Thus, it is now generally accepted that exogenous CRH administration 
stimulates ACTH and cortisol secretion in fetal sheep.

Norman et al. (1985) have reported that the ACTH response to injection of CRH (1 pg) 
increased between 110-115 and 125-130 dGA. They reported that cortisol did not 
increase at 110-115 dGA, but a small response was observed at 125-130 dGA. When the 
responses were examined at 135-140 dGA, it was found that the ACTH responses had 
declined, but the rise in cortisol was greater (Norman et al., 1985). It was suggested that 
these patterns might reflect maturational processes, with that of the pituitary gland 
preceding that of the adrenal gland, or the development of negative feedback mechanisms. 
Pradier et al. (1985) also demonstrated a decrease in the ACTH response to CRH 
between 120 and 137 dGA, and an increase in the cortisol response. This pattern of a 
decline in ACTH release and increase in cortisol release following stimulation by CRH 
has been confirmed in the study of Hargrave & Rose (1986), who found these 
relationships to exist when comparing fetuses at 107 and 126 dGA. In contrast, Maclsaac 
et al. (1985) failed to demonstrate an increase in plasma ACTH to CRH (1 pg) at 115-126 
dGA, but did show a significant increase in ACTH at 127-144 dGA. It has been 
suggested that the profile of the ACTH response may change with gestational age, and 
may give rise to differences between studies when quantifying the response (Challis & 
Brooks, 1989). Responses to CRH (1 pg) are typically maintained for at least 2.5 h after 
injection.

Thus, there is evidence of an increase in adrenal responsiveness to ACTH with 
gestational age. Maturational processes within the pituitary gland also appear to occur, 
and seem to involve a reduction in responsiveness at around 130 dGA.

The in vivo effects of CRH stimulating ACTH release have also been demonstrated in 
vitro using cultures of fetal sheep pituitary cells. It has been shown that CRH can 
stimulate release of ACTH between 63 and 144 dGA, with the maximum response 
occurring at 63 days, and declining until 115 days (Durand et al., 1986).

Stimulation of ACTH release by CRH is under the control of glucocorticoid negative 
feedback inhibition. It has been shown that infusion of cortisol prior to injection of CRH
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can completely abolish the ACTH response (Rose et al., 1985a). This same study also 
showed that CRH administration (10 ng/kg - 1000 ng/kg) does not affect fetal heart rate 
or arterial pressure, thus discounting the possibility that ACTH secretion is a consequence 
of cardiovascular changes (Rose et al., 1985a). Negative feedback control of CRH- 
stimulated ACTH release has been studied in fetal sheep following isolation of the 
pituitary. In this model, the hypothalamus and pituitary are surgically disconnected (HPD 
fetuses). It has been demonstrated that prior cortisol infusion abolishes the ACTH 
response to CRH in HPD fetuses, thus providing evidence that glucocorticoids can act to 
inhibit activation of the HP A axis by direct actions at the pituitary gland (Ozolins et al.,
1990). In contrast, at 138-149 dGA, cortisol infusion decreases basal plasma ACTH in 
intact fetuses, but not in HPD fetuses, indicating that basal and stimulated ACTH release 
are under different regulatory processes, with control of basal output being mediated at 
the hypothalamus or other higher centres (Ozolins et al., 1990).

A V P

Release of ACTH from the fetal pituitary is stimulated by factors other than CRH. AVP is 
one such factor which can act alone to stimulate ACTH secretion. Norman & Challis 
(1987b) administered bolus injections of AVP at two different doses to fetal sheep at 
various stages during late gestation. ACTH responses to AVP were characterised by a 
dramatic increase in ACTH, but which was of short duration, usually peaking after 5 
min, and then declining towards preinjection values. Responses to injection of 200 ng 
AVP normally returned to control levels within 60 min, but after injection of 2 |ig AVP, 
levels could remain elevated for 240 min (Norman & Challis, 1987b). ACTH responses 
to AVP show a dose-dependency, with greater ACTH increases being produced by 2 jug 
AVP compared to 200 ng AVP at 110-115 and 125-130 dGA (Norman & Challis, 
1987b). At 135-140 dGA, 200 ng AVP does not produce a significant change in ACTH. 
This may reflect increased negative feedback effects of higher circulating cortisol 
concentrations, or maturational processes within the pituitary. AVP also stimulates release 
of cortisol, and 2 jig AVP can produce significant increases at 110-115, 125-130 and 
135-140 dGA, but 200 ng AVP will only elicit responses at the first two ages (Norman & 
Challis, 1987b). In contrast to ACTH, the cortisol responses to AVP to not appear to 
show dose-dependency.

The ACTH response to AVP (200 ng) has been reported to decrease between 110-115 
and 135-140 dGA (Norman & Challis, 1987a). It has been suggested that this reflects 
increased endogenous AVP activity resulting in greater occupancy of AVP receptors (see 
Challis & Brooks, 1989). However, the use of a higher dose of AVP (2 |L ig), described 
above, demonstrates further increases in ACTH release which are comparable at 110-115
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and 135-140 dGA, thus arguing against the reduced ACTH response resulting from an 
increase in endogenous AVP activity. The decrease in response to AVP has been 
suggested to indicate that the role of AVP in controlling pituitary responses to stress is of 
greater importance in younger fetuses, but declines after 125-130 dGA (Norman & 
Challis, 1987a).

The mechanism of AVP induced ACTH release has been studied by Harper & Rose 
(1988), who examined the AVP-receptor subtypes, and the possibility that the 
corticotropin-releasing effects of AVP may be mediated through its actions on the 
cardiovascular system. Their results demonstrated that antagonism of the Vj receptor did 
not prevent the increase in ACTH following AVP administration. In addition, it had been 
suggested that hypertension produced by the pressor effects of AVP would be expected to 
attenuate the ACTH response. It was shown that the maximum ACTH responses 
occurred when the increase in blood pressure was blocked by SNP, however, these 
responses were not significantly different from the response to AVP alone (Harper & 
Rose, 1988). These experiments thus supported the view of AVP directly stimulating 
pituitary release of ACTH.

Maclsaac et al. (1989a) examined the effect of AVP in immature fetuses. They 
demonstrated that AVP (200 ng) could produce an increase in ACTH in fetuses at 97-99 
dGA. As in older fetuses, this response also declined within 60 min. In addition, the 
relative potencies of CRH and AVP were compared. The results showed that at 101-118 
dGA, the ACTH response to equimolar doses of AVP (2 jug) and CRH (10 jug) was 
greatest after AVP injection (Maclsaac et al., 1989a). This effect has also been 
demonstrated using in vitro cultures in cells at 115 dGA (Durand et al., 1986). In contrast 
to the study of Harper & Rose (1988), Maclsaac et al. (1989a) found that Vj receptor 
antagonism completely abolished the ACTH response to AVP, favouring the view that the 
corticotropin-releasing effects of AVP may be mediated through actions at the Vj 
receptor. This was shown using the same AVP antagonist that was used in the study of 
Harper & Rose (1988). Prevention of ACTH responses to AVP with Vj receptor 
antagonists has been demonstrated in other studies (Apostolakis et al., 1991). These 
experiments also showed that V! receptor antagonism near term did not alter basal plasma 
concentrations of ACTH or cortisol (Apostolakis et al., 1991), suggesting that 
endogenous AVP secretion does not contribute to the drive for basal ACTH and cortisol 
secretion.

CRH+AVP
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A number of studies have provided evidence suggesting that CRH and AVP may act 
synergistically to stimulate ACTH secretion. Norman & Challis (1987a) studied the 
effects of combined and separate administration of CRH (1 pg) and AVP (200 ng) on 
ACTH release at various stages in late gestation. Their studies confirmed other 
experiments which showed that AVP produces a short-lived rise in plasma ACTH and 
cortisol, whereas CRH produced gradual increases that were maintained over 240 min. 
When CRH+AVP were administered together, the ACTH and cortisol responses were 
characterised by rapid and substantial increases, with ACTH peaks occurring at 5 min, 
similar to the response to AVP, but which were maintained over the 240 min sampling 
period. This pattern of response was observed at 110-115, 125-130 and 135-140 dGA. 
Thus the response characteristics of ACTH following CRH+AVP treatment appear to 
have components of both the separate CRH and AVP responses, i.e. an initial rapid 
increase followed by a small fall, and then a maintenance over a number of hours 
(Norman & Challis, 1987a). At 110-115 dGA it was found that the ACTH response to 
CRH+AVP was greater than the sum of the two separate responses, indicating that a 
synergistic interaction had occurred (Norman & Challis, 1987a). The synergistic 
interaction between CRH+AVP declined with gestational age, and was completely 
abolished by 135-140 dGA.

Other studies have also shown effects consistent with a synergistic response to 
CRH+AVP. Brooks & White (1990) demonstrated that combined administration of CRH 
(1 jig) and AVP (200 ng) produced a synergistic interaction at 117-120 dGA. A 
synergistic effect of CRH (10 p,g) and AVP (200 ng) has also been demonstrated in 
immature fetuses at 97-99 dGA (Maclsaac et al., 1989a).

The differences in time-course of ACTH response between CRH and AVP stimulation 
could be due to differing effects at the fetal pituitary, or differences between the half-lives 
of the two peptides. The half-life of AVP has been reported to be approximately 2.8 min 
in the ovine fetus (Wiriyathian et al., 1983), whereas CRH has a half-life of 
approximately 60 min and can still be detected in fetal plasma 480 min after a 1 |ig bolus 
injection (Brooks & Challis, 1988a). Therefore, differences in the length of time that the 
pituitary is exposed to the peptides may produce differences in the response profiles. It is 
also possible that changes in the levels of endogenous factors controlling ACTH release 
may influence the ACTH-stimulating ability of exogenous agonists. Alternatively, CRH 
and AVP may stimulate the pituitary to release different forms of ACTH which have 
different half-lives in plasma. Secretion of ACTH in response to CRH or AVP may 
involve different intracellular mechanisms. It has been suggested that the release of 
ACTH during the first 30-60 min after stimulation may represent secretion from a readily 
releasable pool of peptide, with subsequent secretion driven by further post-translational
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processing of POMC (see Norman & Challis, 1987a). As CRH is thought to stimulate 
POMC processing, the continued release of ACTH seen only after CRH treatment may 
reflect this property of the peptide.

The mechanism of the synergistic interaction between CRH and AVP is not fully 
understood. AVP mediated ACTH secretion is thought to involve binding to receptors 
that are linked to phosphatidylinositol turnover, stimulating phospholipase-C to cause the 
generation of inositol 1,4,5-triphosphate (IP3) and 1,2-diacylglycerol from the 
breakdown of phosphatidylinositol 4,5-biphosphate (PIP2), and activating protein kinase 
C (see Oki et al., 1990; Liu, 1994). CRH is thought to produce its stimulatory actions by 
binding to an adenylate cyclase-linked membrane receptor, increasing the intracellular 
generation of cAMP and activating protein kinase A (see Labrie et al., 1982; Liu, 1994). 
AVP has been suggested to interact with CRH by potentiating CRH-induced cAMP 
accumulation by inhibiting activity of phosphodiesterase which is responsible for cAMP 
breakdown (see Challis & Brooks, 1989), or by inhibiting the G-protein, Gi5 which acts 
to inhibit adenylate cyclase (Liu et al., 1990).

Some studies have suggested that CRH and AVP have different potencies for stimulation 
of ACTH secretion. AVP has been shown to be a more potent stimulus of ACTH 
secretion than CRH in adult pituitary cells in vitro (Familiari et al., 1989). AVP has also 
been demonstrated to have greater potency compared to CRH for stimulation of ACTH 
from cultured fetal anterior pituitary cells (Brooks & Gibson, 1992). In addition, 
Matthews & Challis (1997) also found that AVP has greater potency relative to CRH in 
cultured fetal anterior pituitary cells at 138 dGA. Administration of equimolar doses of 
AVP and CRH to immature fetal sheep in vivo has shown that AVP produces a greater 
response than CRH (Norman & Challis, 1987a; Maclsaac et al., 1989a; Brooks & White,
1990). It has also been suggested that CRH is more potent than AVP near term (Norman 
& Challis, 1987a). Thus, the question of whether CRH or AVP is more potent is not 
resolved, and may differ at different stages of development. Responsiveness to different 
secretagogues may be determined by changes in the morphology of the pituitary 
corticotrophs (see Perez et al., 1997), or by changes in receptor numbers (Lu et al.,
1991). An important consideration is the different amounts of CRH and AVP present in 
the fetal hypophyseal portal circulation, which have been reported to be greater for AVP 
in the adult (see Matthews & Challis, 1997).

Hypoxia

In the fetal sheep, hypoxia activates the HPA axis and stimulates increased secretion of 
ACTH and cortisol (Boddy et al., 1974b; Jones et al., 1977b; Akagi & Challis, 1990).
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Hypoxia also stimulates increases in plasma AVP concentration (Rurak, 1978; Daniel et 
al., 1983; Raff et al., 1991; Raff & Wood, 1992; Giussani et al., 1994b), but CRH does 
not change (Keller-Wood & Wood, 1991a; Brooks & Challis, 1992).

Increased AVP concentration in fetal plasma during hypoxic stimulation has been 
demonstrated in a number of studies. Hypoxia is also a potent stimulus for AVP release 
into fetal cerebrospinal fluid (Stark et al., 1985). The magnitude of the plasma AVP 
response to reduced oxygenation appears to be dependent on the severity of the hypoxic 
insult, and the gestational age of the fetus. It has been reported that moderate hypoxia 
(fetal Pa0 2 reduced by ca. 8 mmHg) elicits a greater release of AVP compared to a mild 
hypoxic challenge (fetal Pa0 2 reduced by ca. 5 mmHg), and strong correlations have been 
demonstrated for AVP and a number of parameters of fetal oxygenation, including Pa0 2 
(Akagi & Challis, 1989; Akagi & Challis, 1990). Comparison of responses to hypoxia 
between 122 and 133 days gestation has shown that AVP release is greater in older 
fetuses (Raff & Wood, 1992), although comparison between 125-129 and 134-147 days 
did not support this effect (Akagi & Challis, 1989). There is also evidence that AVP 
release during hypoxia may be augmented by fetal acidaemia (Wood & Chen, 1989). 
Examination of the negative feedback mechanisms controlling AVP have shown that 
pretreatment with exogenous cortisol does not reduce the rise in AVP during hypoxia 
(Akagi et al., 1990). This suggests that the fetal AVP response to hypoxia, and possibly, 
other stressors, may not be under the control of glucocorticoid negative feedback. This 
may be important for maintaining AVP release and its actions on HPA axis activation and 
cardiovascular adaptations under conditions of stress and elevated plasma cortisol, such 
as occurs around the time of parturition.

Hypoxia also produces substantial increases in fetal plasma ACTH and cortisol 
concentration. As for AVP, the plasma ACTH and cortisol responses are increased at 
greater levels of fetal hypoxia (Akagi & Challis, 1989; Akagi & Challis, 1990). ACTH 
concentrations show a good negative correlation with fetal Pa0 2 and A Pa0 2 , but cortisol 
only correlates with A Pa0 2 (Akagi & Challis, 1990). ACTH and cortisol responses may 
also be augmented by acidaemia (Wood & Chen, 1989). When compared between 125- 
129 and 134-147 days gestation, ACTH responses to hypoxia are greater in younger 
fetuses. The increase in plasma cortisol, although starting from a higher baseline, is not 
significantly different between these age groups (Akagi & Challis, 1989). Fetal 
glucocorticoid responses to hypoxia have been examined by direct collection of adrenal 
outflow using a chronic adrenal cannula preparation (Jackson et al., 1989). These studies 
also demonstrated that cortisol secretion during hypoxia did not increase with age, 
between 129-132 and 135-139 days gestation (Jackson et al., 1989). In contrast, it was 
shown that hypoxia-induced corticosterone secretion declined between these gestational
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ages (Jackson et al., 1989), consistent with observations of a progressive decline in 
plasma corticosterone in late pregnancy (Wintour et al., 1975; Jones et al., 1977a). 
Cortisol infusion abolishes the ACTH response to hypoxia in late gestation, indicating 
that this aspect of HPA axis function is under the control of negative feedback 
mechanisms (Akagi et al., 1990). Treatment of fetuses with the opioid antagonist, 
naloxone, does not affect the rise in ACTH during hypoxia (Brooks & Challis, 1992), 
suggesting that while endogenous opioids may be involved in the prepartum regulation of 
basal ACTH concentrations (see below), stimulated ACTH is relatively independent of 
short-term opioid regulation.

The mechanisms regulating HPA axis function during hypoxia are not fully understood. 
The fact that fetal CRH is not elevated following hypoxia induced by reduction of 
maternal inspired oxygen, suggests that CRH is not involved in stimulation of ACTH 
release. There is evidence to suggest that HPA axis activation may be mediated a 
peripheral chemoreceptor mediated neural reflex. Studies in anaesthetised adult dogs have 
shown an apparent dissociation between ACTH and cortisol responses to different forms 
of hypoxia, with increases in cortisol secretion rates occurring without elevation of 
plasma ACTH (Raff et al., 1981). These data suggested that factors additional to ACTH 
were involved in control of cortisol release during hypoxic stress. In the same model, it 
has been reported that graded release of AVP, ACTH and cortisol occurs during graded 
reductions of Pa0 2, and further increases are obtained during hypercapnic hypoxia (Raff 
et al., 1983). This Pa0 2 -dependent relationship of hormone release, and augmentation by 
increases in PaC 0 2, is consistent with involvement of a peripheral chemoreceptor- 
mediated reflex. This relationship between Pa0 2 and HPA axis activation is also 
supported by the studies of the responses to different levels of hypoxia in the fetal sheep, 
described above. Neurosecretion of AVP during hypoxia is associated with vasodilatation 
of vessels in the posterior lobe (neurohypophysis) (see Hanley et al., 1988). This effect, 
along with release of AVP during hypoxia is abolished by combined denervation of the 
carotid and aortic chemoreceptors in adult dogs (Hanley et al., 1988). Carotid denervation 
in the adult dog also reduces plasma ACTH (Raff et al., 1984) and cortisol (Raff et al., 
1982) responses to hypoxia. These studies in adult animals suggest operation of 
peripheral chemoreceptor-mediated activation of HPA axis function. The fact that some of 
these responses were not completely abolished indicates that other non-chemoreceptor 
mechanisms may also be present, possibly involving direct effects of hypoxia on the 
central nervous system (CNS) (see Raff et al., 1984).

The contribution of the peripheral chemoreceptors to HPA axis activation has also been 
investigated in the fetal sheep. Sino-aortic denervation (Raff et al., 1991) and carotid 
denervation alone (Giussani et al., 1994b), have both been reported to have no effect on



the fetal plasma AVP response to acute hypoxia. However, the increase in fetal plasma 
AVP concentration in response to 24 h of reduced uterine blood flow is attenuated by 
bilateral section of the carotid sinus and vagus nerves (Stein et al., 1998). Thus, in the 
fetus, the peripheral chemoreceptors do not appear to have a role in stimulating AVP 
release in response to acute hypoxia, but may be important for more prolonged 
challenges. It has been suggested that an alternative mechanism could involve a 
chemosensitive site within the CNS (see Raff et al., 1991). In contrast, an important role 
for the peripheral chemoreceptors in regulating adrenocortical activity during acute 
hypoxia has been demonstrated in the fetal llama (Riquelme et al., 1998). In this model, 
following carotid denervation, there is a normal increase in plasma ACTH and adrenal 
blood flow during hypoxia, but the cortisol response is completely abolished (Riquelme 
et al., 1998). Thus, in the llama fetus cortisol, but not ACTH, is under a high degree of 
control by the carotid chemoreflex. This finding is in agreement with studies in the fetal 
sheep, which have shown that carotid denervation does not affect the rise in plasma 
ACTH during hypoxia, but delays the increase in plasma cortisol (Giussani et al., 
1994a). The mechanism by which carotid chemoreceptor stimulation might regulate 
adrenal cortisol secretion may involve a neural reflex pathway, comprising afferents in the 
carotid sinus nerves and efferents running in the splanchnic nerves. In fetal sheep, it has 
been shown that section of the splanchnic nerves reduces the cortisol response to 
hypotension, without affecting the ACTH response (Myers et al., 1990). This effect does 
not appear to be mediated by modulation of adrenal cortical blood flow as the increase in 
adrenal cortical blood flow during hypoxia is not altered following splanchnicotomy 
(Buchwalder et al., 1998; McDonald & Nathanielsz, 1998). It is possible that the 
splanchnic nerves stimulate cortisol secretion at the adrenal gland directly (Edwards & 
Jones, 1987), or regulate sensitivity to circulating ACTH (Edwards et al., 1986). There 
may be a paracrine influence of catecholamines or other products of the adrenal medulla 
(McDonald & Nathanielsz, 1998). Alternatively, carotid chemoreceptor activation may 
alter the biological activity of ACTH released from the pituitary.

Thus, regulation of the secretion of AVP and ACTH during acute fetal hypoxia does not 
appear to involve a peripheral chemoreceptor-mediated mechanism. Secretion of AVP 
may involve activation of a central chemosensitive area. ACTH release may also be 
regulated by central mechanisms. Also, as elevation of circulating AVP is known to elicit 
ACTH secretion, the increase in AVP that occurs during hypoxia will probably contribute 
to the stimulation of the increase in ACTH. Evidence suggests that a component of 
regulation of cortisol secretion is achieved by a peripheral chemoreceptor-mediated 
mechanism. In addition, it is likely that substantial regulation will be performed by 
circulating ACTH.
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CRH binding sites

There is no available information on pituitary AVP receptors in the fetal sheep, however, 
there are some data on development of CRH receptors. The action of CRH on anterior 
pituitary corticotrophs is mediated by binding of the CRH peptide to its specific 
membrane receptor and activation of adenylate cyclase (see above). As responses to 
exogenous CRH change during gestation (Norman et al., 1985), it is possible that 
changes in the numbers of CRH binding sites may be involved. Developmental changes 
in CRH binding sites have been examined in fetal sheep at various gestational ages 
between 65 dGA and term (Lu et al., 1991). Binding sites for CRH can be identified in 
fetal sheep anterior pituitary tissue, which are specific, saturable and show high binding 
affinity. It is reported that this binding affinity does not change with gestation (Lu et al.,
1991). However, the numbers of CRH binding sites do change as a function of gestation. 
CRH binding is almost undetectable at 65-70 days, but increases substantially at 85-88 
days, and increases further to a maximum at 125-130 days. The number of binding sites 
then decreases at term (Lu et al., 1991). This pattern of CRH binding is consistent with 
observations of the plasma ACTH responses to exogenous CRH stimulation in vivo (see 
above). ACTH responses to CRH show an increase during late gestation between 110- 
115 and 125-130 dGA, and the period of maximum CRH binding corresponds to the time 
of maximum ACTH response (Norman et al., 1985). The decrease in binding after 125 
days may also contribute to the decline in pituitary responsiveness to CRH in vivo. 
Regulation of CRH binding sites may involve CRH or cortisol. Treatment of cultured 
fetal pituitary cells in vitro with CRH or cortisol results in a reduction in the number of 
CRH-binding sites (Lu et al., 1994). Studies in that rat have also shown that increased 
exposure of CRH binding sites to CRH results in downregulation and desensitisation of 
anterior pituitary CRH receptors (Wynn et al., 1988). This is consistent with the widely 
acknowledged phenomenon of increased exposure of a target tissue to peptide hormones 
causing downregulation of the homologous receptor.

M olecular form s o f  pitu itary ACTH

Release of the biologically active form of ACTH, ACTH (1-39), is accompanied by 
release of the high molecular weight precursor molecules, POMC and pro-ACTH (Fig. 
1.3). It has been shown that pro-ACTH and POMC can inhibit the stimulatory effects of 
ACTH (1-39) on fetal adrenal cortisol production (see below). Therefore, changes in the 
circulating concentrations of pro-ACTH and POMC relative to that of ACTH (1-39) could 
affect fetal adrenal development. A decrease in the levels of these precursors could result 
in greater activation of adrenal cortisol production by existing circulating ACTH, which
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may contribute to the increased adrenocortical activity observed in late gestation. This has 
been investigated in the fetal sheep.

1-bNI ICOOH

PRO-ACTH

ACTH (1-39) 

a-MSH CLIP

P-l p h

y-LPH p-Endorphin 

■

P-MSH Met-enkephalin

Fig. 1.3. Schematic representation of POMC showing the major peptides released as a 
result of proteolytic cleavage. 8-LPH, 8-lipotropin; y-LPH, y-lipotropin; a-MSH, a- 

melanocyte-stimulating hormone; CLIP, corticotropin-like intermediate lobe peptide; 8- 
MSH, 8-melanocyte-stimulating hormone. (Adapted from Smith & Funder, 1988).

Jones (1980) examined output of ACTH-like peptides from isolated fetal sheep pituitary 
cells at 120-145 dGA. It was found that the concentration ratio of ACTH (1-39) to the 
high molecular weight forms of ACTH was greater in older fetuses, such that there was a 
relative increase in the amount of ACTH (1-39) with gestational age (Jones, 1980; Jones 
& Roebuck, 1980). Other studies have examined the biological activity (B) of ACTH-like 
peptides released from cultured fetal pituitary cells at various stages of gestation, and 
compared it to the immunological activity (I) (Brieu & Durand, 1987). The B/I ratio was 
found to increase with gestational age, from ca. 0.29 at 63 days to ca. 0.70 at 144 days. 
In addition, pretreatment with AVP or cortisol enhanced the B/I ratio of released ACTH 
activity to subsequent AVP stimulation (Brieu & Durand, 1987). The same developmental 
patterns and response to AVP stimulation following AVP or cortisol treatment have been 
shown for the small molecular form of ACTH, relative to larger molecular forms (Brieu 
& Durand, 1989). Specific examination of the different molecular forms of ACTH has 
shown that the basal concentration of the N-terminal POMC peptide, N-POMC (1-77) (a 
cleavage product of POMC), decreases in fetal sheep plasma between 110-119 and 139- 
147 dGA (Saphier et al., 1993). This was accompanied by an increase in ACTH (1-39), 
resulting in a relative increase of ACTH (1-39) with respect to N-POMC (1-77). Other 
studies have reported that the plasma concentrations of the precursors, POMC and pro- 
ACTH, do not change with gestation, but that the concentration of ACTH (1-39) 
increases, producing an increase in the ratio of basal ACTH (1-39) relative to precursors
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as gestation progresses (Carr et al., 1995; Phillips et al., 1996b). It has also been 
demonstrated that pituitary content of ACTH (1-39) increases with gestational age relative 
to that of POMC and pro-ACTH (Saoud & Wood, 1996c). The regulation of secretion of 
ACTH (1-39) and its precursors from the pituitary appears to involve the hypothalamus. 
Surgical isolation of the fetal pituitary from the hypothalamus prevents the increase in 
secretion of ACTH (1-39) with gestation which is seen in intact fetuses (Phillips et al., 
1996b). This may be related to the switch from the fetal to adult type corticotroph which 
is also delayed in HPD fetuses (Antolovich et al., 1991).

Secretion of the different molecular forms of ACTH may be under differential regulation 
by glucocorticoid negative feedback. There is evidence that secretion of the low molecular 
weight forms may be more sensitive to increases in plasma cortisol than secretion of the 
high molecular weight forms. Elevation of plasma cortisol by infusion to 
adrenalectomised fetuses produces a greater and more rapid reduction in bioactive ACTH 
compared to immunoreactive ACTH (Zehnder et al., 1998), indicating greater sensitivity 
of bioactive ACTH. This effect may be due to the relative activity of cortisol on different 
populations of pituitary corticotrophs.

It has been shown that AVP, but not CRH, stimulation produces a greater increase in 
plasma ACTH (1-39) concentration compared to precursors (Carr et al., 1995). A 
possible explanation for this effect of AVP stimulation is that, as the ACTH response to 
AVP is relatively short, it is probably mediated by release of stored peptide, rather than 
processing of new peptide, therefore, it might be expected that secretory granules would 
contain relatively more ACTH (1-39) than precursors (see Carr et al., 1995). In 
hypophysectomised fetuses, ACTH infusion stimulates cortisol secretion which increases 
with age even when the dose of ACTH is maintained constant for body weight (Jacobs et 
al., 1994). This suggests that adrenal sensitivity increases, and it is possible that this is 
associated with the removal the effects of precursor peptides at the fetal adrenal. Thus, 
there is good evidence to suggest that increased adrenocortical activity in late gestation is 
produced by an increased trophic drive mediated by a relative increase in the stimulatory 
form of ACTH, ACTH (1-39), and decrease in the proposed inhibitory forms, the high 
molecular weight ACTH precursors. The importance of the increase in secretion of 
ACTH (1-39) with gestation is illustrated by the fact that when it is prevented by HPD, 
adrenal maturation is retarded and levels of important steroidogenic enzymes fail to 
increase (Phillips et al., 1996b).

1.5.4 Other modulators of HPA axis function

Placental CRH and ACTH
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There is evidence to suggest that the placenta may be a site of synthesis and secretion of 
CRH and ACTH. Most of this evidence has come from studies in the human, with only 
relatively few reports in the sheep. The human placenta contains both CRH and ACTH 
(Liotta et al., 1977; Saijonmaa et al., 1988). irCRH is found in cytotrophoblasts, decidua 
and amnion (Saijonmaa et al., 1988), and this appears to be the product of CRH gene 
expression (Frim et al., 1988). Human placental tissue can be shown to secrete CRH in 
vitro (Saijonmaa et al., 1988) and there is an increase in maternal plasma CRH in late 
gestation (Goland et al., 1986). irCRH concentrations are higher in the umbilical vein 
than in the umbilical artery, indicating an arteriovenous concentration difference. Thus, 
there is good evidence to support placental production and release of CRH in the human. 
In the sheep, studies have shown that CRH can be detected in the umbilical vein from 
about 123 dGA. The concentration rises slightly during late gestation and then more 
markedly at term, however, these values are much lower than in the human (Jones et al., 
1989a). With respect to the maternal concentration, CRH can be detected in the uterine 
vein only a few days before birth, and again, at comparatively low levels (Jones et al., 
1989a). In addition, reduction of uterine blood flow can be shown to increase placental 
CRH output (Jones et al., 1989a). Other studies have shown that there is no significant 
arteriovenous concentration difference for CRH across the ovine placenta in the basal 
state or during hypoxia in either the fetus or mother, indicating that there is no net 
secretion in these states (Keller-Wood & Wood, 1991a). Therefore, the secretion of CRH 
by the placenta is not yet defined. However, in the sheep, it is thought that it is unlikely 
that CRH of placental origin would produce marked effects on HPA axis activity for most 
of pregnancy given the low concentrations that have been observed.

The placenta has also been suggested to be a source of ACTH. In the human, the placenta 
contains and synthesises ACTH and POMC, and ACTH bioactivity has been 
demonstrated in extracts of sheep placenta (see Keller-Wood & Wood, 1991b). It is 
possible that placental CRH acts to stimulate placental ACTH secretion in a paracrine 
manner. In the sheep, studies do not support the idea that the placenta produces ACTH in 
appreciable amounts, as there is no arteriovenous difference across the fetal or maternal 
circulations in either resting or stimulated conditions (Keller-Wood & Wood, 1991b). 
Thus, as for CRH, it appears that it is unlikely that placental ACTH has an important role 
of modulation of the fetal HPA axis in the sheep.

Lung ACTH

The fetal lung has been suggested to be a site of ACTH synthesis. Evidence in support of 
this has been shown by the fact that irACTH can be detected in the fetal lung, and
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secretion of ACTH into the pulmonary venous blood occurs during surgical stress (Cudd 
& Wood, 1992). Further experiments have shown that the fetal sheep lung secretes 
ACTH when plasma ACTH concentrations are low (<approximately 200 pg/ml), and 
clears ACTH when plasma ACTH concentrations are high (Cudd & Wood, 1992). It is 
possible that pulmonary ACTH could be involved in modulation of fetal HPA axis 
activity, and possibly contribute to the changes around parturition. Recent studies have 
shown that cells of the fetal lung contain irACTH with molecular weights similar to those 
of POMC and pro-ACTH, however, it appears that there is very little fully processed 
ACTH (1-39) (Wood et al., 1998). Thus, secretion of the large molecular weight forms 
of ACTH from the fetal lung could decrease the B/I ratio of plasma ACTH.

Opioids

Opioids are thought to have a modulatory role in HPA axis function in the adult (see 
Brooks & Challis, 1988b). Their stimulatory effects on ACTH and cortisol release have 
been studied in the sheep fetus in late gestation. Responses to a [Met]-enkephalin 
analogue have been studied at 110-115, 125-130 and 135-140 dGA (Brooks & Challis, 
1988b). The [Met]-enkephalin analogue stimulated small, but significant, increases in 
ACTH at 125-130 and 135-140, but not 110-115 dGA. Cortisol also increased slightly at 
these ages but not significantly so. The increases in ACTH were abolished in the presence 
of the opioid antagonist naloxone, however, naloxone given alone did not produce any 
effects (Brooks & Challis, 1988b). Recent studies have shown that morphine 
administration can also stimulate ACTH and cortisol release in fetal sheep, which can be 
inhibited by naloxone (Taylor et al., 1997a). The stimulatory effect of morphine is only 
observed after 125 dGA, and prior to this age ACTH and cortisol responses are not 
produced (Taylor et al., 1997a). These experiments suggest that opioid receptors are 
present in the fetal sheep in late gestation, and that they are capable of mediating the 
effects of endogenous opioids to stimulate HPA axis activation. In addition, there appears 
to be maturation of functional opioid receptors around 125 dGA. The fact that naloxone 
does not influence ACTH release when given alone suggests that the axis is not under 
tonic control by endogenous opioids.

Catecholamines

The catecholamines may also act as CRH agonists. In adult rats, there is substantial 
evidence indicating that catecholamines are involved in stimulation of ACTH release 
during stress. Infusion of catecholamines to concentrations observed under conditions of 
stress has been shown to mimic the normal stress-induced increase in ACTH 
concentration (see Szafarczyk et al., 1987). It has been reported in rats that
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catecholamines have actions at the anterior pituitary, and may also produce effects 
through central mechanisms (Szafarczyk et al., 1987). Studies using cultures of fetal 
sheep pituitary cells have shown that adrenaline can increase the ACTH response to CRH 
stimulation (Durand et al., 1986). Therefore, catecholamines may act as modulators of 
fetal HPA axis function. This could be important for the fetal response to hypoxia, where 
large amounts of catecholamines are released.

Oestrogen and androgens

Through its role in initiation of parturition, cortisol produces various effects, including 
activation of placental 17a-hydroxylase which increases androgen and oestrogen 

production at the expense of progesterone production (Liggins, 1976; Thorburn & 
Challis, 1979). It has been suggested that oestrogen and androgens circulating in fetal 
plasma at the end of gestation may modulate fetal HPA axis activity (Wood & Saoud, 
1997). It has been reported that 178-estradiol administration to fetuses for 21 days, 
beginning at 123 dGA causes increases in basal plasma ACTH and cortisol concentration. 
In addition, 178-estradiol administration has been shown to increase stimulated fetal 
ACTH secretion (Saoud & Wood, 1997; Wood & Saoud, 1997). In contrast, 
androstenedione administration in combination with 178-estradiol, suppressed the 
increase in basal ACTH and cortisol previously induced by 178-estradiol, however, 
androstenedione did not produce any effect when administered alone (Wood & Saoud, 
1997). Therefore, as plasma concentrations of both steroids are increased in late 
gestation, they may have a role in modification of fetal HPA axis activity.

Prostaglandins

In sheep, fetal plasma concentrations of the major prostaglandin formed during 
pregnancy, prostaglandin E2 (PGE2), rise gradually during late gestation (Challis et al., 
1976; Fowden et al., 1987). PGE2 is thought to be synthesised predominantly in utero
placental tissues (see Fowden et al., 1987). It has been reported that the rise in PGE2 
precedes the increase in fetal ACTH secretion, and thus it has been suggested to be 
involved in fetal HPA axis maturation (Thorburn et al., 1988). It has been well 
documented that infusion of PGE2 to fetal sheep stimulates increases in fetal plasma 
ACTH and cortisol concentrations (Louis et al., 1976; Ratter et al., 1979). Long-term 
infusion of PGE2 has been demonstrated to have physiological consequences, in that it 
stimulates premature parturition through its effects on activation of the fetal HPA axis 
(Young et al., 1996a). Furthermore, inhibition of PG synthesis by maternal 
administration of PGH synthase inhibitor, decreases fetal PGE2 concentrations and 
results in a suppression of fetal plasma ACTH and cortisol concentrations (Unno et al.,
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1998a). Therefore, there is strong evidence that PGE2 is important for fetal HPA axis 
development.

The mechanisms by which PGE2 may modulate HPA axis function have been 
investigated. Brooks & Gibson (1992) examined the effects of PGE2 on CRH- and AVP- 
stimulated ACTH release from cultured fetal anterior pituitary cells. Administration of 
PGE2 alone, did not stimulate release of ACTH. PGE2 also did not alter the ACTH 
response to CRH, however PGE2 did increase the ability of AVP to stimulate ACTH 
secretion, and produced an elevation of the maximum level of ACTH released. PGE2 did 
not alter the synergistic ACTH response to combined CRH+AVP (Brooks & Gibson, 
1992). These studies demonstrate that PGE2 may produce activation of HPA axis 
function by direct effects at the pituitary gland. The mechanism of this stimulation may 
involve augmentation of the response to AVP. Further experiments have examined the 
mechanisms by which PGE2 stimulates ACTH release in vivo, by assessing responses to 
different modes of PGE2 administration. Brooks (1992) showed that both intravenous 
and intracerebroventricular infusion of PGE2 stimulated increased ACTH secretion, 
indicating that PGE2 was able to produce effects via a central site of action. This central 
site has been suggested to be the CRH and AVP neurones in the paraventricular nucleus 
of the hypothalamus (Brooks, 1992). The effects of PGE2 on ACTH release have been 
studied in fetuses in which the pituitary and hypothalamus are surgically disconnected 
(HPD fetuses) (Young et al., 1996b). Infusion of PGE2 to HPD fetuses does not produce 
any increase in ACTH or cortisol, when studied at a number of stages of late gestation 
(Young et al., 1996b). Therefore, these data are in contrast to those described above 
(Brooks, 1992; Brooks & Gibson, 1992), as they suggest that the effects of PGE2 are 
mediated not at the pituitary, but at a level above, possibly the hypothalamus. However, it 
should be noted that Young et al. (1996b) did not investigate combined PGE2 and AVP 
administration, which Brooks & Gibson (1992) demonstrated to cause an increase in 
ACTH response. Other studies have reported that PGE2 does not stimulate ACTH 
secretion through actions at the pituitary or hypothalamus, rather, that it initiates ACTH 
release from an extrapituitary source (Cudd & Wood, 1992).

The biological properties of ACTH released by PGE2-stimulation, and their effect on 
cortisol release are a matter of confusion. Cudd & Wood (1992) infused PGE2 
intravenously at 100 ng/min for 30 min at 119-130 dGA, which produced substantial 
rises in ACTH, but no increase in cortisol. Brooks (1992) infused PGE2 at 125 dGA at a 
rate of 30 pg/h (500 ng/min) for 60 min and which also did not produce an increase in 
cortisol, despite elevation of ACTH. Therefore, it was suggested that PGE2 might 
stimulate release of the large molecular weight forms of ACTH, in addition to ACTH (1- 
39), resulting in poor stimulation of cortisol production. However, studies which have
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specifically examined the molecular forms of ACTH released from the pituitary, have 
shown that PGE2 preferentially stimulates production of ACTH (1-39) (Hollingworth et 
al., 1995; Young et a l, 1996a).

1.5.5 Adrenal Gland

Many studies have reported that the plasma concentrations of ACTH and cortisol change 
during the final weeks of gestation. It has been shown that there is a gradual increase in 
plasma cortisol beginning around day 125. This progresses until about 5 days before 
term, when a dramatic increase occurs (Magyar et al., 1980b; Hennessy et al., 1982b; 
Norman et al., 1985; Jackson et al., 1992; Poore et al., 1998). This surge in fetal cortisol 
precedes the endocrine cascade which initiates parturition (Thorburn & Challis, 1979). In 
parallel with changes in cortisol, fetal plasma ACTH increases, but less dramatically 
(Hennessy et al., 1982b; Norman et al., 1985; Jackson et al., 1992; Poore et al., 1998) 
(Fig. 1.4).
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Fig. 1.4. The changes in basal plasma ACTH and cortisol concentrations in fetal sheep 
during late gestation. Dashed lines indicate regression analyses. (Taken from Norman et 
al., 1985).
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Cortisol is the major glucocorticoid present in fetal sheep plasma, and its concentration is 
greater than that of corticosterone, which does not increase during the prepartum period 
(Wintour et al., 1975; Jones et al., 1977a). The relative outputs of cortisol and 
corticosterone to ACTH stimulation have been investigated using dispersed adrenal cells 
at different stages of gestation. The ratio of cortisol to corticosterone increases from ca. 
3.3 on day 50 of gestation to ca. 11.3 at term (Manchester & Challis, 1982). These 
results support the idea that cortisol is the dominant glucocorticoid in the fetal sheep, and 
that this role increases during gestation. The increase in the cortisol to corticosterone ratio 
is thought to represent an increase in 17a-hydroxylase activity (Manchester & Challis,

1982), which is an important enzyme in cortisol synthesis, but not corticosterone 
synthesis.

The temporal relationships of the increases in ACTH and cortisol have been studied. 
Early reports suggested that the rise in ACTH concentration did not occur until after the 
increase in cortisol, suggesting that other factors were involved in initiation of HPA axis 
maturation (Rees et al., 1975b). However, studies with specific radioimmunoassay 
techniques have since shown that the rise in ACTH actually precedes or coincides with 
the increase in cortisol (Wintour, 1984; Norman et al., 1985).

Hennessy et al. (1982a) examined the origin of cortisol in fetal sheep plasma at different 
stages of gestation using radiolabelled cortisol infusion into the maternal or fetal 
circulation. They demonstrated that, prior to 120 dGA, most, if not all, cortisol present in 
the fetal circulation originated from the mother via transfer across the placenta. After 120 
dGA, endogenous fetal cortisol production increased to become the major source of 
cortisol in the fetal circulation, with transplacental transfer contributing only about 10% of 
fetal cortisol around term (Hennessy et al., 1982a). In their study, Hennessy et al. 
(1982a) also measured the blood clearance rate of cortisol from the fetal circulation, 
which was found to be approximately 8.2 L/h at 97-143 dGA. The metabolic clearance 
rate of cortisol has been estimated at 23 ml/min/kg at 122-142 dGA, with the liver and 
placenta thought to be important sites for clearance (Jones & Rurak, 1976). The metabolic 
clearance rate of ACTH has been estimated at approximately 55 ml/min at 125-143 dGA, 
and a calculated half-life of approximately 1 min (Jones et al., 1975). Suggested sites of 
ACTH clearance include the kidney, placenta, blood and the lung (Jones et al., 1975; 
Cudd & Wood, 1992).

CBG



The rise in fetal plasma cortisol concentration during late gestation is associated with a 
parallel increase in corticosteroid binding capacity (CBC), and corticosteroid binding 
globulin (CBG; transcortin) concentration in fetal plasma (Ballard et al., 1982). It is 
thought that the physiological actions of cortisol are mediated by its unbound form, 
therefore, as CBG binds cortisol and reduces the percentage of free cortisol in plasma, it 
may regulate its biological actions. This may be important during late gestation when 
cortisol concentrations are increasing. The concomitant increase in CBG may reduce the 
negative feedback effects of cortisol on ACTH release and allow the simultaneous 
increases in ACTH and cortisol to occur. The fetal liver is thought to be a major site of 
CBG biosynthesis, with additional production thought to occur at the pituitary and kidney 
(Berdusco et al., 1995). CBG production at the pituitary may be important in controlling 
the effects of cortisol negative feedback at this site. The pattern of an increase in CBG 
during late gestation has been described in a number of studies (Ballard et al., 1982; Ali et 
al., 1992), however, it has been reported that levels are also high during early gestation 
(40-56 dGA) and fall in mid gestation (77-90 dGA) prior to the late gestation increase (Ali 
et al., 1992). This triphasic pattern mirrors that of the changes in fetal adrenocortical 
activity (Glickman & Challis, 1980), and could be important in modulation of 
corticosteroid effects on developmental processes. It has been shown that CBG levels fail 
to rise in late gestation in fetuses that are hydranencephalic or hypophysectomised, 
indicating that an intact pituitary is required for normal CBG development (Ballard et al.,
1982), however, it is thought that the role of thyroid hormone in this process is minimal 
(Ballard et al., 1983). Pulsatile ACTH treatment or infusion of glucocorticoids stimulates 
a precocious elevation of plasma CBG and production by the fetal liver and kidney 
(Jacobs et al., 1991; Berdusco et al., 1993; Berdusco et al., 1994). Thus, cortisol may 
regulate its own free cortisol in plasma and consequently, its negative feedback actions, 
by stimulating increased production of CBG. The fact that cortisol can stimulate CBG 
production at 100 dGA (Berdusco et al., 1994), and that the late gestation increase in 
CBG precedes that of cortisol may be crucial for normal maturation of the HPA axis and 
for permitting simultaneous increases in ACTH and cortisol.

Circadian rhythms

Secretion of ACTH and cortisol may not occur at a constant rate throughout the day. It is 
possible that secretion may be pulsatile, or that circadian rhythms exist, and these 
possibilities have been examined experimentally. Jones (1979) measured plasma ACTH 
and cortisol concentrations every 30 min between 07.00-11.00 h and 21.00-01.00 h in 
two fetal sheep at 110 and 135 dGA. It was found that there were large fluctuations in 
both ACTH and cortisol in fetal plasma. Fetal ACTH concentrations were shown to be 
greater at 08.00-11.00 compared to 21.00-01.00 at both 119 and 135 dGA, indicating the

9 3



i V l  A

presence of a circadian rhythm of ACTH secretion (Jones, 1979). In contrast, no rhythm 
was observed for cortisol. More detailed study of the fluctuations in plasma cortisol has 
been performed (McMillen et al., 1987; Bell & Wood, 1991). McMillen et al. (1987) 
measured cortisol in plasma samples collected every 2 h for 24 h in fetuses at 127-134 
dGA and 137-142 dGA. It was found that the coefficient of variation of plasma cortisol 
concentration was greater in fetuses older than 135 days, in addition, this group of 
fetuses displayed a significant peak in plasma cortisol at 19.00 h, suggesting that a 
diurnal rhythm was present. Diurnal rhythms may reflect the activity of an endogenous 
fetal circadian pacemaker. Alternatively, changes in fetal plasma cortisol are thought to be 
produced by the act of maternal feeding, with increased cortisol occurring a number of 
hours after feeding (see McMillen et al., 1987). It has been suggested that the increased 
variability of plasma cortisol in late gestation may reflect the emergence of positive and 
negative feedback control between the adrenal and pituitary (see Challis & Brooks,
1989). In contrast to the above studies, Bell & Wood (1991) concluded that there were no 
diurnal rhythms for ACTH or cortisol, except in the last 3 days of fetal life. They studied 
fetuses between 125 dGA and term by collecting plasma samples every 4 h over a 24 h 
period. It was shown that in fetuses 1-3 days before delivery, there was a significant peak 
in plasma ACTH concentrations, occurring at 11.30 and 15.30, however there was no 
rhythm at any other stage of gestation studied, or for cortisol at any age (Bell & Wood,
1991). It was suggested that the changes in ACTH during the day in fetuses near term 
may have been caused by myometrial activity, and not a true diurnal rhythm. The ewes is 
the study of Bell & Wood (1991) were fed ad libitum, whereas those in the study of 
McMillen et al. (1987) were fed only once per day. It appears that fetal circadian rhythms 
for cortisol may only occur secondary to the maternal feeding regime. It has been reported 
that the adult sheep does not have an endogenous circadian rhythm for ACTH or cortisol 
secretion (see Bell & Wood 1991). Thus, at present the available evidence suggests that 
circadian rhythms for ACTH and cortisol do not exist in fetal sheep in late gestation.

Pulsatile ACTH release

The possibility that ACTH and cortisol secretion is pulsatile in nature has been examined 
in fetal sheep (Apostalakis et al., 1992; Jackson et al., 1992). Apostalakis et al. (1992) 
examined the nature of ACTH and cortisol release by taking plasma samples every 5 min 
for a 120 min period at 133 dGA, and then at 4 day intervals until term. Their 
experiments demonstrated that both fetal ACTH and cortisol release is pulsatile during late 
gestation. Pulses of cortisol release were found to increase in frequency and amplitude 
with gestational age, and it was suggested that this relationship resulted in the increase in 
mean cortisol concentration with gestation. However, pulses of ACTH release did not 
significantly increase in frequency or amplitude with gestation. It was also shown that a
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substantial proportion of cortisol pulses near delivery were not associated with ACTH 
pulses (Apostalakis et al., 1992). These data suggest that factors other than ACTH alone 
are involved in the drive to enhance pulsatile cortisol secretion near term.

The pulsatile nature of ACTH secretion may be linked to reductions in fetal Pa0 2 caused 
by myometrial activity. Spontaneous decreases in fetal Pa0 2 can occur during pregnancy, 
caused by non-labour uterine contractions, or ‘contractures’ (Jenkin & Nathanielsz,
1994). Reductions in fetal Pa0 2 are known to cause activation of the fetal HPA axis and 
stimulate ACTH and cortisol release (see above). Therefore, transient levels of low level 
hypoxia associated with uterine contractures may result in short-term increases in plasma 
ACTH release. This hypothesis has been investigated using administration of oxytocin to 
induce uterine contractions (Lye et al., 1985). This procedure produces transient falls in 
Pa0 2 of about 3 mmHg, and stimulates significant increases in ACTH release (Lye et al.,
1985). Increases in ACTH are abolished when fetal normoxia is maintained by 
administration of oxygen to the ewe (Woudstra et al., 1991). Therefore, it is possible that 
pulsatile ACTH release may be related, in part, to short-term fluctuations in Pa0 2 caused 
by myometrial contractures.

Adrenal responsiveness

There is good evidence to suggest that increased secretion of ACTH is one of the major 
factors that drives the increased cortisol release in late gestation. However, a number of 
studies (e.g. Apostalakis et al., 1992) suggest that this relationship may not be clear-cut, 
and that other factors may be involved. The rise in fetal plasma cortisol during late 
gestation is thought to be due, in part, to an increase in adrenal responsiveness to 
circulating ACTH. Changes in fetal adrenocortical activity have been reported to occur 
during pregnancy. Studies with dispersed adrenal cells or tissue incubates have shown 
that there are three phases of adrenal responsiveness, with high activity during early 
gestation, a decline in mid pregnancy, followed by a steady increase during late gestation 
until term. Wintour et al. (1975) examined responses of adrenal glands to exogenous 
ACTH in vitro at various stages of gestation. It was shown that, the highest output of 
cortisol per unit weight of the adrenal gland occurred at 40-49 dGA. Response to ACTH 
then declined gradually, to a nadir at 90-99 dGA, before increasing during late gestation 
and then further at term (Wintour et al., 1975). Glickman & Challis (1980) used isolated 
fetal adrenal cells to examine development of responsiveness to exogenous ACTH or 
coincubation with fetal pituitary cells, at 50, 100 and 130 dGA and at term. They 
demonstrated that exogenous ACTH and coincubation with fetal pituitary cells produced 
similar stimulation of cortisol release. Cortisol output to ACTH stimulation was greatest
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at day 50. It then decreased to the lowest level at day 100, and then increased at day 130, 
and then further at term (Glickman & Challis, 1980).

A conflicting report in isolated fetal adrenal cells in late gestation has shown that, while 
maximum cortisol output to ACTH increases, the concentration of ACTH required to 
produce a 50% maximum response does not alter (Magyar et al., 1980a). These data 
suggest that the sensitivity of the cells to ACTH does not change in late gestation. 
However, there is good in vivo evidence to suggest that an increase in fetal adrenocortical 
sensitivity does occur in late pregnancy. Rose et al. (1982b) examined plasma cortisol 
responses to bolus injections of ACTH in chronically catheterised fetal sheep at different 
stages of gestation. Their results showed that the absolute responses to a particular dose 
of ACTH increased with gestational age, and furthermore, the maximum cortisol 
response could be achieved with a lower dose of ACTH in older animals (Rose et al., 
1982b). This supported the view that fetal adrenal sensitivity increased during late 
gestation. The ability of exogenous ACTH to alter adrenal development and sensitivity 
has been investigated. Lye et al. (1983) examined the effects of pulsed ACTH 
administration on cortisol secretion in fetal sheep in utero at 120 dGA. It was shown that 
cortisol responses to the ACTH pulse increased progressively on successive days, 
indicating that fetal adrenal function had been augmented (Lye et al., 1983). Further 
studies have shown that both pulsed and continuous infusion of ACTH increase adrenal 
cortisol responses in vitro (Manchester et al., 1983). Therefore, activation of adrenal 
function and changes in responsiveness may be initiated by endogenous ACTH 
stimulation.

It is possible that the change in sensitivity of the adrenal gland with age is related to 
overall growth of the gland, which is known to increase during late gestation (see Challis 
& Brooks, 1989). In addition, there may be alterations in the mechanisms governing 
steroidogenic capacity. These include factors which regulate the interaction between 
ACTH, its receptor and its second messenger system, and those which are involved in 
gene expression of the enzymes of the glucocorticoid biosynthetic pathway (Fig. 1.5). 
Changes in these mechanisms could result in an increase in adrenocortical sensitivity. 
ACTH acts through a specific membrane receptor which is coupled to the G protein, Gs, 
which in turn activates adenylate cyclase and causes increases in cAMP (Schimmer & 
Parker, 1996), and it has been reported that increased adrenal responses are associated 
with enhanced coupling of ACTH to adenylate cyclase (see Manchester et al., 1983). 
Further experiments have examined adrenal cortisol production at 50, 100, 130 dGA and 
term, in the presence of exogenous GTP, cAMP and potential steroid substrates to 
elucidate which factors are important in determining responsiveness. GTP is important in 
steroidogenesis as it is required for Gs-mediated activation of adenylate cyclase. Cortisol
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responses of isolated adrenal cells to a GTP analogue mirror those to ACTH, i.e. the 
maximum response occurs at 50 dGA, then declines to a minimum at 100 dGA, before 
increasing to peak values at term (Manchester & Challis, 1982). Cortisol responses to 
dibutyryl cAMP and steroid substrates also show a similar pattern. It was shown that 
during adrenocortical inactivity, at 100 dGA, only 17 a-hydroxysteroids, and not 
progesterone, could be converted to cortisol, suggesting reduced activity of 17a- 
hydroxylase. At term, both 17 a-hydroxy steroids and progesterone could be converted to 
cortisol, indicating that 17a-hydroxylase activity was no longer a rate limiting step 

(Manchester & Challis, 1982). Therefore, these results provided evidence that increased 
responsiveness of the fetal adrenal could be due to an increase in enzyme activity, 
particularly of 17a-hydroxylase. The effects of pulsed and continuous infusion of ACTH 

to stimulate increased adrenal responsiveness, described above, may also be mediated by 
an increase in 17a-hydroxylase activity (Durand et al., 1982; Manchester & Challis, 

1983).

Cholesterol

P450scc

P450i7a P450i7a
Pregnenolone ► 17a-Hydroxypregnenolone— ► Dehydroepiandrosterone

3P-HSD 3p-HSD 3p-HSD

T P450i7a ▼ P450i7a ^
Progesterone ► 17a-Hydroxyprogesterone ------ ► Androstenedione

P450c21

▼
Deoxycortisol

P450c21

11-Deoxycortisol
P450np

CORTISOL

P450aldo

▼ P450aldo P450aldo
Corticosterone ► 18-Hydroxycorticosterone -► Aldosterone

Fig. 1.5. Principle pathways of steroid biosynthesis at the adrenal gland. P450Scc> 
cholesterol side-chain cleavage enzyme; 36-HSD, 36-hydroxysteroid dehydrogenase; 
P450 i7a> steroid 17a-hydroxylase; P450c2i» steroid 21-hydroxylase; P450ajcjo,
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aldosterone synthase; P450hb, steroid 116-hydroxylase. (Adapted from Schimmer & 
Parker, 1996).

Cortisol is known to increase activity of 17a-hydroxylase in the placenta (Liggins, 
1976). Thus, it has been suggested that cortisol may stimulate fetal adrenal 17a- 

hydroxylase activity and hence enhance adrenal function. As described above, treatment 
of fetal sheep with ACTH in vivo, results in greater cortisol responsiveness in vitro 
(Manchester et al., 1983). This procedure also increases 11-deoxycortisol responses to 
ACTH (Challis et al., 1985). These increased responses are attenuated by in vivo 
treatment of ACTH plus metyrapone, which blocks 116-hydroxylase and inhibits cortisol 
formation (Challis et al., 1985). Thus, blockade of cortisol production prevents the 
increased adrenocortical responsiveness seen after ACTH treatment. When fetal plasma 
cortisol concentrations are restored by in vivo treatment of ACTH, metyrapone and 
cortisol, the enhanced cortisol responses are restored (Challis et al., 1985). These 
experiments suggest that cortisol may modulate ACTH-induced activation of fetal adrenal 
activity, and may therefore, be involved in the developmental increase of adrenal 
responsiveness.

Levels of fetal steroidogenic enzymes during gestation have been investigated using 
Northern blot analysis, to examine if changes could account for the triphasic pattern of 
cortisol secretion. Thus, levels of mRNA for cholesterol side-chain cleavage enzyme (P- 
450scc), 17a-hydroxylase and 21-hydroxylase have been measured in fetal sheep adrenal 

glands at various stages of gestation between 41 dGA and term (Tangalakis et al., 1989). 
Results of these studies showed that the genes for 17a-hydroxylase and P-450scc were 
expressed strongly in tissue from 40-60 day fetuses, but only to a minor degree at 90-120 
days. From 120 days to term, there was a steady increase in expression of both 17a- 

hydroxylase and P-450scc. Levels of 21-hydroxylase showed a gradual increase 
throughout gestation (Tangalakis et al., 1989). Thus, it was demonstrated that the 
triphasic pattern of fetal adrenal cortisol production is mirrored by a presence, absence 
and reappearance of 17a-hydroxylase mRNA and P-450scc mRNA. The increase in gene 
expression of 17a-hydroxylase is translated into an increase in levels of 17a-hydroxylase 

protein (Han et al., 1997). Further studies have revealed that infusion of ACTH at 100- 
120 dGA, i.e. when cortisol production is low, can stimulate expression of the genes for 
17a-hydroxylase and P-450scc and cause a significant increase in cortisol production. 

However the capacity of the adrenal to synthesise cortisol and increase release does not 
occur until 6-12 hr after the start of ACTH treatment (Tangalakis et al., 1990; Tangalakis 
et al., 1992b; Han et al., 1997). The increased expression of genes for the steroidogenic 
enzymes following ACTH treatment is accompanied by morphological maturation of the 
zona fasciculata of the fetal adrenal gland (Perry et al., 1992). These studies show that
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ACTH can regulate gene expression of the enzymes of the steroidogenic pathway, and 
suggests that the decline in adrenal cortisol production capacity that occurs around 100 
dGA may result from inadequate endogenous ACTH production. Therefore, it is possible 
that the fetal adrenal cortex is active in early gestation because there is sufficient ACTH 
production by the fetal pituitary. This possibility has been examined by infusing 
dexamethasone (dex) to pregnant ewes at 65 dGA and measuring levels of steroidogenic 
enzymes in the fetal adrenal gland. Following maternal dex infusion, fetal plasma ACTH 
and cortisol concentrations were reduced, and there were marked decreases in the gene 
expression of 17a-hydroxylase and P-450scc at the adrenal gland (Wintour et al., 1995). 

Dex is able to cross the placenta, therefore, it appears that dex infusion inhibits ACTH 
release from the fetal pituitary by negative feedback mechanisms. The absence of fetal 
ACTH production results in a downregulation of gene expression of steroidogenic 
enzymes at the fetal adrenal gland, thus supporting the idea that ACTH regulates the 
developmental pattern of fetal cortisol production.

Further investigation of the expression of adrenal steroidogenic enzymes has 
demonstrated that levels of P450scc mRNA and 21-hydroxylase mRNA increase between 
130-135 and 136-140 dGA and remain high after 141 dGA. Levels of 17a-hydroxylase 

mRNA increase after 141 dGA (Phillips et al., 1996b). The importance of ACTH in 
regulating this process is demonstrated by the finding that, when the normal gestational 
increase in plasma concentration of the bioactive form of ACTH, ACTH (1-39), is 
prevented by hypothalamus-pituitary disconnection, adrenal maturation is retarded and 
levels of these enzymes are reduced (Phillips et al., 1996b).

It is interesting to speculate that the period of fetal adrenal quiescence corresponds to the 
period of substantial fetal growth [1.6.1]. As glucocorticoids are known to inhibit fetal 
growth, low adrenocortical activity at this time may be essential to allow growth to occur. 
The function of the rise in cortisol during early gestation is uncertain. It has been 
suggested that this period of activity may be more important for aldosterone production 
and reflect responsiveness of the fetal adrenal to changes in Na+ balance (Wintour et al., 
1975). The high levels of CBG that are present at this time (see above), could result in a 
low level of free cortisol in plasma, and thus allow the relatively low levels of aldosterone 
to occupy the type I glucocorticoid receptors (see Ali et al., 1992). Alternatively, cortisol 
may be important for the regulation of certain developmental processes in early gestation.

Adrenal blood flo w

Increased cortisol production during late gestation could result from an increased delivery 
of ACTH to the adrenal cortex produced by an increase in adrenal blood flow. It has been
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shown that adrenal cortical blood flow increases substantially following a 24 h infusion 
of ACTH (Carter et al., 1993). This procedure does not affect medullary blood flow. In 
addition, prior infusion of cortisol suppresses the rise in fetal plasma ACTH in response 
to acute hypoxia, and consequently, abolishes the normal increase in adrenal cortical 
blood flow (Carter et al., 1995). Therefore, it is possible that ACTH-induced increases in 
adrenal cortical blood flow are involved in the maturation of HPA axis function in late 
gestation.

The actions o f  different form s o f  ACTH on adrenal function

ACTH is synthesised as part of a larger precursor peptide, pro-opiomelanocortin (POMC) 
(Eipper & Mains, 1980). In the pituitary corticotroph, POMC is cleaved to produce pro- 
ACTH and B-lipotropin. Pro-ACTH is then further cleaved to produce ACTH (1-39) and 
other products (Smith & Funder, 1988). In addition to the well known secretion of 
ACTH from the pituitary, corticotrophs can also release the precursors, POMC and pro- 
ACTH, which can be measured in fetal plasma (see Carr et al., 1995). Thus, as both of 
these precursors contain the sequence for ACTH (1-39), it is possible that they could 
produce effects at the fetal adrenal gland, and this possibility has been investigated. 
Roebuck et al. (1980) compared cortisol responses of isolated fetal adrenal cells at 120- 
135 dGA to stimulation by ACTH (1-39), and three high-molecular-weight forms of 
ACTH. When administered alone, the high molecular weight forms of ACTH had weak 
steroidogenic activity and prompted small rises in cortisol. However, when they were 
administered concurrently with ACTH (1-39), it was shown that they inhibited cortisol 
responses to ACTH (1-39) (Roebuck et al., 1980; Jones & Roebuck, 1980). Therefore, 
the high-molecular weight forms of ACTH may compete for the ACTH receptor and thus, 
block accessibility of ACTH (1-39). In more recent experiments, the effects of POMC 
and pro-ACTH on fetal adrenal function have been assessed (Schwartz et al., 1995). It 
has been demonstrated that neither pro-ACTH or POMC produce any effect on cortisol 
output from isolated adrenal cells when administered alone. However, when administered 
with ACTH, both precursors inhibit cortisol secretion, an effect which is dose dependent 
(Schwartz et al., 1995). Thus, this study identifies the ACTH precursors, pro-ACTH and 
POMC, as being the high-molecular-weight peptides that are capable of inhibiting the 
actions of ACTH at the fetal adrenal. An inhibitory effect of POMC on ACTH-induced 
cortisol release has also been demonstrated in vivo in the calf adrenal (Jones et al., 1992). 
It is possible that changes in the circulating levels of pro-ACTH and POMC relative to 
that of ACTH (1-39) could regulate fetal cortisol production.

1.5.6 Glucocorticoid negative feedback
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Activity of the HPA axis is controlled by glucocorticoid-mediated negative feedback 
processes, which serve to ‘switch o ff the system and prevent harmful effects of over
activation. Existence and operation of glucocorticoid negative feedback has been 
demonstrated in fetal sheep in numerous studies (e.g. Wood & Rudolph, 1983). The 
observation that plasma concentrations of ACTH and cortisol both increase in fetal sheep 
during gestation has prompted many experimental studies to investigate the mechanisms 
involved.

Control o f basal ACTH concentrations

Studies of cortisol infusion to fetal sheep do not yield clear information on the feedback 
control of basal ACTH secretion. Infusion of cortisol for 4 h at 107-131 dGA has been 
shown to significantly reduce basal plasma ACTH concentration (Hennessy et al., 
1982b). However, other studies have been unable to demonstrate a significant reduction 
of ACTH following similar cortisol infusion (Wood & Rudolph, 1983; Wood, 1986b; 
Carter et al., 1995). This problem is caused by the fact that the ACTH concentrations in 
these studies were near or below the limit of detection of the assay, therefore, 
suppression of ACTH was difficult to demonstrate. Bilateral fetal adrenalectomy results 
in elevation of basal plasma ACTH concentrations, but not in fetuses younger than 120 
dGA (Wintour et al., 1980). This suggests that feedback regulation of basal ACTH 
concentrations is operational in mature, but not immature, fetuses. However, plasma 
concentrations of cortisol are not different between intact and adrenalectomised fetuses 
prior to 120 dGA (Wintour et al., 1980). This is due to the fact that, before 120 dGA, 
cortisol present in fetal plasma originates from the mother, and enters the fetal circulation 
by transfer across the placenta (see above). Therefore, cortisol of maternal origin may be 
involved in regulation of basal ACTH secretion in immature fetuses.

Further experiments have investigated the effects of steroid synthesis inhibitors 
administered to the mother and fetus, on basal fetal ACTH secretion (Rose et al., 1988). 
When the steroid synthesis inhibitors, aminoglutethimide and metyrapone are 
administered to the fetus  at 131 dGA, fetal plasma cortisol is reduced and ACTH is 
increased, thus demonstrating feedback regulation of basal ACTH secretion in mature 
fetuses. When maternal steroid synthesis is inhibited at 111 dGA, maternal and fetal 
cortisol concentrations are reduced, and maternal and fetal ACTH concentrations are 
increased (Rose et al., 1988). ACTH does not cross the placenta (Jones et al., 1975), 
therefore, these data suggest that the elevation of fetal ACTH concentrations is due to a 
decrease in maternal cortisol entering the fetal circulation, and a consequent reduction of 
feedback inhibition. Further support for this idea is shown by the finding that inhibition 
of maternal steroid synthesis at 118 dGA also results in an elevation of ACTH
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concentration in plasma of adrenalectomised fetuses (Rose et al., 1988). Thus, there is 
good evidence that cortisol tonically inhibits fetal ACTH secretion in mature and immature 
fetuses. In immature fetuses (<120 dGA) the source of cortisol involved in this process is 
not the fetal adrenal, but transfer from the maternal circulation.

The site at which cortisol produces its effects on basal ACTH release has been 
investigated. Infusion of cortisol to the fetus after 138 dGA has been shown to result in a 
decrease in plasma ACTH concentrations. This effect is abolished when the pituitary is 
surgically isolated from the hypothalamus (HPD fetuses) (Ozolins et al., 1990). This 
finding indicates that development of the negative feedback action of cortisol on basal 
ACTH release is dependent on a functional fetal hypothalamus. It may be that cortisol acts 
at the hypothalamus to inhibit release of CRH or AVP, or that it acts directly at the 
pituitary to inhibit activation by endogenous CRH or AVP. Alternatively, HPD may 
retard pituitary maturation, as it was shown in the same study that cortisol infusion had 
no effect on basal ACTH in intact fetuses younger than 138 dGA. This suggests that the 
switch from the fetal to adult type corticotroph may confer glucocorticoid responsive 
properties on the anterior pituitary.

To investigate the underlying mechanisms allowing increases in basal plasma ACTH and 
cortisol to occur near term, negative feedback regulation of basal ACTH secretion has 
been examined at 140 dGA (Wood, 1991). Elevation of fetal cortisol concentration by 
hydrocortisone sodium succinate infusion has been shown to produce a decrease in basal 
ACTH concentration (Wood, 1991). This observation provides evidence that basal 
ACTH secretion is sensitive to cortisol negative feedback, even close to term. This is in 
contrast to the evidence shown for stimulated ACTH secretion (see below) which appears 
to be insensitive to negative feedback at this time. Therefore, there may be differential 
regulation of basal and stimulated fetal ACTH secretion.

Further investigation of basal ACTH release has examined the effects of long-term 
infusions of cortisol (Apostalakis et al., 1994; Jeffray et al., 1998a). Apostalakis et al. 
(1994) studied the effects of 96 h of cortisol infusion beginning at 134 dGA, on pulsatile 
ACTH secretion. It was shown that cortisol infusion altered pulsatility of released ACTH, 
increasing pulse peak and nadir. These results suggest that cortisol is not a principal 
negative feedback controller of pulsatile ACTH secretion, rather, it appears to increase 
ACTH secretion. Jeffray et al. (1998a) also demonstrated that basal plasma ACTH 
secretion was elevated following 96 h of cortisol infusion at 126 dGA. The mechanisms 
underlying this effect are not clear. It was suggested that an increase in plasma cortisol 
would stimulate CBG synthesis and circulating CBG levels, thereby reducing free 
cortisol concentration in plasma (Jeffray et al., 1998a). This would reduce the negative
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feedback effects of cortisol and allow maintained or increased cortisol concentration. 
However, it was shown that, although cortisol infusion did increase plasma CBG 
concentration and its synthesis, the absolute level of free cortisol was substantially 
elevated throughout the 96 h infusion period (Jeffray et al. 1998a). In addition, negative 
feedback effects of this elevated free cortisol were demonstrated, as POMC mRNA levels 
were reduced at the anterior pituitary and pars intermedia after 96 h (Jeffray et al., 
1998a). Cortisol may alter the levels of the prohormone convertase (PC) enzymes which 
are responsible for cleavage of POMC to ACTH (1-39) and 6-lipotropin (PCI) and 
conversion of ACTH (1-39) to corticotropin-like intermediate lobe peptide and ACTH (1- 
17) (PC2). Following cortisol infusion, levels of PC2 mRNA are decreased in the fetal 
lung (Jeffray et al., 1998b). This may provide a mechanism by which ACTH (1-39) 
production is increased during cortisol infusion. Therefore, there is a certain amount of 
confusion regarding the negative feedback control of fetal basal ACTH secretion near 
term. The possible changes in production of ACTH from the fetal lung described above 
could contribute to the maintenance of ACTH secretion in conditions of high plasma 
cortisol. A potential positive feedforward influence of cortisol on ACTH secretion could 
be important for parturition.

Control o f stimulated ACTH concentrations

Much of the evidence demonstrating glucocorticoid negative feedback control of ACTH 
secretion in the fetus has been obtained from studies examining the effects of 
glucocorticoids on ACTH responses to various stimuli. Infusion of cortisol to fetal sheep 
has been demonstrated to suppress plasma ACTH responses to hypotension (Wood & 
Rudolph, 1983), hypoxia (Akagi et al., 1990) and CRH (Rose et al., 1985a). Cortisol 
infusion can also inhibit ACTH responses to CRH in HPD fetuses, demonstrating that the 
fetal pituitary is a site at which cortisol can produce negative feedback effects on CRH- 
stimulated ACTH release (Ozolins et al., 1990). There is also evidence that the PVN is a 
site at which negative feedback effects on stimulated ACTH secretion may be exerted. 
Following placement of dexamethasone implants adjacent to the fetal PVN at 108-111 
dGA, fetal plasma ACTH responses to hypotension and hypoxia are reduced at 108-132 
dGA (McDonald et al., 1990). These results indicate that the fetal PVN is responsive to 
glucocorticoid negative feedback, and that effects at this site can suppress stimulated 
ACTH release. At least part of this effect appears to be mediated at parvocellular neurones 
of the PVN, as levels of irCRH and irAVP in the external zone of the median eminence, 
and irCRH in the PVN are reduced in the dexamethasone fetuses (McDonald et al.,
1990).
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The sensitivity of stimulated ACTH secretion to negative feedback has been examined in 
fetal sheep by measuring the effects of infusion of various doses of cortisol on 
subsequent ACTH responses to hypotension at 117-131 dGA (Wood, 1986b). Small 
increases in cortisol were shown to be highly effective in suppressing fetal stimulated 
ACTH secretion. A high sensitivity to cortisol at 117-131 dGA was demonstrated by the 
fact that elevation of plasma cortisol concentration by <2 ng/ml completely inhibited the 
plasma ACTH response to hypotension (Wood, 1986b).

In view of the observations of concomitant elevation of plasma ACTH and cortisol 
concentrations near term, it has been suggested that a decrease in sensitivity of the fetal 
HPA axis to negative feedback might contribute to the maintenance of this relationship. 
This idea has been tested by assessing sensitivity of negative feedback near term (Wood, 
1987, 1988a, 1991). The effects of cortisol infusion on stimulated ACTH release have 
been studied at 132-142 dGA (Wood, 1988a). Cortisol was infused at 4 different doses 
(1-10 mg/min) for 5 h, and then ACTH responses to hypotension were assessed. It was 
shown that none of the doses of cortisol produced any effect on ACTH responses 
(Wood, 1988a). This is in contrast to the study performed earlier in gestation, at 117-131 
dGA, where a much lower dose of cortisol completely abolished stimulated ACTH 
secretion. Thus, it appears that negative feedback sensitivity of stimulated ACTH 
secretion is reduced near term, a process which may be important for maintenance of high 
levels of ACTH and cortisol in fetal plasma near term. This type of effect would appear to 
be specific to the actions of cortisol on the HPA axis, as it is known that cortisol is a vital 
hormone at this stage of gestation. A generalised reduction in tissue sensitivity could 
prevent cortisol from producing these effects.

There is apparent differential regulation of basal and stimulated ACTH secretion (see 
Wood, 1991). The mechanism of this differential control may involve the different effects 
of cortisol at the hypothalamus and pituitary. There is evidence that negative feedback 
regulation of basal ACTH release may be specifically mediated at the hypothalamus, 
whereas stimulated ACTH release may be control and both the hypothalamus and 
pituitary (see above). Therefore, maturational changes at the pituitary gland may result in 
a decrease in feedback sensitivity specific to stimulated ACTH secretion. This change 
may involve the switch from the fetal to adult type corticotroph.

Mode o f  negative feedback

Various modes of negative feedback have been described which have been termed, fast, 
intermediate and slow negative feedback (Keller-Wood & Dallman, 1984). 
Administration of corticosteroids has been shown to suppress ACTH secretion after
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approximately 45 min. This mode of feedback has been termed intermediate feedback, 
and the degree of ACTH suppression is proportional to the plasma concentration of 
corticosteroid (Keller-Wood & Dallman, 1984). Slow feedback occurs in a much longer 
time domain (>24 h) and suppresses ACTH and POMC synthesis as well as ACTH 
release (Keller-Wood & Dallman, 1984). Fast negative feedback has been demonstrated 
in rats and occurs when injection of corticosteroids suppresses stimulated ACTH 
secretion over a time period of seconds. It is proportional to the rate of rise of 
corticosteroid rather than the absolute concentration (see Wood, 1986a). Examination of 
this mode of feedback in the fetal sheep demonstrated that 2 min infusions of cortisol did 
not alter subsequent responses to hypotension (Wood, 1986a). Thus, these results 
indicate that fast negative feedback does not operate in the sheep fetus. It appears that 
negative feedback is mediated by intermediate and slow mechanisms.

M aternal influence on fe ta l negative feedback

It is known that a small fraction of maternal cortisol can cross the placenta and enter the 
fetal circulation. Indeed, prior to 120 dGA, almost all cortisol present in fetal plasma can 
be shown to originate from the mother (Hennessy et al., 1982a). Therefore, it may be 
possible for stressors which elevate maternal cortisol to influence fetal ACTH secretion 
via cortisol transfer across the placenta. Infusion of cortisol into the maternal circulation at 
120-130 dGA produces elevation of maternal and fetal plasma cortisol concentrations 
(Wood & Rudolph, 1984). This results in suppression of maternal, but not fetal, basal 
ACTH secretion, and abolishes the fetal ACTH response to hypotension (Wood & 
Rudolph, 1984). Thus, when maternal cortisol concentrations are elevated, there is 
greater transplacental passage of cortisol resulting in elevation of fetal cortisol, and 
consequent negative feedback inhibition of fetal stimulated ACTH secretion. Further 
studies have demonstrated that elevation of endogenous maternal plasma cortisol 
concentration by maternal infusion of ACTH also produces a negative feedback effect on 
fetal stimulated ACTH secretion (Wood, 1988b). These studies show that the fetal HPA 
axis can be affected by maternal cortisol secretion.

Pituitary llfi-H SD

116-Hydroxy steroid dehydrogenase (118-HSD) is a microsomal enzyme responsible for 
the interconversion of active 11 -hydroxycorticosteroids (cortisol or corticosterone) to 
biologically inactive 11-oxocorticosteroids (cortisone or 11-dehydrocorticosterone) 
(Monder & Shackleton, 1984). 118-HSD is considered to be a potential regulator of 
glucocorticoid actions. It has been demonstrated that 118-HSD type 1 mRNA is present 
in the fetal pituitary (see Yang et al., 1995), and that this translates into enzyme activity
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(Kim et al., 1995; Yang et al., 1995). Thus, 11G-HSD at the pituitary may play a role in 
control of negative feedback of ACTH secretion by regulating access of cortisol to the 
glucocorticoid receptor. Changes in pituitary 11G-HSD could be involved in decreasing 
negative feedback at a time when both plasma cortisol and ACTH concentrations are 
elevated. When examined over a range of gestational ages (127-144 dGA), pituitary 11ft- 
HSD activity did not correlate with gestational age, suggesting that it was not involved in 
reducing negative feedback (Kim et al., 1995). However, examination of pituitary 11ft- 
HSD mRNA levels at discrete stages of gestation has shown an increase during gestation 
in the anterior pituitary and pars intermedia. Furthermore, levels are shown to increase 
between day 140 and term (Yang et al., 1995). This 1 lft-HSD mRNA expression appears 
to be translated into increased enzyme activity (Yang et al., 1995). This provides evidence 
in support of pituitary 1 lft-HSD contributing to resetting of cortisol negative feedback 
near term by decreasing the local level of bioactive glucocorticoid.

Glucocorticoid and m ineralocorticoid receptors

The actions of glucocorticoids are mediated through glucocorticoid receptors (GR). 
Investigation of irGR (Saoud & Wood, 1996a) and GR mRNA levels (Yang et al.,
1992), and binding studies (Yang et al., 1990) has shown that GRs are present and 
functionally active at the pituitary and hypothalamus of the sheep fetus. Binding studies 
have demonstrated that GR numbers are higher at the fetal pituitary compared to the 
hypothalamus (Rose et al., 1985b; Yang et al., 1990), and are present in both tissues by 
60 dGA (Yang et al., 1990). It has been reported that levels of cytosolic binding in the 
pituitary and hypothalamus do not change with gestation between 70-100 dGA and term 
(Rose et al., 1985b). However, this method does not take into account nuclear binding of 
glucocorticoids. When binding studies are performed in dispersed cell preparations it can 
be shown that the highest number of GR is found at 100-110 dGA in both the pituitary 
and hypothalamus, which then decreases until 125 dGA (Yang et al., 1990). GR 
numbers at the pituitary, but not the hypothalamus, then increase again at term (Yang et 
al., 1990). This suggests that a fall in GR numbers in either the pituitary or hypothalamus 
at term does not underlie a reduction in feedback sensitivity. Investigation of GR mRNA 
levels during development reveals that GR mRNA levels do not correlate well with levels 
of GR content. GR mRNA levels at the hypothalamus and pituitary have been reported to 
be low around 100 dGA (Yang et al., 1992; Matthews et al., 1995b), at the time when 
GR content has been reported to be at its highest in both tissues (Yang et al., 1990). This 
suggests that the changes in GR content around day 100 may be due to alterations in the 
translation of GR mRNA, or GR turnover. GR mRNA at the fetal hypothalamus has been 
reported to be unchanged during gestation (Yang et al., 1992). In contrast, developmental 
alterations in GR mRNA at the pituitary can be measured when separate examination of
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the anterior pituitary and pars intermedia is performed (Matthews et al., 1995b). It has 
been shown that GR mRNA levels in the anterior pituitary remain relatively constant for 
most of late gestation, but increase at term. Levels of GR mRNA at the pars intermedia 
increase between 100-120 and 130-135 dGA, but do not change for the remainder of 
pregnancy (Matthews et al., 1995b). The rise in GR mRNA at the anterior pituitary is 
consistent with observations of pituitary GR content, which also show an increase at term 
(Yang et al., 1990), thus supporting the idea that changes in GR numbers in the fetal 
HPA axis do not contribute to the proposed decrease in negative feedback sensitivity 
close to term. The increases in pituitary GR mRNA and GR content do not appear to be 
induced by the rise in fetal plasma cortisol concentration, as exogenous cortisol does not 
affect pituitary GR mRNA (Matthews et al., 1995b), and endogenous fetal cortisol 
reduces pituitary and hypothalamus GR content (Yang et al., 1990).

It has been suggested that glucocorticoids may also produce negative feedback effects at 
higher areas of the brain in the fetus, such as the hippocampus. The presence of GRs at 
the fetal sheep hippocampus has been demonstrated in binding studies (Rose et al., 
1985b). Studies in rats have shown that alterations in mineralocorticoid receptor (MR) 
and GR levels at the hippocampus are central to alterations in stress responses. Rats 
exposed to handling stress in early postnatal life show reduced increases in ACTH and 
cortisol to stress as adults. This effect can be attributable to an increase in GR number at 
the hippocampus (Meaney et al., 1996). Thus the increase in GR increases the effects of 
negative feedback and suppresses subsequent HPA axis activation. In contrast, exposure 
of the mother to handling stress during pregnancy results in offspring that show enhanced 
HPA axis responses as adults (Maccari et al., 1995). This effect is due to a decrease in 
MR at the hippocampus, which reduces the effects of negative feedback (Maccari et al.,
1995).

1.5.7 Postnatal HPA axis function

It is well known that the HPA axis of the sheep in postnatal life is controlled by similar 
mechanisms that control the axis in fetal life. In postnatal life, the axis responds to stress 
by increasing output of ACTH and cortisol (e.g. Rose et al., 1982a), and this can also be 
achieved by exogenous CRH or AVP administration (Kalin et al., 1983; Pradier et al., 
1988; Brooks & Challis, 1989; Schwartz et al., 1994). Regulation of activation of the 
axis is performed by glucocorticoid-mediated negative feedback mechanisms (see Wood 
& Silbiger, 1989). Therefore, the present section will focus on the functions of the axis, 
specifically its homeostatic function, rather than its control mechanisms.



In postnatal life, the HPA axis is one of the most important systems concerned with 
homeostasis. It may also have a role in cardiovascular regulation (Schimmer & Parker,
1996), as described for the fetus. Activation of the HPA axis occurs in response to stress, 
and functions as a basic adaptive mechanism. The end product of activation of the HPA 
axis is release of glucocorticoids from the adrenal cortex. The role of the axis in 
conditions of stress, or alterations in the homeostatic balance, can thus be described in 
terms of the effects of glucocorticoids.

As for other steroid hormones, glucocorticoid receptors are located in the cytosol of their 
target cells. Once bound, the receptor-glucocorticoid complex can then bind to either 
DNA sites in the nucleus termed hormone response elements (HREs) or proteins involved 
in stimulation of transcription. These actions result in either stimulation or inhibition of 
gene transcription, and produce changes in the levels of the respective mRNAs and 
protein products. It is the protein products which are responsible for the steroid response, 
and these may be enzymes such as those involved in gluconeogenesis, or hormones such 
as POMC. The latter is an example of the inhibitory effects of glucocorticoids on gene 
transcription (Miller & Tyrrell, 1995). Cortisol and other glucocorticoids produce effects 
on metabolism and energy supply. At the liver, glucocorticoids stimulate gluconeogenesis 
by increasing the levels and activity of enzymes, such as glucose-6-phosphate, which are 
important for the gluconeogenic pathway. Glucocorticoids also decrease the rate of 
cellular glucose utilisation at peripheral tissues. These effects result in elevation of plasma 
glucose concentration, which is important for maintenance of glucose supply to the brain 
and heart during conditions of stress. In addition, glucocorticoids cause mobilisation of 
amino acids from muscle tissue through protein catabolism and decreased protein 
synthesis, and also, mobilisation of fatty acids from adipose stores. These effects 
increase the substrate levels available for gluconeogenesis and energy production. 
Glucocorticoids are also important for suppression of immunologic and inflammatory 
responses (Miller & Tyrrell, 1995).

1.6 FETAL AND PLACENTAL GROWTH

1.6.1 Pattern of fetal and placental growth

Growth is measured in terms of change in weight and size in relation to age. Fetal growth 
is defined as the period from the end of organogenesis to the time of birth. In animal 
experiments, fetal and placental growth has been studied by taking cross-sectional 
measurements at different stages of gestation (see Ehrhardt & Bell, 1995). While this 
technique has provided valuable information, it does not allow serial measurements to be 
made in individual animals. Fetal growth has also been measured using an indwelling
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‘growth catheter’. This device consists of a length of monofilament nylon threaded into a 
shorter length of polyethylene tube. The device is tunnelled subcutaneously from the 
rump along the spine of the fetus, and is anchored at the crown. The daily increment in 
crown-rump length can then be measured from the fetus in utero by recording movement 
of the nylon through the polythene tube at the free end which is exteriorised outside the 
ewe. This technique permits growth to be studied longitudinally and allows investigation 
of the effects of experimental manipulations on growth rate during development (Mellor 
& Matheson, 1979; Mellor & Murray, 1981; Mellor & Murray, 1982; Fowden et al., 
1996; Fowden, 1989a). Fetal and placental growth can also be measured using 
ultrasound (Robinson et al., 1994).
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Fig. 1.6. Ontogeny of fetal (□ )  and placental (■ ) growth in sheep. (Taken from 
Owens et al., 1995).

The basic pattern of fetal and placental growth is similar in different mammalian species. 
Fetal growth is reflected by a sigmoid-shaped weight curve, with an initial part of slow 
gain, followed by a steep linear increase from about 80 days gestation, with a flattening 
towards the end of gestation (Robinson et al., 1994; Ehrhardt & Bell, 1995) (Fig. 1.6). 
In the sheep, fetal weight has been reported to increase by a factor of 16 between mid
gestation and term (Molina et al., 1991). Placental growth exceeds fetal growth in early 
gestation, and placental weight is greater. In the sheep, the rate of placental growth is 
most rapid between 40 and 80 days of gestation (Ehrhardt & Bell, 1995). During the 
second half of pregnancy, placental weight increases at a much slower rate and does not 
parallel the steep rise of the fetal weight curve. In sheep, placental weight reaches a 
maximum at 80-90 days gestation, after which it declines slightly (Molina et al., 1991).

1.6.2 Hormonal control of fetal growth
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Fetal growth is determined by the interaction of the genetic background, the availability of 
oxygen and nutrients and by the actions of a number of endocrine hormones and 
paracrine/autocrine agents. With the exception of insulin, the classical endocrine agents 
that regulate growth in postnatal life do not appear to have as important a role in growth 
regulation in the fetus.

The IGF axis

The insulin-like growth factors (IGFs), or somatomedins, are thought to function as 
anabolic factors in the regulation of fetal growth (Milner & Hill, 1984). They produce 
their anabolic action by stimulating cell proliferation and differentiation, inhibiting cell 
death, and through insulin-like actions on metabolism (Jones & Clemmons, 1995). The 
two IGFs, IGF-I and IGF-II, are thought to be synthesised in a number of different 
tissues, including the liver, intestine, brain, kidney, heart, skeletal muscle and lung 
(Milner & Hill, 1984). This wide distribution of the sites of synthesis has lead to the idea 
that IGFs act both as endocrine hormones via the blood, and as paracrine and autocrine 
growth factors locally (Humbel, 1990). Actions of the IGFs are regulated by the IGF- 
binding proteins (IGFBPs), of which, six have currently been identified (Jones & 
Clemmons, 1995). IGFs present in the extracellular space are almost entirely in the bound 
form. IGFBPs regulate the biological actions of IGFs by, acting as transport proteins in 
plasma, regulating IGF clearance and metabolism, providing a means for tissue-specific 
actions and modulating interactions with the IGF receptors (Jones & Clemmons, 1995).

In the fetal sheep, circulating levels of IGF-II are higher compared to postnatal levels at 
all stages of gestation. Levels fall to adult values during late gestation and the immediate 
period after birth (Gluckman & Butler, 1983). In contrast, plasma IGF-I levels are lower 
than in the adult during early pregnancy, and rise slowly during late gestation, increasing 
dramatically to adult values in the immediate postpartum period (Gluckman & Butler,
1983). When the two IGFs are compared, plasma levels of IGF-II are found to be about 
10 times greater than those of IGF-I during gestation (D’Ercole, 1987). The pre- and 
postnatal differences in plasma IGF levels are also mirrored by similar changes in the 
tissue expression of the IGF-I and -II genes. It is thought that inhibition of IGF-II 
synthesis during late gestation is determined by the prepartum rise in plasma cortisol (Li 
et al., 1993; Li et al., 1998) and triiodothyronine (T3) (Forhead et al., 1998) 
concentration. These patterns of IGF production have resulted in the general hypothesis 
that IGF-II is relatively more important in the early stages of pregnancy and is involved in 
regulating embryogenesis, with IGF-I becoming more dominant in late gestation and 
regulating fetal growth (Gluckman, 1995).
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Evidence in support of IGF-I being a major determinant of fetal growth has come from a 
number of different studies. Investigation of IGF levels in cord blood of human infants 
show that IGF-I, but not IGF-II, concentrations correlate positively with gestational age 
and birth weight (Gluckman et al., 1983), although other studies have demonstrated a 
positive relationship for IGF-II (Bennett et al., 1983). In addition, cord levels of IGFBP-
I show an inverse relationship with birth size (Wang & Chard, 1992). The roles of IGF-I 
and -II during fetal development have also been examined using mice in which null 
mutations were created by homologous recombination in the genes encoding IGF-I, IGF-
II and the IGF-I receptor (De Chiara et al., 1990; Liu et al., 1993; Baker et al., 1993). 
IGF-I ‘knockout’ fetuses show marked IUGR, but which does not commence until 
embryonic day 13.5 (E l3.5), suggesting that IGF-I becomes important to fetal growth 
only after this time. IGF-II knockouts also show IUGR, but at an earlier age, at E l 1, and 
after E l8 the growth rate is parallel to the controls. Infusion of IGF-I to fetal sheep 
increases growth of major fetal organs, endocrine glands and skeletal maturation (Lok et 
al., 1996). These data demonstrate the importance of IGFs in promoting fetal growth, 
and support the idea that IGF-II is important for the early stages of fetal growth, with 
IGF-I becoming the dominant regulator later in gestation.

As mentioned above, fetal IGF-II levels are regulated by changes in plasma 
glucocorticoid concentration. IGF-I levels are also regulated by endocrine factors, and by 
metabolic status, and clearance/secretion at the placenta. Growth hormone and thyroxine 
are both thought to be partly involved in the regulation of fetal IGF-I levels. In the fetal 
sheep, hypophysectomy leads to a reduction of growth (Mesiano et al., 1987), and a 
decrease in circulating IGF-I levels, but not IGF-II (Mesiano et al., 1989). These effects 
are partially reversed by T4 replacement treatment (Mesiano et al., 1989). These studies 
indicate that circulating IGF-I concentrations are under some degree of control by 
thyroxine and a pituitary-related factor, most likely growth hormone (GH). There is also 
evidence that the GH-like peptide, placental lactogen, is important for stimulation of IGF 
production (D’Ercole, 1987). However, it is thought that the major determinant of fetal 
IGF-I levels is metabolic status. Glucose availability has been shown to be a major 
regulator of fetal IGF-I, as starvation of the ewe results in a fall in IGF-I levels, an effect 
which is reversed following glucose, but not amino acid, infusion (Oliver et al., 1993) 
The effect of starvation is also reversed following insulin infusion (Oliver et al., 1996), 
indicating that the actions of glucose are indirect and are mediated via altered insulin 
release. This is supported by the fact that fetal pancreatectomy results in a reduction of 
plasma IGF-I concentration (Gluckman et al., 1987), although this effect may be partly 
due to removal of the pancreas as a site of IGF synthesis. There is evidence to suggest
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that insulin may regulate IGF-I production by controlling the stimulatory effects of GH at 
the GH receptor (Maes et al., 1986).

Starvation of the ewe also results in a reduction of fetal IGF-II levels, although to a lesser 
ex tent, and this effect can be reversed by elevation of glucose, but not insulin, levels 
(Oliver et al., 1996).

The role of the placenta in regulating IGF levels is not clear. However, there is evidence 
that it may be capable of secreting or clearing IGF-I. When fetal IGF-I levels are high, 
there is a positive A-V difference across the umbilical circulation, i.e. clearance occurs. 
This effect is reversed when IGF-I levels are low (Gluckman, 1995).

It has been reported that the maternal IGF system can influence fetal growth, with 
increases in maternal IGF-I levels being associated with an increase in fetal growth 
(Gluckman et al., 1992). A model involving the maternal IGF system has been suggested 
(Gluckman, 1995), whereby increased maternal IGF-I alters maternal glucose levels 
resulting in fetal hyperglycaemia. The increased fetal glucose availability could then 
stimulate an elevation of fetal IGF-I levels and thereby increase fetal growth. Increased 
maternal IGF-I levels may also elevate numbers of placental glucose transporters 
(Gluckman, 1995).

Insulin

Insulin is an important growth-promoting hormone in the fetus (Milner & Hill, 1984; 
Fowden, 1989a; Fowden, 1995). Fletcher et al. (1982) demonstrated that body weight 
and plasma insulin concentrations were positively correlated in rabbit fetuses at 30 dGA. 
This relationship was preserved when fetal growth was increased by experimental 
reduction of litter size. Further studies have shown that chronic hyperinsulinaemia is 
associated with increased growth, and insulin deficiency with growth retardation 
(Gluckman, 1986). Pancreatectomy in the fetal sheep results in an immediate and 
substantial reduction in fetal growth rate and body size (Fowden et al., 1986; Fowden, 
1989a). Maintenance of fetal insulin levels after this procedure by exogenous infusion 
restores growth rate to normal values (Fowden et al., 1986; Fowden, 1989a). Insulin 
appears to stimulate tissue growth by enhancing cell proliferation. This has been shown 
by measurement of the tissue DNA content, and calculating the ratio of tissue protein to 
DNA concentrations. Under conditions of hypoinsulinaemia, DNA levels are reduced, 
but the protein:DNA ratio is relatively unaffected, indicating that the tissue contains a 
smaller number of normal-sized cells (Fletcher & Bassett, 1986). When insulin levels are



elevated, the effects are more variable, although the overall effect is consistent with 
insulin promoting cellular hyperplasia (Susa et al., 1979).

The growth-promoting actions of insulin are mediated, in part, by its anabolic effects on 
fetal metabolism. Insulin stimulates uptake of nutrients by fetal tissues, and thus increases 
the availability of substrates for new tissue growth and oxidative metabolism (Hay et al., 
1988). As described above, insulin may also promote fetal growth by stimulating 
production of IGFs. This may be a direct effect, or via regulation of nutrient availability. 
Insulin may also have a mitogenic effect, though actions at IGF receptors, or by IGF- 
independent effects, and evidence suggests that insulin can stimulate DNA synthesis 
directly through actions at the insulin receptor (Crace et al., 1985).

Fetal insulin levels are regulated by metabolic status, in particular, plasma glucose 
concentration. Infusion of exogenous glucose stimulates increased plasma insulin 
concentration (Philipps et al., 1978; Fowden, 1980a, Fowden et al., 1980; Oliver et al.,
1993). In contrast, fetal hypoglycaemia, produced by maternal starvation, produces a fall 
in plasma insulin (Philipps et al., 1978; Oliver et al., 1993). There is also evidence that 
fetal insulin secretion is stimulated by increased levels of amino acids (Fowden, 1980a), 
and inhibited by catecholamines (Fowden, 1980b). Thus, fetal growth can be modulated 
indirectly by nutrient availability, via alterations in plasma insulin. Recent studies have 
shown that marked chronic hyperglycaemia in fetal sheep results in a reduction in 
glucose-stimulated insulin secretion (Carver et al., 1995). This type of effect could limit 
the rate of glucose utilisation in chronic hyperglycaemia, and thus modulate the rate of 
fetal growth.

Thyroid hormones

Thyroid hormones contribute to regulation of fetal growth (Fowden, 1995). In fetal 
sheep, thyroidectomy and hypophysectomy both result in decreased fetal growth, an 
effect which can be reversed by treatment with thyroxine (T4) (Fowden & Silver, 1995). 
It is thought that thyroid hormones are important for tissue accretion and differentiation 
(Fowden, 1995). It is thought that their action to stimulate tissue accretion is mediated by 
cell hyperplasia, as thyroidectomy results in a reduction in DNA content of muscle, but 
does not change the protein:DNA ratio (Erenberg et al., 1974). The same procedure 
reduces DNA content and the protein:DNA ratio at the lung, indicating a hypotrophic 
effect (Erenberg et al., 1974). Thus, stimulation of growth appears to involve cell 
proliferation and cell enlargement, depending on the site of action. The maturational 
effects of thyroid hormones are thought to be important for the lung, the long bones, and 
the nervous system (Fowden, 1995).
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The mechanism of thyroid hormone action has been investigated in the hypothyroid fetus 
by Fowden & Silver (1995). Fetal hypothyroidism was induced by either thyroidectomy 
or hypophysectomy, and caused fetal growth retardation. This was accompanied by a 
decrease in umbilical oxygen uptake, and a decrease in glucose oxidation, which could be 
reversed by treatment with T4. It was found that there was a positive correlation between 
plasma T4 and umbilical oxygen uptake and fetal glucose oxidation. Therefore, thyroid 
hormones appear to upregulate fetal oxidative metabolism processes, and increase the 
energy available for growth. Studies also suggest that they regulate concentrations of 
other growth factors. Hypothyroid fetuses show reduced plasma and tissue levels of 
IGF-I, which can be restored to some degree by T4 treatment (Mesiano et al., 1989; 
Latimer et al., 1993).

Glucocorticoids

Glucocorticoids inhibit tissue accretion and fetal growth, and promote maturation and 
cellular differentiation (Fowden, 1995). During gestation, fetal plasma cortisol 
concentrations are low, and most of the cortisol present in the fetal circulation is of 
maternal origin. In late gestation, activation of the HPA axis occurs, resulting in increased 
secretion of cortisol from the fetal adrenal gland, and a progressive rise in plasma cortisol 
concentration, culminating in the dramatic cortisol surge that precedes parturition (see 
Challis & Brooks, 1989). Consequently, the actions of fetal glucocorticoids are confined 
to this period in late gestation.

The rate of fetal growth has been shown to decrease towards term (Mellor & Matheson, 
1979), and this has been linked to the increase in plasma cortisol that occurs at this time. 
Fetal adrenalectomy results in an increase in fetal bodyweight, but only in the last week 
before the end of pregnancy (Fowden, 1995; Fowden et al., 1996). Adrenalectomy also 
abolishes the normal decline in fetal growth rate prior to term (Fowden et al., 1996). In 
contrast, elevation of fetal glucocorticoid concentrations results in a reduction of fetal size 
(Fowden et al., 1996; Ikegami et al., 1997). The growth-inhibiting actions of 
glucocorticoids may be mediated by actions on fetal metabolism. It has been shown that 
elevation of fetal plasma glucocorticoid concentration results in a decrease in fetal protein 
accretion, caused by an increase in fetal proteolysis, but with no change in protein 
synthesis (Milley, 1995). Fetal hypercortisolaemia also alters substrate uptake across the 
placenta, producing a decrease in the relative amount of amino acid uptake, and in the 
total substrate uptake (Milley, 1996). Glucocorticoids may also produce effects by 
regulation of the IGF axis, and it has been shown that cortisol can downregulate 
expression of IGF-II mRNA at the liver (Li et al., 1993; Li et al., 1998) and adrenal



gland (Lu et al., 1994). Premature activation of the HPA axis, or elevated transplacental 
passage of maternal glucocorticoid, could increase fetal glucocorticoid concentrations and 
thus modulate fetal growth.

The overall role of glucocorticoids in fetal maturation is to prepare fetal organs, and organ 
systems for function in extrauterine life. This is largely achieved by inducing production 
and activity of a wide range of enzymes (Liggins, 1976; Silver, 1990; Liggins, 1994a). 
One of the most important effects of glucocorticoids is at the fetal lung, where they 
stimulate surfactant synthesis and secretion, and also connective tissue maturation, 
alveolar epithelial differentiation, lung liquid reabsorption, glycogenolysis, and synthesis 
of antioxidant enzymes, effects which are crucial for the initiation of spontaneous 
breathing at birth. Cortisol has multiple points of action on the biosynthetic pathway of 
pulmonary surfactant. It is thought to stimulate synthesis of both the lipid and protein 
components, through induction of cholinephosphate cytidyltransferase, the rate-limiting 
enzyme in the synthesis of phosphatidylcholine, and also through increased production of 
the mRNAs for the surfactant proteins (Liggins, 1994a). Cortisol is involved in the 
increase in lung compliance that is necessary for function after birth. Cortisol may 
increase compliance by stimulating increased collagen and elastin content in the lung. The 
release of surfactant and reabsorption of alveolar water can be stimulated by B-adrenergic 
agonists. These responses are increased in late pregnancy, and this is thought to be due to 
a cortisol-mediated increase of alveolar B-adrenergic receptors. The dramatic exposure of 
the lung to the relatively hyperoxic external environment at birth creates a special need for 
defences against cellular damage caused by the highly reactive metabolites of oxygen, the 
free radicals. This is performed by increased production of the free-radical scavengers, 
such as superoxide dismutase, catalase and glutathione peroxidase, which is also 
stimulated by cortisol (Liggins, 1994a).

In the fetus, for most of gestation, production of T4 from the thyroid gland is high, 
whereas production of its metabolite, and the more potent hormone, T3 is low. Plasma T3 
concentrations rise in late gestation, concurrently with plasma cortisol, in preparation for 
the metabolic demands that are initiated with birth. Cortisol contributes to this pattern by 
increasing deiodination of T4 at the liver, and decreasing clearance of T3 at the placenta 
(Liggins, 1994a).

Cortisol increases storage of glycogen at the fetal liver, through activation of glycogen 
synthetase, and may also stimulate gluconeogenesis (Liggins, 1994a). This is important 
for continuation of glucose supply to the newborn after birth. It has also been shown that 
cortisol can promote functional maturation of a number of other organs and organ 
systems, including the small intestine, pituitary gland, adrenal gland, catecholamines,
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kidney, bone marrow, and the haemopoietic and lymphatic systems (Liggins, 1976; 
Silver, 1990; Liggins, 1994a; Fowden, 1995).

In the sheep, fetal glucocorticoids are responsible for initiating parturition. Parturition is 
associated with an increase in placental secretion of oestrogen, and a decrease in secretion 
of progesterone. The mechanism by which this occurs involves activation of the enzyme, 
17a-hydroxylase, which catalyses the conversion of progesterone to 1 7 a -  

hydroxyprogesterone, which can then be subsequently converted to androstenedione and 
oestrogen (Liggins, 1976). Activation of 17a-hydroxylase is induced by exposure to 

fetal glucocorticoid. This occurs as a result of the endogenous prepartum cortisol surge, 
or when levels are elevated by exogenous infusion (Liggins, 1976).

Other growth factors

Growth hormone (GH) is synthesised in the fetal pituitary and its plasma concentration is 
higher in the fetus compared to the adult. However, its role in regulation of fetal growth 
is uncertain (see Breier et al., 1994). Some studies have shown that fetal 
hypophysectomy does not affect fetal bodyweight (Stevens & Alexander, 1986; Mesiano 
et al., 1987), while other studies have shown that bodyweight is reduced (Fowden & 
Silver, 1995). Treatment of hypophysectomised fetuses with GH stimulates a moderate 
increase in fetal bodyweight compared to intact controls (Stevens & Alexander, 1986). It 
has been suggested that limited function of GH in fetal life may be due to immaturity of 
its receptor system (see Breier et al., 1994).

Fetal growth is regulated by a range of other peptide growth factors (see Han & Hill, 
1994; Hill, 1995). These are widely synthesised and act locally within tissues as 
paracrine or autocrine factors, and regulate various processes including, proliferation, 
differentiation, induction, migration, aggregation, programmed cell death, maintenance, 
and regeneration. Examples of these growth factors are, epidermal growth factor, 
transforming growth factor-a, the transforming growth factor-13 family, platelet derived 

growth factor, fibroblast growth factors, and the nerve growth factor family. Many of 
these growth factors produce their effects through stimulation of DNA synthesis and 
mitogenesis.

1.6.3 Nutrients required for fetal and placental growth

The nutrient requirements of the fetus are different from those of the adult in that 
relatively little energy is required for movement, temperature regulation or digestion. The 
nutrient requirements of the fetus are to provide energy for tissues which are
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metabolically active, or for accumulation and growth of new tissues. The fetus can obtain 
the nutrients it requires through several routes. These include, transfer from the maternal 
compartment across the placenta, synthesis and release from placental tissues, or 
endogenous production from the fetus itself. Under normal conditions, transfer from the 
mother is the most important of these routes (Fowden, 1995).

Oxygen

Oxygen can enter the fetal circulation by passive diffusion across the placenta. This 
process is dependent on the properties of the fetal and maternal blood, including the 
oxygen capacity and oxygen affinity, and on the rate of fetal and maternal blood flow. It 
is also determined by the structure of the placenta, the spatial arrangement of blood 
vessels, its permeability, surface area, and the placental oxygen consumption (Comline & 
Silver, 1975; Carter, 1989). Interaction of these factors results in a Pa0 2  of 
approximately 20-25 mmHg in the ovine fetus (Comline & Silver, 1975; Harding et al.,
1983). Wilkening & Meschia (1983) demonstrated that reduction of maternal blood flow 
by occlusion of the uterine artery decreased the rate of oxygen delivery to the pregnant 
uterus, and caused a reduction in fetal umbilical venous oxygen tension. This study also 
demonstrated that, under normal conditions, the oxygen supply to the fetus is 
approximately twice the value required to maintain an adequate fetal oxygen uptake 
(Wilkening & Meschia, 1983). The placenta has a high rate of oxygen consumption, 
which has been measured as 40-50% of uterine oxygen consumption (Wilkening & 
Meschia, 1983; Fowden, 1995). It has been reported that placental oxygen consumption 
is not decreased during modest reduction of uterine oxygen delivery produced by uterine 
artery occlusion (Wilkening & Meschia, 1983; Gu et al., 1985), thus being maintained at 
the expense of the fetus. However, vasoconstriction of the maternal placental vascular 
bed by infusion of adrenaline has been shown to cause a fall in placental oxygen 
consumption (Gu & Jones, 1986).

Total fetal oxygen consumption is about 300 |imol/min/kg, and increases with gestational 
age as fetal size increases (Fowden, 1995). When measured on a weight specific basis, 
the highest oxygen consumption rate in fetal organs is found in the heart. Although, on 
the basis of total weight, the fetal carcass is thought to account for the largest proportion 
of fetal oxygen consumption (Fisher et al., 1980; Fowden, 1995).

Glucose

Glucose is supplied to the pregnant uterus by facilitated diffusion, a process involving 
specific carrier proteins, and the presence of a transplacental concentration gradient (Hay
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& Sparks, 1985; Hay & Meznarich, 1989; Fowden, 1995). This process is not dependent 
on maternal blood flow, as it has been shown that uterine glucose uptake does not 
decrease during modest reduction of uterine blood flow (Wilkening et al., 1985). The 
transplacental gradient is determined by the maternal and fetal glucose concentrations. 
Fetal glucose concentrations can change under adverse conditions which activate 
gluconeogenesis, however, it is thought that the major factor regulating the transplacental 
glucose gradient, and thus, uterine glucose supply and uptake is maternal arterial glucose 
concentration (Hay et al., 1983).

Fetal growth is accompanied by a progressive increase in both the fetal demand and the 
placental supply of glucose. The relationship is such that demand increases more than 
supply, and therefore, fetal glucose concentration is reduced to create a balance. The 
decrease in fetal glucose concentration results in a reduction in availability to fetal 
metabolism, and thus, a relative decrease in fetal demand, and also, an increase in the 
transplacental gradient, and consequently, an increase in maternal supply (Molina et al.,
1991). An increase in fetal glucose supply is also thought to occur as a result of an 
increase in the glucose transport capacity of the placenta (Molina et al., 1991). This 
increase in the glucose transport capacity could be a result of an increase in placental 
surface area, which is thought to occur during pregnancy (Teasdale, 1980), or it could 
involve changes in the numbers of glucose transporters, or uterine and umbilical blood 
flows. The uteroplacental tissues consume a substantial proportion of the glucose 
supplied to the pregnant uterus (Simmons et al., 1979; Hay et al., 1983; Bell et al.,
1986). This increases the transplacental gradient, but decreases the glucose available to 
the fetus. It has been suggested that uteroplacental glucose consumption is a determined 
by fetal glucose concentration, and is independent of the maternal glucose concentration 
(Hay et al., 1990). A decrease in uptake at the uteroplacental tissues could also be 
involved in increasing the transfer of glucose to the fetal compartment during late 
gestation.

The fetus is capable of producing glucose via gluconeogenesis, with sites of production 
being the kidney and liver (Fowden, 1995). The level of fetal glucose production is not 
substantial under normal conditions, although it is thought to increase during late 
gestation (Fowden et al., 1993), and also when the availability of exogenous glucose is 
markedly reduced, as occurs during maternal fasting (Hay et al., 1984). Increased 
glucose production via glycogenolysis can occur under conditions such as hypoxia 
(Stratford & Hooper, 1997).

It is thought that the rate of glucose uptake by fetal tissues is dependent on the rate of 
glucose supply, and it has been shown that glucose utilisation is decreased in response to
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maternal undemutrition (Fowden, 1989b). The rates of glucose uptake have been studied 
in individual tissues. The brain and heart have the highest rates of glucose uptake when 
measured per lOOg of tissue, but when the fetus is examined as a whole it can be shown 
that the fetal carcass accounts for most glucose consumption (75%), with the brain 
accounting for approximately 15% (Fowden, 1995). Undemutrition can alter these rates, 
and can cause a reduction utilisation at the carcass, and a relative increase at the brain (to 
30%) (Jones et al., 1975; Lemons & Schreiner, 1983). Glucose is a major source of 
carbon for oxidation and tissue growth, and can account for 40-45% of the daily carbon 
requirement for growth in late gestation (Fowden, 1995).

Lactate

Uteroplacental tissues use some glucose to synthesise lactate. In the pregnant sheep, this 
process accounts for approximately 30% of the glucose taken up at this site (Hay & 
Sparks, 1985). The rest of the glucose is thought to be used to provide energy to support 
placental metabolic processes such as active transport and protein synthesis, and some 
will also be converted into placental glycogen (Hay & Sparks, 1985).

The production of lactate at the placenta is not a result of oxygen lack, but is a normal 
aerobic process. Of the total amount of lactate produced, 60% enters the fetal circulation, 
thus providing around 30% of the fetal carbohydrate supply, the remainder enters the 
uterine circulation (Sparks et al., 1982). The fetus consumes lactate as a normal nutrient 
under aerobic conditions, and it is mainly used in oxidative metabolism at the liver (Hay 
& Sparks, 1984). Endogenous fetal lactate production also occurs at the lung and carcass, 
with glucose being one of the main substrates (Fowden, 1995).

Amino acids

Fetal uptake of amino acids is essential for protein accretion and fetal growth, and to 
provide a source of energy for oxidative metabolism (Battaglia & Meschia, 1988; Carter 
et al., 1991). Amino acids can be supplied to the fetus either from the maternal circulation 
across the placenta, or by synthesis in placental or fetal tissues. The non-essential amino 
acids can be supplied by either of these routes, whereas the essential amino acids are not 
synthesised and are required to be supplied by the mother (Battaglia & Meschia, 1988; 
Carter et al., 1991). Amino acid concentrations are higher in the fetal circulation than in 
the maternal, and thus a transplacental gradient for transfer to the fetus does not exist, 
suggesting that active transport processes are involved in the supply of fetal amino acids 
(Carter et al., 1991). In addition to performing transport functions, the placenta has an 
important role in amino acid metabolism via deamination and transamination processes
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(Battaglia & Meschia, 1988). There is also significant placental production of lactate from 
amino acids such as alanine (Battaglia & Meschia, 1988). Amino acids can also be 
supplied by fetal tissues, including the liver and muscle (Liechty & Lemons, 1984; 
Marconi et al., 1989). Catabolism of fetal protein may occur during conditions of 
maternal fasting to maintain supply of substrates for oxidative metabolism (Lemons & 
Schreiner, 1983).

Amino acids provide most of the fetal carbon and nitrogen requirements for fetal growth 
(Lemons et al., 1976). Much of the uptake of amino acids is used in protein synthesis. 
This process may be affected by changes in nutrition or adverse intrauterine conditions 
(Milley 1989). Protein synthesis and accretion may be reduced during conditions of 
undemutrition, and, combined with existing protein degradation and re-synthesis, may 
result in a negative nitrogen balance. Thus, protein stores may be used under adverse 
conditions as sources of energy. Even under normal conditions a substantial proportion 
of amino acid uptake is directed toward catabolism and oxidative metabolism (Carter et 
al., 1991). The main deamination product of these processes is urea, and it can be shown 
that fetal levels of urea are increased in maternal fasting, suggesting that protein 
catabolism is increased (Lemons & Schreiner, 1983).

Lipids

Lipids can be detected in a number of different forms in the fetus, including free fatty 
acids (FFA). These are at a lower level in the fetal circulation than in the mother, 
suggesting existence of a transplacental concentration gradient, however, it has been 
reported that fetal and maternal concentrations do not correlate (Elphick et al., 1979). 
Furthermore, it is thought that the sheep placenta is relatively impermeable to free fatty 
acids (Battaglia & Meschia, 1988). It is likely that the mother is the source of at least the 
essential FFA, with endogenous synthesis by the fetus making up the remainder. 
Synthesis of FFA has been demonstrated in the fetal liver, brain and adipose tissue with 
likely substrates being glucose and lactate. Fatty acids are required for normal fetal 
growth, but it appears that they are not important for oxidative metabolism (Fowden,
1995).

1.7 FETAL ORIGINS OF ADULT DISEASE

In recent years, considerable attention has focused on the hypothesis that development of 
certain adult diseases may be determined by events in fetal life. Although this idea is not 
entirely new, the current interest is largely attributable to a series of epidemiological 
studies which have demonstrated associations between parameters of fetal development at
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the time of birth and the incidence of disease in adult life. The ideas and questions 
generated by these epidemiological findings have since stimulated investigations using 
animal models. Therefore, in this section I will describe the concepts underlying the ‘fetal 
origins’ hypothesis, and discuss the findings of experimental studies.

1.7.1 Size at birth and disease in later life

Epidemiological evidence that adult disease may be linked to impaired fetal development 
has been shown in studies which have examined geographical patterns of adult disease 
and neonatal mortality. It was shown that areas with high adult mortality from 
cardiovascular disease also displayed high neonatal mortality at approximately 50 years 
earlier. Furthermore, rates of infant mortality in 1921-25 were positively correlated with 
rates of adult mortality from ischaemic heart disease in 1968-78 (Barker & Osmond, 
1986). Other relationships which have been demonstrated include a positive correlation of 
maternal mortality in 1911-14 with adult mortality from stroke in 1968-78 (Barker & 
Osmond, 1987). Thus, poor fetal and maternal health is associated with poor health in 
later life. These studies suggest that fetal development is an important determinant of adult 
health, and furthermore, that impaired fetal development may be a result of adverse 
conditions imposed by the mother. Examination of the development of individuals within 
a population has demonstrated a relationship between birth weight and later disease. By 
tracing individuals whose birth records are known, a study of a population from 
Hertfordshire has shown that incidence of ischaemic heart disease is greatest in those 
individuals which had the lowest weights at birth (Barker et al., 1989b). This relationship 
has also been demonstrated in a different study, of a population in Sheffield, which 
showed that mortality from coronary heart disease and stroke fell between individuals 
with the lowest and highest birthweights (Martyn et al., 1996). Similar associations have 
been shown in studies of birth weight and adult cardiovascular disease in America and 
Wales (see Barker, 1998).

As birth weight is only a crude measure of growth, more detailed investigations of these 
relationships examined body proportions at birth in relation to later disease. The Sheffield 
study, described above, demonstrated that coronary heart disease was higher in 
individuals who were short or thin at birth (Martyn et al., 1996). Low ponderal index 
(birthweight/length ) and small head circumference at birth is also associated with an 
increased risk of cardiovascular disease (Barker et al., 1993b). These findings have been 
confirmed by a study of a population in South India (Stein et al., 1996). Thus, decreased 
birth weight does appear to reflect a reduction in body growth, and this is associated with 
increased risk of adult disease. The actual pattern of reduced growth, either proportionate 
or disproportionate, is suggested to reflect different adverse intrauterine influences, and
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may also affect the ability of the individual to ‘catch up’ growth in postnatal life (Barker, 
1998).

It has been demonstrated that adult disease is also related to placental weight (Martyn et 
al., 1996). Coronary heart disease shows a U-shaped relationship with the ratio of 
placental weight to birth weight, with the highest mortalities being at either end of the 
distribution (Martyn et al., 1996). In a study in Finland, high mortality from coronary 
heart disease was associated with low placental weight (Forsen et al., 1997). Death rates 
from stroke have also been reported to be highest in individuals who have low placental 
weight at birth (Martyn et al., 1996). Therefore, in addition to weight and body 
proportions of the newborn, placental size may also be a factor which alters the risk of 
later disease.

The findings of these epidemiological studies link several aspects of impaired growth and 
development in early life with increased risk of disease in adult life. It as been argued that 
individuals whose growth was impaired in utero due to an adverse intrauterine 
environment, may continue to be exposed to an adverse environment in childhood and 
adult life, and that it is this later environment that determines the risk of adult disease 
(Barker, 1998). This ‘adult environment’ includes lifestyle factors such as smoking, diet, 
alcohol consumption and exercise. However, when these factors are controlled for, it can 
be demonstrated that the associations between birth weight and later disease are found in 
different social groups, and are independent of these lifestyle factors (Barker, 1998). 
Lifestyle factors may produce only additive influences on the intrauterine effects (Barker, 
1998). These ideas are particularly striking in view of the fact that cardiovascular disease 
is the most common cause of morbidity and mortality in Western populations. If the 
association of impaired fetal development and increased risk of cardiovascular disease is 
shown to be real, it could radically alter the approach to prevention of these diseases.

The studies described above present a number of questions. Firstly, what is the link 
between impaired fetal growth and the development of adult disease? This question has 
been addressed in further epidemiological studies by examining the relationships between 
fetal growth and known risk factors of cardiovascular disease. These risk factors include 
elevated blood pressure, elevated serum cholesterol levels and non-insulin-dependent 
diabetes, and, as described below, there is evidence of increased incidence of these risk 
factors in individuals which have impaired growth at birth. The second question is, what 
are the factors which create an adverse intrauterine environment? and thirdly, what are the 
mechanisms by which fetal development is altered to increase the occurrence of 
cardiovascular risk factors? These two questions are currently being addressed by 
experimental studies and will be discussed in the following sections.
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1.7.2 Blood pressure

Elevated blood pressure is thought to be an important risk factor in the development of 
coronary heart disease and stroke (see below). Wadsworth et al. (1985) demonstrated that 
individuals with low birth weight have higher systolic blood pressure at age 36. Barker et 
al. (1989a) confirmed an inverse relationship between birth weight and adult systolic 
blood pressure, and found that the relationship was stronger at age 36 compared to age 
10. The highest systolic pressures are found in individuals who were small at birth and 
then become overweight as adults, indicating the additive effects of lifestyle factors 
(Barker, 1998). Investigation of the effects of body proportions has shown that there are 
two groups of babies which develop high blood pressure in adult life, those with low 
ponderal index (thin babies), or those with a greater ratio of head circumference to body 
length (short babies) (Barker et al., 1992).

The inverse relationship between birth weight and systolic blood pressure has been 
demonstrated to be present in children. In children at age 5-7, systolic pressure is greatest 
in low birth weight individuals (Whincup et al., 1989). In girls at age 8-11, systolic 
pressure has also been reported to be inversely related to head circumference at birth, but 
not to ponderal index or length/head circumference ratio (Taylor et al., 1997b). In the 
study of Barker et al. (1989a), the inverse relationship was stronger in adult life 
compared to age 10. Other studies have shown that an inverse relationship is not present 
at birth (see Whincup et al., 1989). These observations have lead to the suggestion that 
the relationship is amplified with age or with weight gain (see Whincup et al., 1989). In 
addition, it may be perturbed by the adolescent growth spurt (Barker, 1998).

Examination of placental weight has shown that, at a given birth weight, adult systolic 
blood pressure increases with increasing placental weight (Barker et al., 1990; Barker et 
al., 1992), with the highest blood pressures occurring in individuals who had been small 
babies with large placentae. A similar relationship has also been shown in children at age 
8 (Moore et al., 1996). This is not consistent with the associations described above for 
the placenta and cardiovascular disease, where low placental weight was associated with 
increased risk of stroke and coronary heart disease. However, other studies have reported 
that elevated systolic pressure at age 8-11 is associated with low placental weight (Taylor 
et al., 1997b). Therefore, the relationship between placental weight an later blood 
pressure is not clear-cut and requires further examination.
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These studies show that impaired fetal growth may lead to increased occurrence of 
elevated blood pressure in adult life. This effect may be one of the mechanisms which 
link impaired fetal growth to later cardiovascular disease.

Tracking

When ranked in order of blood pressure, individuals maintain a relatively constant 
position during development. This is termed ‘tracking’ of blood pressure. This process 
may be one of the mechanisms by which effects initiated in early development are 
maintained up to and throughout adult life. Tracking coefficients are low during 
childhood, but rise to high values in adults (see Lever & Harrap, 1992). Tracking 
coefficients show a decrease during adolescence which may be related to age differences 
in timing of the growth spurt.

Clinical relevance o f raised blood pressure

Arterial hypertension is the most common cause of left ventricular pressure overload. It 
results first in hypertensive cardiac hypertrophy and later dilatation and heart failure. 
Besides affecting the myocardium directly, hypertension is also one of the risk factors for 
coronary heart disease. Thus, because of these multiple effects, morbidity and mortality 
due to the cardiac consequences of hypertension is high (see Kannel, 1995, 1997). 
Morphologically, the heart responds to hypertension with compensatory growth of the 
myocardium, which is characterised by an increase in wall thickness and left ventricular 
muscle mass (see Linzbach, 1976; Jacob & Gulch, 1988). This effect is induced by the 
increase in ventricular workload. Cardiac catheterisation studies of patients with 
congenital and acquired heart disease have shown that there is an inverse relationship 
between cardiac size and cardiac function. By using end diastolic blood volume as a 
measure of cardiac size, and the ejection fraction of the left ventricle as a measure of 
cardiac function, it can be shown that as the end diastolic blood volume increases 
(ventricular dilatation) there is a decrease in ejection fraction (Linzbach, 1976; Jacob & 
Gulch, 1988). Thus, increases in the size of the heart are associated with diminished 
pump function and contractility.

Coronary perfusion pressure, vascular resistance and coronary blood flow are all 
increased in hypertension (see Strauer & Schwartzkopff, 1997; Strauer et al., 1998). 
However, the coronary reserve (capacity of the coronary vasculature to respond 
maximally to vasodilator agents) is decreased. This is thought to be a consequence of 
pressure-induced hypertrophy of the media of the resistance vessels, with a resulting 
increase in the wall/lumen ratio of the coronary arterioles. The reduced coronary reserve
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impairs the capacity of the coronary circulation to respond to increased need. Insufficient 
coronary blood supply can result in ischemic heart disease.

Acute blood pressure elevation places extra stress on the hypertensive heart and this can 
result in coronary insufficiency and left ventricular failure, both of which are common 
causes of mortality in hypertensive patients.

The aorta and large arteries which arise from it show characteristic changes in 
hypertension. The vessel wall is thickened, mainly as a result of increase in the 
subendothelial layer and the media, which show increased collagen content, elastic 
fragmentation and calcification. These changes are similar to those observed with ageing, 
i.e. hypertension appears to accelerate normal age-related changes. As a result, the 
predominant functional effect is a loss of elasticity. During systole, the rise in pressure in 
the aorta is related to the output of blood from the left ventricle and to distensibility of the 
aorta. The more rigid the aorta and large arteries, the greater the peak systolic pressure. 
As the arterial walls become more rigid, the speed of propagation of the arterial pressure 
wave (pulse wave velocity) increases. The increase in pulse wave velocity leads to 
increased turbulence in the system which further adds to the increase in pulse and systolic 
pressure in the aorta and large arteries. There is evidence that increased pulse pressure is 
an important determinant of left ventricular hypertrophy and coronary perfusion.

Hypertension is associated with increased peripheral resistance, with the main increase 
being proximal to the capillaries. This indicates that there is effective narrowing of the 
resistance vessels, i.e. those vessels which control peripheral resistance. It is thought that 
there is an increase in the media/lumen ratio of small arteries, however, this does not 
appear to be associated with an increase in smooth muscle ceil size. There is also evidence 
that there is decreased endothelial-dependent relaxation. The mechanism underlying the 
altered structure is uncertain, and may involve vascular growth or remodelling (see 
Aalkjaer & Mulvany, 1995).

Arteriosclerosis describes the changes in arterial vessel structure that occur with age. 
These changes can occur more rapidly in hypertensive patients. Atherosclerosis, which is 
distinct from arteriosclerosis, is a disease which develops in the intima of medium-sized 
and large arteries over a period of decades. In this disease, cholesterol deposits gradually 
form within the intima at many points in the arteries. These areas of deposit become 
invaded by fibrous tissue and can become calcified. The net result is the development of 
atherosclerotic plaques that protrude into the vessels and either block or partially block 
blood flow. If these plaques develop sufficiently they can break through the intima and 
come into contact with the blood. When this occurs, platelets aggregate around the plaque
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and fibrin is deposited. Eventually a blood clot, or thrombus, is formed which can 
occlude the vessel or break away from the wall and block the artery at a more peripheral 
point. Atherosclerosis and its complications (myocardial infarction, stroke and peripheral 
vascular resistance) is a major cause of death in Western populations. Hypertension is a 
major risk factor for the development of atherosclerosis, however, the mechanism by 
which this occurs is not clear, but may be related to increased shear or stress on the artery 
wall (see Kannel, 1998).

Hypertension can also produce specific effects at different organ systems. At the kidney, 
hypertension is associated with a reduction in renal blood flow which is thought to be 
caused by an increase in renovascular resistance (see De Leeuw & Birkenhager, 1983). 
Severe hypertension can cause renal failure as a result of hypertensive nephrosclerosis, 
although the incidence of this is low compared to other cardiovascular sequelae. 
Hypertension is also a major risk factor for cerebrovascular disease, and causes marked 
adaptive changes in the cerebral circulation, effects which can increase the risk of stroke.

1.7.3 Serum cholesterol and liver development

Cholesterol may be directly involved in the pathogenesis of atheroma and is strongly 
associated with the risk of coronary heart disease (Lewis, 1983). Cholesterol is 
transported in the blood as lipoprotein complexes, including, low density lipoproteins 
(LDLs) and high density lipoproteins (HDLs). The levels of LDLs or HDLs in the blood 
are regulated by the liver. Raised serum LDL concentrations are associated with increased 
risk of coronary heart disease, whereas raised HDL concentrations may be protective. 
Abdominal circumference is index of development and is thought to reflect liver growth. 
A relationship has been demonstrated between abdominal circumference at birth and adult 
serum LDL cholesterol, with small abdominal circumference associated with raised LDL 
cholesterol concentration (Barker et al., 1993a). Additional studies have shown that 
individuals who were low birth weight and who had small abdominal circumference 
show increased adult mortality from coronary heart disease (Barker et al., 1995). 
Individuals of above average birth weight which have large abdominal circumference also 
show increased mortality from coronary heart disease (Barker et al., 1995). Altered 
growth of the liver, as indicated by changes in abdominal circumference may produce 
changes in LDL cholesterol metabolism. This may result in raised serum LDL 
concentrations in adult life and an increased risk of cardiovascular disease.

Factors involved in haemostasis may also be important determinants of later disease. 
Elevated plasma concentrations of two haemostatic factors, fibrinogen and factor VII, are 
strong risk factors for cardiovascular disease. High concentrations of these factors may
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contribute to the development of atheroma and may predispose to thrombosis (see Barker, 
1998). Circulating fibrinogen and factor VII concentrations can also be regulated by the 
liver. Adult plasma concentrations of both these factors in are highest in individuals who 
had low body weight at age 1 (Barker, 1998). Adult plasma fibrinogen concentrations are 
elevated in individuals who had low birth weight or small abdominal circumference 
(Martyn et al., 1995). Therefore, altered liver growth may also lead to changes in levels 
of haemostatic factors, which may increase the risk of later disease.

1.7.4 Non-insulin-dependent diabetes

Non-insulin-dependent diabetes increases the risk of coronary heart disease and is 
associated with hypertension (Fuller et al., 1980). In addition, insulin is an important 
growth factor and is therefore, a possible link between impaired fetal growth and later 
disease. Development of non-insulin-dependent diabetes (plasma glucose >11.1 mmol/1) 
is preceded by impaired glucose tolerance (plasma glucose 7.8 - 11.0 mmol/1), and 
involves deficiency of insulin production and insulin resistance (see Barker, 1998). Oral 
glucose tests have shown that individuals of low birth weight have the highest incidence 
of non-insulin-dependent diabetes or impaired glucose tolerance at age 64 (Hales et al., 
1991). Studies of different populations has shown that birth weight may have a U-shaped 
association with later diabetes, with the highest incidence occurring in individuals which 
were either above or below average birth weight (McCance et al., 1994). Other studies 
have shown that increased incidence of non-insulin-dependent diabetes is associated with 
thinness at birth, as shown by low ponderal index (Lithell et al., 1996). The prevalence 
of insulin resistance in adults is also greatest in individuals which were low birth weight, 
and which had small head circumference and low ponderal index (Barker et al., 1993c). It 
is suggested that if fetal skeletal muscle tissue becomes insulin resistant, it will result in 
poor muscle growth which will be manifest as thinness at birth and low ponderal index 
(Barker, 1998).

Studies in adults have proposed that a high prevalence of diabetes may be a consequence 
of evolution of a “thrifty genotype”, which confers a selective survival advantage in times 
of fluctuating food supply by allowing storage of calories in times of plenty. A thrifty 
genotype may become detrimental when food supplies are constant and abundant, and 
could lead to increased prevalence of obesity and non-insulin-dependent diabetes (Hales 
& Barker, 1992; McCance et al., 1994). Analogous to this, a “thrifty phenotype” 
hypothesis has been proposed to explain the association between low birth weight and 
later diabetes. It is suggested that insulin deficiency and insulin resistance are the result of 
fluctuations of nutrient supply in utero, i.e. the result of environmental factors rather than 
genetic factors, hence a thrifty phenotype. A transition to good nutrient supply postnatally



exposes the deficiencies of pancreatic function and tissue sensitivity, and results in non- 
insulin-dependent diabetes (Hales & Barker, 1992).

1.7.5 Programming

The studies above, show evidence for the intrauterine origins of adult cardiovascular 
disease. It has been demonstrated that the development of these diseases may be related to 
the occurrence of various risk factors, including elevated blood pressure, high serum 
cholesterol concentration and non-insulin-dependent diabetes, which are all increased in 
individuals which had low birth weight or impaired growth in utero. These findings 
suggest that factors acting during early life have permanent, long-term effects on 
physiological development. This concept has been termed ‘programming’ (Barker, 
1998). Maternal undemutrition has been suggested as a factor which acts during fetal life 
to ‘programme’ development (Barker et al., 1998). It is thought that during growth of 
tissues and organs in fetal life there are periods of rapid cell division. These have been 
termed ‘critical’ periods of development. It is proposed that adverse alterations in the 
nutritional, hormonal or metabolic environment to which the fetus is exposed could alter 
fetal growth by reducing the rate of cell division, especially in those tissue which are 
undergoing ‘critical’ periods (Barker, 1998). Consequences of this could be reduced 
numbers of cells in particular organs, or altered organ function. Maternal undemutrition 
may produce an adverse intrauterine environment, and thus, this could be one of the 
mechanisms by which development is ‘programmed’.

1.7.6 Maternal undernutrition

There is good evidence to support the hypothesis that maternal undemutrition can act to 
create an adverse intrauterine environment to programme fetal development, and this is an 
area that has received much attention. This evidence comes from both epidemiological and 
experimental studies. Epidemiological investigations have examined the relationships 
between the level of nutrition during pregnancy, fetal growth and incidence of 
cardiovascular disease risk factors. Experimental studies have been performed to examine 
if specific nutritional manipulations affect fetal growth and organ function and if they 
increase the incidence of cardiovascular disease risk factors. More recently, attempts have 
been made to define the underlying mechanisms by which maternal undernutrition may 
affect fetal, and long-term, development. The following discussion will describe the 
findings of these different types of studies, focusing on the effects of maternal 
undemutrition on fetal growth and the development of blood pressure.

Epidemiological studies
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Investigation of the effects of different maternal nutritional intakes during pregnancy has 
shown that low intake of dairy and meat protein in late pregnancy is associated with low 
birth weight and low placental weight (Godfrey et al., 1996). In the same study it was 
shown that low birth and placental weight is also associated with high maternal 
carbohydrate intake during early pregnancy (Godfrey et al., 1996). Low protein intake 
during late pregnancy has also been reported to produce thin babies which have low 
ponderal index (Godfrey et al., 1997). In addition, mothers which were low birth weight 
tend to have babies of low birth weight (Godfrey et al., 1996), indicating that the effects 
of nutrition during pregnancy may span different generations. Indeed, the maternal effects 
on fetal development may be influenced by the mothers experiences during her own 
intrauterine life.

Using skinfold thickness as an index of maternal fat stores, it has been shown that high 
systolic blood pressure in offspring at age 10-12 is associated with thinner maternal 
triceps skinfold thickness during pregnancy (Godfrey et al., 1994). Low maternal weight 
gain during gestation is also associated with higher blood pressure in children (Godfrey et 
al., 1994). Similar findings to this have also been reported in other studies (Clark et al., 
1998). Differences in blood pressure may be related to an imbalance of maternal protein 
and carbohydrate intake (Campbell et al., 1996). Elevated blood pressure at age 40 is 
associated with high maternal carbohydrate intake combined with low protein intake, and 
also with low carbohydrate intake combined with high protein intake (Campbell et al.,
1996).

Experimental studies

Studies in sheep have shown that maternal undemutrition can produce different effects on 
fetal and placental growth depending on the period of pregnancy at which it occurs. 
Maternal undernutrition in late gestation can reduce fetal weight (Mellor & Murray, 
1982), whereas undernutrition in mid-pregnancy can increase fetal weight (Faichney & 
White, 1987). Undemutrition in early gestation has been reported to decrease (De Barro 
et al., 1992), increase (De Barro et al., 1992), or have no effect (Heasman et al., 1998) 
on fetal weight. Undemutrition during pregnancy may also affect fetal body proportions 
(see Barker, 1998). Thus, the role of maternal nutrition in determining fetal body weight 
is not clear. Others factors are involved, including maternal body reserves at the time of 
mating. Ewes with good body reserves prior to pregnancy appear to be able to adapt to 
conditions of reduced nutrient supply, and are able to maintain fetal growth (De Barro et 
al., 1992). It has been suggested that the fetus is more susceptible to undemutrition in late 
gestation, as this is a period of rapid fetal growth (Owens et al., 1995). The effects of
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maternal undemutrition on placental growth are also unclear, with both stimulatory and 
inhibitory effects reported. Undernutrition in early pregnancy to ewes with good body 
reserves has been shown to result in placental enlargement (McCrabb et al., 1991; De 
Barro et al., 1992). This is an important observation as increased placental weight has 
been shown to be predictive of later hypertension (Barker et al., 1990).

Although some of the studies of maternal undernutrition in sheep show conflicting 
results, they do demonstrate the potential for undemutrition to produce effects on fetal 
growth similar to those observed in babies of epidemiological studies which may be 
predisposed to later disease. Thus, it has been suggested that, although growth of the 
fetus is influenced by its genes, this may be limited by conditions of reduced nutrient 
supply (Barker, 1998).

Other experimental studies have examined the question of whether maternal 
undemutrition affects cardiovascular development of the offspring, and if this produces 
elevated blood pressure postnatally. Evidence in support of this idea has been shown in 
rats using a model of protein restriction during pregnancy. Reduction of maternal dietary 
protein from 18% to 12% or lower, produces elevated systolic blood pressure in adult 
offspring (Langley & Jackson, 1994). This increased blood pressure is also linked to 
placental enlargement and reduced body length in relation to body weight at birth 
(Langley-Evans et al., 1996b). The effects of low maternal protein have been reproduced 
consistently in other studies (Langley-Evans & Jackson, 1995; Langley-Evans et al., 
1996a; Langley-Evans, 1997). Other studies in the rat support these findings, and it has 
been shown that a reduction of total maternal nutritional intake by 70% produces elevated 
systolic blood pressure in adult offspring (Woodall et al., 1996b). These studies suggest 
that maternal undernutrition programmes offspring’s cardiovascular development, 
producing hypertension in postnatal life.

Mechanisms

There is a lack of information to explain the mechanisms by which maternal 
undernutrition may impair fetal growth and programme later hypertension. Importantly, 
the effects of specific reductions of maternal nutrition on fetal blood pressure 
development are not known.

In postnatal life, blood pressure development is closely related to growth, especially in 
childhood (Lever & Harrap, 1992). Blood pressure also increases with age and size in the 
fetus [1.3.4]. However, later hypertension is associated with low fetal weight [1.7.2]. 
This raises the possibility that blood pressure is not elevated as a result of maternal
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undemutrition during fetal life, and that adult hypertension is not the result of ‘tracking’ 
of a high blood pressure from before birth. In support of this idea, small fetal size in 
sheep is associated with altered trajectory of blood pressure development, low MAP and 
altered chemoreflex and baroreflex responses (Crowe et al., 1995). Reduction of fetal 
size produced by carunclectomy is also associated with low MAP and altered chemoreflex 
responses (Robinson et al., 1983). The mechanisms underlying development of raised 
blood pressure in later life may involve exaggerated ‘catch-up’ growth after birth. 
Alternatively, compensatory mechanisms in the fetus or placenta may occur in response to 
maternal undemutrition in an attempt to preserve growth, but which do so at the expense 
of later organ function. Maternal undemutrition during early to mid-gestation produces an 
increase in placental size (McCrabb et al., 1991), and increased placental vascularisation 
occurs in response to chronic high-altitude hypoxia in both the human and sheep (Burton 
et al., 1996; Krebs et al., 1997). These adaptations, while preserving fetal growth, could 
have adverse haemodynamic consequences for development of fetal and postnatal blood 
pressure. At present, the effects of maternal undemutrition on the interaction between 
fetal and placental growth and blood pressure development are not known.

The role of the HPA axis in mediating the effects of maternal undemutrition has received 
particular interest, as glucocorticoids are thought to have a role in cardiovascular 
regulation and can produce hypertensive effects both pre- and postnatally. In addition, 
glucocorticoids can impair fetal growth, and are central to various fetal maturational 
processes that are essential for extrauterine life. Postnatally, the HPA axis is one of the 
major systems controlling homeostasis. Thus, the axis has a pivotal role in a number of 
developmental processes, and altered HPA axis function could potentially produce effects 
similar to those that occur in individuals that are predisposed to later cardiovascular 
disease.

Epidemiological and experimental studies have provided evidence suggesting that the 
HPA axis does have a role in programming of the cardiovascular system. In humans, low 
birth weight is associated with elevated urinary glucocorticoid excretion in children (Clark 
et al., 1996), and high basal plasma cortisol concentration (Phillips et al., 1998) and 
greater adrenocortical responsiveness to ACTH (Reynolds et al., 1998) in adults. In rats, 
postnatal hypertension produced by maternal protein restriction is associated with 
increased expression of glucocorticoid-inducible enzymes (Langley-Evans, 1997). Taken 
together, these findings suggest that, postnatally, increased activity of the HPA axis is 
associated with elevated blood pressure, and that this may be a mechanism by which 
maternal undemutrition programmes the cardiovascular system.
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The fetal HPA axis is a dynamic system, as evidenced by the resetting of its control 
mechanisms during late gestation. It has been suggested that maternal undernutrition 
could programme life-long changes in the axis which reset mechanisms controlling blood 
pressure (Barker, 1998). Fetuses which are growth restricted following restriction of 
placental function by carunclectomy have decreased levels of POMC mRNA at the 
pituitary gland (Phillips et al., 1996a), which may indicate resetting of HPA axis 
function. In addition, chronic high-altitude hypoxia results in a blunting of fetal 
adrenocortical responsiveness to ACTH (Harvey et al., 1993). These studies illustrate 
how the fetal HPA axis may become reset following adverse environmental influences. 
Alternatively, fetal blood pressure development may be altered by increased exposure of 
the fetus to maternal glucocorticoids (Barker, 1998). The induction of postnatal 
hypertension following maternal protein restriction is abolished when maternal 
glucocorticoid synthesis is blocked (Langley-Evans, 1997). In addition, maternal 
undernutrition may increase fetal exposure to maternal glucocorticoid by inhibiting 
activity of the placental enzyme, 118-hydroxy steroid dehydrogenase (118-HSD), which 
is responsible for the breakdown of active glucocorticoid to inactive metabolites (Seckl, 
1997; Sun et al., 1998). At present, the effects of maternal undernutrition on the fetal 
HPA axis and its interaction with the cardiovascular system are not known.

Maternal undemutrition may produce effects at the kidney, which could be important for 
long-term cardiovascular development. Kidney weight is reduced in small for gestational 
age human fetuses (Konje et al., 1996). Small kidney size is linked to high plasma renin 
concentration (Konje et al., 1996). Total nephron number is reduced, and plasma 
angiotensin II concentration is increased in growth retarded human fetuses (Hinchliffe et 
al., 1992; Kingdom et al., 1993). These types of effect could contribute to the 
development of raised blood pressure. In rats, adult hypertension induced by maternal 
protein restriction is associated with elevated pulmonary (Langley & Jackson, 1994) or 
plasma (Langley-Evans & Jackson, 1995) angiotensin converting enzyme (ACE) activity. 
Inhibition of ACE activity with captopril, abolishes postnatal hypertension (Langley- 
Evans & Jackson, 1995), indicating that the cardiovascular effects of maternal protein 
restriction may involve activation of the renin-angiotensin system.

Maternal undemutrition may alter development of vascular function. Recent studies in the 
rat have shown that maternal undernutrition by 30% produces hypertension in adult 
offspring (Ozaki et al., 1998, 1999). Small resistance vessels of hypertensive male 
offspring show enhanced contractile responses and impaired vasodilator responses in 
vitro (Ozaki et al., 1998, 1999).



Thus, the studies described above show experimental evidence suggesting that maternal 
undemutrition during pregnancy may impair fetal growth and produce hypertension in the 
offspring. These findings are consistent with the observations of epidemiological studies, 
and suggest that maternal undemutrition may act to programme development and increase 
the risk of cardiovascular disease in later life. However, it is not known when altered 
programming of the cardiovascular system occurs, if it occurs in fetal life, and if there are 
changes at the time of birth. Although the HPA axis has been implicated, the precise 
nature of the underlying mechanisms is also unknown. In view of the potential 
importance of the process of intrauterine programming, it is important to address these 
questions, and this task formed the main objective of this thesis, as outlined below.
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1.8 OVERVIEW AND AIMS OF THESIS

The experiments reported in this thesis have examined the following general hypothesis: 
Does maternal undernutrition during pregnancy ‘programme’ fetal and 
postnatal development?

1.8.1 Overall rationale

The experiments reported in this thesis were performed using a controlled animal model 
to examine the effects of a measured reduction of maternal nutritional intake during 
pregnancy on fetal and postnatal development [1.9]. These studies were performed to 
investigate the ideas generated by the epidemiological studies described previously [1.7]. 
The important fact to note about these epidemiological studies is that the associations 
between birth weight and later health have been made in babies within the normal birth 
weight distribution. The studies do not concentrate on those babies which are considered 
to be either clinically growth restricted or obese. It is those babies which are at the lower 
end of the normal birth weight distribution which may be predisposed to disease in later 
life. This is particularly striking, as this group of babies will represent a substantial 
proportion of the total number of births each year, and, on the basis of growth, will not 
be considered to be clinically abnormal. Thus, to produce an accurate experimental model 
of this phenomenon, it was important to ensure that the level of maternal undemutrition 
used did not produce severe effects on fetal growth or body weight. Indeed, experimental 
models which do produce substantial fetal growth restriction may involve different 
underlying mechanisms and may have different physiological consequences compared to 
those which alter fetal growth by only a small degree. In addition, it would be especially 
interesting if it could be demonstrated that alterations in fetal organ function could occur 
without overt effects on fetal growth. Thus, in the present model of maternal 
undemutrition, the effects of a modest degree of nutrient restriction were investigated.

1.8.2 Aims

The primary focus of this work was to investigate the effects of maternal undemutrition 
on fetal cardiovascular development. To investigate the underlying mechanisms by which 
the effects on fetal cardiovascular development may be produced, the effects of maternal 
undernutrition on development of the fetal HPA axis were also studied. Alterations in 
fetal cardiovascular development could be produced by effects at the placenta, the kidney, 
or in other aspects of cardiovascular control. These possibilities have been considered, 
however, they have not been studied in detail, and in the present studies attention was
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focused on the role of the HPA axis. To obtain an appropriate end-point to the studies in 
the fetus, cardiovascular and HPA axis function were investigated in postnatal life. Thus, 
the aims of the individual results chapters were as follows:

Chapter 3

Blood pressure development is closely linked to growth in both fetal [1.3.4] and postnatal 
life (Lever & Harrap, 1992). Impaired fetal growth and increased placental size are 
associated with hypertension in later life. Fetal and placental growth may be altered by 
maternal undemutrition. Thus, alterations in fetal cardiovascular development produced 
by maternal undemutrition may be linked to changes in fetal and/or placental growth. 
Thus, the aim of Chapter 3 was:

To investigate the effects o f maternal undemutrition on growth and morphology o f the 
fetus and placenta in the second half o f pregnancy.

Chapter 4

Studies in rats have shown that reduced maternal nutrition during pregnancy can alter 
cardiovascular development of the offspring, producing hypertension in adult life. 
However, it is not known if these effects are initiated in fetal life. Thus, a preliminary 
study was conducted in Chapter 4, the aim of which was:

To investigate the effects o f maternal undemutrition on fetal cardiovascular variables 
under basal conditions, and fetal cardiovascular responses to hypoxia and intravenous 
administration ofCRH+AVP.

Chapter 5

The HPA axis and glucocorticoids are important for regulation of growth and 
cardiovascular function. Alterations in activity of the fetal HPA axis could mediate the 
effects of maternal undemutrition on fetal growth or fetal blood pressure development. 
Alternatively, maternal undemutrition may produce effects on the fetus by exposure to 
maternal glucocorticoids. Thus, a preliminary study was conducted in Chapter 5, the aim 
of which was:

To investigate the effects o f maternal undemutrition on fetal plasma ACTH and cortisol 
concentrations under basal conditions, fetal plasma ACTH and cortisol responses to 
exogenous CRH+AVP, and fetal glucocorticoid-mediated negative feedback mechanisms.
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Chapter 6

To examine further if maternal undemutrition alters fetal cardiovascular function, and to 
extend the preliminary findings of Chapter 4, a more detailed set of experiments was 
performed. Thus, the aim of Chapter 6 was:

To investigate the effects o f maternal undemutrition on longitudinal development o f fetal 
cardiovascular variables under basal conditions, and development o f the fetal baroreflex 
and cardiovascular responses to hypoxia.

Chapter 7

To examine further the role of the fetal HPA axis and glucocorticoids in mediating the 
effects of maternal undemutrition on fetal growth and cardiovascular development, and to 
extend the preliminary findings of Chapter 5, a more detailed set of experiments was 
performed. Thus, the aim of Chapter 7 was:

To investigate the effects o f maternal undemutrition on longitudinal development o f fetal 
basal plasma ACTH and cortisol concentrations, and development o f pituitary and adrenal 
responses to exogenous stimulation.

Chapter 8

The findings of Chapters 5 and 7 demonstrated striking effects of maternal undemutrition 
on fetal HPA axis development and responses to exogenous stimuli. To examine these 
effects in greater depth, fetal HPA axis responses to an endogenous stimulus were 
investigated. Thus, the aim of Chapter 8 was:

To investigate the effects o f maternal undemutrition on development o f fetal plasma 
ACTH and cortisol responses to hypoxia.

Chapter 9

Having established the effects of maternal undemutrition on fetal HPA axis responses to 
both exogenous and endogenous stimuli, the molecular biology of the fetal HPA axis was 
examined, to investigate if there were also effects on the molecular mechanisms 
controlling pituitary function. Thus, the aim of Chapter 9 was:
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To investigate the effects o f maternal undemutrition on fetal basal levels o f pituitary 
POMC mRNA and GR mRNA, hypothalamic CRH mRNA and AVP mRNA.

Chapter 10

Having established the effects of maternal undemutrition on the molecular biology of the 
fetal HPA axis, and the responses to exogenous and endogenous stimuli, the 
consequences of the effects for HPA axis function in postnatal life were examined. Thus, 
the aim of Chapter 10 was:

To investigate the effects o f maternal undemutrition on plasma ACTH and cortisol 
responses to exogenous CRH+AVP in young lambs.

Chapter 11

Having established the effects of maternal undernutrition on fetal cardiovascular 
development, the consequences of these effects for cardiovascular function in postnatal 
life were examined. Furthermore, the role of the HPA axis in mediating the effects of 
maternal undemutrition on cardiovascular function in postnatal life was investigated. 
Thus, the aim of Chapter 11 was:

To investigate the effects o f maternal undemutrition on basal cardiovascular function and 
cardiovascular responses to CRH+AVP in young lambs.

1.9 MATERNAL UNDERNUTRITION

1.9.1 Model

The effects of maternal undemutrition were investigated in sheep. The model that was 
used in these studies is shown below (Fig. 1.7).
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termlonception Experimental
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3% 140

Control (C)
100% INTAKE

Nutrient Restricted (R)
85% INTAKE

Fig. 1.7. Model of maternal undemutrition.

Control (C) animals were fed 100% of their nutritional requirements for the whole of 
gestation (term = 1 4 7  days). Nutrient restricted (R) animals received 85% of their 
nutritional requirements from either conception or 14 days prior to conception until 70 
dGA, and 100% of their requirements thereafter. Experiments were conducted in the fetus 
in late gestation (shaded area) and postnatally in young lambs at approximately 84 days 
postnatal age.

1.9.2 Rationale

Severity

Maternal nutritional intake was reduced by only 15%. The reasons for this have been 
outlined previously [1.8.1].

Timing

Maternal nutritional intake was reduced for the first half if pregnancy, i.e. it is an early 
gestation nutritional challenge. During development there are ‘critical periods’, when 
alterations in the nutritional, hormonal or metabolic environment to which developing 
tissues are exposed can produce life-long changes in organ function (Barker, 1998). 
These critical periods may be related to a rapid rate of cell division in particular tissues. 
Early gestation may be an especially sensitive period of development. For example, 
administration of dexamethasone for 48 h to pregnant ewes at 25 dGA produces 
hypertension in the offspring, whereas administration at 62 dGA does not produce any 
effect (Dodic et al., 1998). In addition, undemutrition during early gestation can produce 
enlargement of the placenta (McCrabb et al., 1991), an effect which has been linked to
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raised blood pressure in later life (Barker et al., 1990). Thus, the available evidence 
suggests that early gestation is an appropriate time to implement a period of maternal 
undemutrition.

Housing

In the studies of Welsh Mountain breed sheep [2.1], animals were housed individually. 
In the studies of Clun Forest breed sheep [2.1], animals were housed in groups of four or 
less. Long-term control of individual nutritional intake is difficult when sheep are group- 
housed, as a hierarchical feeding system exists. Thus, in the present studies, sheep were 
housed either individually, or in small groups to permit specific regulation of nutrient 
intake.

Nature o f d iet

The nature of the nutritional challenge was a reduction of total energy intake. All 
components of the diet were reduced by the same degree. Other studies have used 
different approaches to maternal undemutrition, for example, Langley & Jackson (1994) 
reduced protein content of the diet, while maintaining all other components. However, at 
present there is no data to suggest which nutrients are the most important in producing 
effects on fetal development. Thus, at this stage of our investigations we examined the 
effects of reduction of all dietary components.

Animals were fed a complete pelleted diet. This is obviously not the ‘natural’ manner in 
which sheep would eat. To study sheep in their ‘natural’ environment would mean 
allowing them free access to grazing. However, in this situation it would not be possible 
to control nutrient intake. Thus, a pelleted diet was used, and rations were allocated on a 
weight-basis, specific for each animal and for the stage of pregnancy. Using this method, 
nutrient intake could be controlled accurately.
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CHAPTER 2 

GENERAL METHODS

2.1 SHEEP BREED

The studies described in this thesis were performed using Clun Forest and Welsh 
Mountain breed sheep. Clun Forest are a large breed of sheep found in lowland areas. In 
contrast, Welsh Mountain sheep are approximately half the size of the Clun Forest and are 
adapted to a harsher highland environment. Our early investigations were performed 
using Clun Forest breed sheep. We then decided to switch to the Welsh Mountain breed, 
as this breed produces a higher proportion of singleton fetuses compared to the Clun 
Forest. The use of singleton fetuses in experiments is preferable as interpretation of the 
results is simpler.

2.2 SHEEP HUSBANDRY

2.2.1 Sheep Mating

Management of sheep mating was achieved by synchronising the oestrous cycle. This
was done using vaginally inserted progesterone impregnated sponges. Sponges were
inserted and remained in situ for 12-14 days. Rams of the same breed as the ewes were 
introduced 48 h after removal of sponges. Confirmation of pregnancy and determination 
of fetal numbers was carried out at approximately 50 days gestation (dGA) by real-time 
ultrasound scanning. A second scan was performed at approximately 80 dGA for 
reconfirmation of fetal numbers.

2.2.2 Nutritional Regulation

Sheep were maintained at the Royal Veterinary College (RVC), Potters Bar. All 
nutritional manipulations were carried out at the RVC by technicians on site. All animals 
within each breed were of uniform age. Prior to conception, ewes were randomly 
assigned to either the control (C) or nutrient restricted (R) group. Ewes were housed on 
wood shavings in pens with raised flooring. Clun Forest ewes were housed in groups of 
4 or less. Welsh Mountain ewes were housed individually. They were fed a complete 
pelleted diet which was regulated depending on the protocol. All animals were allowed 
free access to water. The diet consisted of barley, wheat, cooked cereal meal, micronized
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full fat soya, grass meal, molasses, chopped straw, calcium carbonate, dicalcium 
phosphate, salt, and a sheep vitamin/mineral supplement. It provided 10.81 MJ/kg 
metabolisable energy (ME), 149.8 g/kg crude protein and contained 88.4% dry matter 
(DM). Rations were allocated based upon recommendations made by an advisory manual 
prepared by the AFRC Technical Committee on responses to nutrients (AFRC, 1993). 
For example, the nutritional requirements of a 50 kg singleton-bearing ewe at 98 dGA are
0.7 kg DM, 7.9 MJ ME and 72 g metabolisable protein (MP). This increases to 1.0 kg 
DM, 11.2 MJ ME and 88 g MP at 140 dGA. Thus, at 98 dGA a 50 kg singleton-bearing 
ewe would be allocated a ration of 0.83 kg of the diet, which would provide an actual 
intake of 0.73 kg DM (88.4 % of the total weight), 7.9 MJ ME and 110 g crude protein. 
The allocation of 110 g crude protein is calculated to provide 72 g MP due to the fact that 
substantial amounts are degraded in the rumen and are not available as protein or as 
breakdown products to the ewe. In addition there is a convention of feeding 5% over the 
requirement to allow for a safety margin. The diet rations were adjusted according to the 
stage of gestation. Nutrient intake was regulated by reducing the amount of the 
recommended daily ration. All components of the diet were reduced by the same degree. 
All animals were fed in the morning at the same time each day.

Clun Forest ewes

C animals were fed 100% of their recommended nutritional requirements 
for the whole of gestation. R animals received 85% of their recommended 
nutrient requirements from 14 days prior to conception until day 70 of 
gestation, and 100% of their requirements thereafter. Maternal body weight 
and body condition score was measured on a weekly basis.

Welsh Mountain ewes

C animals were fed 100% of their recommended nutritional requirements 
for the whole of gestation. R animals received 85% of their recommended 
nutrient requirements from the time of conception until day 70 of 
gestation, and 100% of their requirements thereafter. Thus R animals 
received 15% less compared to C for the first 70 days of gestation only. 
Maternal bodyweight and body condition score was measured on a weekly basis.

2.2.3 Body Condition Score (BCS)

All ewes used in the experiments described in this thesis were body condition scored by 
Prof. David Noakes at the RVC, Potters Bar. The technique of body condition scoring is
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a means of assessing the degree of ‘fatness’ of the animal. BCS is assessed by palpation 
of the ewe in the lumbar region, on and around the backbone immediately behind the last 
rib and above the kidneys. The process is described by Russel (1991) as follows:

• An estimation is made of the prominence (the degree of sharpness or roundness) of 
the spinous processes of the lumbar vertebrae.

• The prominence of, and the degree of fat cover over, the transverse processes of the 
vertebrae are assessed.

• The extent of the muscular and fatty tissues below the transverse processes is judged 
by the ease with which the fingers pass under the ends of these bones.

• The fullness of the eye muscle area and its degree of fat cover in the angle between the 
spinous and transverse processes is estimated.

The animal is then awarded a score between 0-5, with 0 being extremely emaciated and 5 
being very fat. It is generally thought that ewes should be between 3 - 3.5 at the time of 
mating.

Spinous process
Skin

Transverse process

Fig. 2.1. Diagrammatic representation of the lumbar region of the backbone of the 
sheep showing areas used for BCS assessment.

2.2.4 Lamb Maintenance

Lambs were kept with their mothers after birth, and were group housed indoors. After 
weaning, lambs were allowed free access to hay and water.

2.2.5 Laboratory Animal Housing Facilities

Adult ewes
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Ewes were transported to the Biological Services Large Animal Facility, University 
College London, at least 3 days before surgery. They were initially housed in straw and 
sawdust-covered floor pens for a minimum of 24 h. They were then transferred to 
individual metabolic crates and placed in the animal monitoring room for acclimatisation. 
Temperature was maintained at 16-18° C with ca. 40% humidity. Light/dark periods were 
fixed o n a l 2 h / 1 2 h  cycle. Ewes were accompanied at all times by at least one 
companion sheep. Ewes were fed hay and water ad libitum and received a daily ration 
(approximately 600 g) of concentrate pellets (Ewbol, BOCM Pauls Ltd., UK).

Lambs

Lambs were transported to the animal house at least 3 days prior to surgery and housed in 
straw and sawdust-covered pens as per the adult ewes. Lambs were not transferred to 
metabolic crates prior to surgery, but remained housed in floor pens. They were allowed 
free access to hay and water. Lambs were accompanied at all times by at least one 
companion sheep.

2.3 MATERIALS

2.3.1 Catheters

All catheters were made of 1.5 m lengths of translucent vinyl tubing (i.d. = 1.0 mm; o.d. 
= 2.0 mm, Portex Ltd.). An 18 gauge blunt (18G x 1", Sherwood Medical Industries 
Ltd., UK) was inserted into the distal end. The proximal end was cut into a bevel. Both 
proximal and distal ends were coloured coded for identification. For the amniotic catheter, 
4-5 holes were cut at approximately 1 cm intervals at the proximal end.

Lengths of 1 m were used for infusion lines (i.d. = 1.0 mm; o.d. = 2.0 mm). An 18G 
blunt was inserted in both ends of the infusion line. A double cone connector (Vygon 
(UK) Ltd.) was inserted into one of the blunts for connection to the catheter.

2.3.2 Electrodes

Fetus

Fetal electrodes were made by threading 1.1 m lengths of insulated multi-stranded 
stainless-steel wire (Cooner wire, California, USA) through transparent vinyl tubing (i.d. 
= 1.5 mm; o.d. = 2.1 mm, Portex Ltd.). 0 .9  m tubing was used for each electrode. Two 
types of electrode were made: 1) ECG, Diaphragm EMG and earth electrodes which
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contained 2 lengths of Cooner wire, and 2) ECoG electrodes containing 3 lengths. 
Cooner wire was threaded so that approximately 2 cm was exposed at the distal end, and 
18 cm at the proximal end. To prevent movement of wire and passage of pathogens, 
electrodes were sealed at both the proximal and distal ends by injecting silicone sealant 
(RS Components, UK) into the lumen for a distance of 3-4cm. At the proximal end of the 
2 wire electrodes a double knot was tied in each wire approximately 5 cm from the 
tubing. Using a soldering iron, a 5 mm section of insulation was removed from the wires 
immediately below the knot. Electrodes were colour coded at both ends for identification.

For the ECoG electrode 2 wires were designated signal wires, and the other was 
designated the earth. A knot was tied in the distal end of the earth electrode for 
identification. At the proximal end a double knot was tied 5 cm away from the tubing and 
a 5 mm section of insulation was removed immediately below. A rubber disc was 
threaded onto each of the signal wires. A double knot was tied below the discs 3 cm away 
from the tubing. The insulation was removed from the whole length of the wire below the 
knot and the bared wire was rolled into a ball below the disc.

A) ECoG Electrode B) ECG/EM G/Earth Electrode

Insulated multi-stranded 
stainless steel wire ----

Vinyl
tubing

Silicone
sealant

Rubber disc

Bared Wire

Double knot

Bared wire

Fig. 2.2, Diagrammatic representation of A) ECoG and B) ECG/EMG/Earth electrodes. 

Lamb
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Lamb electrodes were made from insulated multi-stranded stainless steel wire (RS 
Components, UK; diameter, 1mm; length, 15cm). Approximately 5 cm along the 
electrode a knot was tied in the wire and a 5 mm portion of insulation was removed (see 
Fig. 2.3). A 1 mm silver-plated pin (RS Components, UK) was soldered to the knotted 
end of the wire.

5cm 10cm

1mm silver-plated pin

VVA/-

Knot Bared wire insulated multi-stranded 
stainless steel wire

Fig. 2.3. Diagrammatic representation of an electrode used in lamb experiments.

2.3.3 Flow Probes

Chronically implanted perivascular flow probes (Transonic Systems Inc., Ithaca, New 
York, USA), were used to measure blood flow. Size 2R and 3R probes were used with 
either “U” or “L” type acoustic reflectors. Probes had a silicone flange for attachment to 
surrounding tissue.

A Transonic flowprobe (Fig. 2.4) consists of a probe body which houses two ultrasonic 
transducers and a fixed acoustic reflector. The transducers are positioned on one side of 
the vessel and the reflector is positioned midway between the two transducers on the 
opposite side. The downstream transducer emits a plane wave of ultrasound which 
intersects the vessel, bounces of the acoustic reflector, intersects the vessel again and is 
then received by the upstream transducer where it is converted into electrical signals. The 
flowmeter then derives an accurate measure of the “transit time” it took for the wave of 
ultrasound to pass from one transducer to the other. This process is then repeated, but in 
reverse, with the upstream transducer emitting an ultrasonic wave which is detected by 
the downstream transducer. The transit time of the ultrasonic wave through the vessel is 
dependent on the rate of flow. The transit time is increased when it travels against flow 
(i.e. in the upstream direction) and decreased when it travels with flow (i.e. in the 
downstream direction). The integrated difference in the transit times is used to give a 
measure of volume flow. This volume flow measurement is not dependent on flow 
velocity profile or vessel size.
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Acoustic
Reflector

vessel

TransducerTransducer

J  cable

Flow probe body

Fig. 2.4. Schematic side-view of a Transonic flow probe. Probe transducers are 
indicated. Alternating ultrasonic signals are shown intersecting the vessel and “bouncing” 
off the acoustic reflector.

Calibration of flow probes was checked by the manufacturer using a gravity-fed constant 
flow set-up. This involved passing a known volume of fixed temperature fluid through 
plastic tubing which was measured by the probe. The measured value of flow was then 
compared with the actual volume of fluid passed through the tube over a period of time. 
The flow probes were specifically calibrated for chronic implantation.

Prior to use, probes were tested to confirm accuracy. The silicone jacket of the probe 
cable was inspected for superficial cuts. The probe was then assembled and immersed in 
water. The zero-flow and test signal were verified and compared to the probes 
specifications.

2.4 SURGICAL PROCEDURES

2.4.1 Preparation and Anaesthesia

All procedures described in this thesis were approved by the Home Office and were 
conducted in accordance with the Animals (Scientific Procedures) Act, 1986.

Adult ewes

Ruminal distension (Bloat) can occur during general anaesthesia due to the ongoing 
production of gas by bacteria within the gastric tract. This can impair respiration of the 
animal, and as this is also depressed by the effects of anaesthesia, the consequences could 
be fatal. Ewes were starved 18 h before surgery in order to reduce the volume of the 
gastric contents and to minimise the risk of bloat. This procedure also reduces the chances
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of inhalation of the gastric contents and allows more room within the abdomen for fetal 
manipulation.

On the day of surgery the ewe was transferred in its metabolic crate from the animal 
monitoring room to the operating theatre. While standing in the crate, the ewe’s neck was 
shaved. Anaesthesia was induced by injection of 1 g sodium thiopentone (10 ml; 0.1 
g/ml; Intraval sodium, Rhone Merieux Ltd., Harlow, Essex, UK) into the jugular vein. 
The ewe was then carefully rolled onto the operating table and intubated with a cuffed 
endotracheal tube (9.0 mm i.d., Portex Ltd.) while in lateral recumbancy. This was 
normally performed ‘blind’, i.e. without use of a laryngoscope. The animals tongue was 
pulled out and to one side and the tube was gently inserted. The tube was stiffened with a 
metal rod and, by manipulation of the larynx, the tube was ‘threaded’ through and into 
the trachea. Correct placement was confirmed by holding the trachea through the skin and 
detecting movement of the tube. The tube was secured to the lower jaw using a strip of 
gauze bandage, and connected to the anaesthetic circuit.

A closed-circuit anaesthetic system was used, with a soda lime tower for removal of 
carbon dioxide. Waste gases were removed by an external scavenging system. 
Maintenance of anaesthesia was achieved by inhalation of halothane (Fluothane, ICI, 
UK) in oxygen (1.5 - 2.5%, 2L/min). The ewe was allowed to breathe spontaneously 
without the aid of mechanical ventilation, although facilities for this were available should 
they have been required. Respiration, heart rate and arterial oxygen saturation were 
monitored continuously (Respiratory Gas Monitor 5250, Ohmeda, UK). Stable 
anaesthesia was usually reached after 10-15 min. The criteria for surgical anaesthesia 
were, lack of muscular tone, absence of interdigital reflex, constriction of pupils and 
absence of corneal reflex. The ewe’s ear was tagged for identification, and lack of 
response to this procedure was used as a final assessment of anaesthesia prior to 
commencing surgery.

The legs of the animal were secured and the abdomen, flank, and one hind leg were 
prepared for surgery. These areas were shaved and then scrubbed with Povidine 
antiseptic solution (BK Veterinary Products, Bury St Edmunds, UK) and water. This 
was performed at least 3 times, with a final wash of 0.5% chlorhexidine (Hibitane, ICI 
Pharmaceuticals, Macclesfield, UK) in 70% industrial methylated spirits. At this time the 
animal was examined for any signs of ill health. Streptopen was administered to the ewe 
(4 ml i.m.; Pitman and Moore, Crewe, Cheshire, UK) to provide antibiotic coverage 
during the surgical procedure.

Lambs



Lambs were starved 16 h prior to surgery. The lamb was sedated (2 mg Acepromazine
i.m., C-Vet Ltd., Bury St. Edmunds, UK) 15 min before being transported to theatre. 
The neck was shaved and anaesthesia was induced by injecting 0.5 g sodium thiopentone 
(10 ml; 0.05 g/ml; Intraval sodium, Rhone Merieux Ltd., UK) into the jugular vein. The 
lamb was placed on the operating table in lateral recumbancy and was intubated with a 
cuffed endotracheal tube (7.0 mm i.d., Portex Ltd.). Anaesthesia was maintained as for 
adult ewes. Both hind legs, the sides of the chest and the top of the skull were shaved and 
scrubbed as above. Antibiotics were administered (2 ml Streptopen i.m.; Pitman and 
Moore, UK).

2.4.2 Sterilisation Procedures

Prior to surgery, all instruments, drapes and surgeons gowns were sterilised by 
autoclave. Fetal, maternal and lamb catheters, and fetal electrodes were sterilised by 
gamma irradiation (Sherwood Medical Industries, UK). Plastic bags used during fetal 
surgery were also sterilised by gamma irradiation. Lamb electrodes and Transonic flow 
probes were cold sterilised (Novasapa, Willows Francis Veterinary, UK).

2.4.3 Surgeons

Surgeons lower arms and hands were scrubbed. They were dressed in sterile gowns, 
hats, masks and sterile gloves (Biogel Regent, UK). Strict aseptic conditions were 
maintained throughout all surgical procedures.

2.4.4 Fetal surgery

The ewe was covered with a sterile laparotomy drape. All other surfaces used during the 
procedure were also covered with sterile drapes.

Exterioristaion o f  fetus

A 12 cm incision was made in the skin of the ewe along the midline, just below the 
umbilicus. Care was taken to avoid the mammary vein. The skin and any underlying fat 
were pushed back using a sterile gauze swab (Vernon-Carus Ltd., Preston, UK) to 
expose the abdominal wall. Any damaged maternal vessels were ligated using 2.0 silk, or 
cauterised (Eschmann TD 311 Electrosurgical Unit). A small incision was made in the 
midline of the abdominal wall which was then extended along the line of linea alba using 
curved blunt-ended scissors. Care was taken to ensure that the intestinal tract was not
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punctured. The uterus was palpated and fetal number and position was determined. Using 
a trocar, a hole was made in the flank of the ewe. The fetal catheters, electrodes and flow 
probes were introduced through the cannula which was then removed. A 4 cm incision 
was made running parallel with any blood vessels in an area of uterus that was poorly 
vascularised and free from cotyledons. The uterine wall and all fetal membranes were 
picked up with Babcock forceps. The required part of the fetus was then carefully pulled 
out through the opening. Care was taken to avoid tearing of the uterine wall, loss of 
amniotic fluid or umbilical cord compression. Separate incisions sites were used for 
upper and lower body surgery. While exteriorised, the fetus was placed in a sterile plastic 
bag to maintain skin moisture.

Implantation o f  flow  probes

Transonic flow probes (Transonics Inc., Ithaca, NY, USA) were implanted around the 
femoral and carotid arteries. The femoral artery was located in the femoral canal bound by 
the sartorius (anterior), gracilis (medial aspect) and vastus medialis (lateral aspect) 
muscles (Gray, 1993). A 3 cm incision of the fetal skin was made between the muscle 
bands, running parallel to the limb. Using blunt dissection, the muscle bands were 
separated and the femoral artery was exposed. A flow probe (2R or 3R) was implanted 
around the artery at a region that was free from collateral vessels. Care was taken to avoid 
damaging the saphenous nerve. The probe was secured in place by suturing the flange to 
the muscle tissue using 3.0 silk suture. The wound was closed and the flow probe was 
anchored to the skin in two places using 2.0 silk suture.

A 5 cm midline incision was made over the trachea in the fetal neck. The right carotid 
artery was located by blunt dissection, and was very carefully dissected free of the vagus 
nerve and any fatty tissue. A probe (3R) was implanted around the artery. It was 
positioned so that it would not restrict blood flow through the vessel. The cable was again 
secured to the fetal skin at two points using 2.0 silk suture.

Catheterisation

A three-way tap (Vygon (UK) Ltd.) was connected to the blunt of each catheter at the 
distal end. The catheter was flushed with sterile saline (0.9% NaCl; saline for irrigation, 
Baxter Healthcare Ltd., UK) and all air bubbles were removed. The proximal end was cut 
into a bevel. Catheters were placed in a fetal carotid artery, jugular vein, trachea and 
amniotic cavity.
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Fetal vascular catheters were inserted via the midline incision in the neck at the time of 
implantation of the flow probe. The respective vessels were located using blunt dissection 
and freed of surrounding fatty and connective tissue. The vessel was ligated distally with
2.0 silk suture. A second ligature (2.0 silk) was loosely tied around the vessel ca. 2 cm 
below the ligature, proximally to the heart. A small hole was cut in the vessel and the 
catheter was inserted and advanced ca. 1 cm towards the heart. The catheter was tested by 
withdrawing blood and flushing saline, and then fixed in the vessel by securing the 
second ligature.

The trachea was located by blunt dissection and freed of surrounding connective tissue. A 
length of 1.0 silk suture was passed underneath and tied loosely around the trachea. 
Using a needle (size 6 half-curved triangular) a small hole was made between 2 rings of 
cartilage. The catheter was inserted and advanced ca. 3 cm towards the lungs. The 
catheter was secured using the ligature. Patency of the catheter was checked by 
withdrawing a small amount lung fluid and slowly pushing it back in. Once the fetal 
vascular and tracheal catheters and carotid flow probe had been implanted, the skin was 
closed using 2.0 silk suture. Catheters were secured to the skin near the site of 
implantation using 2.0 silk suture.

The amniotic catheter was sutured to the fetal skin at the time of ECG implantation. 

Implantation o f  electrodes

Electrodes were implanted for recording of ECG, Diaphragm EMG and ECoG. A 
separate earth electrode was also implanted. The ECG electrode was sewn 
subcutaneously over the fetal sternum, with the wires ca. 5 cm apart. Care was taken to 
ensure that the bared areas of the wire were not exposed.

For the diaphragm EMG electrode, a 1 cm incision was made over the 3rd intercostal 
space (counted from the bottom of the rib-cage). The 3rd and 4th ribs were separated 
using blunt dissection and the chest cavity was exposed. Allis forceps were used to retract 
the ribs for ease of implantation of the electrode. If the lower lobe of the lung was 
exposed it was retracted with a moist cotton bud. The bared portions of the electrode 
wires were sewn into the diaphragm ca. 1 cm apart. The free ends of the wires were tied 
down in a double knot onto the diaphragm to prevent movement. These were trimmed as 
short as was safely possible to reduce irritation of the lung. A length of 2.0 silk suture 
was looped under the ribs and these were tied closed. The wound was then closed with
2.0 suture. The EMG electrode was secured with the ECG electrode and amniotic catheter 
to the fetal skin.
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To enable ECoG electrode placement, a 4 cm incision was made in the skin at the top of 
the skull. The skin and underlying fascia was pushed back with a sterile gauze swab. 
Pressure was applied to stem any bleeding. Holes were hand-drilled bilaterally ca. 2 cm 
lateral to the sagittal suture and ca. 0.5 cm anterior to the interparietal bone. Care was 
taken to ensure that the drill did not penetrate the dura. The balled signal wires of the 
ECoG electrode were inserted through the holes to lie in contact with the dura. They were 
then fixed in position by glueing (Cyanoacrylate adhesive, RS Components, UK) the 
rubber discs down onto the holes. The earth wire and the separate earth electrode were 
sewn subcutaneously on the underside of the exposed skin. The skin was then glued 
closed. Any excess glue was removed to prevent irritation of the uterus. The ECoG and 
earth electrodes were secured to the back of the neck with 2.0 suture.

Closing procedures

The fetus was returned to the uterus which was then closed with a continuous 2.0 silk- 
suture, taking care to pick up all the fetal membranes. The catheters, electrodes and flow 
probe leads were divided into two bundles to minimise fluid loss. The uterus was then 
oversewn with 2.0 suture to prevent rupture and to create a water-tight seal. Catheter, 
electrode and flow probe lead lengths were then adjusted so that there was enough length 
outside the animal, but also so that there was adequate length within the animal to allow 
for any movement. The peritoneum (cotton umbilical tape; Ethicon, UK) and then the 
skin (1.0 silk suture) were closed. The maternal exit wound on the flank was closed with 
a purse string suture using 1.0 silk suture.

Following completion of surgery, catheters were flushed with heparinised saline (10 
I.U./ml. Heparin: CP Pharmaceuticals Ltd., Wrexham, UK; Saline: 0.9%). Antibiotics 
were administered to the amniotic cavity (600 mg Crystapen; Britannia Pharmaceuticals, 
Redhill, Surrey, UK; and 80mg Gentamicin; DBL, Tachbrook Park, Warwick, UK).

2.4.5 Maternal surgery

A maternal hind leg was positioned and covered with sterile drapes so that the pedal vein 
was visible near the ankle joint. A 3 cm incision was made to one side of the vein and a 
trocar was inserted. The trocar was tunnelled subcutaneously and pushed through the 
skin at the top of the leg. A catheter was threaded through the cannula, and the proximal 
end was brought out at the site of incision. The cannula was then removed. Using blunt 
dissection, a 2 cm portion of the pedal vein was freed of surrounding fatty and connective 
tissue. The vessel was ligated distally with 1.0 suture. A second ligature was tied loosely
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around the vessel proximally (2cm) to the first. A heparinised saline-filled catheter was 
introduced through a small hole in the vessel and advanced ca. 7cm. Patency was 
confirmed by withdrawing blood and flushing saline. The catheter was secured in the 
vessel by tying down the second ligature. The maternal skin was closed with 1.0 suture. 
The maternal catheter was secured on the ewe’s flank and with the fetal catheters at the 
exit wound. The distal ends of all the catheters were tied in a plastic bag on the animals 
back. All maternal wounds were sprayed with Oxytetracycline Hydrochloride 
(Terramycin; Phizer Ltd., Sandwich, UK).

2.4.6 Lamb surgery

Catheterisation

Catheters were placed in both pedal veins as in the maternal surgery. A catheter was also 
placed in one pedal artery. The proximal end of the arterial catheter was brought out with 
the venous catheter. The artery was located and a 2 cm portion was freed of surrounding 
tissue, and the catheter was inserted. All catheters were secured (1.0 silk suture) to the 
lambs skin at 2 sites close to the exit wound at the top of the leg.

Implantation o f  electrodes

Electrodes were implanted for recording ECG. A separate earth electrode was also 
implanted. Electrodes were sewn subcutaneously into the skin on either side of the chest 
at the level of the heart. These were secured to the skin with 1.0 suture. The earth 
electrode was sewn subcutaneously over the skull of the lamb. It was then secured with
1.0 suture.

Catheters were flushed with heparinised saline (10 I.U./ml. Heparin: CP Pharmaceuticals 
Ltd., Wrexham, UK; Saline: 0.9%) and antibiotics were administered (600mg Crystapen 
i.v.). An elastic bandage (Surgifix, F.R.A., Italy) was placed around the chest and 
abdomen of the lamb and the catheters were secured under it in a plastic bag. All wounds 
were sprayed with Oxytetracycline Hydrochloride (Terramycin; Phizer Ltd., UK).

2.5 POST-OPERATIVE CARE

2.5.1 Fetal experiments

After the surgical procedure was completed the level of halothane in the inspired air was 
reduced to zero. The animals heart rate, respiration and arterial oxygen saturation were
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continuously monitored. The animal was then disconnected from the anaesthetic circuit. 
Once regular breathing was established the ewe was transferred to a clean metabolic crate. 
The endotracheal tube was removed only after return of swallowing reflexes and 
chewing. The animals respiration was again assessed before it was returned to the animal 
monitoring room. Food and water were not given until the ewe could support her own 
head. The ewe was monitored closely and was encouraged to stand after 2-3 h had she 
not done so already.

The health of the ewe was assessed on a daily basis by checking that she was defecating, 
urinating, and eating and drinking appropriately, and that she was able to sit and stand.

The ewe and fetus were allowed at least 4 days post-operative recovery before 
experiments began. During this time antibiotics were administered daily to the ewe 
(300mg Crystapen i.v.), fetus (150mg Crystapen i.v.) and amniotic cavity (150mg 
Crystapen i.v.). Gentamicin was administered on days 1 and 2 only, to the ewe (40mg 
i.v.) and amniotic cavity (40mg). Catheters were maintained patent by continuous 
infusion of heparinised saline (50 I.U./ml at 0.125 ml/h). Fetal arterial blood (0.5 ml) 
was collected daily during both post-operative recovery and experimental periods for pH, 
blood gas, electrolyte, haematocrit (Hct), haemoglobin (Hb), and blood glucose and 
lactate analysis [2.8.3].

2.5.2 Lamb experiments

Lambs were disconnected from the anaesthetic circuit as per the adult ewes. They were 
positioned in sternal recumbancy on the operating table and monitored until chewing and 
swallowing reflexes returned, at which point the endotracheal tube was removed. They 
were then transferred to a clean floor pen, and placed on the floor against a wall with 
straw to support the head. Lambs were observed until they were able to stand. The lamb 
was then given food and water.

Health was assessed on a daily basis as for the adult ewes. Lambs were allowed 1 day 
post-operative recovery. During this time antibiotics were administered (600mg 
Crystapen i.v.). Catheters were maintained patent by regular flushing of heparinised 
saline (100 I.U./ml). Arterial blood (0.5 ml) was collected daily during both post
operative recovery and experimental periods for pH, blood gas, electrolyte, Hct, Hb, and 
blood glucose and lactate analysis [2.8.3].

2.6 EXPERIMENTAL PROCEDURES
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2.6.1 Fetus

Drug administration  

CRH, AVP, ACTH

Corticotropin-releasing hormone (CRH) and arginine vasopressin (AVP) were 
administered during experiments in Chapters 4, 5 and 7. ACTH was administered during 
experiments in Chapter 7. All peptides were dissolved separately in 0.1% bovine serum 
albumin in sterile 0.9% saline using aseptic technique. 250 (ig Ovine CRH (Sigma 
Chemical Co., Poole, Dorset, UK) was aliquoted into 50 x 1 ml samples of 5 |lg. 500 |ig 
AVP (Sigma Co., UK) was aliquoted into 50 x 1 ml samples of 10 jig. 250 |J,g ACTH 
(Sigma Co., UK) was aliquoted into 50 x 1 ml samples of 5 jig. Aliquots were stored at 
-80° C until used. At the time of experiment, the sample was thawed on ice and the 
required amount withdrawn. The doses were the same in all experiments: 1 Jig CRH, 200 
ng AVP and 300 ng ACTH. CRH+AVP were administered simultaneously. All drugs 
were administered in a final volume of 1 ml as a bolus via the fetal jugular vein.

Cortisol

Cortisol was administered during experiments in Chapter 5. Cortisol solution was made 
fresh on each experimental day. 12 mg cortisol (Hydrocortisone, Sigma Co., UK) was 
dissolved in 150 ml 3% ethanol-saline, and was infused at a rate of 4 p,g/min (3 ml/hr). 
Control experiments were performed with vehicle infusion (3% ethanol in sterile 0.9% 
saline). Infusions were made using a 1-syringe digital infusion pump (Harvard Apparatus 
Inc., USA).

Phenylephrine, sodium nitroprusside

Phenylephrine and sodium nitroprusside were administered during experiments in 
Chapter 6. An ampoule of phenylephrine (10 mg in 1 ml; Knoll Ltd., Nottingham, UK) 
was dissolved in sterile 0.9% saline to give a final concentration of 75 jig in 1 ml. 
Sodium nitroprusside (Sigma Co., UK) was dissolved in sterile 0.9% saline to give a 
concentration of 0.1 mg in 1 ml. Drugs were injected as a bolus (1 ml) via the fetal 
jugular vein.

Acute isocapnic hypoxia
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Acute isocapnic hypoxia was used as part of experiments in Chapters 4, 6 and 8, and was 
induced by manipulating maternal inspired gases. A transparent polythene bag was placed 
over the ewe’s head and secured loosely. Known concentrations of 0 2, N2 and C 0 2 were 
piped into the bag from an external gas supply. Following a 1 h normoxic control period 
(44 1 min-1 air), fetal hypoxia ( Pa0 2 to ca. 13 mmHg) was induced for 60 min by 
reducing maternal (14 1 m in1 air; 22 1 min*1 N2; 1.2 1 m in1 C 0 2). The gas mixture 
was then returned to normoxic conditions (44 1 min-1 air) for a 1 h recovery period. Fetal 
arterial blood was sampled at 5, 15 and 45 min after the start of hypoxia to confirm that a 
satisfactory level of hypoxia was attained.

2.6.2 Lamb Experiments

All lamb experiments were conducted while the animal was resting quietly in a sling. 
Prior to surgery, and during the recovery period, lambs were placed in the sling at least 
once a day so that they became accustomed to the laboratory environment. During 
experiments a companion lamb was present. Experiments commenced once the animal 
was quiet and all cardiovascular variables had stabilised. During the experiment the lamb 
was left undisturbed except when blood sampling or drug administration was performed.

Drug administration

CRH, AVP

As for the fetal experiments, peptides were dissolved separately in 0.1% bovine serum 
albumin in sterile 0.9% saline using aseptic technique. 250 fig Ovine CRH was aliquoted 
into 15 x 1 ml samples of 10 pg, and 20 x 0.5 ml samples of 5 fig. 500 jig AVP was 
aliquoted into 50 x 1 ml samples of 10 pg. Aliquots were stored at -80° C until used. At 
the time of experiment, the sample was thawed on ice and the required amount 
withdrawn. 0.5 pg kg-1 CRH plus 0.1 pg kg-1 AVP were administered simultaneously in 
a final volume of 2 ml as a bolus via a pedal vein.

2.7 POST MORTEM PROCEDURES

2.7.1 Fetal experiments

At the end of the experimental period ewes were killed by an overdose of pentobarbitone 
(40 ml Euthatal i.v.; Rhone Merieux, Harlow, Essex, UK). Death was confirmed by 
cessation of maternal heart beat. Maternal bodyweight was recorded. The abdomen was 
opened and the uterus was removed at the cervix. The weight of the uterus was recorded.
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The uterus was then opened and the fetus(es) removed. The umbilical cord was cut at the 
level of the abdomen. Fetal body weight, crown-rump length (CRL), abdominal 
circumference (AC), femur length (FL) and biparietal diameter (BPD) were recorded. 
Correct placement of electrodes, catheters and flow probes was verified. Flow probes 
were then dissected out. The fetal brain, heart, lungs, liver, kidneys and adrenals were 
removed and weighed. The fetal body and organs were examined for any macroscopic 
abnormalities.

In the experiments reported in Chapter 9, the fetal brain and pituitary gland were removed 
and stored for later molecular biological analysis. These organs were removed using 
aseptic technique to prevent degradation of mRNA by RNase. Sterile gloves (Biogel 
Regent, UK) were worn. Instruments, drapes and aluminium foil were sterilised by 
autoclave. Plastic sheets were gamma irradiated (Sherwood Medical Industries, UK). A 
10 cm incision was made in the outer wall of the uterus. Using a new sterile scalpel blade 
the incision was completed through the inner wall and fetal membranes. The fetal head 
was removed by decapitation just below the base of the skull. The head was transferred to 
a sterile plastic sheet. Blunt-ended scissors were used to cut around the top part of the 
skull which was then removed. The whole brain was removed by cutting the nerves and 
connective tissue. The hypothalamus and right hippocampus were dissected out. 
Incisions were made on either side of the pituitary gland through the covering membrane 
which was then drawn back. The pituitary was removed by cutting through the 
surrounding connective tissue. Care was taken to ensure that the pituitary was not 
damaged during this procedure. The hypothalamus and pituitary (stalk uppermost) were 
placed on sterile aluminium foil and slow frozen over dry ice. Mounting compound 
(O.C.T. Compound, BDH Laboratory Supplies, Poole, UK) was used to ensure that the 
pituitary was frozen in the correct orientation. The right hippocampus was snap frozen in 
liquid nitrogen. Once frozen, all tissues were placed in labelled plastic bags and stored at 
-80° C.

2.7.2 Lamb experiments

At the end of experiments lambs were killed by an overdose of pentobarbitone (20 ml 
Euthatal i.v.). Death was confirmed by cessation of heart beat. Bodyweight was 
recorded. Heart, lungs, liver, kidneys, and adrenals were dissected out and weighed.

2.8 APPARATUS

2.8.1 Recording Equipment
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All recording equipment was housed in a recording room adjacent to the animal 
monitoring room. Animals could be viewed through observation windows in the 
adjoining wall. Cables were passed through holes in the wall to connect the animal to the 
recording equipment.

Infusions
Drugs

Blood g ase s  
Endocrine sam ples

I
» C atheters

T ransducers

P res
amp

sure
lifier

E lectrodesFlow probes

Transonic Head s tag e

m eter

A.C. 
amplifier

OscilloscopeR atem eter —

MacLab and 
Chart 

recorder

Apple Macintosh 
com puter

Fig. 2.5. Basic organisation of recording equipment. 

Pressure

Fetal and lamb vascular, and fetal tracheal and amniotic pressures were measured using 
pressure transducers (PDCR75 pressure transducer, Druck Ltd., UK) connected to 
pressure amplifiers (NL108, Neurolog System, Digitimer Ltd., UK). Catheters were 
connected to the transducers using sterile 3-way taps (Vygon (UK) Ltd.). Prior to 
experimentation, transducers were calibrated onto the MacLab and Chart Recorder using a 
mercury sphygmomanometer.

Fetus

Pressure transducers were housed in a perspex box which was secured on the side of the 
metabolic crate, approximately at the level of the fetal heart. In some experiments amniotic 
pressure was used as a baseline and was subtracted from all other pressures using a
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differential amplifier. When it was not possible to do this, the ewe remained standing 

throughout the duration of the experiment.

Lamb

As for the fetus, transducers were housed in a perspex box. This was secured on a table 
next to the lamb, approximately at the level of the heart.

Electrical signals

Fetal and lamb ECG, and fetal EMG and ECoG signals were recorded by connecting the 
electrodes to A.C. amplifiers (NT114A, Neomedix Systems, UK) via headstages. 
Signals were observed on an Oscilloscope. The fetal diaphragm EMG output signal from 
the A.C. amplifier was integrated (EMG integrator : NL 703, Neurolog System, 
Digitimer UK), with a time constant of 50 msec.

Flow probes

Fetal flow probes were connected to flow meter (T201 2-channel ultrasonic blood flow 
meter, Transonic Systems Inc., USA). The flowmeter average flow output signal was 
used for measurement of blood flows. At the time of experimentation zero flow and 
maximum deflection-flow value were obtained for calibration.

H eart rate determination

Heart rate was calculated from the pulsatile blood flow output signal from the flow meter. 
When this was not present, the ECG signal or arterial pressure wave was use to obtain 
heart rate. Heart rate was measured using either a ratemeter, or the MacLab which had an 
on-line facility for rate determination.

2.8.2 Data acquisition

MacLab

Data were recorded using MacLab/8s hardware (AD Instruments Ltd., UK) and data 
acquisition software. The MacLab is an 8 channel amplifier system with an analogue to 
digital signal converter. Signals were displayed on a Apple Macintosh Quadra 610 
computer using MacLab Chart software. The rate of data sampling was 100 samples per 
sec. Data were stored on 88MB Syquest cartridges.
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Chart recorder

In some experiments signals were also recorded on an 8 channel chart recorder 
(Linearcorder FWR3701, Graphtec UK Ltd.).

2.8.3 pH, blood gas, electrolytes, Hct, Hb, glucose and lactate 
measurement

Fetal and lamb arterial blood was sampled using heparinised 1 ml syringes. Blood gases, 
electrolytes (Na+, K+, Ca2+), pH and Hct were measured on a blood gas analyser (BGE, 
Instrumentation Laboratory, Warrington, Cheshire, UK, values corrected to 39.5° C for 
the fetus and 37° C for the lamb). A haemoximeter was used for measurement of Hb 
(CO-oximeter 482: Instrumentation Laboratory) and glucose and lactate were measured 
by glucose-lactate analyser (YSI, 2300 ST AT PLUS).

2.8.4 Collection of plasma

Blood samples were collected from animals using aseptic technique and transferred into 
EDTA polypropylene collection tubes (Vacutainer, Becton Dickinson, UK) kept on ice. 
These were centrifuged at 0° C at 2000g for 10 min. Plasma was removed, aliquoted into 
2 ml plastic tubes and then stored at -30° C until assayed.

2.9 DATA ANALYSIS 

2.9.1 Arterial blood pressure, heart rate, and blood flow

Recordings of fetal and lamb cardiovascular parameters were analysed using off-line 
functions of the MacLab. Data were divided into 1 min periods and all values within a 
particular minute were averaged (minute average). Minute averages were then selected at 
15 min intervals throughout the course of the recording. Thus in any particular hour, a 
minute average value was obtained at 0, 15, 30, 45 and 60 min.

In experiments were parameters changed rapidly, additional minute averages were 
obtained at 5 min intervals (see specific chapters for details).

2.9.2 Vascular resistance
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The hydraulic equivalent of Ohm’s law states that resistance to flow between two points 
along a tube equals the pressure drop between the two points divided by the flow. Thus 

applied to the cardiovascular system:

R = Pa - Pv

Q

where R = vascular resistance, Pa = arterial pressure, Pv = venous pressure and Q = 
blood flow. This formula was used to calculate vascular resistance in the femoral or 
carotid artery. This formula assumes that the relationship between pressure and flow is 
linear.

Other factors that affect vascular resistance are defined by the Poiseuille-Hagen Law, 
which describes the resistance to flow of a Newtonian fluid through a straight glass tube 
of circular cross-section:

Q = 7t r4 AP 
8 r\ 1

where r = radius of the tube, r| = viscosity of the fluid, 1 = length of the tube and AP = the 

pressure difference.

thus:
R = 8r ) l  

n  r4

In this relationship, changes in radius of vessels constitute the major factor capable of 
regulating resistance. However there are limitations to both Ohm’s Law and the 
Poiseuille-Hagen Law, as vessels are not rigid structures, blood is an inhomogenous 
fluid and flow is neither laminar nor steady-state. A better model would take into account 
a vascular compliance component. However, as it is not possible to measure moment to 
moment changes in vascular compliance, the derivation of Ohm’s Law is the best 
available method of measuring vascular resistance.

2.9.3 Behavioural activity

Fetal breathing movements (FBM) were identified as periods when positive excursions of 
integrated diaphragm EMG activity occurred combined with negative pressure deflections 
of tracheal pressure. FBM and ECoG activity were recorded continuously in all fetal
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experiments. Although the data are not included in this thesis, the presence of FBM and 
ECoG activity was used as an added assessment to confirm fetal well-being.

2.9.4 ACTH and cortisol

ACTH and cortisol were measured by radioimmunoassay [Appendix 3]. Profiles of the 
change in plasma level of ACTH or cortisol with time (min or day) were generated.

2.8 STATISTICS

The statistical analyses in this thesis were performed after consultation with Professor S. 
Senn, Department of Statistical Science & Department of Epidemiology, University 
College London.

All data were presented as mean ± S.E.M. In statistical tests significance was accepted 
when P<0.05.

Throughout this thesis, parametric methods of statistical analysis have been used. These 
types of method are based on the assumption that the observed data are a sample from a 
population with a distribution that has a known theoretical form, e.g. the Normal 
distribution. Theoretical distributions can be described by parameters such as the mean 
and standard deviation, hence the term, parametric methods. Other types of statistical 
methods do not involve distributional assumptions and are referred to as distribution-free 
or non-parametric methods, and are based on analysis of ranks rather than actual data. 
When deciding between use of parametric or non-parametric methods, a test of Normality 
is usually performed. With small sample sizes, as presented in this thesis, it is difficult to 
assess from a frequency histogram whether data follows a Normal distribution. In 
addition, the t test [2.8.2], which is a parametric method of analysis, is considered to be 
‘robust’ when the sample distribution deviates from Normality (Kirkwood, 1988). Thus, 
parametric methods of analysis have been used throughout this thesis.

2.8.1 Analysis of serial measurements

Studies in which repeated measurements are taken on individuals at specific times yield a 
series of observations termed “serial measurements”. A common method of analysing 
these types of data is to perform independent analyses at each time point, such as a two- 
sample t test or one-way analysis of variance. There are a number of criticisms of this 
approach: 1) The design of the study is ignored as no account is made of the fact that the 
values at each time point are from the same individuals. 2) It is difficult to interpret the
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multiple non-independent P values that are obtained when different groups of subjects are 
compared. 3) No allowances are made for any missing observations, so the data at 
different times may not relate to exactly the same group. An alternative approach to 
analysis of serial measurements is to reduce each subject’s data to certain features of 
particular interest. These features are termed “summary measures”. They are generated by 
identifying and calculating a suitable summary of the response of an individual, such as 
rate of change or an area under a curve. These summary measures are then analysed in the 
same way as if they were raw data (see Matthews et al., 1990). The advantages of this 
method are that it can cope with missing observations and variable timing of 
observations, and it enables comparison of serial measurements for the same subject 
under different conditions. It also makes the data easy to present and interpret. Using this 
method, it appears that a lot of the data are discarded. However, the large number of 
observations is more apparent than real, as consecutive readings in any individual will be 
highly correlated. Furthermore, in this thesis, it is differences between groups rather than 
differences within groups which are the primary focus for the statistical analysis.

2.8.2 Statistical tests

Student's t distribution

The t distribution can be used to compare means of two groups. When means are 
compared between groups, an unpaired t test is used, and when differences are compared 
within groups, a paired t test is used. T tests have been used extensively in this thesis, in 
particular, for analysis of data that have been reduced to summary measures. The specific 
use of the t test is described in the relevant results chapters.

Multiple comparisons

Performing multiple comparisons on a pair of data sets increases the probability of 
finding a significant difference just by chance, as within each test there is a 5% chance of 
a false positive result. Thus, in this thesis, this approach has been avoided where 
possible. However, when it was necessary to perform multiple comparisons, P values 
were adjusted using the Bonferroni method. Prior to the analysis the number of 
comparisons to be made was set. The P value obtained from each test was multiplied by 
the number of comparisons. The disadvantage of this method is that for large numbers of 
comparisons it is highly conservative. Thus, comparisons were limited to those that were 
specifically relevant to the research objective.

Analysis o f  variance
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Analysis of variance is a statistical test which can be used to compare means between 
groups. The method of this test is based on assessing how much the overall variation in 
the data is attributable to differences between the group means, and comparing this with 
the amount attributable to differences between individuals within the same group. The 
null hypothesis is that the variance between groups is not different from the variance 
within the groups.

When the group means to be compared are defined by one factor, the method is termed 
one-way analysis of variance. For example, fetal bodyweight data in Chapter 3 are 
defined by group i.e. C vs. R. In this case, comparison between two groups using 
analysis of variance is equivalent to comparison by unpaired t test, and hence, the latter 
method has been used. Although it has not been used in this thesis, one-way analysis of 
variance is appropriate when comparing the means of three or more groups. In this 
situation, one-way analysis of variance allows comparison between the groups using a 
single test, rather than by repeated comparisons using unpaired t tests.

In some experiments in this thesis, the group means can be defined by two factors. For 
example, the ACTH and cortisol response data in Chapter 4 can be defined by group (C 
vs. R), and sample time. It is possible to analyse this data by making multiple 
comparisons using unpaired t tests at each time-point. However, this method is 
inappropriate as it does not account for the second factor in the study design, i.e. sample 
time. In addition, multiple comparisons would require the use of a method of correction, 
such as the Bonferroni method, which is highly conservative. Thus when data are 
classified by two factors, a two-way analysis of variance can be used. Using this method, 
the total variation in the ACTH and cortisol response data from Chapter 4 can be divided 
into that due to differences between groups (C vs. R), differences between sample times, 
and differences within groups at each sample time. In addition it is possible to calculate 
the interaction between group and sample time, i.e. to examine if differences between 
groups are dependent on sample time or vice versa. Thus, two-way analysis of variance 
can identify if there are significant effects of the main factors, which in the above example 
are group and time. If a significant effect of group is shown, it is then possible to 
compare means at each time point post-hoc using an unpaired t test with a Bonferroni 
correction (Kirkwood, 1988; Altman, 1996).

In this thesis, two-way analysis of variance has been used to analyse data for plasma 
ACTH and cortisol when values are changing over time, and the specific use of this test is 
described in the relevant chapters. This test has been used to identify significant effects of 
group (C vs. R), time (mins or days) and the interaction between group and time. The
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main focus was on the effects of group, and the P values of the other effects have not 
been reported. In some instances, further analysis of the data has been performed using 
paired and unpaired t tests.

Data transformation

Throughout this thesis ACTH and cortisol data were transformed logarithmically prior to 
analysis. This was performed to equalise the variance of the sample groups and reduce 
the influence of outlying values (Altman, 1996). All statistics were performed on 
transformed data, however, for ease of interpretation, ACTH and cortisol data have been 
presented as the arithmetic mean ± S.E.M., and have not been back-transformed to obtain 
the geometric mean.
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CHAPTER 3

EFFECTS OF EARI^Y GESTATION 
NUTRITIONAL RESTRICTION ON 

FETAL AND PLACENTAL 
GROWTH AND DEVELOPMENT

3.1 INTRODUCTION

Epidemiological evidence in the human suggests that impaired fetal growth is associated 
with increased risk of adult cardiovascular disease (Barker et al., 1989b; Stein et al., 
1996). In addition, low birthweight (Barker et al., 1989a) and increased placental weight 
(Barker et al., 1990) have been linked to raised blood pressure in later life. It is proposed 
that maternal undemutrition may act as an adverse environmental influence to alter growth 
and organ function of the fetus and placenta (Barker, 1998). These changes may be 
linked to the development of later disease. This chapter reports the effects of a modest 
level of maternal undemutrition on growth and morphology of the fetus and placenta in 
sheep.

Maternal undemutrition has been shown to produce effects on fetal and placental growth. 
The effects appear to be determined by a number of factors, including the timing, duration 
and severity of the nutritional restriction period, and maternal body reserves at the time of 
conception (DeBarro et al., 1992). For example, it has been reported that undemutrition 
during mid-gestation increases fetal size, whereas undemutrition during mid-late gestation 
reduces fetal size (Faichney & White, 1987). In contrast, Crowe et al. (1996) found that 
fetal size was not affected by maternal undernutrition during early gestation. Maternal 
undernutrition has also been demonstrated to increase (Faichney & White, 1987; 
McCrabb et al., 1991) and decrease (Murthy et al., 1975; Stein & Susser, 1975) placental 
size. In a study which examined the role of maternal body reserves at the time of mating, 
nutrient restriction in mid-pregnancy caused placental enlargement and increased fetal size 
in ewes which had been well-nourished at the time of conception, but decreased placental 
and fetal size in animals which had poor nutrition at conception (DeBarro et al., 1992). 
Therefore, adaptive changes at the placenta may act to maintain fetal growth during 
conditions of reduced nutrient supply. Further evidence for this hypothesis has been 
shown in the study of Crowe et al. (1996) in which maternal undernutrition produced a
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change in placental morphology which was thought to indicate an overgrowth of the fetal 
side of the placenta.

It is important to consider fetal body proportions and individual organ weights when 
assessing growth. If all fetal organs are reduced in size by the same degree, fetal growth 
is said to be proportionally reduced, but when only some organs are affected, the 
reduction of size is termed disproportionate. The same is true if organ size is increased. 
Disproportionate reduction of fetal growth results in altered organ weight to fetal 
body weight ratios. An example of this situation is shown when maternal undemutrition 
occurs during “critical periods” of rapid cell division. The response of the fetus is to 
reduce its rate of cell division, especially in those tissues which are undergoing rapid 
division at that time (McCance & Widdowson, 1974; Widdowson & McCance, 1975). 
As these critical periods occur at different times in different tissues, undemutrition can 
produce a greater effect on some tissues depending on the time in gestation that it occurs, 
and may consequently produce disproportionate growth retardation.

The aim of this study was to examine the effects of reduction of maternal nutritional 
intake by 15% from conception to day 70 of gestation on growth and morphology of the 
fetus and placenta in the second half of pregnancy. Despite the considerable amount of 
data on the effects of maternal undemutrition on fetal and placental growth, it is necessary 
to perform this study as the effects may be specific to this particular nutritional regime. It 
is important to understand these specific effects as they will be used in interpretation of 
the results of later investigations reported in this thesis, which will examine the effects of 
this nutritional challenge on fetal cardiovascular and HPA axis development.

The nutritional protocol used in the present study is almost exactly the same as that used 
in the study of Crowe et al. (1996), which examined the effects in Clun Forest breed 
sheep. The present study was conducted in Welsh Mountain breed sheep. This was 
because the Welsh Mountain breed produces a higher proportion of singleton fetuses 
compared to the Clun Forest breed. The use of singleton fetuses in experiments is 
preferable as interpretation of the results is simpler. The Welsh Mountain breed originates 
from a highland environment and thus is adapted to conditions of low or inconsistent 
nutrient supply. In contrast, the Clun Forest breed originates from a lowland environment 
and thus is adapted to a conditions of good nutrient supply. It was therefore appropriate 
to re-examine the effects of the nutritional protocol of Crowe et al. (1996) in the present 
study, as it was possible that the effects would differ between the two breeds.

3.2 METHODS
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3.2.1 Experimental design

This investigation was conducted in Welsh Mountain ewes [2.1]. Data on maternal 
body weight and condition score from the study of Crowe et al. (1996) in Clun Forest 
ewes are displayed for comparison.

Nutritional intake was regulated between 0-70 days gestation (dGA) [2.2.2]. Maternal 
body weight and body condition score was measured on a weekly basis. Post mortem 
examinations were performed at 88-93 dGA (designated 90 dGA) and 127-130 dGA 
(designated 130 dGA) in 5 control (C) ewes and 5 nutrient restricted (R) ewes. An 
extensive post-mortem examination was performed. In addition to the standard procedure 
described previously [2.7.1], the pancreas, spleen, thymus, thyroid and perirenal fat 
were dissected out and weighed. The uterus was opened along the midline of each horn. 
Individual placentomes were dissected from the uterus, trimmed of membranes and 
blotted dry. Gross morphology of the placenta was assessed by grading each placentome 
according to the classification of Vatnick et al. (1991) (Fig. 3.1). This method involves 
assessing the relative amounts of maternal and fetal tissue in each placentome. The 
number of each type of placentome was recorded, and the weight of all placentomes of 
each type was measured.

A B

Fig. 3.1. Diagrammatic representation of the different types of ovine placentome, based 
on the classification system of Vatnick et al. (1991). The dark area represents fetal tissue, 
and the light area represents maternal tissue. Placentomes were graded on the basis of 
gross morphology and relative amounts of maternal and fetal tissue. The relative 
proportion of fetal tissue increases between type A through to type D placentomes.
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3.2.2 Data analysis

All data are displayed as mean ± S.E.M. Significance was accepted when P<0.05. When 
multiple comparisons were made, P values were corrected using the Bonferroni method.

Maternal data

For the Welsh Mountain breed sheep maternal data were collected from 36 C animals and 
39 R animals. These data were collected from animals which were used in a number of 
different studies which examined the effects of maternal undernutrition on fetal 
development. Of these animals, data for fetal and placental growth reported in the present 
study were collected from 5 C and 5 R animals. For the Clun Forest breed sheep maternal 
data were collected from 6 C and 6 R animals.

Data for maternal body weight and condition score were expressed as a percentage change 
from baseline. For Welsh Mountain ewes baseline was defined as the mean of the 
previous three weekly measurements up to and including conception. For Clun Forest 
ewes baseline was the measurement at two weeks prior to conception. The percentage 
change from baseline was then calculated for all subsequent measurements. The 
experimental period was divided into three time periods: 0-70 dGA, 70-119 dGA and 0- 
119 dGA. Within these time periods, weekly measurements of the percentage change 
were averaged to produce a summary measure. Summary measures were then compared 
between C and R animals, using Student’s unpaired t test to determine significance. 
Absolute values of maternal bodyweight and condition score were also compared between 
C and R animals in Welsh Mountain ewes at day 0 of gestation with Student’s unpaired t 
test to determine significance.

Fetus and placenta

Mean values for fetal and placental data were compared between C and R fetuses by 
Student’s unpaired t test. All the fetal and placental data which are reported in this study 
were collected from Welsh Mountain breed sheep.
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3.3 RESULTS

3.3.1 Maternal bodyweight and body condition score

Data for maternal bodyweight and condition score are shown in Tables 3.1 and 3.2 and 
Figs. 3.2 and 3.3.

Welsh Mountain Ewes

The change from baseline of maternal bodyweight was significantly different between C 
and R ewes at 0-70 dGA (Table 3.1). Bodyweight was significantly lower in R ewes 
compared to C fetuses on day 0. The change from baseline of condition score was 
significantly different between C and R ewes at 0-70, 70-119 and 0-119 dGA (Table 
3.1). Condition score was significantly lower in R ewes compared to C ewes on day 0.

Change from baseline (%)

Bodyweight (kg)
C (n=36) 
R (n=39) 

Condition score 
(arbitrary unit)

C (n=36) 
R (n=39)

D A Y 0

49.2 ±  0.9 
44.1 ±  0.7§

3.2 ± 0.05 
2.5 ±  0 .04f

DAY 0-70 DAY 70-119 DAY 0-119

1.13 + 0.41 7.77 ± 0 .8 8  3.87 + 0.92 
-0.32 ± 0 .3 1 *  7.89 ±  1.42 3.06 ± 1.17

-1.26 ± 0 .4 1  0.04 ± 0 .8 3  -0.72 ± 0.43 
-6.09 ± 1.19** -6.24 ±  1.78* -6.15 ±  0.98***

Table 3.1. Data for maternal bodyweight and condition score in C and R Welsh 
Mountain ewes. Data are shown for the absolute values of these parameters at day 0 of 
pregnancy, and the % change from baseline. Values are shown as mean ± S.E.M. 
*P<0.05, **P<0.01, ***P<0.001, §P<0.0001, tP<9xl0_16 (unpaired t test) C vs. R.

Clun Forest Ewes

The change from baseline of maternal bodyweight was significantly different between C 
and R ewes at 0-70, 70-119 and 0-119 dGA (Table 3.2). The change from baseline of 
condition score was significantly different between C and R ewes at 70-119 and 0-119 
dGA (Table 3.2).
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Change from baseline (%)

Bodyweight
C (n=6) 
R (n=6) 

Condition score
C (n=6) 
R (n=6)

DAY 0-70 DAY 70-119 DAY 0-119

-0.79 ± 0 .2 6  3.63 + 0.95 1.10 ± 0 .7 0  
-4.49 ±  0.50§ -2.30 ±  0.69** -3.51 ±  0.50§

-5.77 ±  1.07 -7.24 ±  0.45 -6.31 ±  0.69 
-9.44 ± 2 .0 4  -21.11 ±  1.54*** -14.14 ± 1.99**

Table 3.2. Data for maternal bodyweight and condition score in C and R Clun Forest 
ewes. Data are shown as the % change from baseline. Values are shown as mean ± 
S.E.M. **P<0.01, ***P<0.001, §P<0.0001 (unpaired t test) C vs. R.

Comparison o f  responses between Welsh and Clun ewes

When examined over the period 0-70 dGA, the percentage decrease in maternal 
bodyweight of R animals was significantly greater in Clun Forest compared to Welsh 
Mountain ewes (P<3xl0-7). The fall in condition score in R animals was not different 
between Welsh Mountain and Clun Forest ewes between 0-70 dGA.
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3.3.2 Fetal growth and organ weights

Data for fetal growth and fetal organ weights are shown in Tables 3.3 and 3.4, and Figs. 
3.5 - 3.6.

At 90 dGA, perirenal fat was significantly reduced in R fetuses compared to C fetuses, 
both in absolute terms (P<0.05), and as a percentage of fetal body weight (P<0.05) (Table 
3.3, Figs. 3.5 and 3.6). The BPD/AC ratio was significantly increased in R fetuses 
compared to C fetuses at 90 dGA (P<0.05) (Table 3.3). All other parameters were similar 
in C and R fetuses at 90 dGA.

At 130 dGA, kidney weight was significantly reduced in R fetuses compared to C 
fetuses, when expressed as a percentage of body weight (P<0.05) (Table 3.4, Fig. 3.6). 
There were no differences between C and R fetuses for any other parameter at 130 dGA.
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90 dGA
C (n=5) R (n=5)

Fetal Weight (kg) 0.54 ± 0.05 0.52 ± 0.02
Uterus (kg) 2.66 ± 0.23 2.28 ± 0.13

Lengths (cm)
CRL 26.92 ± 0.72 26.06 ± 1.22
AC 18.34 ± 0.64 18.00 ± 0.34
FL 4.73 ± 0.27 4.28 ± 0.19
BPD 4.10 ±0 .14 4.22 ± 0.06
BPD/AC 0.22 ± 0.00 0.23 ± 0.00*

Organs (g)
Brain 13.36 ± 1.05 13.94 ± 0.60
Heart 4.69 ± 0.07 4.31 ± 0.39
Lung 21.83 ± 1.74 23.11 ± 1.37
Liver 30.23 ± 2.82 30.36 ± 1.43
Kidneys 5.81 ± 0.54 5.10 ± 0.36
Adrenals 0.14 ± 0.01 0.14 ± 0.02
Perirenal Fat 1.76 ± 0.17 1.18 ±0.15*
Pancreas 0.51 ± 0.09 0.51 ± 0.06
Spleen 0.67 ± 0.08 0.73 ±0.11
Thymus 1.78 ±0.25 1.41 ± 0 .26
Thyroid 0.19 ± 0.01 0.18 ± 0.02

Organs (%bodyweight)
Brain 2.50 ± 0.06 2.67 ± 0.09
Heart 0.90 ± 0.07 0.82 ± 0.04
Lung 4.15 ± 0.37 4.42 ± 0.20
Liver 5.65 ± 0.22 5.80 ±0 .18
Kidneys 1.09 ± 0.05 0.98 ± 0.08
Adrenals 0.03 ± 0.00 0.03 ±  0.00
Perirenal Fat 0.33 ± 0.03 0.22 ± 0.02*
Pancreas 0.10 ±0 .02 0.10 ±0.01
Spleen 0.13 ± 0.01 0.14 ± 0.02
Thymus 0.34 ± 0.05 0.27 ± 0.05
Thyroid 0.04 ± 0.00 0.04 ± 0.00

Table 3.3. Fetal growth and organ weight data at 90 dGA in C and R fetuses. Organ 
data are shown as absolute values and as the percentage of fetal body weight. Values are 
mean ± S.E.M. *P<0.05 (unpaired t test) C vs. R. Note that perirenal fat was reduced, 
and the BPD/AC ratio was increased in R fetuses compared to C fetuses.
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130 dGA
C (n=5) R (n=5)

Fetal Weight (kg) 3.50 ± 0.20 3.60 ± 0.20
Uterus (kg) 6.75 ± 0.77 5.59 ± 0.32

Lengths (cm)
CRL 46.82 ± 1.25 46.96 ± 2.86
AC 34.46 ± 0.83 34.30 ± 0.88
FL 10.00 ± 0.46 10.13 ± 0.30
BPD 6.11 ± 0.08 6.02 ± 0 .12
BPD/AC 0.18 ± 0 .00 0.18 ± 0.00

Organs(g)
Brain
Heart 22.55 ± 0.64 24.40 ± 2.54
Lung 79.65 ± 7.63 98.71 ± 2.53
Liver 97.23 ± 6.53 92.69 ± 8.77
Kidneys 20.44 ± 0.80 18.29 ± 0.66
Adrenals 0.36 ± 0.04 0.41 ± 0.03
Perirenal Fat 11.88 ± 0.92 11.97 ± 1.72
Pancreas 3.35 ± 0.25 3.04 ± 0.31
Spleen 4.79 ± 0.43 4.53 ± 0.49
Thymus 12.05 ± 1.12 13.59 ± 2.11
Thyroid 0.81 ± 0.13 0.61 ± 0.14

Organs (%bodyweight)
Heart 0.65 ± 0.02 0.67 ± 0.05
Lung 2.28 ± 0.21 2.76 ± 0.08
Liver 2.78 ± 0.10 2.56 ± 0.13
Kidneys 0.59 ± 0.01 0.51 ± 0.02*
Adrenals 0.01 ± 0.00 0.01 ± 0.00
Perirenal Fat 0.34 ± 0.02 0.33 ± 0.04
Pancreas 0.10 ± 0.01 0.08 ± 0.01
Spleen 0.14 ± 0.01 0.13 ± 0.02
Thymus 0.35 ± 0.03 0.37 ± 0.04
Thyroid 0.02 ± 0.00 0.02 ± 0.00

Table 3.4. Fetal growth and organ weight data at 130 dGA in C and R fetuses. Organ 
data are shown as absolute values and as the percentage of fetal body weight. Values are 
mean ± S.E.M. *P<0.05 (unpaired t test) C vs. R. Note that %kidney weight was 
reduced in R fetuses compared to C fetuses.
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Fig. 3.4. Fetal growth and body weight data at 90 dGA (left) and 130 dGA (right) in C 
(□ ) and R (■) fetuses. Values are mean ± S.E.M. If no S.E.M. is shown it is too small 
to be displayed and is contained within the column.
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Fig. 3.5, Fetal organ weight data at 90 dGA (left) and 130 dGA (right) in C (□ ) and R 
(■) fetuses. Values are mean ± S.E.M. If no S.E.M. is shown it is too small to be 
displayed and is contained within the column. Brain weight not available at 130 dGA.
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*P<0.05 (unpaired t test) C vs. R. Note that perirenal fat was reduced in R fetuses 
compared to C fetuses at 90 dGA.
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Brain weight not available at 130 dGA. *P<0.05 (unpaired t test) C vs. R. Note that 
kidney weight (% body) was reduced in R fetuses compared to C fetuses at 130 dGA.

3.3.3 Placenta

Data for the effects on the placenta are shown in Figs. 3.7 - 3.10.

At 90 dGA, the mean weight of all placentome types was significantly reduced in R 
animals compared to C animals (P<0.05) (Fig. 3.9). All other parameters were similar in 
both groups of animals. No data are shown for total weight of B, C and D placentomes at 
90 dGA as these types were only observed in 1 animal in each group.

At 130 dGA, there were no differences for any parameter between C and R animals. In C 
animals, the total weight of all placentomes was significantly reduced compared to 90 
dGA (P<0.05) (Fig. 3.7). The fetal/placental weight ratio was significantly greater at 130 
dGA compared to 90 dGA in both C (PcO.001) and R (PcO.001) animals (Fig. 3.10).
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Fig. 3.7. Data for uterus weight, placentome number, and total placentome weight at 90 
dGA (left) and 130 dGA (right) in C (□ , n=5) and R (■, n=5) animals. Values are mean 
± S.E.M. *P<0.05 (unpaired t test) 90 dGA vs. 130 dGA. Total weight of placentomes 
was reduced at 130 dGA compared to 90 dGA in C animals.
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Fig. 3.10. Fetal/placental weight ratio at 90 dGA (left) and 130 dGA (right) in C (□ , 
n=5) and R (■, n=5) fetuses. Values are mean ± S.E.M. If no S.E.M. is shown it is too 
small to be displayed and is contained within the column. *P<0.001 (unpaired t test) 90 
dGA vs. 130 dGA. Ratio greater at 130 dGA compared to 90 dGA in both C and R 
animals.
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3.4 DISCUSSION

The results of this study show that modest maternal undernutrition during early 
pregnancy did not affect fetal bodyweight. In addition there were no changes in fetal 
organ weights, apart from the kidneys, which were smaller in R fetuses compared to C 
fetuses at 130 dGA when expressed as a percentage of bodyweight. The weight of 
perirenal fat was also reduced in R fetuses, at 90 dGA, in terms of both the absolute 
weight and the percentage of bodyweight. Fetal body lengths were not significantly 
different between C and R fetuses. However, the ratio of BPD/AC was significantly 
greater in R fetuses compared to C fetuses at 90 dGA.

Mean placentome weight was significantly reduced in R animals compared to C animals at 
90 dGA. There were no differences between the two groups of animals for total 
placentome v/eight or total placentome number. The distribution of the different 
placentome types was similar in both groups of animals.

Maternal nutrient restriction caused a fall in bodyweight and condition score in both 
Welsh Mountain and Clun Forest breed sheep. The effect on maternal bodyweight was 
greater in the Clun Forest ewes.

3.4.1 Methodological considerations

This study was designed to investigate the effects of a modest level of nutrient restriction 
on the growth and gross morphological development of the fetus and placenta, and to 
correlate these effects with those on maternal weight and condition score.

Fetus

Fetal growth was assessed by taking measurements of body weight, body proportions 
and organ weights at two stages of gestation; 90 dGA and 130 dGA. Comparisons were 
made between C and R fetuses to examine the effects of the nutritional challenge.

Fetal bodyweight has been used in a number of studies as an index of overall fetal growth 
(Robinson et al., 1979; Faichney & White, 1987; De Barro et al., 1992; Harding & 
Johnston, 1995), including the human (Fay & Ellwood, 1993; Williams et al., 1997). 
Fetal bodyweight can be used to determine if the fetus is growth restricted (Fay & 
Ellwood, 1993). However, it is possible that changes in fetal growth can occur without 
effects on fetal body weight. Fetuses whose body weights are the same can be
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distinguished on the basis of their body proportions, and this can reveal information 
about the nature of the intrauterine environment to which they have been exposed, and the 
development of certain organs. For example, chronic reduction of fetal oxygen supply 
can result in a redistribution of blood flow, favouring the brain and heart (see Jensen & 
Berger, 1993). This is reflected by a relative maintenance of the size of these organs 
compared to that of the fetal body in general and the fetal liver in particular. This ‘brain 
sparing’ effect is manifest in asymmetrically grown fetuses, which have a larger 
head/body size ratio and a long, thin body (see Owens et al., 1995). Thus, in the present 
study the following parameters were examined: biparietal diameter (BPD), as an index of 
head size, abdominal circumference (AC), which may reflect changes in liver growth, and 
crown-rump length (CRL) and femur length (FL) to provide information on the growth of 
the rest of the fetal body.

We also measured fetal organ weights at the two gestational ages. This is a common 
method of studying gross fetal development, and is standard procedure in the use of 
chronic fetal preparations. If fetal growth is altered symmetrically, then the size of the 
fetal body and organs is altered to the same degree. When growth is asymmetrically 
altered, certain organs can be affected to a greater degree than others. This is shown in the 
example above, where chronic fetal hypoxia produces a brain sparing effect. In brain 
sparing, the percentage of the whole body weight which is made up of the brain will be 
greater in hypoxic fetuses, and similarly, the percentage made up by the liver will be less. 
Therefore, in addition to measuring the absolute weights of the fetal organs, the 
percentage of total body weight was calculated for each organ.

Fetal growth parameters were examined at 90 dGA and 130 dGA. By doing this it was 
possible to gain information about the state of fetal growth at two markedly different 
stages of development. Prior to 80 dGA fetal growth rate, as measured by changes in 
mass and CRL, is low (Robinson et al., 1994; Ehrhardt & Bell, 1995; Owens et al., 
1995). After this time, fetal weight increases dramatically, and proceeds at a relatively 
constant rate until close to term. It has been reported that fetal weight may increase by a 
factor of 16 between mid-gestation and term (Molina et al., 1991). The increase in fetal 
weight is accompanied by a similar pattern of increase in crown-rump length (Mellor & 
Matheson, 1979). If maternal undemutrition did affect fetal growth rate, by examining 
fetal bodyweight and body proportions at the start of (90 dGA) and during (130 dGA) the 
period of rapid fetal growth it may have been possible to identify the period at which the 
alteration of growth occurred. For example, if fetal growth was reduced by maternal 
undemutrition at 130 dGA, but not at 90 dGA, it could suggest that fetal insulin-like 
growth factor (IGF)-l production was deficient (Gluckman, 1995), or that fetal plasma 
glucocorticoid concentrations were elevated (Fowden, 1995). In addition, between
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approximately 120 dGA and term is a period of functional maturation of a number of 
organ systems, which involves the late gestation rise in plasma cortisol concentration 
(Fowden, 1995). Alterations in these processes may be reflected by changes in fetal 
organ weight, and therefore, may be detected in the 130 dGA measurements. Also, many 
of the previous studies in our laboratory were terminated at 130 dGA, and therefore, 
would provide a large amount of data to compare with the present investigation.

There are a number of other approaches that we could have used to assess fetal growth. 
We could have performed post mortem examinations at different times of gestation, for 
example, earlier in gestation at the time of the nutritional restriction, or later close to term, 
to gain more information on possible maturational differences. Fetal growth has also been 
investigated using an indwelling ‘growth catheter’. This is a device consisting of a length 
of monofilament nylon threaded into a shorter length of polyethylene tube. The nylon 
thread is tunnelled subcutaneously from the rump along the spine of the fetus, and is 
anchored at the crown. The daily increment in fetal CRL can then be measured in utero by 
recording movement of the nylon through the polythene tube at the free end which is 
exteriorised outside the ewe. This technique is especially powerful as it permits growth to 
be studied longitudinally and allows investigation of the effects of experimental 
manipulations on growth rate during development (Mellor & Matheson, 1979; Mellor & 
Murray, 1981; Mellor & Murray, 1982; Fowden et al., 1996; Fowden, 1989a). We did 
not perform these alternative studies, as we had limited numbers of experimental animals. 
Also, we felt that the protocol was appropriate to assess the effects of the nutritional 
challenge on fetal growth.

Placenta

To study growth and development of the placenta we measured total placental weight, 
placentome morphology, individual placentome weight and placentome number. As for 
fetal body weight, placental weight has been used as an index of placental development in 
humans (Molteni et al., 1978) and experimental animals (Robinson et al., 1995).

The ovine placenta is made up of multiple separate placentomes. There are typically 80- 
150 placentomes which are dispersed over most areas of the uterine wall. It is possible to 
classify these placentomes on the basis of their gross morphology. Vatnick et al. (1991) 
identified 4 different types of placentome which were termed A, B, C and D, with the A 
type being predominant under normal conditions. We determined gross morphology of 
the placentae of our animals on this basis. This method has been used experimentally 
elsewhere to examine ovine placental morphology, and alterations in distribution have 
been suggested to reflect placental adaptive mechanisms (Penninga & Longo, 1998).
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Extensive structural remodelling of the placenta is thought to occur in the second half of 
gestation in response to the increasing demands of the rapidly growing fetus (Kelly, 
1992). Therefore, by examining placental development at 90 dGA, i.e. prior to the fetal 
growth surge, and at 130 dGA, i.e. during the growth surge, we would expect to observe 
this remodelling. This is important as it is possible that this process is altered by maternal 
undemutrition. For example, it might be expected that the placenta would adapt in some 
way to increase nutrient transfer to maintain fetal growth in the face of reduced nutrient 
supply, as has been suggested previously (Crowe et al. 1996).

There are a number of aspects of placental function that could be important for the 
response to maternal undemutrition. This investigation was limited to examining the 
effects on gross structure and morphology. More detailed investigations could focus on 
placental vascularisation or placental metabolism, both of which may be altered in 
response to a chronic insult (Harding & Johnston, 1995; Krebs et al., 1997).

3.4.2 Maternal bodyweight and condition score

In Welsh Mountain ewes, maternal undernutrition caused a reduction in maternal 
bodyweight and condition score. Bodyweight and condition score of R ewes were 
significantly different from C ewes for the whole of the nutritional restriction period. The 
fact that both bodyweight and condition score were reduced suggests that maternal fat 
stores were depleted. In Clun Forest ewes, maternal undernutrition also caused a 
reduction in bodyweight and condition score, and the changes in this breed were greater 
than in the Welsh Mountain ewes. However, in both breeds the magnitude of the fall in 
maternal bodyweight was never greater than 10% of baseline, suggesting that the 15% 
reduction had not produced severe maternal effects.

Recovery of condition score was delayed after undernutrition, suggesting that the 
restoration of bodyweight levels was not due to deposition of body fat, but was a result 
of the increasing weight of the gravid uterus. This idea was supported by the data for 
control animals where maternal bodyweight increased despite no change in condition 
score.

The difference in effect between the breeds is interesting. It is possible that as the Clun 
ewes were larger, (approx 20 kg heavier) they simply had a larger capacity for weight 
loss. However, the difference in size between the breeds was accounted for as the data 
were expressed as a percentage change in bodyweight. Thus it was possible to make 
direct comparisons between the breeds. Therefore as the nutritional regimes were almost 
exactly the same in both studies it appears that the Welsh Mountain ewes were better
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equipped to adapt to the reduction of nutrient supply. This greater efficiency of nutrient 
utilisation may reflect the fact that the Welsh Mountain breed originates from a highland 
environment where nutrient levels and availability might be expected to be low or 
inconsistent. In contrast, Clun Forest ewes are adapted to a lowland environment where 
nutrient availability would be greater. It is possible that the effects of maternal 
undernutrition on physiological function of the offspring may also differ between the 
breeds. Therefore, it is important to know if the present nutritional challenge produces 
effects on fetal and placental growth that are specific to the Welsh Mountain breed.

3.4.3 Effects of maternal undernutrition on fetal and placental 
development

The results of this study show that fetal bodyweight was not affected by maternal 
undemutrition, at either 90 dGA or 130 dGA. Fetal body proportions were also similar in 
C and R fetuses, except for the BPD/AC ratio which was greater in R fetuses compared to 
C fetuses at 90 dGA. Most fetal organs were also unaffected, both in terms of their 
absolute weight, and their weight as a percentage of fetal bodyweight. The organs that 
were altered following the nutritional challenge were perirenal fat, which was reduced in 
absolute terms and as a percentage of bodyweight at 90 dGA in R fetuses compared to C 
fetuses, and the kidneys, which were reduced as a percentage of bodyweight at 130 dGA 
in R fetuses. Total weight of all placentomes and total placentome number at 90 dGA and 
130 dGA were not altered following maternal undernutrition, however, at 90 dGA, the 
mean placentome weight was significantly reduced in R animals. The distribution of the 
different placentome types was similar in both groups of animals at both 90 dGA and 130 
dGA.

There is a considerable body of research concerning the effects of maternal nutrient 
restriction during pregnancy on growth and development of the fetus and placenta 
(Haworth & Ford, 1972; Brasel & Winick, 1972; Naeye et al., 1973; Mellor & Murray, 
1981; Newnham et al., 1991; Muaku et al., 1995; Woodall et al., 1996a). The effects 
have been studied extensively in the sheep (Mellor & Matheson, 1979; Mellor, 1987; 
Kemp et al., 1988; Charlton, 1989; Wallace et al., 1996; Heasman et al., 1998). Under 
conditions of undemutrition, the fetus is thought to maintain its nutrient utilisation for 
oxidative metabolism (Hay et al., 1984; Fowden, 1989b; Hay, 1991). Therefore, to meet 
this demand the fetus must alter its balance of nutrient utilisation by reducing tissue 
accretion processes and decreasing growth. Most fetal nutrients are supplied across the 
placenta by direct or indirect processes from the maternal circulation, and therefore, 
changes in placental function or maternal nutrient supply can directly result in altered fetal 
growth. In addition to this direct effect, changes in nutrition may also affect fetal and
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placental growth through the actions of a number of endocrine factors, which include 
insulin, the insulin-like growth factors (IGFs), thyroid hormones, glucocorticoids and a 
number of other peptide growth factors.

The effects of maternal undernutrition appear to vary, depending on the timing and 
severity of the nutritional insult, and on the species in which it is studied. Thus, when 
interpreting the effects of nutrient restriction, consideration of these parameters has to be 
made. In this section, I will discuss the effects of undemutrition at different times during 
pregnancy on growth of the fetus and placenta, mainly in the sheep, and relate the 
findings of previous studies to the results of the present investigation.

Late gestation

Fetal growth rate can be reduced by undemutrition in late gestation. Reduction of 
maternal glucose concentration in late gestation by approximately 50% rapidly decreases 
fetal growth rate, usually within 3 days of the start of the nutrient restriction. Refeeding 
after this type of nutrient restriction can return fetal growth rate to approximately normal 
values (Mellor & Matheson, 1979; Mellor & Murray, 1981; Mellor & Murray, 1982). 
These studies demonstrate the potential for reduced nutrient supply to directly decrease 
fetal growth. It is likely that the reduction of growth rate is a result of the fetus attempting 
to maintain energy supply for oxidative metabolism by redirecting nutrient supplies away 
from tissue accretion processes (Hay et al., 1984; Fowden, 1989b; Hay, 1991). In 
addition to producing a decrease in fetal growth, reduction of maternal glucose by 50% 
between 112 and 142 dGA also produces a decrease in placental weight (Mellor & 
Murray, 1981). In contrast, it has been shown that a 45% reduction of maternal nutrition 
from 100 to 135 dGA which does not affect fetal growth, causes placental weight to 
increase (Faichney & White, 1987). It has been suggested that an increase in placental 
size could be part of a compensatory mechanism to maintain fetal growth. Taken together, 
these studies suggest that the effect of undemutrition in late gestation on fetal growth may 
be determined through its effects on the placenta. Fetal growth may be preserved if the 
placenta is capable of mounting a compensatory response to increase nutrient transfer. It 
appears that fetal growth can be reduced when this does not occur. The studies of Mellor 
& Murray (1981) and Faichney & White (1987) described above are of similar severity 
and timing, yet they produce opposite effects on the placenta. The reason for this is not 
clear, but possible explanations are that the study of Mellor & Murray (1981) was slightly 
more severe, and that because it occurred later in gestation, the placenta may not have 
been able to adapt. The differing effects of the nutritional challenges illustrate the 
difficulty of interpretation of these type of data, and explanation of the mechanisms 
involved.
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M id-gestation

Faichney & White (1987) also examined the effects of their nutritional insult (45% 
reduction) in mid-gestation. They found that undemutrition from day 50 to day 100 again 
caused an increase in placental weight, but at this age it also increased fetal weight. It was 
suggested that placental transfer capacity was enhanced following the nutritional 
restriction, and that once normal feeding was restored, fetal nutrient supply was increased 
and enabled increased growth. McCrabb et al. (1991) studied the effects of “severe” 
undemutrition from early- to mid-pregnancy. It was shown that reduction of nutrition 
between day 30 and day 96 of pregnancy, which reduced maternal bodyweight by 
approximately 8 kg (>10%), did not cause any changes in fetal bodyweight, body 
proportions, or organ weights at either 96 or 140 dGA, but did produce a significant 
increase in placental weight at both these ages. This effect has also been shown in a more 
recent investigation (Heasman et al., 1998), which examined the effects of a 50% 
reduction of maternal nutritional requirements between 28 and 77 days gestation 
compared to control animals which were fed 200% of their nutritional requirements. It 
was found that this level of undemutrition caused an increase in placental weight, and 
placentome number at 145 dGA. Fetal bodyweight and organ weights were not affected 
by the 50% reduction, but CRL was significantly increased. This study is similar to that 
of McCrabb et al. (1991) in that, both produce an increase in placental weight without 
affecting fetal bodyweight. The fact that fetal bodyweight is increased following mid
gestation undemutrition in the study of Faichney & White (1987), but not in the studies 
of McCrabb et al. (1991) or Heasman et al. (1998), may reflect the differences in timing 
of the nutritional challenge, or its severity. The 45% reduction used in their study reduced 
maternal bodyweight by only 1.8 kg, whereas in the studies of McCrabb et al. (1991) and 
Heasman et al. (1998) it was reduced by around 8 kg and 3.8 kg respectively.

As shown in some of the above studies, increased placental growth may not necessarily 
always result in an increase in fetal growth. This is further demonstrated by Faichney & 
White (1987) who used a third nutritional regime, examining the effects of the 45% 
reduction in nutrition between 50 and 135 dGA. As before, placental weight was 
increased, however, this was accompanied by a decrease in fetal bodyweight. 
Interestingly, the increase in placental size that occurred was smallest in this group 
compared to the other two nutritional protocols.

Conception
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The effects of maternal undernutrition can also be influenced by the level of maternal 
body reserves at the time of mating. Russel et al. (1981) examined the effects of maternal 
weight at the time of mating, and undernutrition from 30-98 dGA, on fetal weight at 
birth. It was found that, of two groups of ewes studied, fetal bodyweight was greatest in 
those ewes with the greatest bodyweight at mating. Mid-gestation undemutrition caused a 
reduction in fetal bodyweight in the smaller group of ewes. In contrast, in the larger 
ewes, it produced an increase in fetal bodyweight. Placental weight was not measured in 
this investigation. This illustrates how nutrient restriction during pregnancy can produce 
opposite effects on fetal bodyweight, depending on the weight of the ewe at the time of 
mating. These results have been confirmed by other studies which also examined the 
effects of maternal body reserves on a mid-gestation nutritional challenge (De Barro et al., 
1992; McCrabb et al., 1992). In the study of De Barro et al. (1992), large ewes produced 
the largest fetuses, and undemutrition between 30-90 days was associated with a trend 
towards decreased fetal bodyweight in small ewes, and increased fetal bodyweight in 
large ewes. Placental weight was examined in this study. It was found that undernutrition 
reduced placental weight in ewes which were light at the time of mating, but increased 
placental weight in ewes which were heavy at the time of mating, i.e. those animals in 
which fetal growth was increased by nutrient restriction also displayed an increase in 
placental size. Thus, increased fetal growth appears to be dependent on an accompanying 
increase in placental size, although it does not always result when this occurs. The 
potential for placental growth to be upregulated appears to be partly determined by the 
availability of maternal body reserves at the time of mating.

Early gestation

In the present study, fetal bodyweight and total placental weight were both unaffected by 
maternal undernutrition in early gestation. However, mean placentome weight was 
reduced at 90 dGA in nutritionally restricted animals. The absence of an increase in fetal 
bodyweight is consistent with the above studies, which have shown that this effect is 
dependent, at least in part, on an increase in placental size. Placental size did not increase 
in the present study, and thus, we would expect fetal weight to either decrease or remain 
unchanged. Previous studies which have examined the effect of a 40% reduction of 
maternal nutrition from 30-80 dGA have also shown a reduction in mean placentome 
weight, when examined at 80 dGA (Clarke et al., 1998). The physiological significance 
of this effect is unclear. In the present study, the decrease in mean placentome weight was 
offset by a slight increase in placentome number, such that total placental weight was not 
altered. It has been reported that ovine placental mass increases during gestation up until 
around 80-90 dGA, after which it gradually declines towards term (Ehrhardt & Bell, 
1995; Schneider, 1996). Maternal undemutrition may have restricted the capacity of the
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placenta to increase in mass, resulting in the lower mean placentome weight that was 
observed at 90 dGA. In addition, it is possible that the reduction of mean placentome 
weight was associated with a change in placental function such as decreased placental 
transport capacity, or alterations in placental haemodynamics.

Another reason for not expecting a reduction of fetal growth is that the nutritional 
restriction itself was only of modest severity. This was illustrated by the relatively minor 
effects that it produced on maternal bodyweight. Studies which have produced restriction 
of fetal growth have used much more severe nutritional regimes, for example, in the 
study of Faichney & White (1987), nutritional intake was reduced by 45%. Therefore, in 
simple terms of nutrient availability determining fetal growth, it would be expected that a 
small reduction of 15% as used in this study would produce little or no effect on fetal 
size.

The effects of maternal undemutrition are dependent on the stage of gestation at which it 
occurs. It has been suggested that the fetus is more susceptible to undemutrition in late 
gestation, and the placenta in early gestation, i.e. during their periods of most rapid 
growth (Owens et al., 1995). This idea is supported by the fact that studies of maternal 
undemutrition which cause reduction of fetal size have their nutritional regimes imposed 
at some stage of late gestation (Mellor & Murray, 1981; Mellor, 1983; Faichney & White, 
1987). Therefore, as the present nutritional regime was imposed in the first half of 
gestation, it would not be expected to reduce fetal growth.

As shown above, maternal weight at the time of mating has a substantial influence on fetal 
and placental weight, and the effect of maternal undemutrition. Those animals which have 
good body reserves prior to pregnancy produce the largest fetuses, and show increased 
fetal and placental weight following mid-gestation undernutrition. In contrast, smaller 
animals produce smaller fetuses, and show decreased fetal and placental weight following 
undemutrition. The difference in the response to undemutrition may be due to the fact that 
the larger ewes have sufficient body reserves which can be mobilised at times of reduced 
supply to maintain fetal growth, whereas body reserves are insufficient in smaller ewes 
(De Barro et al., 1992). In the present study, bodyweight and condition score of R ewes 
was lower compared to C ewes at the time of mating. The reason for this is unknown. 
Low maternal bodyweight and condition score of R ewes may have influenced the effect 
of the nutritional restriction. However, as fetal weight was unaffected, and only a minor 
effect was produced on mean placentome weight, it appears that the difference in mating 
weight and condition score did not produce important effects.



The placenta may have adapted to maintain fetal growth in response to the condition of 
reduced nutrient supply. An adaptation could occur at a functional level without 
producing effects on placental size. For example, chronic high-altitude hypoxia stimulates 
adaptations in the human placenta characterised by increased vascularisation and dilatation 
of the fetal capillaries (Burton et al., 1996). Increased placental vascularisation also 
occurs in response to chronic hypoxia in the sheep (Krebs et al., 1997). This adaptation 
is thought to create a more efficient placental exchange between the mother and fetus by 
increasing surface area, and by decreasing blood flow rate to allow more time for the 
exchange process.

In the sheep placenta, the adaptation to chronic hypoxia is accompanied by a change in 
placental morphology. Placentae from animals at high altitude have greater numbers of 
type B, C and D placentomes, and reduced numbers of type A placentomes (Penninga & 
Longo, 1998). Total placental weight is unaltered. As type B, C and D placentomes have 
progressively greater proportions of fetal tissue, compared to type A placentomes, it has 
been suggested that the increase in numbers is part of the compensatory response to 
enhance transplacental exchange. Crowe et al. (1996) have demonstrated a similar effect 
of maternal undernutrition on morphology of the ovine placenta. In their study it was 
found that a 15% reduction in maternal nutrition from 14 days prior to conception until 70 
dGA did not affect fetal or placental weight, but did cause a shift in the proportion of 
placentome types, with placentae of the nutrient restricted animals having greater numbers 
of the type D placentome. This effect is supported by the study of Heasman et al. (1998) 
which showed reduced type A and increased type B placentomes following 50% 
undernutrition between 28 to 77 dGA. Thus, alterations in placental morphology can 
occur in response to maternal undemutrition and may be important in maintaining fetal 
growth by optimising transplacental exchange processes. In the present study, placental 
morphology was not different between C and R animals at either 90 dGA or 130 dGA. 
However, recent data from these animals [Appendix 27] has shown that fetal placental 
villous density is greater in R placentae compared to C placentae at 130 dGA. Thus, this 
adaptation may have contributed to the preservation of fetal growth. This effect may be 
associated with an increase in vascularity and decrease in umbilical-placental vascular 
resistance which could have haemodynamic consequences for the fetus. This point will be 
discussed further in later chapters. The difference in the effects on placental morphology 
between this study and that of Crowe et al. (1996) which used almost the same nutritional 
challenge may relate to the difference in breed that was used.

Although fetal bodyweight and actual body lengths were not altered in this study, the ratio 
of BPD/AC was significantly increased in R fetuses at 90 dGA. AC and BPD are thought 
to reflect growth of the liver and brain respectively. Thus, the data suggest that
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preferential growth of the brain may have occurred at the expense of the liver, in R 
fetuses, similar to the ‘brain sparing’ observed during chronic hypoxia (Rudolph, 1984; 
Jensen & Berger, 1993). However, this seems unlikely since brain and liver weights 
were not altered in R fetuses compared to C fetuses. It is possible that the increased 
BPD/AC ratio was due to altered growth of the head relative to the fetal torso. This may 
be supported by data on blood flow to the head, which will be reported in Chapter 6.

When assessing fetal and placental size, it is also important to consider the fetal/placental 
weight ratio. In the present study, this was not different between C and R fetuses, but 
other investigations have demonstrated that the placental to fetal bodyweight ratio can be 
increased by undemutrition (De Barro et al., 1992; McCrabb et al., 1992; Heasman et al., 
1998). This type of effect could have haemodynamic consequences. For example, the 
placenta is a major determinant of total vascular resistance and fetal arterial pressure 
(Jensen & Berger, 1993), and thus, fetuses with a relatively larger placenta to 
bodyweight ratio may have to exert a greater degree of peripheral vasoconstriction to 
maintain blood pressure at normal levels. Furthermore, larger placental/fetal weight ratio 
has been associated with increased risk of cardiovascular disease in adult life (Barker et 
al., 1990). Therefore, this is an important measurement, and alterations may be involved 
in the mechanism by which maternal undernutrition affects fetal and postnatal organ 
function.

In the present study, kidney weight was reduced as a proportion of bodyweight at 130 
dGA. This effect could have functional consequences. Reduced kidney weight occurs in 
small-for-gestational-age human fetuses (Konje et al., 1996). Furthermore, those fetuses 
which have the smallest kidneys also have the highest plasma renin levels, an effect 
which has been suggested to be linked to development of adult hypertension (Konje et 
al., 1996). Future studies should examine the effect of undemutrition on kidney weight in 
greater detail, possibly investigating effects on its histology.

3.4.4 Mechanisms of altered fetal and placental growth

The mechanisms by which maternal undemutrition can alter growth of the fetus and 
placenta are not fully understood. This is due, in part, to the difficulty of interpretation of 
the effects of undernutrition as described above. Part of the mechanism will almost 
certainly involve undemutrition reducing the availability of substrates for new tissue 
growth. However, regulation of growth is a multifactorial process involving integration 
of the actions of a number of endocrine hormones, and paracrine/autocrine factors. Thus, 
alterations in growth could be produced by a variety of mechanisms. Some data on the 
nature of these mechanisms have been collected from studies of undemutrition in fetal
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sheep. Useful information can also be obtained from studies of undemutrition in other 
species, and also, by examination of the effects of different methods of nutrient 
restriction.

Studies in the rat have examined the effect of 70% reduction of maternal nutrition for the 
whole of pregnancy (Woodall et al., 1996a; Woodall et al., 1996b). This model produces 
reduced fetal and placental weight, measured at the end of pregnancy. Fetal length, as 
measured by the nose-rump length, is also reduced, as is liver weight (% body). This 
model supports some of the ideas described in the previous section for the sheep, in that it 
demonstrates the importance of timing of undernutrition, and also of the need for 
placental size to increase to maintain fetal growth. The nutritional restriction was imposed 
for the whole of gestation, i.e. during the ‘sensitive’ periods for both fetal and placental 
growth, so both parameters were affected, and furthermore, because placental weight did 
not increase, fetal weight could not be maintained. In addition, the fetal liver was 
highlighted as an organ that was particularly sensitive to the effects of undernutrition. 
These studies suggested that the IGF axis is involved in mediating the effects of maternal 
undernutrition (Woodall et al., 1996a). Following 70% reduction of nutrition, 
concentrations of IGF-I are reduced in both fetal and maternal plasma. In addition, fetal 
plasma insulin concentration is decreased, and fetal IGF binding protein (IGFBP)-1 and 
maternal IGFBP-1, -2 and -3 are increased. IGF-I is considered to be a major regulator of 
fetal growth (Gluckman et al., 1983). A decrease in fetal levels of IGF-I, accompanied by 
an increase in its binding protein, which could further decrease its biological availability, 
could therefore, produce a decrease in fetal growth. The decrease in maternal IGF-I could 
also be important as it could reduce placental size and/or glucose transport capacity, or 
decrease glucose availability and thus produce fetal hypoglycaemia (Gluckman, 1995). 
Insulin is thought to have actions in promoting fetal growth, directly (Milner & Hill, 
1984), and also by stimulating production of IGF-I (Oliver et al., 1993). Therefore, a 
decrease in fetal insulin could also contribute to a decrease in fetal growth.

Similar effects on the fetal rat IGF axis have been observed following specific reduction 
of maternal protein. Pregnant rats which are fed a low protein diet (5% vs. 20%) for the 
whole of gestation produce fetuses that have reduced body and liver weights at birth, 
decreased plasma and liver IGF-I concentrations, and decreased liver IGF-I mRNA levels 
(Muaku et al., 1995). Maternal plasma and liver IGF-I levels are also reduced in this 
model.

A role for the IGF axis in mediating the effects of maternal undemutrition has also been 
demonstrated in the sheep. Bauer et al. (1995) studied a 25% reduction of maternal 
nutrient intake from 100-120 dGA, examining the effects on the fetus at 120 dGA.
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Placental weight and fetal CRL were unaffected, but fetal bodyweight and liver weight 
were reduced, again demonstrating the importance of late gestation for fetal rather than 
placental growth, and the sensitivity of the fetal liver to undemutrition. Undemutrition 
also produced a decrease in fetal and maternal plasma IGF-I and insulin concentrations, 
suggesting, as above, an important role for these endocrine factors in mediating 
nutritional regulation of fetal growth.

Maternal undemutrition may reduce fetal IGF-I levels by producing hypoglycaemia, thus 
decreasing insulin concentrations, and decreasing stimulation for IGF-I production 
(Gluckman et al., 1987; Oliver et ah, 1993; Oliver et ah, 1996). As the fetal liver is 
thought to be important in the production of IGFs (Milner & Hill, 1984), it is likely that a 
reduction in liver size could contribute to a decrease in plasma IGF-I levels.

A model that has been used extensively to study how growth of the fetal sheep is 
regulated is carunclectomy. In this model, maternal caruncles are surgically excised from 
the uterus prior to conception. This procedure reduces the number of sites available for 
placental development. Placental size is reduced, and consequently the capacity for 
transplacental exchange, and nutrient supply to the fetus is decreased. This procedure 
results in fetuses that have reduced bodyweight, increased CRL/ bodyweight ratio, and 
increased weight (% body) of the brain, adrenals and kidneys (Robinson et ah, 1979). 
While total weight of the placenta is reduced, mean placentome weight is increased in 
carunclectomy fetuses, and most placentomes are of the everted type, i.e. type D 
(Robinson et ah, 1979; Robinson et ah, 1995). This model therefore, produces a number 
of effects that are similar to the effects of undernutrition, i.e. the reduction of placental 
size limits the capacity for fetal growth, fetal brain sparing occurs, and changes in 
placental morphology apparently attempt to compensate for the reduction of nutrient 
supply. Endocrine effects of carunclectomy include elevation of fetal plasma cortisol 
concentration and decrease of plasma insulin, triiodothyronine (T3) and thyroxine (T4) 
concentrations (Harding et ah, 1985). Thyroid hormones, in particular, T4, are thought to 
be important in promoting fetal growth, and may produce some actions by stimulating 
production of IGF-I (Mesiano et ah, 1989; Latimer et ah, 1993). Hypothyroidism, 
produced by thyroidectomy or hypophysectomy, is associated with fetal growth 
restriction, an effect which can be prevented by T4 replacement (Mesiano et ah, 1987; 
Fowden & Silver, 1995). Thus, the decrease in T4 levels in carunclectomy fetuses is 
consistent with a reduction of its growth promoting effects.

In contrast to the effects of thyroid hormones, glucocorticoids including cortisol are 
associated with inhibiting fetal growth, and promoting maturational processes (Liggins, 
1994a; Fowden, 1995). Glucocorticoid treatment reduces fetal growth in the sheep



(Fowden et al., 1996; Ikegami et al., 1997), rat (Mosier et al., 1982), and human 
(Reinisch et al., 1978). It has been suggested that glucocorticoids reduce fetal growth by 
increasing fetal proteolysis, and decreasing fetal protein accretion (Milley, 1995), and by 
decreasing total fetal substrate uptake (Milley, 1996), or by inhibitory actions on the IGF 
axis (Li et al., 1993). Therefore the elevation of cortisol concentrations in carunclectomy 
fetuses may also contribute to the decrease in fetal growth.

Carunclectomy reduces fetal plasma IGF-I concentrations, and IGF-I production (Owens 
et al., 1994; Kind et al., 1995), and this effect combined with the reduction of plasma 
insulin is similar to that seen after maternal undemutrition in the rat. Therefore, it appears 
that a number of different endocrine mechanisms contribute to the reduction of fetal 
growth following placental restriction.

Effects similar to those of carunclectomy on thyroid hormones and the IGF axis have 
been demonstrated to occur following reduced nutrient supply to the fetal guinea pig. 
Jones et al. (1990) reported that complete withdrawal of food for 2 days in late pregnancy 
reduced fetal body and liver weights, and decreased plasma insulin, T3, T4 and IGF-I 
concentrations. Reduction of fetal plasma insulin, T3, T4 and IGF-I concentrations was 
also observed following restriction of nutrient supply induced by uterine artery ligation 
(Jones et al., 1992). Dwyer & Stickland (1992) demonstrated, in the guinea pig, that 
40% reduction of maternal nutrition from day 25 until term, which reduced fetal and 
placental weight, also reduced fetal plasma IGF-I concentrations, and elevated plasma 
cortisol, but did not affect T3 and T4. These studies in different species, using different 
methods of restricting fetal nutrient availability demonstrate common roles for the thyroid 
hormones, glucocorticoids and the IGF axis in regulating fetal growth under a number of 
different conditions.

Altered fetal and placental growth can result from a number of mechanisms, including 
direct effects of fetal substrate availability, alterations in the relative nutrient utilisation 
rates between the fetus and placenta (Owens et al., 1987), and, as described above, 
changes in the endocrine environment to which the growing tissues are exposed. In the 
present study, nutritional restriction was imposed for the first half of pregnancy, at a time 
when fetal growth is slow, but when growth of the placenta is relatively rapid. It 
therefore seems unlikely that reduced fetal substrate availability at this time would 
decrease fetal growth to any great extent. A more probable hypothesis is that 
undemutrition at this time would alter fetal growth by changing levels of endocrine or 
paracrine/autocrine growth factors. Reduced substrate availability, however, may have 
caused the reduction in placental mass, which was manifest as a decrease in mean 
placentome weight at 90 dGA. The fact that fetal growth was unaltered in this study, and
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that undemutrition did not produce substantial overall effects, suggests that the processes 
regulating fetal growth were unaltered, or that compensatory mechanisms were induced to 
maintain normal development.

3.4.5 Consequences of altered fetal and placental growth

Measurement of fetal and placental growth is important as alterations are associated with 
changes in physiological function of different organ systems, which can have 
consequences for later health. These changes may be produced by maternal 
undemutrition. Despite the absence of substantial effects on fetal and placental growth in 
the present study, maternal undernutrition may have produced effects on fetal organ 
function. The effects of maternal undernutrition on development of the fetal 
cardiovascular system and HPA axis will be reported in Chapters 4 and 5 respectively. 
The effects on fetal organ function may be similar to those that are associated with altered 
fetal and placental growth. Therefore, in the present section, a number of examples of 
altered organ function associated with changes in fetal and/or placental growth will be 
discussed.

As mentioned previously, reduction of birthweight with, or without, an increase in 
placental weight has been suggested as a predictor of high blood pressure in the human 
(Whincup et al., 1989; Barker et al., 1990). Similar studies have suggested that reduced 
birthweight may also be associated with other changes in the offspring including elevated 
plasma fibrinogen concentrations (Martyn et al., 1995), incidence of stroke (Martyn et 
al., 1996), insulin resistance (Barker et al., 1993c), and altered function of the 
hypothalamic-pituitary-adrenal axis (Clark et al., 1996; Phillips et al., 1998; Reynolds et 
al., 1998). These effects have been suggested to be caused by maternal undernutrition 
during pregnancy (Barker, 1995; Clark et al., 1998). Effects on cardiovascular 
development associated with reduced fetal growth have been studied in a number of 
animal models. In the rat, fetuses of reduced bodyweight produced by total maternal 
undernutrition (Woodall et al., 1996b) or low maternal protein (Langley & Jackson, 
1994) develop elevated blood pressure in postnatal life. Altered fetal and placental growth 
is also associated with raised blood pressure in the spontaneously hypertensive rat (Lewis 
et al., 1997).

In sheep, reduced fetal and placental size produced by carunclectomy is accompanied by a 
number of effects on fetal organ function. Growth restricted fetuses have elevated plasma 
cortisol concentrations (Robinson et al., 1980; Phillips et al., 1996a), and reduced levels 
proopiomelanocortin (POMC) mRNA (ACTH precursor) at the anterior pituitary (Phillips 
et al., 1996a), indicating resetting of HPA axis function. Caruncle fetuses have increased
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plasma catecholamine concentrations, and appear to show increased activity of the 
sympathetic nervous system (Jones & Robinson, 1983; Simonetta et al., 1997). 
Cardiovascular function is also altered, with fetuses having low blood pressure, and a 
smaller bradycardia in response to acute isocapnic hypoxia (Robinson et al., 1983). Fetal 
sheep which are growth restricted as a result of chronic placental embolization show an 
exaggerated cardiovascular response to acute hypoxia characterised by a greater 
redistribution of blood flow away from the periphery (Block et al., 1984). In contrast, 
increased size of the fetus at birth, produced by in vitro culture of the embryo for 1-5 
days is associated with an increase in perinatal mortality (Robinson et al., 1997)

Therefore, altered fetal growth and/or placental growth may be associated with changes in 
a number of aspects of organ function and development in fetal and postnatal life. While, 
some of the above examples may be slightly extreme, and the effects may not be 
produced directly by the reduction of growth, they do demonstrate the potential for effects 
on organ function to occur. The question of whether the present nutritional challenge also 
affects physiological organ function, without substantially affecting fetal growth, will be 
addressed in the following chapters.

3.4.6 Conclusion

We conclude from this study that a 15% reduction of maternal nutrition for the first 70 
days of pregnancy does not substantially affect fetal growth. This is probably due to the 
fact that it is only a modest level of undernutrition, and that it does not occur during the 
period of rapid fetal growth. Minor effects are produced on placental size, although, as 
fetal growth was unaltered, their physiological importance is unknown. The 
consequences of this nutritional challenge for fetal organ function will be discussed in the 
following chapters.



CHAPTER 4 

EFFECT OF EARLY GESTATION
NUTRITIONAL RESTRICTION ON 

FETAL CARDIOVASCULAR 
REGULATION: A PRELIMINARY 

INVESTIGATION
4.1 INTRODUCTION

Epidemiological evidence shows that impaired fetal development is associated with 
increased risk of adult cardiovascular disease [1.7]. Development of the fetal 
cardiovascular system may be altered by environmental influences (Robinson et al., 1983; 
Kamitomo et al., 1993; Crowe et al., 1995). Thus, it is suggested that an adverse 
environmental influence could ‘programme’ fetal cardiovascular development, producing 
a permanent physiological change, resulting in an increased risk of later cardiovascular 
disease (Barker, 1998). Experimental evidence in rats shows that maternal protein 
restriction during pregnancy alters cardiovascular development of the offspring, 
producing hypertension (Langley & Jackson, 1994). Therefore, maternal undemutrition 
may act as an adverse environmental influence to programme fetal cardiovascular 
development.

In humans, elevated systolic blood pressure in the adult is associated with impaired fetal 
growth (Barker et al., 1989a). In sheep, altered trajectory of fetal blood pressure 
development, low mean arterial pressure, and altered baroreflex and chemoreflex 
responses are associated with reduced fetal size (Crowe et al., 1995). Surgical restriction 
of placental function also produces low fetal blood pressure and altered chemoreflex 
responses, and reduces fetal size (Robinson et al., 1983). In addition, elevated systolic 
blood pressure in adult humans may be related to an increase in placental size (Barker et 
al., 1990; Barker et al., 1992). Maternal undernutrition during pregnancy can decrease 
fetal growth (Mellor & Murray, 1982) and increase placental size (McCrabb et al., 1991). 
Together, these studies have lead to the idea that altered cardiovascular development of 
the offspring produced by maternal undernutrition is associated with reduced fetal 
growth, and possibly, increased placental size. However, data from other studies conflict 
with this. For example, maternal glucocorticoid treatment in early gestation, which alters 
offspring’s cardiovascular development, producing hypertension, does not affect
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birthweight or subsequent postnatal growth (Dodic et al., 1998). Therefore, altered 
cardiovascular development may not necessarily be associated with reduced fetal growth.

In Chapter 3, it was shown that reduction of maternal nutrition by 15% for the first half 
of pregnancy did not produce substantial effects on fetal growth. Therefore, the aim of 
the present investigation was to test the hypothesis that maternal undemutrition can act to 
‘programme’ fetal cardiovascular development, and furthermore, to examine if effects can 
be produced in the absence of altered fetal growth.

Cardiovascular development was investigated in fetuses of sheep in which nutritional 
intake was regulated. Initially, the fetal cardiovascular system was studied in the basal 
state, by making recordings of cardiovascular parameters under resting conditions. 
Dynamic control of the cardiovascular system was then examined by imposing acute 
challenges which altered cardiovascular parameters. These challenges were administration 
of corticotropin-releasing hormone (CRH) plus arginine vasopressin (AVP), and 
exposure to isocapnic hypoxia.

This study was focused on investigation of fetal cardiovascular responses. Basal 
cardiovascular development was not investigated in detail as this was intended to be the 
focus of a separate companion study. However, the companion study could not be 
completed due to the loss of use of the laboratory facilities at UCL. The data from the 
present study were used in the design of a more detailed investigation of fetal 
cardiovascular development which is reported in Chapter 6.

4.2 METHODS

This study was conducted in Clun Forest ewes [2.1]. Nutritional intake was regulated 
between 14 days prior to conception until day 70 of gestation [2.2.2].

4.2.1 Surgical preparation

Aseptic surgery was performed on eleven singleton-bearing and three twin-bearing ewes 
at 119-125 dGA under general anaesthesia [2.4]. The uterus was exposed through an 
incision in the midline of the lower abdominal wall, and the fetus partially exteriorised. 
Catheters filled with heparinised saline were placed in a fetal carotid artery, jugular vein 
and the amniotic cavity. An ultrasonic blood flow transducer was implanted around a 
femoral artery. Stainless-steel electrodes were sewn subcutaneously onto the chest and 
head to record ECG. A catheter was also placed in a maternal pedal vein.
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A.

At least 4 days post-operative recovery were allowed prior to commencing experiments.

4.2.2 Experimental procedures

Three experiments, each of four hours duration, were conducted on separate days. On the 
first day, basal cardiovascular function was assessed by monitoring fetal cardiovascular 
variables under resting conditions. On the second day fetuses received an intravenous 
bolus of ovine CRH (l|ig; Sigma Chemical Co., Poole, Dorset, UK) plus AVP (200ng; 
Sigma Co., UK). Both peptides were dissolved in 0.1% bovine serum albumin in sterile 
saline and administered together in a volume of 1ml. On the third day fetuses were 
subjected to acute isocapnic hypoxia. Initially, a baseline recording was made for 1 h, 
then a transparent polythene bag was placed over the ewe’s head into which known 
concentrations of 0 2, N2 and C 0 2 were passed at ca. 44 1 m hr1. Following a 1 h 
normoxic control period of breathing air, fetal hypoxia (Pa0 2 to ca. 13 mmHg) was 
induced for a further 60 mins by reducing maternal F]02 (14 1 min-1 air; 22 1 min-1 N2; 1.2 
1 min-1 C 0 2). At the end of the hypoxic period, fetuses were returned to normoxic 
conditions (recovery period) for an additional hour. Basal cardiovascular variables, and 
responses to CRH+AVP and hypoxia were monitored by making continuous recordings 
of arterial pressure, venous pressure, fetal heart rate (FHR) and femoral blood flow 
(FBF) during each experiment using MacLab/8 hardware and data acquisition software. 
Mean values of cardiovascular variables were obtained by averaging data over 1 min 
periods of recording at 15-min intervals throughout the course of the experiment. 
Additional mean values were also calculated at 5 min and 10 min after CRH+AVP 
administration, or the start of hypoxia. Femoral vascular resistance (FVR) was calculated 
(arterial-venous pressure difference divided by blood flow). Samples of fetal arterial 
blood (0.5 ml) were collected at 30, 90, 135, 165 and 210 min after the start of each 
recording for blood gas analysis. These time points corresponded to 90 and 30 min 
before, and 15, 45 and 90 min after CRH+AVP administration or the start of hypoxia in 
each case.

4.2.3 Data analysis

All values are presented as mean ± S.E.M. Significance was accepted when P<0.05. 
When multiple comparisons were made, P values were corrected using the Bonferroni 
method. Data were compared between C and R fetuses using summary measures 
analysis, with specific methods described in the following sections.

Blood gas data
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Values for basal blood gas parameters were calculated by averaging the data collected 
over the course of the four hour study period on the first day in each animal. These values 
were then averaged to produce an overall mean for the group. Data were compared 
between C and R fetuses using Student’s unpaired t test.

Differences in blood gas data between C and R fetuses during the CRH+AVP 
administration and hypoxia experiments were determined by comparing each data point 
using Student’s unpaired t test. The changes in blood gas parameters during these 
experiments within each group were analysed by comparing the value at -30 min with the 
subsequent values obtained. Significance was determined using Student’s paired t test.

Cardiovascular data

Mean values for basal cardiovascular data were determined by averaging the data collected 
over the course of the four hour study period on the first day, and during the first two 
hours of the study period on the second and third experimental days, in each animal. 
These values were then averaged to produce overall means for each group. Data were 
compared between C and R fetuses for each experimental day using Student’s unpaired t 
test. Basal cardiovascular values from each experimental day were then averaged for both 
C and R fetuses to produce a mean value for the whole investigation. Data were compared 
between C and R fetuses for the whole investigation by Student’s unpaired t test. To 
determine if basal cardiovascular variables changed between experimental days, the 
values on day 1 were compared with values from days 2 and 3. Significance was 
determined by Student’s paired t test.

During the CRH+AVP administration experiments, the mean value for each basal 
cardiovascular variable calculated for the first two hours of the study period was termed 
the preinjection value. Changes in cardiovascular variables within each group were 
determined by comparing the preinjection value with values at 5 and 120 min. 
Significance was determined by Student’s paired t test. Data were compared between C 
and R fetuses at 5 min postinjection, with Student’s unpaired t test used to determine 
significance. Cardiovascular data were also compared by calculating an area under the 
curve (AUC) for the whole experiment in each animal. These values were then averaged 
to produce an overall mean in each group, and differences between C and R fetuses were 
determined by Student’s unpaired t test. In addition, the cardiovascular response to 
CRH+AVP was expressed as a change from baseline. The preinjection value was 
designated as baseline and was subtracted from subsequent postinjection values. Data 
were compared between C and R fetuses at 5 min postinjection. Student’s unpaired t test 
was used to determine statistical significance.
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During the hypoxia experiments, cardiovascular data were grouped (i.e. averaged) at 4 
time periods. These were: 1) normoxia (hour prior to start of hypoxia), 2) early hypoxia 
(value at 5 min of hypoxia), 3) late hypoxia (last 30 min of hypoxia), and 4) recovery 
(last 30 min of recovery). Data were compared between C and R fetuses at each of these 
time points using Student’s unpaired t test. Changes in cardiovascular variables within 
each group were determined by comparing the normoxia value with each of the three 
subsequent values, i.e. early & late hypoxia and recovery. Significance was determined 
by Student’s paired t test.

The cardiovascular response to hypoxia was also expressed as a change from baseline. 
The normoxic hour value was designated as baseline, and this was subtracted from all 
subsequent values during hypoxia and recovery. Again, data were grouped into early 
hypoxia, late hypoxia and recovery, as above. Statistical differences between C and R 
fetuses at these periods were determined using Student’s unpaired t test.

Comments

There were 14 animals included in this investigation (C; n=7, R; n=7). Two R fetuses 
were not subjected to hypoxia as they were outside the proposed gestational age range of 
the study (124-133 dGA). Femoral flow probes failed to work properly in three C 
fetuses, thus blood flow data were obtained for only four animals in this group.
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4.3 RESULTS

4.3.1 Blood-gas parameters

Basal

Data for basal blood-gas parameters are shown in Table 4.1. Basal blood gas values were 
not different between C and R fetuses.

C R
PH 7.35 ± 0.01 7.32 ± 0.01

(n=5) (n=5)
PaCC>2 (mmHg) 47.4 ± 0.6 50.0 ± 1.8

(n=7) (n=6)
HCO3' (mmol/L) 25.5 ± 0.9 25.5 ± 0.8

(n=5) (n=6)
BEb (mmol/L) 1.1 ± 0.9 0.8 ± 0.8

(n=5) (n=6)

PaC>2 (mmHg) 22.5 ± 0.8 23.0 ± 1.3
(n=7) (n=5)

Hct (%) 28.1 ± 1.4 30.2 ± 1.8
(n=5) (n=6)

Hb (g/dL) 7.7 ± 0.4 8.1 ± 0.2
(n=5) (n=7)

O2 ct (Vol %02) 7.6 ± 0.3 8.2 ± 0.5
(n=5) (n=5)

O2 cap (Vol %02) 10.2 ± 0.4 10.8 ± 0.2
(n=5) (n=5)

sao2(%) 74.9 ± 1.9 75.6 + 4.3
(n=5) (n=5)

Lactate (mmol/L) 1.07 ± 0.17 0.83 ± 0.09
(n=5) (n=6)

Glucose (mmol/L) 0.94 ±0. 11 0.76 ± 0.07
(n=5) (n=6)

Table 4.1. Basal blood-gas parameters in C and R fetuses. Values are mean ± S.E.M. 
Values were not different between C and R fetuses.

Response to CRH+AVP

Data for blood-gas parameters before and after CRH+AVP administration are shown in 
Table 4.2 and Figs 4.1 - 4.3. pH was significantly lower in R fetuses compared to C 
fetuses at -30, 15 and 90 min. There were no significant changes in any blood-gas 
parameter in either C or R fetuses.
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A .

-90 min -30 min 15 min 45 min 90 min
pH

C (n=5) 7.36 ± 0.01 7.35 ± 0.01 7.34 ± 0.01 7.35 ± 0.01 7.36 ± 0.01
R(n=5) 7.32 ± 0.01 7.31 ± O.Olt 7.30 ± O.Olt 7.30 ± 0.01 7.31 ± O.Olt

PaCC>2 (mmHg)
C (n=7) 48.8 ± 0.8 48.9 ± 0.9 46.3 ± 1.0 47.7 ± 0.8 46.9 ± 0.9
R(n=7) 49.5 ± 1.2 50.2 ± 1.4 49.6 ± 0.8 49.9 ± 1.5 50.0 ± 1.2

HCO3- (mmol/L)
C (n=5) 27.2 ± 1.3 26.8 ± 0.8 24.4 ± 0 . 8 25.5 ± 0.7 26.3 ± 0.4
R (n=6) 24.1 ± 0.4 23.9 ± 0.3 23.5 ± 0.3 23.9 ± 0.5 24.5 ± 0.4

BEb (mmol/L)
C (n=5) 2.7 ±  1.3 2.3 ± 0.8 -0.1 ± 0.8 1.1 ± 0.8 1.9 ± 0.5
R (n=6) -0.8 ± 0.3 - 1.1 ± 0.3f -1.6 ± 0.4 -1.2 ± 0.4 -0.5 ± 0.4t

Pa0 2  (mmHg)
C(n=7) 23.0 ± 0.8 22.2 ± 1.3 24.1 ± 0.6 22.1 ± 0.8 22.1 ± 1.1
R(n=5) 23.8 ± 2.2 23.2 ± 2.1 22.8 ± 1.3 22.0 ± 2.3 22.8 ± 1.4

Hct (%)
C(n=5) 27.4 ± 1.1 28.0 ± 1.7 26.4 ± 1.6 26.4 ± 1.5 26.8 ± 1.4
R (n=6) 29.5 ± 1.1 29.0 ± 0.8 28.5 ± 1.0 27.8 ± 1.8 29.0 ± 1.5

Hb (g/dL)
C(n=5) 7.8 ± 0.2 7.7 ± 0.2 7.9 ± 0.4 7.6 ± 0.3 7.4 ± 0.3
R (n=6) 8.2 ± 0.3 8.2 ± 0.4 7.5 ± 0.3 7.7 ± 0.4 7.6 ± 0.1

0 2  ct (Vol %02)
C(n=5) 7.9 ± 0.5 7.5 ± 0.4 8.3 ± 0.5 7.7 ± 0.2 7.4 ± 0.3
R (n=5) 8.3 ± 0.7 8.0 ± 0.9 8.1 ± 0.8 7.3 ± 1.2 7.5 ± 0.5

O2 cap (Vol %02)
C (n=5) 10.3 ±  0.3 9.3 ± 0.8 10.4 ± 0.6 10.0 ± 0.3 9.7 ± 0.4
R (n=5) 11.0 ± 0.4 10.9 ± 0.7 10.4 ± 0.5 10.2 ± 0.7 10.1 ± 0.1

sao2(%)
C (n=5) 76.7 ± 3.2 76.5 ± 4.0 79.8 ± 2.2 76.9 ± 2.1 75.7 ± 2.2
R (n=5) 75.0 ± 4.5 72.7 ± 4.7 77.5 ± 4.0 70.3 ± 7.4 74.0 ± 4.3

Lactate (mmol/L)
C (n=6) 1.12 ± 0.19 1.20 ± 0.16 1.37 ± 0.16 1.30 ± 0.20 1.12 ± 0.14
R (n=5) 0.81 ± 0.06 0.86 ± 0.08 0.97 ± 0.07 0.91 ± 0.11 0.81 ± 0.11

Glucose (mmol/L)
C (n=6) 0.82 ± 0.12 0.88 ± 0.09 0.90 ±0. 11 0.84 ± 0.10 0.81 ± 0.11
R (n=5) 0.78 ± 0.08 0.75 ± 0.07 0.83 ± 0.07 0.74 ± 0.10 0.77 ± 0.12

Table 4.2. Data for blood gas parameters before and after CRH+AVP administration in 
C and R fetuses. Values are presented as mean ± S.E.M. tP<0.05, $P<0.01 (unpaired t 
test) C vs. R. Note that pH was lower in R fetuses compared to C fetuses at -30, 15 and 
90 min.
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Fig. 4.1. Data for acid-base status before and after injection of lfig CRH + 200ng AVP 
in C (O) and R ( • )  fetuses. Arrow indicates time of injection (0 mins). Values are mean 
± S.E.M. Note that pH is lower in R fetuses compared to C fetuses at -30, 15 and 90 
min. There were no significant changes in any parameter of acid-base status.
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Fig. 4.2. Data for arterial oxygenation before and after injection of l|Xg CRH + 200ng 
AVP in C (O) and R ( • )  fetuses. Arrow indicates time of injection (0 mins). Values are 
mean ± S.E.M. Values did not differ between C and R fetuses. There were no significant 
changes in any parameter of arterial oxygenation.
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Fig. 4.3, Data for lactate and glucose before and after injection of l|LLg CRH + 200ng 
AVP in C (O) and R ( • )  fetuses. Arrow indicates time of injection (0 mins). Values are 
mean ± S.E.M. Values did not differ between C and R fetuses. There were no significant 
changes in either lactate or glucose.

Response to hypoxia

Data for blood-gas parameters during hypoxia are shown in Table 4.3 and Figs. 4.4 - 
4.6. There were no differences between C and R fetuses for any blood-gas parameters 
during the hypoxia experiment. pH fell during hypoxia in C fetuses, and was 
significantly lower compared to -30 min at 15, 45 and 90 min. pH did not change 
significantly in R fetuses. This was due to high variability and low numbers of R fetuses. 
PaC 0 2 did not change during hypoxia in either C or R fetuses. H C 03" and BEb fell 
significantly during hypoxia compared to -30 min in both C and R fetuses. Pa0 2, Hb, 
0 2ct, 0 2cap and Sa0 2 were significantly decreased during hypoxia compared to -30 min 
in both C and R fetuses. Hct did not change in either group of fetuses. In C fetuses lactate 
and glucose levels increased significantly during hypoxia compared to -30 min. In R 
fetuses only lactate, but not glucose, levels increased.
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-90 min -30 min 15 min 45 min 90 min
pH

7.21 ± 0.01§C (n=7) 7.33 ± 0.01 7.33 ± 0.01 7.30 ± 0.01*** 7.22 ± 0.01 §
R (n=4) 7.31 ± 0.02 7.31 ± 0.01 7.30 ± 0.01 7.20 ± 0.03 7.20 ± 0.03

PaC02 (mmHg)
C (n=7) 49.1 ± 1.1 48.8 ± 0.5 46.0 ± 1.5 45.5 ± 1.6 47.0 ± 0.7
R (n=5) 53.1 ± 2.3 52.3 ± 1.9 50.6 ± 3.2 47.7 ± 1.7 49.8 ± 2.2*

HCO3' (mmol/L)
C (n=7) 25.3 ± 0.7 25.3 ± 0.6 22.4 ± 1.0* 18.4 ± 1.0*** 18.6 ± 0 .6§
R (n=4) 25.0 ± 0.6 25.2 ± 0.6 22.8 ± 0.5* 18.4 ± 1.1* 17.9 ± 1.0*

BEb (mmol/L)
C (n=7) 0.6 ± 0.7 0.6 ± 0.7 -2.5 ± 1.0* -7.3 ± 1.1** -7.3 ± 0.8§
R (n=4) -0.3 ±0.7 0.2 ± 0.6 -2.1 ± 0.6 -7.7 ± 1.4* -8.3 ± 1.4*

Pa02 (mmHg)
C (n=7) 23.7 ± 0.6 23.0 ± 1.1 13.1 ± 0.5§ 13.7 ± 0.4*** 23.1 ± 0.8
R (n=4) 23.3 ± 0.6 23.5 ± 0.6 12.8 ± 0.3*** 13.0 ± 0.0*** 24.3 ± 1.3

Hct (%)
C (n=7) 28.3 ± 1.3 26.9 ± 1.8 29.1 ± 1.8 28.9 ± 1.1 26.4 ± 1.3
R (n=4) 28.8 ± 1.6 28.0 ± 0.9 30.8 ± 2.1 30.3 ± 2.1 27.0 ± 1.9

Hb (g/dL)
C (n=7) 7.6 ± 0.4 7.5 ± 0.4 6.3 ± 0.3** 6.1 ± 0.2* 6.9 ± 0.3
R (n=5) 8.0 ± 0.5 8.1 ± 0.4 6.6 ± 0.3* 6.5 ± 0.4* 7.3 ± 0.5**

O2 ct (Vol %02)
C (n=7) 7.4 ±0.3 7.3 ± 0.5 3.2 ± 0.1*** 2.9 ± 0.1§ 6.2 ± 0.2*
R (n=4) 8.3 ± 0.4 8.5 ± 0.3 3.3 ± 0.2** 2.9 ± 0.1** 7.3 ± 0.4**

O2 cap (Vol %02)
C (n=7) 10.0 ± 0.5 10.0 ± 0.6 8.4 ± 0.5** 8.2 ± 0.3* 9.2 ± 0.3
R (n=4) 11.2 ± 0.4 11.3 ± 0.4 8.9 ± 0.6* 8.9 ± 0.6* 10.2 ± 0.5*

sao2(%)
C (n=7) 73.9 ± 1.3 73.1 ± 2.8 38.2 ± 2.0§ 35.0 ± 1.0§ 67.3 ± 2.7***
R (n=4) 74.9 ± 4.4 75.3 ± 3.1 37.2 ± 2.6** 32.7 ± 2.0§ 71.4 ± 3.0

Lactate (mmol/L)
C (n=7) 1.29 ± 0.17 1.26 ± 0.17 2.95 ± 0.18§ 5.80 ± 0.56** 6.36 ± 0.73***
R (n=5) 1.37 ± 0.43 1.46 ± 0.54 3.14 ± 0.82* 5.31 ± 0.43** 6.05 ± 0.89***

Glucose (mmol/L)
C (n=7) 0.87 ± 0.09 0.89 ± 0.10 1.08 ± 0.09*** 1.18 ± 0.12 1.17 ± 0.13
R (n=5) 0.86 ± 0.08 0.77 ± 0.10 0.98 ± 0.07 1.10 ± 0.14 0.90 ± 0.08*

Table 4.3. Data for blood gas parameters during hypoxia in C and R fetuses. Values are 
presented as mean ± S.E.M. *P<0.05, **P<0.01, ***P<0.001, §P<0.0001 (paired t 
test) compared to value at -30 min.
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Fig. 4.4. Data for acid-base status during normoxia, hypoxia (shaded area) and 
recovery in C (O) and R ( • )  fetuses. Values are mean ± S.E.M. There were no 
differences between the groups for any of the parameters. As described in the text and 
tables there were significant changes in pH in C fetuses and in H C 03'  and BEb in both C 
and R fetuses.
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Fig. 4.5. Data for arterial oxygenation during normoxia, hypoxia (shaded area) and 
recovery in C (O) and R ( • )  fetuses. Values are mean ± S.E.M. Values did not differ 
between C and R fetuses. As described in the text there were significant changes in all 
parameters of arterial oxygenation except Hct.
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Fig. 4.6. Data for lactate and glucose during normoxia, hypoxia (shaded area) and 
recovery in C (O) and R ( • )  fetuses. Values are mean ± S.E.M. There were no 
differences between the groups for either parameter. Lactate increased significantly in 
both C and R fetuses. Glucose increased significantly during hypoxia in C fetuses only.

4.3.2 Basal cardiovascular function

Data for basal cardiovascular variables are shown in Table 4.4. FHR was significantly 
lower in R fetuses compared to C fetuses (P<0.05). All other parameters were not 
different between the two groups of fetuses. Fig. 4.7 shows data for basal cardiovascular 
variables over the three experimental days. When these values were averaged, there were 
no differences for any parameter between C and R fetuses. FHR was lower on day 3 
compared to day 1 in C fetuses (P<0.05). There were no changes in any other parameter.
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C R
MAP (mmHg) 46.0 ±  1.9 44.2 ±  3.7

(n=7) (n=7)
SBP (mmHg) 64.7 ±  3.5 61.3 ±  4.4

(n=7) (n=7)
DBP (mmHg) 38.8 ±  2.0 35.6 + 3.5

(n=7) (n=7)
FHR (bpm) 181.5 + 6.6 162.7 ±  4.3*

(n=7) (n=7)
FBF (ml/min) 41 .1± 6.1 32.6 ± 4.2

(n=4) (n=6)
FVR (mmHg/ml/min) 1.15 + 0.21 1.55 ± 0.29

(n=4) (n=6)

Table 4.4. Mean basal cardiovascular variables in C and R fetuses. Values presented as 
mean ± S.E.M. *P<0.05 (unpaired t test) C vs. R. Note that FHR was significantly 
lower in R fetuses compared to C fetuses.
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Fig. 4.7. Mean basal cardiovascular variables over the three experimental days in C (O) 
and R ( • )  fetuses. Values are mean ± S.E.M. Note that R fetuses have lower FHR on 
day 1, and higher FVR on day 2 compared to C fetuses (P<0.05) (unpaired t test). FHR 
is lower on day 3 compared to day 1 in C fetuses (P<0.05) (paired t test).
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4.3.3 Cardiovascular response to CRH+AVP

Cardiovascular responses - absolute values

Data for the absolute cardiovascular responses are shown in Table 4.5 and Fig. 4.8. FVR 
was greater during the preinjection period in R fetuses compared to C fetuses. All other 
parameters did not differ between C and R fetuses. MAP and SBP were significantly 
greater at 5 min compared to preinjection in both C and R fetuses. DBP was also 
increased at 5 min in R fetuses but not C fetuses. FHR and FBF were significantly lower 
at 5 min compared to preinjection in C and R fetuses. FVR increased significantly in R 
fetuses, but not in C fetuses. At 120 min after injection of CRH+AVP all parameters were 
at levels similar to preinjection values.

Preinjection 5 min 120 min AUC (arbitrary 
unit)

MAP (mmHg)
C (n=7) 45.4 ± 1.6 55.3 ± 2.9* 44.0 ± 2.0 10974.6 ± 341.9
R (n=7) 46.8 ± 2.3 58.0 ± 3.0** 48.6 ± 2.7 11650.8 ± 578.0

SBP (mmHg)
C (n=7) 59.8 + 2.4 73.1 ± 2.3* 57.9 ± 1.8 14891.7 ± 428.6
R (n=7) 64.7 ± 3.1 77.9 ± 4.7** 66.0 ± 4.6 15886.8 ± 827.7

DBP (mmHg)
C (n=7) 36.8 ± 1.7 44.5 ± 3.3 35.3 ± 2.0 9026.7 ±  440.7
R (n=7) 37.8 ± 2.0 48.0 ± 2.7** 39.9 ± 2.2 9532.9 ± 468.3

FHR (bpm)
C (n=7) 172.9 ± 5.4 119.0 ± 9.7** 171.7 ± 4.9 40102.7 ±  1420.7
R (n=7) 160.5 ± 6.5 111.1 ± 6.4*** 160.8 ± 8.1 37170.0 ±  1431.5

FBF (ml/min)
C (n=4) 43.8 ± 4.5 12.9 ± 2.6** 47.6 ± 6.1 10522.8 ±  1185.6
R (n=7) 32.6 ± 3.5 15.4 ± 2.5** 38.4 ± 4.8 8058.0 ±  965.3

FVR (mmHg/ml/min)
C (n=4) 1.01 ± 0.09 4.49 ± 0.70 0.96 ± 0.08
R(n=7) 1.51 ± 0 .1 7 t 4.63 ± 0.62** 1.43 ± 0.25

Table 4.5. Data for cardiovascular responses to CRH+AVP administration in C and R 
fetuses. Values are mean ± S.E.M. fP<0.05 (unpaired t test) C vs. R. *P<0.05, 
**P<0.01, ***P<0.001 (paired t test) compared to preinjection value. Note that FVR is 
greater in R fetuses compared to C fetuses during the preinjection period. AUC could not 
be calculated for FVR due to low numbers of C fetuses and missing samples.
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Fig. 4.8. Data for cardiovascular variables in C (O) and R ( • )  fetuses before and after 
CRH+AVP administration. Values are presented mean ± S.E.M. Note that FVR is greater 
in R fetuses compared to C fetuses in the preinjection period.

Cardiovascular responses - change from  baseline

Data for the cardiovascular response to administration of CRH+AVP expressed as the 
change from baseline are shown in Table 4.6. The change of FBF from baseline was 
significantly smaller in R fetuses compared to C fetuses. The responses of all the other 
parameters did were not different between C and R fetuses.
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5 min
MAP (mmHg)

C(n=7) 11.2 + 3.0
R(n=7) 11.2 ± 2.0

SBP (mmHg)
C (n=7) 13.3 ± 3.9
R (n=7) 13.3 ± 2.5

DBP (mmHg)
C (n=7) 7.7 ± 3.2
R (n=7) 10.2 ± 2.3

FHR (bpm)
C (n=7) -52.9 + 8.1
R (n=7) -49.4 ± 6.0

FBF (ml/min)
C (n=4) -30.9 + 3.8
R (n=7) -17.2 ± 3.I f

FVR (mmHg/ml/min)
C (n=4) 3.56 ± 0.6
R (n=7) 3.12 ± 0.6

Table 4.6. Data for cardiovascular response to CRH+AVP expressed as a change from 
baseline at 5 min in C and R fetuses. Values are shown as mean ± S.E.M. fP<0.05 
(unpaired t test) C vs. R. Note that the FBF response from baseline is smaller in R 
fetuses compared to C fetuses.

4.3.4 Cardiovascular response to hypoxia

Cardiovascular responses - absolute values

Data for the absolute cardiovascular response to hypoxia are shown in Table 4.7 and Fig. 
4.9. FVR was significantly greater in R fetuses compared to C fetuses during the 
recovery period. Further analysis demonstrated that FVR was also greater in R fetuses 
compared to C fetuses when the hypoxia period was examined as a whole, i.e. when all 
values during the hour of hypoxia were averaged. There were no other differences 
between C and R fetuses for the other cardiovascular parameters. MAP, SBP and DBP 
did not change during hypoxia when compared to normoxia in either group of fetuses. 
FHR was significantly decreased during hypoxia compared to normoxia in C and R 
fetuses. In R fetuses, FHR was greater during recovery compared to normoxia, but not in 
C fetuses. FBF decreased significantly during hypoxia compared to normoxia in R 
fetuses, but not in C fetuses. FVR did not change significantly during hypoxia in either C 
or R fetuses. During recovery, FVR fell to values significantly lower than normoxia in 
both C and R fetuses.
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Normoxia Early Hypoxia Late Hypoxia Recovery
MAP (mmHg)

C (n=7) 47.3 ± 1.4 46.7 ± 2.0 51.7 ± 2.4 51.6 ± 2.1*
R (n=5) 49.9 ± 2.5 50.3 ± 4.4 52.8 ± 3.4 51.7 ± 3.4

SBP (mmHg)
C (n=7) 63.4 ± 2.2 69.7 ± 2.1 71.7 ± 3.5 67.6 ± 2.7
R (n=5) 68.5 ± 3.1 76.3 ± 5.8 75.3 ± 4.1 70.1 ± 3.4

DBP (mmHg)
C (n=7) 39.1 ± 1.2 35.2 ± 2.4 41.7 ± 2.1 43.6 ± 1.9
R (n=5) 40.7 ± 3.1 37.4 ± 3.8 41.5 ± 3.2 42.5 ± 3.5

FHR (bpm)
C (n=7) 171.9 ± 4.7 124.8 ± 9.3** 144.6 ± 4.1** 186.2 ± 9.6
R (n=5) 162.2 ± 13.3 105.9 ±  7.8** 130.0 ± 8.9* 193.8 ± 10.8**

FBF (ml/min)
C (n=4) 42.7 ± 5.6 25.9 ± 4.6 30.1 ± 5.2 56.9 ± 8.4
R (n=5) 35.4 ± 4.7 16.8 ± 2 .6* 19.7 ± 3.1 41.4 ± 5.3

FVR (mmHg/ml/min)
C (n=4) 1.07 ±0 .09 1.73 ± 0.35 1.49 ± 0.38 0.86  ± 0.08*
R (n=5) 1.50 ±0.25 2.77 ± 0.62 2.79 ± 0.44 1.29 ± 0.14f

Table 4.7. Data for cardiovascular responses to hypoxia in C and R fetuses. Values are 
mean ± S.E.M. tP<0.05 (unpaired t test) C vs. R. *P<0.05, **P<0.01 (paired t test) 
compared to value during normoxia. Note that FVR was significantly greater in R fetuses 
compared to C fetuses during the recovery period.
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Fig. 4.9. Data for cardiovascular variables in C (O) and R ( • )  fetuses during hypoxia. 
Values are presented mean ± S.E.M. Note that FVR was significantly greater in R fetuses 
compared to C fetuses during the hypoxia hour (see text) and during recovery.
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X.

Cardiovascular responses - change from  baseline

Data for the cardiovascular response to hypoxia expressed as a change from baseline are 
shown in Table 4.8. There were no differences between C and R fetuses for the 
cardiovascular responses from baseline.

Early Hypoxia Late Hypoxia Recovery
MAP (mmHg)

C (n=7) -0.6 ± 1.9 4.4 ± 2.4 4.3 ± 1.2
R (n=5) 0.4 ± 2.4 2.9 ± 2.2 1.8 ± 1.8

SBP (mmHg)
C (n=7) 6.3 ± 2.9 8.3 ± 3.4 4.2 ± 1.9
R (n=5) 7.8 ± 5.1 6.8 ± 3.4 1.6 ± 2.3

DBP (mmHg)
C (n=7) -4.0 ± 2.2 2.5 ± 2.4 4.5 ± 1.4
R (n=5) -3.4 ± 1.6 0.8 ± 2.2 1.8 ± 2.4

FHR (bpm)
C (n=7) -47.1 ± 8.3 -27.3 ± 5.8 14.4 ± 8.1
R (n=5) -56.3 ± 7.3 -32.1 ± 5.8 31.6 ± 3.5

FBF (ml/min)
C (n=4) -16.7 ± 3.8 -12.6 ± 3.9 14.2 ± 3.1
R (n=5) -18.6 ± 4.7 -15.7 ± 5.3 6.0 ± 4.8

FVR (mmHg/ml/min)
C (n=4) 0.68 ± 0.27 0.43 ± 0.30 -0.20 ± 0.05
R (n=5) 1.35 ± 0.60 1.38 ± 0.41 -0.12 ±0 .15

Table 4.8. Data for the cardiovascular response to hypoxia expressed as a change from 
baseline in C and R fetuses. Values are shown as mean ± S.E.M.
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4.4 DISCUSSION

Maternal nutritional status during pregnancy has been implicated in a number of studies as 
important in determining fetal development, with particular emphasis being placed on the 
cardiovascular system (Barker, 1995). Altered fetal cardiovascular development produced 
by changes in maternal nutrition could lead to hypertension in adult life, and this may be 
associated with an increased risk of cardiovascular disease (Barker, 1998). The primary 
aim of this study was to investigate the effects of maternal nutritional restriction during 
the first half of pregnancy, on fetal cardiovascular regulation in late gestation.

The results of this study show that maternal undemutrition does alter fetal cardiovascular 
development. This is despite the fact that evidence in the previous chapter demonstrated 
that this level of undemutrition did not produce substantial effects on fetal growth. The 
important findings of this study are that R fetuses had lower basal FHR and elevated 
basal FVR compared to C fetuses. Basal MAP and FBF were not different between C and 
R fetuses. The fall in FBF following CRH+AVP administration was smaller in R fetuses. 
During hypoxia, FVR was greater in R fetuses, suggesting that this component of the 
response had been augmented.

4.4.1 Methodological considerations

To assess the functional status of the cardiovascular control mechanisms, it was 
necessary to measure cardiovascular parameters under basal conditions and also 
following acute cardiovascular challenges. The challenges used in this study were 
administration of exogenous CRH+AVP and acute isocapnic hypoxia, and were designed 
to produce quantifiable cardiovascular responses. These experiments were not 
randomised as it possible that the challenges themselves could alter cardiovascular 
development, which could produce false results when comparing responses between C 
and R fetuses.

Basal measurements were made on the first experimental day and on the following two 
days prior to cardiovascular challenges.

Administration of CRH+AVP produces both cardiovascular and endocrine effects. The 
cardiovascular effect is a rapid increase in MAP and decrease in FHR. Administration of 
AVP alone also causes an increase in MAP and decrease in FHR (Iwamoto et al., 1979). 
AVP acts at Vi receptors to mediate vasoconstriction and hence increase blood pressure, 
however, the FHR response is not dependent on the this, as Vi receptor blockade does
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not abolish the bradycardia (Harper & Rose, 1987; Ervin et ah, 1993). It is suggested 
that AVP could act via a separate population of AVP receptors at the heart itself (Ervin et 
ah, 1993). It has been reported that CRH modulates cardiovascular parameters via a 
central site of action (Fisher et ah, 1983), and can act to produce vasodilatation at the 
placenta (see Clifton et ah, 1995). However, Rose et ah (1985a) demonstrated that a dose 
of 1000 ng/kg CRH did not affect FHR or fetal MAP. Furthermore the dramatic effects 
produced by AVP would almost certainly mask any produced by CRH when the two 
peptides were administered together. Therefore, we expect that the cardiovascular effects 
of CRH+AVP are mediated mainly by the actions of AVP.

The endocrine effects of CRH+AVP administration are an increase in ACTH and cortisol 
(Norman & Challis, 1987a). Elevation of plasma cortisol concentrations by exogenous 
infusion produces an increase in MAP (Tangalakis et ah, 1992a). Therefore, it is possible 
that a rise in plasma cortisol concentration following CRH+AVP administration could 
have contributed to the overall cardiovascular response. However, it is unlikely that this 
is a substantial effect, as cortisol concentrations have been reported to peak at 15 min after 
CRH+AVP injection (Norman & Challis, 1987a), which is after the peak MAP and FHR 
responses, and is when these parameters are returning to preinjection levels.

CRH+AVP administration was chosen as a method of investigating cardiovascular 
regulation as we were interested in correlating cardiovascular development with 
development of the HPA axis. CRH+AVP can be used to assess responsiveness of the 
pituitary and adrenal glands by measuring changes in plasma ACTH and cortisol 
concentrations. Examination of these endocrine responses will be the subject of Chapter 
5.

In addition, the CRH+AVP test also complements the use of hypoxia as a cardiovascular 
challenge, as it is known that levels of AVP increase during hypoxia (Rurak, 1978). 
Differences in the cardiovascular response to hypoxia between C and R fetuses could 
possibly indicate that release of endogenous AVP was different between the groups, or 
that its actions were altered. By examining the cardiovascular response to exogenous 
CRH+AVP, it might be possible to identify if the action of AVP was altered. When 
designing the experiment it was our aim to use a challenge that tested the rapid 
cardiovascular control mechanisms, thus the drug was administered as a bolus rather than 
an infusion.

The second cardiovascular challenge used in this study was acute isocapnic hypoxia 
[1.4]. Fetal hypoxia induced by lowering maternal inspired oxygen is widely used as a 
method of assessing fetal cardiovascular control mechanisms, and this technique is well
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established in our laboratory (see Giussani et al., 1994c). Fetal hypoxia can be used to 
examine the neural and endocrine mechanisms regulating the cardiovascular system, and 
the changes that occur in these mechanisms with development [1.4]. In the present study, 
fetal cardiovascular responses to hypoxia were assessed by measuring changes in MAP, 
FHR, FBF and FVR. An important cardiovascular response to hypoxia is the 
redistribution of blood flow away from peripheral circulations. In this study, this 
response was measured by recording changes in blood flow to the femoral vascular bed, 
using an indwelling flow probe. The redistribution could also have been measured using 
the microsphere technique, and this has the advantage that data on blood flow can be 
obtained for different parts of the circulation, both central and peripheral (Rudolph & 
Heymann, 1970). However, measurement of FBF has previously been shown to provide 
an accurate index of peripheral blood flow (Giussani et al., 1994c), and the use of 
indwelling flow probes allows continuous flow measurement.

We have also studied some of the endocrine responses to fetal hypoxia and these shall be 
reported in Chapter 8.

4.4.2 Blood-gas status

It was noted that R fetuses were slightly acidaemic relative to the controls prior to 
CRH+AVP administration. It is possible that reduced femoral blood flow produced a 
degree of anaerobic glycolysis, increasing lactic acid production and hence producing 
acidaemia. It is suggested that increases in H+ affect chemoreceptor discharge (Wood & 
Chen, 1989) and therefore may have contributed to some of the cardiovascular effects in 
this study. However, we did not observe any differences in plasma lactic acid levels and 
the change in pH was only of small magnitude, thus cause and effect of the pH change 
remains to be established.

Previous studies have shown that administration of 2 |ig AVP can stimulate changes in 
pH, Pa02 and PaC02 (Norman & Challis, 1987b). Administration of 200 ng AVP may 
also produce blood-gas changes, but of a much smaller magnitude, and which are 
generally only measurable over the first 5-10 min after injection (Norman & Challis, 
1987b). Thus, in the present study, the absence of changes in blood-gas parameters 
following 1 jug CRH + 200 ng AVP is consistent with previous investigations.

4.4.3 Basal cardiovascular function

The results show that basal FHR was lower, and, prior to CRH+AVP administration, 
resting FVR was elevated in fetuses of undernourished mothers. There were no
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significant differences in MAP, SBP or DBP between C and R fetuses. In agreement with 
the elevated FVR, FBF appeared to be reduced in R fetuses, but this was not significant.

Arterial pressure is determined by cardiac output and peripheral resistance. In the fetus, 
cardiac output is defined as the combined ventricular output (CVO) as the ventricles 
function in parallel. Therefore, as MAP was not different between C and R fetuses in the 
present study, it appears that a balance between CVO and peripheral resistance was 
achieved in both groups. In R fetuses, vascular resistance in the femoral bed was 
significantly elevated. If the femoral vasculature is representative of the peripheral 
circulation as a whole, the elevated FVR may have been translated into an increase in total 
peripheral resistance. If this was the only effect observed, then it might be expected to 
cause an increase in MAP. However, FHR was also decreased in R fetuses, and CVO is 
the product of FHR and stroke volume. Therefore, if stroke volume was not increased in 
R fetuses, the decrease in FHR would produce a reduction in CVO. Thus, despite 
alterations in two of the major determinants of MAP, it appears that the balance has been 
maintained, resulting in no overall effect. These findings do not preclude the possibility 
that stroke volume was also reduced in R fetuses.

It is possible that either the increase in FVR or the decrease in FHR could have been the 
initial effect, and have stimulated a reciprocal change in the other variable. It is not 
possible to state which factor initiated the changes from the available data, however, it is 
possible to speculate on some of the mechanisms which may have been involved.

FVR

Increased resistance in the femoral vasculature could have occurred by a number of 
mechanisms. Peripheral resistance is thought to increase with gestational age in the fetus, 
and contributes to the age-related increase in MAP (Iwamoto, 1989). It is suggested that 
growth of the vasculature does not proceed at the same rate as growth of the rest of the 
fetal body, and that this is part of the mechanism by which vascular resistance increases 
(Hanson, 1993). A similar effect could have occurred in R fetuses. If growth of the 
vasculature, in particular, at the femoral bed, was poorly developed in R fetuses, then 
FVR could be elevated above normal levels.

Other mechanisms for increased vascular tone could include increased vasoconstrictor 
effects, or decreased vasodilator effects. These types of effect could be produced by 
alterations in receptor numbers, changes in signal transduction mechanisms, changes in 
the circulating concentrations of vasoactive agents, or alterations in the level of tonic 
neural stimulation. Increased plasma concentrations of catecholamines, AVP, angiotensin
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II or cortisol could mediate an increase in vascular resistance [1.3]. The effects of 
maternal undemutrition on fetal cortisol concentrations will be discussed in Chapters 5 
and 7. Of the other endocrine agents listed, we have made some preliminary 
measurements of plasma catecholamine concentrations [Appendix 4]. We found that 
noradrenaline concentrations were significantly elevated in R fetuses under resting 
conditions, and this observation is consistent with idea that increased stimulation of oc- 

adrenergic receptors in the peripheral vasculature by catecholamines could produce 
elevated vasoconstriction and increased resistance. However, these data were only 
collected at a single time-point, and much more detailed investigation of circulating 
catecholamine concentrations, and also of other vasoactive agents, is required.

Increased vascular receptor sensitivity to vasoconstrictor agents, or decreased sensitivity 
to vasodilator agents may produce an increase in resistance. Studies in our laboratory 
have approached this question by examining the effects of maternal undemutrition on the 
response properties of small resistance arteries from fetal sheep. Early data suggest that 
vasodilatory responses are impaired in fetuses of nutritionally restricted mothers 
[Appendix 29]. The level of tonic neural control of the peripheral vasculature could be 
investigated using pharmacological agents, such as phentolamine, which block a- 

adrenergic receptors, or by chemical sympathectomy using guanethidine (Iwamoto et al., 
1983). These procedures can be used to study the tonic level of sympathetic stimulation, 
and its control of vascular resistance. A greater reduction of vascular resistance following 
these procedures could indicate a higher level of tonic activation.

Thus, there are numerous mechanisms which could have initiated an increase in FVR, 
and possibly, total peripheral resistance. It is possible that these mechanisms were 
activated as part of a compensatory process to maintain normal MAP. As already stated, 
elevated FVR may have been part of a mechanism to compensate for a decrease in MAP 
caused by reduced FHR and CVO. MAP could also have been reduced by a decrease in 
resistance in other vascular beds. The major single determinant of vascular resistance in 
the fetal fetus is the umbilical-placental circulation. This is because the placenta receives a 
large proportion of CVO, approximately 40-50% during late gestation [1.3.5]. A decrease 
in vascular resistance at the umbilical-placental circulation could produce a decrease in 
MAP, and stimulate compensatory vasoconstriction in peripheral circulations such as the 
femoral bed.

The umbilical vasculature is not innervated, thus, control of the placental vasculature is 
achieved by endocrine and paracrine mechanisms (Carter, 1993). Increased production of 
local vasodilator agents, which may include CRH (Clifton et al., 1995), could mediate a 
decrease in placental vascular resistance. Alternatively, a decrease in local production of
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prostaglandin E2, which has been reported to have vasoconstrictor effects in the umbilical 
circulation (Carter, 1993), or of other circulating vasoactive agents could also lead to a 
reduction of placental resistance. As described above, vascular resistance may also be 
determined by the degree of vascular growth. Thus, increased placental vascularity could 
result in a decrease in vascular resistance. It has been demonstrated in the human and the 
sheep that the placenta adapts to chronic reductions of oxygen supply by increasing 
vascularisation and dilatation of capillaries on the fetal side (Burton et al., 1996; Krebs et 
al., 1997). In the sheep, increased placental vascularisation induced by chronic hypoxia is 
accompanied by a change in placental morphology, characterised by an increase in the 
proportion of type D placentomes, and a decrease in type A (Penninga & Longo, 1998). 
A similar alteration in placentome types has also been reported to occur in response to 
maternal undemutrition (Crowe et al., 1996; Heasman et al., 1998). The proportion of 
the type D placentome which is made up of fetal tissue is relatively greater compared to 
the type A placentome (Vatnick et al., 1991). Therefore, placentae with high numbers of 
type D placentomes may have an increased degree of vascularisation of the fetal side of 
the placenta. In Chapter 3, it was shown that undemutrition in Welsh Mountain breed 
sheep did not alter placental morphology but did stimulate an increase in fetal placental 
villous density. The present study was conducted in Clun Forest breed sheep, the same 
breed in which Crowe et al. (1996) demonstrated an increase in type D placentomes. 
Thus, maternal undemutrition may stimulate functional adaptations at the placenta which 
produce increased vascularity and decreased vascular resistance. This may be a 
mechanism which reduces fetal MAP and produces a compensatory increase in fetal 
peripheral resistance. This possibility will need to be examined in future studies.

FHR

Reduced FHR could cause a fall in CVO if stroke volume is not increased. FHR is 
regulated by the balance between the negatively chronotropic parasympathetic nervous 
system, and the positively chronotropic sympathetic nervous system. These influences 
can act directly on the sino-atrial node to alter FHR (Hanson, 1993). In addition, 
circulating endocrine agents, such as catecholamines, can also modulate FHR. During 
gestation, FHR declines with age (Kitanaka et al., 1989). The mechanisms which 
produce this effect have been studied by vagotomy and pharmacological blockade of 
cholinergic effects. These procedures cause an elevation of FHR, an effect which 
increases with gestational age (Vapaavouri et al., 1973; Walker et al., 1978). It is thought 
that the tonic sympathetic influence develops earlier in development, resulting in high 
resting heart rate in mid-gestation (Vapaavouri et al., 1973; Walker et al., 1978). The 
relative influence of the parasympathetic nervous system appears to increase with 
gestational age, and contributes to the decline in FHR. This is not thought to be the sole
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mechanism operating, and it is suggested that there may be changes at the level of the 
sino-atrial node (Hanson, 1993). In addition, the decline in FHR may also be related to a 
decrease in plasma concentrations of catecholamines that occurs during gestation (Palmer 
et al., 1984). Thus, in the present study, low FHR in R fetuses may be due to increased 
parasympathetic stimulation or decreased sympathetic stimulation. We have examined the 
cholinergic control of FHR by measuring the response to acute hypoxia, and this will be 
discussed in a later section. Decreased circulating concentrations of catecholamines could 
underlie a reduction of FHR, however, as discussed, we only have preliminary data on 
adrenaline and noradrenaline levels, and further investigation of this area is required. 
Altered levels of other vasoactive endocrine agents could also be involved, such as 
angiotensin II, or AVP which is known to produce a bradycardic response independently 
of changes in MAP (Ervin et al., 1992).

Decreases in FHR may alter fetal MAP by reducing CVO. However, it is possible that 
reciprocal changes in stroke volume occur so that CVO is not altered. In experimental 
studies, it has been suggested that increased FHR by electrical pacing is not accompanied 
by an increase in CVO because of a decrease in preload which reduces stroke volume 
(Thornburg & Morton, 1993). In contrast, it is thought that spontaneous increases in 
FHR are accompanied by increased output, with spontaneous decreases being 
accompanied by reductions in output (Rudolph & Heymann, 1976; Thornburg & Morton, 
1993). Thus, there is some evidence that FHR can determine CVO, and hence, in the 
present study, the reduced FHR in R fetuses may have caused a decrease in CVO, and 
possibly fetal MAP.

4.4.4 Response to CRH+AVP

Administration of CRH+AVP stimulated an increase in fetal MAP and FVR, and a 
decrease in FHR and FBF. Absolute values of these parameters did not differ between C 
and R fetuses. However, the fall in FBF was significantly smaller in R fetuses compared 
to C fetuses. The magnitude of the changes in the other cardiovascular parameters did not 
differ between the two groups of fetuses.

As already described, it is likely that the cardiovascular effects of administration of 
CRH+AVP are produced primarily be the actions of AVP. It is thought that AVP acts at 
Vi receptors in the vasculature to produce vasoconstriction and stimulate increases in 
MAP, and cause cardiovascular redistribution. The bradycardic response appears to be 
produced, in part, by a direct effect of AVP at the heart via an unknown population of 
receptors.
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The decrease in FBF and elevation of FVR following CRH+AVP injection is consistent 
with other studies which have shown cardiovascular redistribution and reduced peripheral 
blood flow following AVP administration (Iwamoto et al., 1979). The smaller reduction 
of FBF in R fetuses may be related to the fact that this group of fetuses had a slightly 
lower baseline flow prior to CRH+AVP injection. FBF levels were reduced to similar 
values in both C and R fetuses at 5 min postinjection, thus, as R fetuses started from a 
lower baseline, the overall change was smaller compared to C fetuses. It is therefore 
possible that administration of this dose of CRH+AVP can act to reduce FBF to a certain 
level, in this case ca. 14 ml/min, and that it is unable to produce any further decrease in 
flow. This possibility could be examined by measuring the FBF responses to different 
doses of CRH+AVP. Wiriyathian et al. (1983) have demonstrated that the increase in 
MAP following infusion of AVP is greater at higher doses, suggesting that some of the 
cardiovascular effects of AVP are dose-dependent, and this is also likely to be the case for 
CRH+AVP.

The smaller FBF response in R fetuses may indicate a difference in the action of 
CRH+AVP to produce vasoconstriction in the femoral circulation. A reduction of 
vasoconstriction could be caused by a reduction in the number of AVP receptors in the 
vasculature, a decrease in their sensitivity to AVP, or by alterations in the structure of the 
resistance vessels, such as a decrease in the amount of vascular smooth muscle. 
However, the increase in FVR is not different between C and R fetuses, suggesting that a 
similar degree of vasoconstriction is produced. In addition, the MAP response is similar 
in both groups of fetuses, and there are no differences in Hct suggesting that blood 
viscosity was also similar. Thus, it is not possible to establish the cause of the reduced 
FBF response in R fetuses from the available data.

The similar MAP response in C and R fetuses indicates that the overall effect of 
exogenous CRH+AVP to elevate vascular resistance and increase pressure is not altered 
following maternal undemutrition. The similar FHR response suggests that the actions of 
CRH+AVP at the heart are also unaltered following maternal undemutrition. As most of 
these cardiovascular effects of CRH+AVP administration will be produced by the actions 
of AVP, it appears that AVP-mediated maintenance of cardiovascular control is not 
different between C and R fetuses. Thus, the data suggest that the elevation of basal FVR 
and decrease of basal FHR, described in the previous section, was not mediated by 
increased sensitivity to circulating AVP. Further examination of these findings could be 
performed by administering AVP-receptor antagonists to study the role of AVP under 
resting conditions. Additional experiments are also required to investigate other rapid 
cardiovascular control mechanisms, and this could be done by administering other 
vasoactive agents such as noradrenaline or angiotensin II.
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4.4.5 Response to hypoxia

During hypoxia, values for MAP, SBP, DBP, FHR and FBF were not significantly 
different between C and R fetuses. However, FVR was significantly greater in R fetuses 
compared to C fetuses when examined for the whole hypoxic hour. Hypoxia stimulated 
changes in cardiovascular parameters, characterised by an initial bradycardia, and a 
reduction of blood flow to the femoral vascular bed, which was accompanied by an 
increase in vascular resistance. The magnitude of these changes was not different between 
C and R fetuses.

The fetal cardiovascular response to hypoxia is mediated by neural and endocrine 
mechanisms [1.4]. In the present study, FVR was significantly greater during the 
hypoxic hour in R fetuses compared to C fetuses. Blood flow, and vascular resistance in 
the femoral circulation was used as an index of peripheral flow and resistance. Increased 
FVR could therefore indicate that total fetal peripheral resistance was greater in R fetuses 
compared to C fetuses. The increase in peripheral resistance in response to reduced fetal 
oxygenation is thought to contribute to a redistribution of CVO, favouring the heart, brain 
and adrenal glands [1.4]. There is evidence indicating that this response is initiated by a 
peripheral chemoreflex-mediated mechanism which stimulates activation of the 
sympathetic nervous system to produce peripheral vasoconstriction (Reuss et al., 1982; 
Jones & Ritchie, 1983; Giussani et al., 1993). Maintenance of the response is thought to 
involve peripheral a-adrenergic stimulation by circulating catecholamines (Jones et al., 
1988), and activation of non-a-adrenergic mechanisms, possibly involving circulating 

AVP, angiotensin II or cortisol (Giussani et al., 1994c). Therefore, the greater FVR 
during hypoxia in R fetuses could be produced by increased activation and discharge of 
the peripheral chemoreceptors, increased activation of the peripheral sympathetic nervous 
system, or by increased stimulation by circulating vasoactive agents.

It is unlikely that the peripheral chemoreceptors were activated to a greater degree during 
hypoxia in R fetuses relative to C fetuses, as values for PaC>2, pH or PaC02 were not 
different between the two groups. It is possible that there was greater activation of 
peripheral sympathetic mechanisms in R fetuses. This effect has been demonstrated to 
occur in fetuses in which placental function has been restricted by carunclectomy 
(Simonetta et al., 1997). Preliminary data [Appendix 4] indicate that plasma 
catecholamine concentrations during hypoxia were greater in R fetuses compared to C 
fetuses, suggesting that this effect may have contributed to the greater FVR in R fetuses. 
Further study of this effect is required. The FVR response to CRH+AVP administration, 
described above, suggests that sensitivity to circulating AVP was not greater in R fetuses,
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however, its release could have been increased. Plasma cortisol may also act to mediate 
vasoconstriction. The effects of maternal undernutrition on cortisol release during 
hypoxia will be reported in Chapter 8.

The elevated FVR in R fetuses during hypoxia does not result in a greater reduction of 
FBF or increase in MAP. It is possible that changes in other cardiovascular parameters 
prevented these effects. To further examine the control of FVR during hypoxia it will be 
necessary to gain more detailed information on blood flow to other vascular beds, and on 
plasma concentrations of catecholamines, AVP and angiotensin II. Other studies in our 
laboratory are concerned with examining the in vitro response properties of small 
resistance arteries, and these investigations may also be useful in examining the factors 
which may contribute to changes in control of FVR following maternal undemutrition.

An initial bradycardia occurred in response to hypoxia in both groups of fetuses, and this 
is consistent with previous investigations (see Giussani et al., 1994c). The magnitude of 
the fall in FHR was similar in C and R fetuses. It is thought that this response involves 
activation of peripheral chemoreceptors and reflex stimulation of vagal cholinergic 
efferents (Itskovitz & Rudolph, 1982; Giussani et al., 1993). In the present study, FHR 
was significantly reduced under basal conditions in R fetuses, and it was suggested that 
this may have resulted from increased cholinergic effects. Thus, increased activation of 
vagal efferent fibres by hypoxia might have been expected to cause a greater fall of FHR 
in R fetuses. However, the FHR response was not different between C and R fetuses. 
Therefore, the available data do not support the idea that there is greater tonic activation of 
parasympathetic mechanisms controlling FHR.

The fetus may be exposed to conditions of reduced oxygenation during pregnancy, and 
the cardiovascular response is an important mechanism which serves to maintain oxygen 
supply to those organs which are vital for development. Altered cardiovascular responses 
to hypoxia may be indicative of alterations in fetal blood pressure development (Crowe et 
al., 1995) or poor fetal growth (Block et al., 1984). Thus, in the present study, increased 
FVR during hypoxia in R fetuses could be important for long-term fetal development. 
These possibilities will be discussed in greater detail in Chapter 6.

4.4.6 General

Epidemiological and experimental studies have proposed that alterations in fetal 
cardiovascular development are associated with impaired fetal growth. In Chapter 3 it was 
shown that the level of maternal undemutrition used in the present study did not produce 
substantial effects on fetal bodyweight or body proportions. Despite this, data from the
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present study show that cardiovascular development is altered in fetuses of 
undernourished mothers. This study therefore, provides evidence demonstrating that 
maternal undernutrition can produce effects on development of the fetal cardiovascular 
system without altering fetal growth. The absence of effects on growth may be due to the 
modest nature of the nutritional challenge. As discussed in Chapter 3, in basic terms of 
fetal nutrient supply, a reduction of maternal nutrient intake by only 15%, at a time when 
fetal size is increasing relatively slowly, would not be expected to produce substantial 
effects on fetal growth.

Models of altered fetal cardiovascular development following maternal undemutrition 
which associate cardiovascular changes with reduced fetal growth, have proposed that the 
effects are also associated with elevated fetal plasma glucocorticoid concentrations (see 
Seckl, 1997). These ideas have been generated by studies in rats, in which maternal 
protein restriction during pregnancy has been shown to alter cardiovascular development 
of the offspring, producing hypertension in the adult (Langley & Jackson, 1994). A role 
for fetal glucocorticoids has been suggested because of their effects on the cardiovascular 
system and fetal growth. Elevated cortisol inhibits growth in fetal sheep (Fowden et al., 
1996) and basal plasma CRH, ACTH and cortisol concentrations are higher in growth 
retarded human fetuses (Goland et al., 1993). Furthermore, exogenous infusion of 
cortisol to fetal sheep produces an elevation of fetal MAP (Tangalakis et al., 1992a). 
Thus, it is thought that elevation of fetal glucocorticoid concentrations could increase 
MAP, and reduce fetal growth, and produce hypertension in adult life. Increased levels of 
glucocorticoids in fetal plasma have been may arise as a result of a defective ‘placental 
barrier’ to maternal glucocorticoids. This may be caused by, for example, reduced activity 
of the enzyme 118-Hydroxy steroid dehydrogenase (118-HSD) which converts 
biologically active cortisol to inactive cortisone at the placenta (Benediktsson et al., 1997; 
Sun et al., 1998). Inhibition of 118-HSD by carbenoxolone treatment in pregnant rats 
reduces birth weight and produces hypertensive offspring (Seckl, 1997). Maternal protein 
restriction also selectively attenuates placental 118-HSD (Langley-Evans et al., 1996a).

In the present study, fetal MAP was not elevated following maternal undernutrition. 
Therefore, this may be due to an absence of increased fetal glucocorticoid concentrations 
at the time of study. The absence of effects on fetal growth, reported in Chapter 3, also 
suggests that fetal glucocorticoids were not elevated, at least at the time of rapid fetal 
growth. The effects of maternal undernutrition on fetal cortisol concentrations will be 
reported in Chapters 5 and 7. If maternal undemutrition did cause exposure of the fetus to 
excess maternal glucocorticoids in the present study, it appears that it did not occur during 
the second half of gestation. It seems more likely that this effect would have occurred 
during the first half of pregnancy, i.e. during the period of nutrient restriction.
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This study was designed as a preliminary investigation to gain information about the 
possible effects of maternal undernutrition on fetal cardiovascular development. The 
results obtained show that there is an effect on both basal parameters and on 
cardiovascular responses. There is evidence suggesting that basal FHR is reduced and 
basal FVR is increased, but at this gestational age, and in this breed of sheep, MAP 
appears to be unaffected. Further study is required to confirm these findings. It is known 
that as gestation progresses, MAP increases and FHR decreases (Rudolph & Heymann, 
1970; Dawes, 1985; Kitanaka et al., 1989). In the present study, although basal FHR 
decreased in C fetuses over the three experimental days, no change in MAP was observed 
in either group. Therefore, it is necessary to monitor cardiovascular parameters over a 
period of weeks rather than days to fully examine the developmental processes. As the 
study of Crowe et al (1995) demonstrated, blood pressure trajectory can differ between 
groups of animals. It was shown that control animals had a normal increase in MAP with 
gestational age, but that in the experimental group MAP failed to increase, such that 
although MAP of control animals was lower at the start of the study, it was higher 2 
weeks later. It is possible that a similar process occurred in the present study, and 
furthermore, the age at which MAP was measured could be the point at which the 
pressures converge, thus appearing similar. The higher FVR during hypoxia in R fetuses 
suggests that this cardiovascular response is altered following maternal undemutrition. As 
for basal development, cardiovascular responses also mature with gestational age [1.4]. 
Thus, it is necessary to study the response to hypoxia at other gestational ages to be 
confident of the effect that is produced. Further investigation will also require study of 
other control mechanisms, such as the baroreflex. This reflex also changes with gestation 
(Blanco et al., 1988) and would therefore need to be studied over a range of ages.

4.4.7 Conclusion

The results of this preliminary investigation show that maternal nutrient restriction in early 
gestation alters cardiovascular development in the fetus in late gestation. This can occur in 
the absence of effects on fetal growth. There is evidence that changes in placental size and 
vascularisation may be important in initiating the alterations in cardiovascular control 
systems. Further study of these effects requires longitudinal examination of 
cardiovascular control mechanisms, and investigation of changes in vasoactive hormones.
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CHAPTER 5 

EFFECT OF EARLY GESTATION
NUTRITIONAL RESTRICTION ON 
FETAL HPA AXIS REGULATION: 

A PRELIMINARY 
INVESTIGATION

5.1 INTRODUCTION

Epidemiological studies suggest that impaired fetal development is associated with 
increased risk of adult cardiovascular disease (Barker, 1998). Fetal development may be 
‘programmed’ by environmental influences. Maternal undemutrition has been suggested 
as an adverse environmental influence which could ‘programme’ fetal development, 
producing permanent changes in physiology, and increasing the risk of later disease 
[1.7]. In Chapter 3, it was reported that reduction of maternal nutrient intake by 15% for 
the first 70 days of pregnancy did not alter fetal growth at day 90 or day 130 of 
pregnancy. Despite this, in Chapter 4, it was reported that the same level of maternal 
undemutrition produced changes in fetal cardiovascular development in late gestation. 
The mechanisms which produce these effects are not fully understood.

Maternal undernutrition may also affect development of other organ systems. The fetal 
hypothalamic-pituitary-adrenal (HPA) axis is critical for normal development of the 
organism, and any alterations in function are likely to have consequences for a wide range 
of systems. Glucocorticoids have been suggested to have a role in fetal cardiovascular 
regulation [1.3.6], and infusion of exogenous cortisol to fetal sheep elevates blood 
pressure (Tangalakis et al., 1992a; Dodic & Wintour, 1994). The HPA axis has an 
important role in the response of the fetus to acute episodes of intrauterine stress such as 
hypoxia (Boddy et al., 1974b; Akagi et al., 1989), haemorrhage (Rose et al., 1978) and 
hypotension (Rose et al., 1981). In addition, elevated fetal plasma glucocorticoid 
concentrations reduce fetal growth (Fowden et al., 1996), a condition which may be 
associated with elevated blood pressure in adult life (Barker et al., 1989a).

In humans, impaired fetal development indicated by size at birth is linked to HPA axis 
function, with low birthweight associated with greater rates of urinary glucocorticoid 
excretion in children (Clark et al., 1996), and elevated basal plasma cortisol concentration
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(Phillips et al., 1998) and greater adrenocortical responsiveness to ACTH (Reynolds et 
al., 1998) in adults. The effect on HPA axis development of direct experimental 
disruption of the intrauterine environment has also been studied. In the sheep, surgical 
restriction of placental size produces a decrease in the level of the adrenocorticotrophin 
hormone (ACTH) precursor, proopiomelanocortin (POMC) mRNA, present in the fetal 
pituitary (Phillips et al., 1996a). Thus, adverse environmental influences can alter fetal 
HPA axis function, and these changes may be linked to other aspects of impaired fetal 
development. The effect of maternal undemutrition on development of the fetal HPA axis 
is not known.

The aim of this investigation was to test the hypothesis that maternal undemutrition can 
act to ‘programme’ development of the fetal HPA axis, and furthermore, to examine if the 
changes are consistent with the effects of maternal undemutrition previously reported for 
fetal growth and cardiovascular development.

HPA axis function was investigated in fetuses of sheep in which nutritional intake was 
regulated. Initially, the fetal HPA axis was studied in the basal state, by taking plasma 
samples of ACTH and cortisol under resting conditions. Responsiveness of the axis was 
assessed by administering exogenous corticotropin releasing hormone (CRH) + arginine 
vasopressin (AVP). Glucocorticoid-mediated negative feedback mechanisms were also 
examined by measuring responses to CRH+AVP in the presence of exogenously elevated 
plasma cortisol.

This study was originally intended to be a full investigation of the fetal HPA axis. 
However, we were unable to assay ACTH and cortisol samples obtained from four 
control fetuses. Therefore, the numbers of animals in the groups are not equal. Thus, 
these experiments provide preliminary data concerning the effects of maternal 
undemutrition on fetal HPA axis development. These data were used in the design of a 
more detailed investigation of the fetal HPA axis, which is reported in Chapter 7.

5.2 METHODS

This study was performed in the same fetuses in which cardiovascular development was 
examined in Chapter 4.

This study was conducted in Clun Forest ewes. Nutritional intake was regulated between 
14 days prior to conception until day 70 of gestation.

5.2.1 Experimental design
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Fig. 5.1 shows data from a set of preliminary experiments which examined the effects of 
a range of treatments on HPA axis responses. These experiments were performed to 
identify the optimum treatment to assess responsiveness of the axis. The treatment which 
was chosen was 1 |ig CRH + 200 ng AVP. This regime was used as it produced 
reproducible ACTH responses which had a definite peak and which were also easily 
quantifiable.

1ug CRH + 200ng AVP 
96-21

250-1

1 2 5 -

lu g  CRH + 200ng AVP 
96-26

2 5 0 -i

1 2 5 - iv>
-IKECP
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96-34

2 5 0  -i

1 2 5 -

-XxP

0.5ug CRH 
96-30

2 5 0 n

125 -

1ug CRH 
96-30

2 5 0  n

125-

0 J

2ug CRH 
96-26

250  -i
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2ug CRH 
96-30

2 50-1

1 2 5 -

5ug CRH 
96-30

2 5 0

1 2 5 -

Fig. 5.1. Data from preliminary investigation into the effects of different drugs on 
ACTH responses (pg/ml). Time scale is the same in each graph. Four animals were used 
for these preliminary experiments, which were between 125-130 days gestation (dGA). 
The animal number is shown below the drug dose.

5.2.2 Surgical preparation
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Aseptic surgery was performed on ten singleton-bearing ewes at 119-125 dGA under 
general anaesthesia [2.4]. The uterus was exposed through an incision in the midline of 
the lower abdominal wall, and the fetus partially exteriorised. Catheters filled with 
heparinised saline were placed in a fetal carotid artery, jugular vein and brachial vein. A 
catheter was also placed in a maternal pedal vein.

At least 4 days post-operative recovery were allowed prior to commencing experiments.

5.2.3 Experimental procedures

Three experiments, each of four hours duration were conducted on separate days. On the 
first day fetuses received an intravenous bolus of saline vehicle (1 ml; 0.9% sterile 
saline). On both the second and third days fetuses received an intravenous bolus of ovine 
CRH (1 |ig; Sigma Chemical Co., Poole, Dorset, UK) plus AVP (200 ng; Sigma Co., 
UK). Both peptides were dissolved in 0.1% bovine serum albumin in sterile saline and 
administered together in a volume of 1 ml. All bolus injections were administered at 2 h 
after the start of the experiment via the jugular vein. On days 1 and 2 ethanol-saline 
vehicle (3% ethanol in 0.9% saline) was infused into the fetus via the brachial vein (3 
ml/hr). On day 3, cortisol (Sigma Co., UK) was infused, at a rate of 4 pg/min (3 ml/hr). 
All infusions began at 1 h after the start of the experiment, i.e.. 1 h before the bolus 
injection, and ended at 3 hr, i.e. 1 h after the bolus injection. At the start of the infusion, 
1.5 ml was injected as a bolus to clear the dead space of the catheter. On each 
experimental day fetal arterial blood samples (0.6 ml) were taken for ACTH and cortisol 
analysis at 30, 90, 120, 125, 130, 135, 140, 145, 150, 180 and 240 min after the start of 
the experiment. These time points correspond to 90, 30, and 0 min before, and 5, 10, 15, 
20, 25, 30, 60 and 120 min after bolus injection of saline vehicle or CRH+AVP. 
Additional samples of fetal arterial blood (0.5 ml) were collected at 30, 90, 135, 165 and 
210 min after the start of each recording for blood gas analysis.

5.2.4 Data analysis

All values are presented as mean ± S.E.M. Significance was accepted when P<0.05. 
When multiple comparisons were made, P values were corrected using the Bonferroni 
method. ACTH and cortisol data during CRH+AVP administration experiments were 
transformed logarithmically before analysis to remove heterogeneity of variance.

Basal ACTH and cortisol
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Mean values for basal plasma ACTH and cortisol concentrations were determined by 
averaging the samples collected over the course of the four hour study on the first day, 
during the first two hours of the study period on the second day, and the first sample 
collected on the third day in each animal. These values were then averaged to produce 
overall means for each group on each experimental day. Differences between C and R 
fetuses were determined by Student’s unpaired t test. To determine if values changed 
between experimental days, the values on day 1 were compared with values from day 2 
and day 3. Significance was determined by Student’s paired t test.

CRH+A VP/saline

During the CRH+A VP/saline experiment, on the second day, the mean values for basal 
ACTH and cortisol were termed the preinjection values. Changes in ACTH within each 
group were determined by comparing the preinjection value with values at 5 min and 120 
min. Changes in cortisol were determined by comparing the preinjection value with 
values at 15 min and 120 min. Significance was determined by Student’s paired t test. 
ACTH and cortisol responses were also expressed as a change from baseline. The 
preinjection value was designated as baseline and was subtracted from subsequent 
postinjection values. Response profiles for the absolute ACTH and cortisol responses, 
and the change from baseline were compared between C and R fetuses using two-way 
analysis of variance comparing the effect of group (C vs. R), time and the interaction 
between group and time.

CRH+A VP/cortisol

During the CRH+A VP/cortisol experiment, on the third day, the value for basal ACTH 
and cortisol at -90 min was termed the preinfusion value. Changes in ACTH and cortisol 
within each group following cortisol infusion were determined by comparing the 
preinfusion value with the value at 0 min. Changes in ACTH and cortisol within each 
group following administration of CRH+AVP were determined by comparing the value at 
0 min with the peak response value, and the value at 60 min. Significance of these 
changes was determined by Student’s paired t test. ACTH and cortisol responses were 
also expressed as a change from baseline. The value at 0 min was designated as baseline 
and was subtracted from subsequent postinjection values until 60 min. Response profiles 
for the absolute ACTH and cortisol responses, and the change from baseline were 
compared between C and R fetuses using two-way analysis of variance comparing the 
effect of group (C vs. R), time and the interaction between group and time.

Comments
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There were 10 animals included in this study (C=3, R=7). Of these, there were two males 
in the C group, and two males in the R group.

5.3 RESULTS

5.3.1 Blood gas parameters

This study was conducted in the same fetuses that were used for the investigation of the 
fetal cardiovascular system in Chapter 4. Therefore, the data for fetal blood gas 
parameters are shown in Chapter 4.

5.3.2 Basal ACTH and cortisol

Data for basal ACTH and cortisol are shown in Table 5.1 and Fig. 5.2. ACTH and 
cortisol concentrations did not differ between C and R fetuses. There were no changes in 
ACTH or cortisol between experimental days in either C or R fetuses.

DAY 1 DAY 2 DAY 3
ACTH (pg/ml)

C (n=3) 22.44 ± 7.99 20.16 ± 9.49 25.97 ± 2.17
R(n=7) 19.27 ±  1.90 22.40 ± 2.79 23.71 ±  1.96

Cortisol (nmol/L)
C (n=3) 19.81 ± 2.81 18.51 ± 3.02 22.60 ± 1.50
R (n=7) 18.39 ± 1.97 20.56 ± 2.50 29.43 ± 6.01

Table 5.1. Data for basal ACTH and cortisol in C and R fetuses. Values are shown as 
mean ± S.E.M. Values did not differ between C and R fetuses.
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Fig. 5.2. Basal concentrations of ACTH and cortisol measured over the three 
experimental days in C (O) and R ( • )  fetuses. Values are presented mean ± S.E.M. 
Concentrations were not different between C and R fetuses.

5.3.3 Response to CRH+AVP

Data for plasma ACTH and cortisol responses to administration of CRH (1 Jig) + AVP 
(200 ng) are shown in Table 5.2 and Fig. 5.3. The panels on the left of Fig. 5.3 show the 
response expressed as the absolute values. The panels on the right show the response in 
terms of the change from baseline.

At 5 min postinjection, ACTH concentrations were significantly increased compared to 
preinjection values in both C and R fetuses. At 120 min postinjection, ACTH 
concentrations were elevated compared to preinjection values in R fetuses, but not in C 
fetuses. Cortisol concentrations were significantly increased at 15 min postinjection 
compared to preinjection values in both C and R fetuses. At 120 min postinjection, 
cortisol concentrations were increased compared to preinjection values in R fetuses, but 
not in C fetuses.

When expressed as the absolute values, the ACTH and cortisol responses profiles did not 
differ between C and R fetuses. When the responses were expressed as a change from 
baseline, the increase in ACTH was not different between C and R fetuses, but the 
increase in cortisol was significantly smaller in R fetuses compared to C fetuses 
(P<0.05).
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Preiniection 5 min 120 min
ACTH (pg/ml)

C (n=3) 20.16 + 9.49 153.93 ±  6.27** 103.63 ± 15.22
R (n=7) 22.40 ± 2.79 132.60 ± 19.98** 130.13 + 18.37**

Preinjection 15 min 120 min
Cortisol (nmol/L)

C (n=3) 18.51 ± 3.02 78.57 + 2.31** 80.10 ± 10.20
R (n=7) 20.56 ± 2.50 68.49 ± 8.96*** 76.51 + 13.58**

Table 5.2. Data for ACTH and cortisol in C and R fetuses before and after 
administration of CRH+AVP. Values are shown as mean ± S.E.M. *P<0.05, **P<0.01, 
***P<0.001 (paired t test) compared to preinjection value.
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Fig. 5.3. Plasma ACTH (upper panels) and cortisol (lower panels) concentrations 
before and after injection of CRH + AVP during infusion of ethanol-saline vehicle in C 
(O) and R ( • )  fetuses. Arrow indicates the time of injection (0 min). The black bar 
indicates the infusion period (omitted for clarity in right panels). The panels on the left 
show absolute ACTH and cortisol concentrations during the whole experiment. The 
panels on the right show the change from baseline for the first 120 min after CRH+AVP 
injection. Values are presented mean ± S.E.M. The cortisol change from baseline was 
significantly smaller in R fetuses compared to C fetuses (P<0.05).

5.3.4 Cortisol negative feedback

Data for plasma ACTH and cortisol responses to administration of CRH (1 pg) + AVP 
(200 ng) during infusion of cortisol (4 pg/min) are shown in Table 5.3 and Fig. 5.4. The 
panels on the left of Fig. 5.4 show the response expressed as the absolute values. The 
panels on the right show the response in terms of the change from baseline.
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Plasma ACTH concentrations did not change between the preinfusion period and 0 min in 
either C or R fetuses. Plasma cortisol concentrations increased significantly in both C and 
R fetuses compared between preinfusion and 0 min. The peak ACTH response following 
CRH+AVP administration occurred at 10 min in C fetuses and 15 min in R fetuses. 
ACTH concentrations increased significantly between 0 min and the peak response in 
both C and R fetuses. ACTH concentrations were not different compared between 0 min 
and 60 min in either C or R fetuses. The peak cortisol response following administration 
of CRH+AVP occurred at 15 min in both C and R fetuses. Cortisol concentrations 
increased significantly between 0 min and the peak response in R fetuses, but not in C 
fetuses. Cortisol concentrations were not different between 0 min and 60 min in either C 
or R fetuses.

The ACTH and cortisol responses profiles did not differ between C and R fetuses when 
expressed as either absolute values or the change from baseline.

Preinfusion 0 min Peak value 60 min
ACTH (pg/ml)

C (n=3) 25.97 ±  2.17 17.03 ± 2.03 31.00 ± 3.27* 
(10 min)

19.50 ±  5.44

R (n=7) 23.71 ±  1.96 19.43 ± 2.89 33.21 ± 3.51* 
(15 min)

20.79 ±  3.32

Cortisol (nmol/L)
C (n=3) 22.60 ±  1.50 101.80 ±  6.01f 154.43 + 16.44 

(15 min)
119.57 + 5.07

R (n=7) 29.43 ± 6.01 103.29 ±  13.51 i: 148.94 ±  19.06* 
(15 min)

136.50 ±  13.98

T able 5.3. Data for ACTH and cortisol in C and R fetuses before and after 
administration of CRH+AVP, during infusion of cortisol. Values are shown as mean ± 
S.E.M. fP<0.05, :j:P<0.01 (paired t test) compared to preinfusion value. *P<0.05 
(paired t test) compared to value at 0 min.
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Fig. 5.4. Plasma ACTH (upper panels) and cortisol (lower panels) concentrations 
before and after injection of CRH + AVP during infusion of cortisol (4 |ig/min) in C (O) 
and R ( • )  fetuses. Arrow indicates the time of injection (0 min). The black bar indicates 
the infusion period (omitted for clarity in right panels). The panels on the left show 
absolute ACTH and cortisol concentrations during the whole experiment. The panels on 
the right show the change from baseline for the first 60 min after CRH+AVP injection. 
Values are presented mean ± S.E.M. Responses were not different between C and R 
fetuses.
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5.4 DISCUSSION

The results of this study support the hypothesis that maternal undernutrition alters fetal 
HPA axis development. The important finding is that fetuses of nutritionally restricted 
ewes had reduced cortisol responses to administration of CRH+AVP. There was also a 
suggestion of a similar reduction in ACTH responses, but this was not statistically 
significant. Basal plasma ACTH and cortisol concentrations were not different between C 
and R fetuses.

In Chapters 3 and 4 respectively, it was shown that this level of maternal undemutrition 
did not alter fetal growth, but did effect fetal cardiovascular development. The results of 
the present study are consistent with those of Chapter 4, in that they support the 
hypothesis that maternal undemutrition can act as an adverse environmental influence to 
‘programme’ development of fetal organ systems. The results of Chapter 3 and 4, and 
those of the present investigation may be linked. This possibility will be discussed in the 
following sections.

It must be stressed that this was a preliminary investigation into the effects of maternal 
undemutrition on fetal HPA axis responses. The results of statistical comparisons have to 
be interpreted with caution due to the fact that the groups contained unequal numbers of 
animals.

5.4.1 Methodological considerations

The aim of this investigation was to examine the mechanisms controlling function of the 
HPA axis. We therefore designed a set of experiments that tested the responses of the 
axis to both stimulation and inhibition. The endocrine agents that we used in our 
experiment, i.e. CRH, AVP and cortisol, are all released under conditions of ‘stress’ (see 
Dallman, 1993; Miller & Tyrrell, 1995). Hence, it was our intention to create similar 
conditions, but in a controlled experimental environment, so that HPA axis responses 
could be assessed.
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Fig. 5.5. Basic representation of the organisation of the HPA axis.

The basic structural organisation of the HPA axis is shown in Fig. 5.5. HPA axis 
function has been discussed in detail in Chapter 1 [1.5]. Briefly, CRH and AVP are 
synthesised and released at the hypothalamus. They can act at the anterior pituitary to 
promote synthesis and release of ACTH. Released ACTH can act at the adrenal cortex to 
stimulate secretion of cortisol. Cortisol then acts in a negative-feedback manner to inhibit 
further activation of the axis (Keller-Wood & Dallman, 1984; Miller & Tyrrell, 1995).

To examine the response of the HPA axis to stimulation we chose to use an exogenous 
CRH+AVP challenge. Exogenous CRH has been shown to stimulate release of ACTH 
from the anterior pituitary in fetal (Norman & Challis, 1987a; Brooks & White, 1990) 
and adult sheep (Brooks & Challis, 1989; Pradier et al., 1988). In the fetal sheep, bolus 
injection of 1 |ig CRH produces a steady increase in plasma ACTH concentrations which 
remain elevated up to 240 min after the injection (Norman et al., 1985; Norman & 
Challis, 1987a). Administration of CRH has been widely used in a number of studies as a 
means of measuring HPA axis responses (Hargrave & Rose, 1986; Brooks et al., 1987; 
Kerr et al., 1992). Exogenous AVP also has actions at the anterior pituitary to stimulate 
release of ACTH (Norman & Challis, 1987b; Harper & Rose, 1988; Apostolakis et al.,
1991). In contrast to CRH, injection of 200 ng AVP to fetal sheep produces an ACTH 
response that is rapid but which is of much shorter duration, with levels returning to 
preinjection values usually within 60 min (Norman & Challis, 1987a; Brooks & White,
1990). The difference in the time course of the ACTH response to CRH or AVP probably 
reflects the different half-lives of CRH and AVP in fetal plasma. AVP has a half-life of 
approximately 2.8 min in the ovine fetus (Wiriyathian et al., 1983), whereas CRH has 
been demonstrated to have a half-life of approximately 60 min, although it is still 
detectable in the fetal circulation at up to 480 min after a 1 |ig bolus injection (Brooks &
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Challis, 1988a). It is also possible that CRH and AVP may cause differential post- 
translational processing of the ACTH precursor, POMC, to stimulate secretion of 
peptides that have different half-lives in plasma.

There is confusion regarding the relative potencies of CRH and AVP to stimulate ACTH 
secretion [1.5.3]. In adult sheep, it has been reported that AVP is more potent compared 
to CRH in studies which have examined ACTH secretion from cultured pituitary cells in 
vitro (Familiari et al., 1989). AVP has also been reported to have greater potency than 
CRH in cultured fetal anterior pituitary cells at 138 dGA (Matthews & Challis, 1997). 
Administration of equimolar doses of AVP and CRH to immature fetal sheep in vivo has 
shown that AVP produces a greater response than CRH (Norman & Challis, 1987a; 
Maclsaac et al., 1989a; Brooks & White, 1990). These findings lead Norman & Challis 
(1987a) to suggest that AVP is important for pituitary activation in young fetuses (<125 
dGA), and, in contrast to the results of Matthews & Challis (1997), that this role declines 
towards term, when CRH becomes the dominant ACTH secretagogue. Therefore, it is 
possible that the relative potencies of CRH and AVP may differ at different stages of 
development.

It has been suggested in both fetal (Norman & Challis, 1987a) and adult (Brooks & 
Challis, 1989) sheep that AVP acts synergistically with CRH to produce a response that 
is greater than the sum of the responses when the peptides are administered alone [1.5.3]. 
The mechanism of the synergistic interaction between CRH and AVP is not fully 
understood. AVP mediated ACTH secretion is thought to involve binding to receptors 
that are linked to phosphatidylinositol turnover, stimulating phospholipase-C to cause the 
generation of inositol 1,4,5-triphosphate (IP3) and 1,2-diacylglycerol from the 
breakdown of phosphatidylinositol 4,5-biphosphate (PIP2), and activating protein kinase 
C (see Oki et al., 1990; Liu, 1994). CRH is thought to produce its stimulatory actions by 
binding to an adenylate cyclase-linked membrane receptor, increasing the intracellular 
generation of cAMP and activating protein kinase A (see Labrie et al., 1982; Liu, 1994). 
AVP has been suggested to interact with CRH by potentiating CRH-induced cAMP 
accumulation by inhibiting activity of phosphodiesterase which is responsible for cAMP 
breakdown (see Challis & Brooks, 1989), or by inhibiting the G-protein, Gj, which acts 
to inhibit adenylate cyclase (Liu et al., 1990).

The overall ACTH response to administration of CRH+AVP in combination comprises 
components of both individual responses, i.e. a rapid increase which peaks at 5 min 
followed by a slight fall which reaches a plateau at 30 min, with levels remaining elevated 
over a number of hours (Norman & Challis, 1987a). Measurement of the response to 
CRH+AVP is a reproducible method of assessing HPA axis function. The fact that the
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response has a definite peak means that it can be quantified easily. This also applies to the 
consequent cortisol response which has a similar profile to ACTH.

The CRH and AVP dose used in this experiment was based on preliminary experiments 
which measured the effects of different treatments on ACTH and cortisol responses 
[5.2.1], and also on the study of Norman & Challis (1987a). They reported that 1 pg 
CRH produced a consistently significant submaximal ACTH response and that a dose of 
200 ng AVP was equimolar to that of CRH. In addition, they estimated that these doses 
of CRH and AVP would achieve plasma concentrations of approximately 500 pg/ml and 
3 ng/ml respectively, when based on an estimated fetal body weight of 3 kg on day 130 of 
gestation and a blood volume of 10-15% body weight. Plasma CRH levels of 90-160 
pg/ml have been reported in the unstressed fetal sheep (Sue-Tang et al., 1992), with 
levels reaching 480-510 pg/ml during reduced uterine blood flow (Sue-Tang et al., 
1992). Under basal conditions plasma AVP concentrations are typically about 2 pg/ml 
(Akagi & Challis, 1989), with concentrations during hypoxia approaching levels similar 
to those estimated following 200 ng AVP injection (Stark et al., 1985). Thus a dose of 1 
pg CRH + 200 ng AVP would be expected to increase circulating concentrations of these 
hormones to values comparable to those attained during conditions of stress. However, it 
must be noted that these are concentrations in the systemic circulation and may not relate 
to concentrations at the corticotroph.

To test regulation of HPA axis function by negative-feedback mechanisms we measured 
responses to CRH+AVP in the presence of exogenously elevated plasma cortisol. 
Circulating glucocorticoids feedback onto the pituitary and specific brain regions to inhibit 
the secretion of releasing factors from hypothalamic neurones, and ACTH from pituitary 
corticotrophs (Keller-Wood & Dallman, 1984; Jacobson & Sapolsky, 1991) [1.5.6]. 
Negative feedback regulation by cortisol of basal and stimulated ACTH secretion has 
been demonstrated in fetal sheep (Hennessy et al., 1982b; Wood & Rudolph, 1983; Rose 
et al., 1988; Wood, 1991). Glucocorticoids can mediate their effects via actions at 
glucocorticoid receptors (GR) which have been shown to be present at the fetal sheep 
pituitary and hypothalamus (Rose et al., 1985b; Yang et al., 1990; Matthews et al., 
1995b). It has been shown that infusion of exogenous cortisol inhibits the fetal ACTH 
response to hypoxia (Akagi et al., 1990), hypotension (Wood & Rudolph, 1983) and 
exogenous CRH (Rose et al., 1985a). We therefore chose to use cortisol infusion as a 
method of investigating negative feedback control of HPA axis function. Previous studies 
have shown that a cortisol dose of 5 pg/min for 4 h completely abolishes the ACTH 
response to administration of 1000 ng kg*1 CRH (Rose et al., 1985a). Similarly, the 
ACTH response to hypoxia is also completely attenuated following prior cortisol infusion 
of 5 pg/min for 5 h (Akagi et al., 1990). The aim of this experiment was to inhibit the
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HPA axis partially, in such a way that responses could still be measured. We therefore 
used a cortisol dose of 4 |ig/min, but for only 1 h preceding injection of CRH+AVP. As 
the results show, this protocol was successful in reducing ACTH and cortisol responses 
but not completely abolishing them.

The days of the saline and cortisol infusion trials were not randomised. This is because it 
is possible that the experimental manipulations could have affected HPA axis 
development. In addition, HPA axis responses to CRH+AVP have been reported to 
decline when examined on a daily basis (Brooks & White, 1989), thus it was important to 
ensure that the order of the experiments was the same in each animal so that the responses 
could be compared between the groups.

5.4.2 Basal HPA axis function

The results show that basal levels of ACTH and cortisol were not different between C and 
R fetuses on any of the experimental days. This suggests that the nutritional challenge did 
not affect basal development of the HPA axis, at least at this particular gestational age. It 
is important to remember that these are preliminary data and further investigation is 
required for confirmation.

Development of the fetal sheep HPA axis is associated with changes in basal plasma 
ACTH and cortisol concentrations [1.5.5], Prior to approximately 120 dGA, ACTH and 
cortisol concentrations are relatively low. Concentrations are typically ca. 20 pg/ml and 
ca. 10 nmol/L for ACTH and cortisol respectively (Hennessy et al., 1982b; Magyar, et 
al., 1980b; Norman et al., 1985). From approximately 125 dGA, cortisol concentrations 
gradually increase, until about five days before term when a dramatic increase occurs 
(Magyar et al., 1980b; Hennessy et al., 1982b; Norman et al., 1985; Jackson et al.,
1992). In parallel with changes in cortisol, fetal plasma ACTH increases, but less 
dramatically (Hennessy et al., 1982b; Norman et al., 1985; Jackson et al., 1992).

The changes in plasma ACTH and cortisol concentrations during gestation are 
accompanied by maturational changes within the fetal hypothalamus, pituitary and adrenal 
glands [1.5]. At the hypothalamus, immunoreactive (ir) CRH and CRH mRNA levels 
have been reported to increase during gestation (Currie & Brooks, 1992; Matthews & 
Challis, 1995b), and this appears to be translated into increased CRH release (Brooks et 
al., 1989). These changes may result in greater activation of the anterior pituitary gland, 
and it has been shown that levels of POMC mRNA increase during late gestation at the 
same time as the increase in CRH mRNA (Myers et al., 1993; Matthews et al., 1994). At 
the adrenal gland, it has been reported in both in vitro (Wintour et al., 1975; Glickman &
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Challis, 1980) and in vivo (Rose et al., 1982b) studies that responsiveness to ACTH 
increases during late gestation. This is thought to be linked to increases in the levels of 
enzymes involved in steroidogenesis (Manchester & Challis, 1982; Tangalakis et al., 
1989; Maclsaac et al., 1989b; Phillips et al., 1996b), and changes in the interaction 
between ACTH, its receptor and its second messenger system (see Manchester et al., 
1983). It is also suggested that the increases in both ACTH and cortisol concentration 
may involve a resetting of glucocorticoid-mediated negative feedback mechanisms 
(Wood, 1988a).

Therefore, alterations in basal plasma ACTH or cortisol concentrations could indicate 
changes in the maturational processes at either the hypothalamus, pituitary or adrenal 
glands. For example, if cortisol concentrations were elevated in R fetuses compared to C 
fetuses, it could suggest that there was increased activation of the pituitary or adrenal 
glands, increased adrenocortical responsiveness, or decreased negative feedback. These 
possibilities, and others, will be discussed in greater detail in later chapters. In the present 
preliminary investigation, the absence of a difference in ACTH and cortisol 
concentrations between C and R fetuses suggests that there were no differences in the 
maturational processes controlling basal HPA axis function at this particular stage of 
gestation. However, much more detailed examination of development of the axis is 
required to confirm this observation. These studies will reported in Chapter 7.

It has been reported that plasma ACTH and cortisol concentrations are variable during late 
gestation compared to earlier in pregnancy or in the last 5 days preceding parturition 
(Jones, 1979; Challis et al., 1981; Maclsaac et al., 1985). Prior to 120 dGA, cortisol in 
the fetal circulation is thought to be derived almost exclusively from the maternal 
circulation via transfer across the placenta (Hennessy et al., 1982a). In association with 
maturation of the HPA axis, endogenous fetal cortisol production increases after 120 
dGA to become the major source of cortisol in the fetal circulation, with transplacental 
transfer contributing only about 10% of fetal cortisol near term (Hennessy et al., 1982a). 
It has been suggested that the relatively high variability of ACTH and cortisol 
concentrations during late gestation may be a consequence of this process, and may 
involve emergence of positive and negative feedback mechanisms (Challis & Brooks, 
1989). The decrease in variability towards term has been attributed to the increase in drive 
of the pituitary and adrenal during the approach to parturition (Challis & Brooks, 1989).

The present study was performed between 125-133 days of gestation. We chose to study 
the HPA axis at this time of gestation for several reasons. First, this is a time when the 
anterior pituitary and adrenal cortex are functionally active and responsive to exogenous 
endocrine stimulation. Therefore, function of these organs could be assessed. Also, many
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previous studies in this laboratory have been conducted at this gestational age, and thus 
useful comparisons could be made between these previous experiments and the present 
investigation. In addition, instrumentation of the fetus is relatively easy at this stage of 
gestation as fetal blood vessels are large, the fetus tolerates the procedure well, and there 
is minimal risk of premature delivery. However, as described, this is also a time of 
relatively high variability of fetal plasma ACTH and cortisol concentrations. Therefore, it 
may have been difficult to detect subtle differences in basal ACTH and cortisol secretion 
between C and R fetuses.

The effect of changes in the intrauterine environment on basal plasma concentrations of 
ACTH and cortisol and hence, basal HPA axis function, has been examined in a number 
of different models. For example, Phillips et al. (1996a) studied the effect of placental 
restriction (carunclectomy) on circulating concentrations of ACTH and cortisol, and 
pituitary POMC mRNA levels in the fetal sheep. It was found that placental restriction 
resulted in elevated plasma cortisol concentrations and decreased POMC mRNA levels at 
the fetal pituitary in late gestation. Furthermore, it was suggested that the decrease in 
POMC mRNA levels was due to an increase in negative feedback inhibition caused by the 
increase in circulating cortisol concentration.

Thus, there is evidence that control of basal HPA axis function could be altered by 
adverse environmental influences. Further investigation of the effects of maternal 
undernutrition on basal fetal HPA axis function will need to take into account 
developmental changes in the axis and the possibility that regulatory mechanisms may be 
different at different stages of gestation. This requires studies to be performed over a 
period of weeks rather than days. Studies using molecular biological techniques may be 
useful to examine the mechanisms underlying HPA axis development.

5.4.3 Response to CRH+AVP

Administration of CRH+AVP stimulated increases in plasma ACTH and cortisol 
concentrations. The increase in cortisol was found to be significantly smaller in R fetuses 
compared to C fetuses when expressed as a change from baseline. The ACTH response 
also appeared to be smaller in R fetuses, but this was not significant. Again, caution is 
required when interpreting these data, because of the unequal numbers of animals in the 
two groups.

It is thought that CRH+AVP acts to increase plasma ACTH concentration by effects on 
translation of POMC mRNA, processing of the POMC peptide, and ACTH secretion 
(Matthews et al., 1995a). It has been suggested that the initial release of ACTH over the
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first 30-60 min after CRH+AVP stimulation could represent secretion from a readily 
releasable pool of peptide, with continued secretion after this time reflecting de novo 
synthesis of new peptide (Norman & Challis, 1987a). Studies of dispersed fetal anterior 
pituitary cells at 142-144 dGA, have shown that treatment with CRH or AVP does not 
alter POMC mRNA levels (Lu et al., 1994). This is in agreement with studies in adult 
sheep (Levin et al., 1993). These findings suggested that CRH+AVP could not elevate 
plasma ACTH concentrations through effects on transcription of POMC mRNA. In 
contrast, recent experiments at day 138 have demonstrated that fetal pituitary 
corticotrophs do respond to CRH+AVP by increasing POMC mRNA levels (Matthews & 
Challis, 1997). However, it is unlikely that CRH+AVP could increase POMC mRNA 
transcription within the time domain of the present study.

Released ACTH is thought to increase production of cortisol from the adrenal cortex 
predominantly at the level of de novo biosynthesis (see Miller & Tyrrell, 1995; Schimmer 
& Parker, 1996). ACTH interacts with a specific membrane receptor and mediates its 
effects by stimulating increases in intracellular cAMP. The response of adrenocortical 
cells to ACTH has two phases: an acute phase, which occurs within seconds to minutes 
and largely reflects an increased supply of cholesterol substrate to the steroidogenic 
enzymes, and a chronic phase, which occurs over hours to days and results from 
increased transcription of the steroidogenic enzymes. The rate-limiting step in steroid 
hormone production is the conversion of cholesterol to pregnenolone, a reaction catalysed 
by the cholesterol side-chain cleavage enzyme P-450scc. The rate-limiting components of 
this reaction are the mobilisation of substrate cholesterol and its delivery to P-450scc 
located in the inner mitochondrial matrix (Miller & Tyrrell, 1995; Schimmer & Parker, 
1996).

Response patterns of ACTH and cortisol to CRH and AVP when administered alone and 
in combination have been studied at different gestational ages. Norman et al. (1985) 
found that at 110-115 days, injection of a bolus of 1 |ig CRH caused a small increase in 
plasma ACTH concentrations but no change in plasma cortisol. By 125-130 days the 
ACTH response to the same dose of CRH was significantly increased, and a small rise in 
cortisol occurred. At 135-140 days the ACTH response had declined but the change in 
cortisol was significantly greater. This developmental change in the response to CRH is 
in agreement with the studies of Pradier et al. (1985), who showed that the integrated 
ACTH response to 10 |LLg CRH decreased after 120 days, but that the cortisol response 
was greater at 130 and 137 days.

The ACTH response to a bolus of 200 ng AVP has also been studied and is greater in 
fetuses at 110-115 days compared to 125-130 and 135-140 days (Norman & Challis,
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1987a, 1987b). Cortisol responses to AVP have been reported to occur at all these ages 
(Norman & Challis, 1987a, 1987b).

Responsiveness to injection of CRH+AVP in combination has been shown to decline 
with gestational age, with significant ACTH responses at 110-115 and 125-130 days but 
not at 135-140 days. The plasma cortisol response to CRH+AVP was found to be similar 
at all these gestational ages (Norman & Challis, 1987a). CRH+AVP administration 
produces a synergistic effect on release of ACTH, which is greatest at 110-115 days, and 
is completely abolished by days 135-140 (Norman & Challis, 1987a).

The changing patterns of the ACTH response to separate administration of CRH and AVP 
may reflect maturational processes within the anterior pituitary [1.5.2]. During gestation 
there is a change in morphology of the anterior pituitary gland, involving a decrease in the 
numbers of the fetal type corticotroph, and an increase in numbers of the adult type 
corticotroph (Perry et al., 1985). It is suggested that the fetal type corticotroph may be 
more responsive to AVP, and that the decline in the ACTH response to AVP may be a 
consequence of the decline in numbers of the fetal type corticotroph (Antolovich et al., 
1989). The increase in cortisol response to CRH injection may represent the increasing 
responsiveness of the adrenal cortex to ACTH, and is associated with increasing activity 
of the adrenal cortex during late gestation (Wintour et al., 1975; Glickman & Challis, 
1980; Rose et al., 1982b).

In the present study HPA axis responses were examined between 126-132 days 
gestation. At this time the pituitary gland is responsive to both CRH and AVP. ACTH 
responses to CRH+AVP were not different between the groups, although there was a 
suggestion that the response was slightly smaller in R fetuses. This effect on control of 
pituitary function is potentially very interesting and warrants further study. The ACTH 
response to CRH+AVP of fetuses in this study can be divided into two components. The 
first covers the initial 30 min of the response and is characterised by a rapid increase in 
ACTH concentrations which peak at 5 min and then steadily decline until 30 min. The 
second component covers the period from 30 min after injection until the end of the 
experiment and is characterised by steady, sustained output of ACTH. When these 
components are examined separately it appears that the two groups of fetuses show 
different profiles. The initial component of rapid ACTH release is slightly smaller in R 
fetuses, but the sustained release component is similar in both groups, with R fetuses, if 
anything, having a slightly greater response. The rapid ACTH release is thought to 
represent secretion from a stored pool of ACTH peptide (Randle & Jutisz, 1982; Norman 
& Challis, 1987a). Diminished HPA axis responses have been suggested to be caused by 
a reduction in size of the readily releasable ACTH pool (Rivier & Vale, 1987). Thus, this
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may have also occurred in R fetuses and is therefore another area that requires further 
investigation.

Investigation of the responses of the fetal HPA axis to CRH and AVP given separately 
could be a useful method of identifying if pituitary development is altered. For example, 
if the switch from the fetal to adult type corticotroph had occurred prematurely in R 
fetuses, the response to AVP might be smaller, and the CRH response greater. This is 
another potential method of examining HPA axis development. In addition it will be 
useful to extend the sampling time following CRH+AVP injection to examine the 
potential difference between the groups in the second component of the response.

The smaller cortisol response in R fetuses could be due to a variety of factors. Reductions 
in the levels of the enzymes involved in adrenal steroidogenesis, especially the cholesterol 
side-chain cleavage enzyme P-450scc which catalyses the rate-limiting step, could result in 
adrenocortical blunting. Decreased adrenal blood flow in R fetuses could also have 
resulted in the reduced response. In addition, differences between C and R fetuses in the 
post-translational processing of POMC at the anterior pituitary could have resulted in 
alterations in the ratio of bioactive to inactive ACTH released in the systemic circulation 
[1.5.3]. A relative decrease in plasma concentration of the bioactive form, ACTH (1-39), 
in R fetuses could have resulted in a blunted cortisol response. A reduced cortisol 
response may result from an increase in the clearance rate of ACTH or cortisol. The small 
cortisol response in R fetuses may also have been the result of a cumulative effect at both 
the pituitary and adrenal glands. A small change in pituitary responsiveness might not 
produce a significant effect on ACTH output, but combined together with a small change 
in adrenal responsiveness could result in an overall significant effect on cortisol release. 
To address this point it will be necessary to study the adrenal response separately from 
the pituitary response. This could be done by examining responses of the adrenal cortex 
to administration of exogenous ACTH.

Alterations in HPA axis function such as a reduction in responsiveness of the adrenal 
gland could have numerous implications for fetal and postnatal development. The HPA 
axis has a major role in the response of the fetus to acute episodes of intrauterine stress 
such as hypoxia (Boddy et al., 1974b; Akagi et al., 1989), haemorrhage (Rose et al., 
1978) and hypotension (Rose et al., 1981). The response of the HPA axis to stress is a 
basic homeostatic mechanism. The end-product, glucocorticoids, are highly catabolic 
and, in concert with the adrenomedullary catecholamines, produce lipolysis, 
glycogenolysis, and protein catabolism, resulting in increased blood glucose levels 
(Miller & Tyrrell, 1995; Brindley & Rolland, 1989). These actions assist the organism 
during stress by increasing the availability of energy substrates. Thus, reduced
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adrenocortical responsiveness could have important implications for the organisms’ 
ability to cope with stress in fetal and postnatal life.

Another aspect of development which could be affected by changes in HPA axis function 
is fetal growth and gross morphological development [1.6.2]. The rate of fetal growth 
has been shown to decrease towards term in a number of different species including 
sheep (Mellor & Matheson, 1979; Mellor & Murray, 1982), and it is thought that the 
dramatic surge in plasma cortisol that occurs at this time may be involved. Elevation of 
fetal plasma cortisol by exogenous infusion causes a reduction in crown-rump length 
(CRL) increment rate (Fowden et al., 1996). In addition, the normal decline in fetal 
growth rate is prevented when the prepartum cortisol surge is abolished by adrenalectomy 
(Fowden et al, 1996). Furthermore, it has been shown that basal plasma levels of CRH, 
ACTH and cortisol are higher in growth retarded human fetuses (Goland et al., 1993). 
Glucocorticoids also regulate fetal organ maturation and are critically involved in 
preparing fetal organ systems for extrauterine life (Liggins, 1994a; Fowden, 1995). The 
main effects of cortisol in regulating fetal development are to mediate tissue differentiation 
and maturation at the expense of tissue accretion [1.6.2]. This involves inducing 
production of a variety of enzymes that have little or no function in fetal life, but which 
are vital for survival after birth. For example, at the lung, cortisol stimulates production 
and secretion of surfactant, maturation of connective tissue, alveolar epithelial 
differentiation, lung liquid reabsorption, glycogenolysis, and synthesis and antioxidant 
enzymes such as superoxide dismutase (Liggins, 1994a). Cortisol also regulates 
development of many other organ systems such as the liver, gut, pituitary, adrenal, 
kidney, haemopoietic and lymphatic systems, and the placenta (Liggins, 1994a; Fowden, 
1995). A reduction of fetal adrenocortical activity may alter fetal maturation. Possible 
consequences of this could be, for instance, poor respiratory function in postnatal life. 
The effect of maternal undernutrition on postnatal respiratory function, and the potential 
link to altered HPA axis development is an additional area that would be interesting to 
investigate further.

Glucocorticoids are also thought to be involved in cardiovascular regulation (Schimmer & 
Parker, 1996). Although a specific role has not been identified, it has been suggested that 
glucocorticoids produce their cardiovascular effects by altering vascular reactivity to other 
vasoactive agents (Schimmer & Parker, 1996). In the fetal sheep, infusion of cortisol has 
been shown to increase mean arterial pressure (Wood et al., 1987; Tangalakis et al., 
1992a; Dodic & Wintour, 1994) and decrease heart rate (Wood et al., 1987). Cortisol 
treatment for 24 h can also increase the pressor response to exogenous angiotensin II, but 
not noradrenaline (Tangalakis et al., 1992a). Furthermore, extended glucocorticoid 
treatment (5 day) can increase the concentration of angiotensin II receptors (type 1) in the
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aorta of adult rats (Sato et al., 1994), although it is not known if the sensitivity to 
endogenous angiotensin II is also increased in this model. Thus, although the specific 
mechanisms remain unknown, glucocorticoids can have clear effects on the 
cardiovascular system and act to increase blood pressure.

Epidemiological and experimental studies have proposed that alterations in fetal 
cardiovascular development are associated with impaired fetal growth and elevated fetal 
plasma glucocorticoid concentrations (Seckl, 1997, Barker, 1998). It has been suggested 
that increased fetal glucocorticoid concentrations could elevate MAP and reduce fetal 
growth, and cause hypertension in later life (Seckl, 1997). Furthermore, maternal 
undemutrition may mediate exposure of the fetus to excess maternal glucocorticoid by 
reducing activity of the placental enzyme, 11B-HSD, which is responsible for the 
breakdown of bioactive cortisol to inactive cortisone (Langley-Evans et al., 1996a; Seckl, 
1997; Sun et al., 1998). In Chapters 3 and 4, it was reported that the level of maternal 
undemutrition used in the present study did not affect fetal growth, but did alter basal 
fetal heart rate and femoral vascular resistance. However, maternal undemutrition did not 
cause elevation of fetal MAP. Thus, it was suggested, in Chapter 4, that fetal 
glucocorticoids were not elevated at the time of examination of fetal MAP, or during the 
period of rapid fetal growth. The results of the present study are consistent with this 
hypothesis, and provide preliminary evidence which indicates that basal fetal cortisol 
concentrations are not increased, and furthermore, that fetal adrenocortical activity is 
reduced following maternal undemutrition. Further examination of the effects of maternal 
undemutrition on development of the fetal cardiovascular system and HPA axis, and the 
possible interactions, will be reported in Chapters 6 and 7 respectively.

5.4.4 Negative feedback control of HPA axis function

Negative feedback of HPA axis function was assessed by repeating the CRH+AVP 
challenge in the presence elevated plasma cortisol concentration induced by exogenous 
infusion. Fetal plasma ACTH and cortisol responses to CRH+AVP were markedly 
reduced following cortisol infusion, but were not different between C and R fetuses. 
These preliminary data suggest that maternal undernutrition did not alter fetal 
glucocorticoid-mediated negative feedback control of stimulated-ACTH secretion.

Glucocorticoids can act to inhibit activation of the HPA axis at a number of different 
levels including the pituitary gland, the hypothalamus, and other higher brain centres such 
as the hippocampus (Keller-Wood & Dallman, 1984; Jacobson & Sapolsky, 1991) 
[1.5.6]. Infusion of cortisol has been demonstrated to suppress plasma ACTH responses 
to numerous stimuli including hypotension (Wood & Rudolph, 1983), hypoxia (Akagi et
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al., 1990) and CRH (Rose et al., 1985a). Cortisol infusion can inhibit ACTH responses 
to CRH in fetuses in which the pituitary and hypothalamus are surgically disconnected, 
demonstrating that the fetal pituitary is a site at which cortisol can produce negative 
feedback effects on stimulated ACTH release (Ozolins et al., 1990). The fetal 
hypothalamus is also thought to be a site of glucocorticoid negative feedback, as 
dexamethasone implants adjacent to the paraventricular nucleus reduce ACTH responses 
to hypotension and hypoxia (McDonald et al., 1990).

Corticosteroid feedback inhibition of ACTH secretion has been suggested to operate in 
three time domains: fast (within seconds to minutes), intermediate (over 2-10 h) and slow 
(over hours to days) (Keller-Wood & Dallman, 1984). Intermediate feedback has been 
shown to occur in rats, dogs, humans (Keller-Wood & Dallman, 1984) and fetal and 
adult sheep (Wood, 1986b). The degree to which ACTH secretion is suppressed in this 
time domain is proportional to the plasma concentration of corticosteroids (Keller-Wood 
& Dallman, 1984). Administration of corticosteroids over longer periods of time (>24 h) 
suppresses ACTH and POMC synthesis as well as ACTH release, and is termed slow 
negative feedback (Keller-Wood & Dallman, 1984). Evidence for this mode of feedback 
in fetal sheep is unclear. It has been shown that 48 h of cortisol infusion to instrumented 
fetal sheep does not alter POMC synthesis (Miller & Leisti, 1984), however, fetal 
adrenalectomy produces elevation of anterior pituitary POMC mRNA levels (Myers et al.,
1991), and infusion of cortisol for 96 h causes a reduction of POMC mRNA levels in 
both the anterior pituitary and pars intermedia (Jeffray et al., 1998a). The third domain of 
corticosteroid feedback is termed fast feedback, and produces suppression of ACTH 
secretion within seconds of corticosteroid administration (Dallman & Yates, 1969; Jones 
et al., 1972; Keller-Wood & Dallman, 1984). This fast rate-sensitive feedback regulation 
of ACTH secretion is proportional to the rate of rise rather than the absolute level of 
plasma corticosteroid concentration. This type of feedback regulation has been 
demonstrated in adult humans and rats (Dallman & Yates, 1969; Jones et al., 1972; 
Reader et al., 1982), however other studies suggest that not all mammalian species 
possess this mechanism. Experiments in adult dogs (Cowan & Windle, 1978), and 
furthermore, in fetal sheep (Wood, 1986a), have been unable to demonstrate fast 
feedback by cortisol. Thus, in present study HPA axis regulation by intermediate 
feedback mechanisms was examined.

Alterations in the sensitivity of fetal negative feedback control mechanisms could produce 
changes in plasma ACTH and cortisol concentrations. As described in the previous 
section, this could have implications for development of a number of fetal organ systems. 
Evidence for altered feedback sensitivity of control of stimulated ACTH secretion has 
been demonstrated in fetal sheep. Cortisol infusion regimes, at doses which have been

258



shown to abolish ACTH responses to hypotension at 117-131 dGA (Wood, 1986b), do 
not produce any effect on ACTH responses to hypotension when examined near term at 
132-142 dGA (Wood, 1988a). Thus, there is evidence that feedback sensitivity is 
reduced near term, and this may be important for maintenance of high plasma 
concentrations of ACTH and cortisol. Feedback sensitivity may be modulated by changes 
in plasma corticosteroid binding capacity, which increases during late gestation (Ballard et 
al., 1982), or by changes in the levels of pituitary 11B-HSD. Indeed, pituitary 11B-HSD 
mRNA levels have been reported to increase close to term and may provide a mechanism 
which decreases the local effects of circulating glucocorticoids. Alternatively, sensitivity 
could be modulated by changes in the numbers of GRs at sites of glucocorticoid negative 
feedback. Studies in rats have shown that handling stress in early postnatal life reduces 
ACTH and cortisol responses to stress in adult life, and this effect is attributable to an 
increase in GR number at the hippocampus which increases sensitivity to negative 
feedback (Meaney et al., 1996).

The results of this preliminary study show that the effects of cortisol infusion on fetal 
CRH+A VP-stimulated ACTH release did not differ between C and R fetuses, suggesting 
that the control mechanisms described above were not altered following maternal 
undernutrition. Responses to CRH+AVP were almost abolished in the presence of 
increased cortisol. Cortisol concentrations were increased to approximately 100 nmol/L 
during the infusion. This is slightly higher than the endogenous concentration achieved 
following stimulation by CRH+AVP and is comparable to concentrations that occur under 
conditions of stress such as hypoxia (Giussani et al., 1994a). This is therefore a 
physiological concentration that the fetus might experience at some stage of development. 
However, the actual response to CRH+AVP was very small. This still gives valuable 
information on the state of negative feedback control of HPA axis function, but any subtle 
differences between C and R fetuses might not have been observed due to the fact that the 
response was reduced by such a large degree. An optimal experiment would have reduced 
responses to approximately half the magnitude that was achieved under normal conditions 
(saline infusion). This could be achieved in future experiments by reducing the dose of 
cortisol used, or decreasing the infusion time prior to CRH+AVP administration.

5.4.5 Conclusion

The results of this preliminary investigation show that maternal nutrient restriction in early 
gestation alters fetal HPA axis development in late gestation. Other studies had suggested 
that maternal undemutrition may cause elevation of fetal glucocorticoid concentrations, 
producing raised fetal blood pressure and reduced growth. The findings of the present 
study, and those of Chapters 3 and 4 provide evidence against this hypothesis, and show
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that fetal adrenocortical activity may be reduced. Further study of the fetal HPA axis is 
required to confirm and extend these findings. This will involve investigation of 
development over a period of weeks. The potential interaction between the cardiovascular 
system and the HPA axis is particularly interesting and will be discussed in relation to the 
findings of Chapter 6 in which a detailed study of the effects of maternal undemutrition 
on fetal blood pressure development and fetal cardiovascular control mechanisms is 
reported.
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CHAPTER 6

EFFECT OF EARLY GESTATION 
NUTRITIONAL RESTRICTION ON 

FETAL CARDIOVASCULAR 
DEVELOPMENT AND REFLEX

CONTROL
6.1 INTRODUCTION

Recent observations have linked impaired fetal growth with increased risk of 
cardiovascular disease in adult life (Barker, 1998). Maternal undemutrition may produce 
an adverse intrauterine environment and alter fetal growth and development of fetal organ 
systems, including the cardiovascular system. Evidence in rats shows that maternal 
protein restriction during pregnancy alters cardiovascular development of the offspring, 
producing hypertension (Langley & Jackson, 1994). This effect may be initiated by 
changes in the fetal cardiovascular system, however, the precise mechanisms by which 
this may occur are not known.

In Chapter 4, preliminary evidence was reported which suggested that maternal 
undemutrition alters fetal cardiovascular development, producing low basal heart rate and 
elevated basal femoral vascular resistance. There was also an indication that fetal 
chemoreflex responses were augmented. In Chapter 5, other preliminary reports 
suggested that maternal undemutrition alters development of the fetal hypothalamic- 
pituitary-adrenal (HPA) axis, causing a reduction of fetal adrenocortical activity. It was 
proposed that changes in the fetal HPA axis and cardiovascular system may interact. The 
results of Chapter 3 demonstrated that the effects of maternal undemutrition on fetal organ 
function were not associated with substantial changes in fetal or placental growth.

The aim of the experiments reported in this chapter was to extend the findings of Chapter 
4 and, examine further the effects of maternal undemutrition on fetal cardiovascular 
development, specifically, to study longitudinal development of basal blood pressure and 
other cardiovascular variables, and to examine the function of the baroreflex and 
chemoreflex cardiovascular control mechanisms. To do this, fetuses were studied in late 
gestation over a period of approximately 2 weeks. Recordings of fetal cardiovascular 
variables were made under basal conditions at regular intervals throughout this period.
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Also, as evidence of enhanced chemoreflex responses was found in Chapter 4, 
development of the cardiovascular response to hypoxia was studied. In addition, 
development of baroreflex control of the fetal circulation was investigated, by measuring 
heart rate and systolic blood pressure responses to phenylephrine and sodium 
nitroprusside (SNP).

6.2 METHODS

This study was conducted in Welsh Mountain breed sheep [2.1]. Nutritional intake was 
regulated between day 0 of gestation (conception) until day 70 of gestation [2.2.2].

6.2.1 Surgical preparation

Aseptic surgery was performed on 13 singleton-bearing ewes at 106-109 days gestation 
(dGA) under general anaesthesia [2.4]. Surgery was also performed on 2 additional 
singleton-bearing ewes at 118 and 124 dGA. The uterus was exposed through an incision 
in the midline of the lower abdominal wall, and the fetus partially exteriorised. Catheters 
filled with heparinised saline were placed in a fetal carotid artery, jugular vein and the 
amniotic cavity. An ultrasonic blood flow transducer was implanted around a femoral 
artery and the contralateral carotid artery. Stainless-steel electrodes were sewn 
subcutaneously onto the chest and head to record ECG. A catheter was also placed in a 
maternal pedal vein.

At least 4 days post-operative recovery were allowed prior to commencing experiments.

6.2.2 Experimental procedures

Fetuses were studied over a 14 day period between 114-115 and 126-130 dGA. Fetal 
arterial blood (0.5 ml) was collected daily for pH, blood-gas, haematocrit (Hct), 
haemoglobin (Hb), and blood glucose and lactate analysis. Seven recordings (2 h) of 
basal fetal cardiovascular variables were made during the course of the study. These were 
made in the morning on alternate days.

Fetal responses to acute isocapnic hypoxia were studied at the start, middle and end of the 
14 day study period, i.e. at 114-115 (HX1), 120-123 (HX2) and 126-130 (HX3) dGA. 
A transparent bag was placed over the ewe’s head into which known concentrations of 
O2, N2 and CO2 were passed at ca. 44 1 min-1. Following a 1 h normoxic control period 
of breathing air, fetal hypoxia (PaC>2 to ca. 13 mmHg) was induced for a further 60 min 
by reducing maternal F1O2 (14 1 min-1 air; 22 1 min-1 N2; 1.2 1 min-1 CO2). At the end of
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the hypoxic period, fetuses were returned to normoxic conditions (recovery period) for an 
additional hour. Samples of fetal arterial blood (0.5 ml) were collected at 30 min before, 
and 15, 45 and 90 min after the start of hypoxia for blood-gas analysis.

Prior to each hypoxia experiment, fetal baroreflex control mechanisms were examined. 
Initially, fetuses received an intravenous bolus of phenylephrine (75 fig). Following 
normalisation of cardiovascular variables (at least 30 min), fetuses then received an 
intravenous bolus of SNP (0.1 mg). Both drugs were dissolved in sterile saline (0.9%) 
and administered in a volume of 1 ml. The baroreflex was measured by making 
continuous recordings of fetal arterial pressure and ECG from 3 min before until 10 min 
after injection of each drug. R-R interval (derived from the ECG) and systolic blood 
pressure (SBP) were then calculated per heart beat, for either the rising (phenylephrine) 
or falling (SNP) part of the response. All cardiovascular variables were then allowed to 
return to normal levels before the start of the hypoxia experiment.

Basal cardiovascular variables, and responses to hypoxia, phenylephrine and SNP were 
monitored by making continuous recordings of arterial pressure, venous pressure, fetal 
heart rate (FHR), ECG, femoral blood flow (FBF) and carotid blood flow (CBF) during 
each experiment using MacLab/8 hardware and data acquisition software. Mean arterial 
pressure (MAP), SBP and diastolic blood pressure (DBP) were determined. For the basal 
and hypoxia experiments, mean values of cardiovascular variables were obtained by 
averaging data over 1 min periods of recording at 15 min intervals throughout the course 
of the experiment. Additional mean values were also calculated at 5 min and 10 min after 
the start of hypoxia.

6.2.3 Data analysis

All values are presented as mean ± S.E.M. Significance was accepted when P<0.05. 
When multiple comparisons were made, P values were corrected using the Bonferroni 
method. Data were compared between control (C) and nutrient restricted (R) fetuses using 
summary measures analysis, and analysis of variance, with specific methods described in 
the following sections.

Blood gas data

Values for basal blood gas parameters were calculated by averaging the data collected 
over the course of the study period in each animal. These values were then averaged to 
produce an overall mean for the group. Data were compared between C and R fetuses 
using Student’s unpaired t test. To investigate if basal blood gas parameters changed over
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the study period, the first and last samples were compared within each group using 
Student’s paired t test.

Differences in blood gas data between C and R fetuses during the hypoxia experiments 
were determined by comparing each data point using Student’s unpaired t test. The 
change in blood gas parameters during hypoxia within each group was analysed by 
comparing the normoxic value at -30 min with the subsequent values under hypoxic and 
recovery conditions. Significance was determined using Student’s paired t test.

Cardiovascular data

Mean values for basal cardiovascular data were determined by averaging the data obtained 
from all the animals in a group at each gestational age. The values at each gestational age 
were then averaged over the duration of the study to give an overall mean for the group. 
Data were then compared between C and R fetuses using Student’s unpaired t test to 
determine significance. To determine if cardiovascular variable changed over the course 
of the study, the first and last values within each group were compared using Student’s 
paired t test.

During the hypoxia experiments, cardiovascular data were grouped (i.e. averaged) at 4 
time periods. These were: 1) normoxia (whole of normoxic hour), 2) early hypoxia 
(value at 5 min of hypoxia), 3) late hypoxia (last 30 min of hypoxia), and 4) recovery 
(last 30 min of recovery). Data were compared between C and R fetuses at each of these 
time points using Student’s unpaired t test. Changes in cardiovascular variables within 
each group were determined by comparing the normoxia value with each of the three 
subsequent values, i.e. early & late hypoxia and recovery. Significance was determined 
by Student’s paired t test.

The cardiovascular response to hypoxia was also expressed as a change from baseline. 
The normoxic hour value was designated as baseline, and this was subtracted from all 
subsequent values during hypoxia and recovery. Again, data were grouped into early 
hypoxia, late hypoxia and recovery, as above. Statistical differences between C and R 
fetuses at these periods were determined using Student’s unpaired t test.

Baroreflex responses

Baroreflex responses were analysed on a beat-to-beat basis. For each SBP peak, the 
corresponding interval between the R waves of the ECG (R-R interval) was calculated. 
This was performed from baseline arterial pressure prior to the drug injection, until the
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maximum/minimum arterial pressure had been reached. Baroreflex curves were then 
plotted with SBP against R-R interval. The slope of the steepest portion of each curve 
was measured by hand (Fig. 6.1).

i
0.55-1

0 .5 -

R-R interval (sec)
0 .4 5 -

0 .4 -

0 .35
40  4 5  50 55 60  65  70

SBP (mmHg)

Fig. 6.1. Example of a single baroreflex response to injection of phenylephrine. Dashed 
line indicates the steepest portion of the sigmoid curve which was used to calculate the 
slope.

Secondly, an operating point was determined for each baroreflex. Maximum and 
minimum R-R intervals were calculated for each response. This was performed by 
averaging the three highest, and the three lowest R-R intervals respectively. These values 
were designated as 0% and 100% of the response. Values in between were thus 
converted into proportional percentages. SBP was then plotted against the percentage R-R 
interval (Fig. 6.2). The operating point was determined as the SBP which produced 50% 
of the response.

265



V V 1  V

125-1
O

1 0 0 -

7 5 -

R -R  Interval (% ) 5 q _

2 5 -  ©

-25
4 0  4 5  50 55 60  65  70

SBP (m m Hg)

Fig. 6.2. Example of a single baroreflex response to injection of phenylephrine 
expressed as the percentage of the maximum R-R interval. Dashed lines indicate the SBP 
which produced a 50% response. This value was used to describe the operating point of 
the baroreflex.

For display purposes (e.g. Fig. 6.17), 12 points were obtained for SBP and R-R interval 
from each experiment. These time points corresponded to 0, 2, 4, 6, 8, 10, 15, 20, 30, 
40, 50, and 60 sec after the drug injection.

Baroreflex data were compared between C and R fetuses by two-way analysis of 
variance, comparing the effect of group (C vs. R), time and the interaction between group 
and time. Subsequently, values were compared between C and R fetuses at each 
gestational age by Student’s unpaired t test. Values were compared between gestational 
ages within each group by Student’s paired t test.

Flow probe data

There were numerous technical problems with both carotid and femoral artery flow 
probes, with many probes not working for the entire duration of the study. Some data 
were obtained for carotid and femoral blood flow, and this is displayed in the results 
section. Data for femoral flow were obtained from only 2 fetuses, with only 1 of these 
completing the whole two week study, and therefore these data were not statistically 
analysed. Carotid flow data were recorded from 4 control fetuses, and 3 restricted 
fetuses. Limited statistical analysis was performed on these data, and interpretation was 
approached with caution.
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Comments

There were a total of 15 animals included in this investigation (C; n=7, R; n=8). During 
the course of the study, 2 of the R ewes bit through and destroyed the fetal catheters. 
These animals were then removed from further experiments. This occurred after HX1 in 
one fetus, and after HX2 in the other fetus. In addition, two of the R fetuses were found 
to be the wrong age at surgery. The gestational age (GA) of these fetuses therefore had to 
be estimated based on their gross physical maturity (i.e. size and hair covering) and in 
relation to the weekly tupping cycle. The GAs of the fetuses were estimated at 118 and 
124 dGA at the time of surgery. These fetuses were considered suitable for study of 
cardiovascular development.

The two R fetuses which were older at surgery could not be studied at the start of the 
investigation period, i.e. 114-115 dGA. Experiments commenced at HX2 in the younger 
fetus, and at HX3 in the older fetus. These animals were not included in paired statistical 
comparisons between gestational ages.

The final numbers in each group of fetuses were as follows:
HX1 C; n=7, R; n=6
HX2 C; n=7, R; n=6
HX3 C; n=7, R; n=6
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6.3 RESULTS

6.3.1 Blood-gas parameters

Basal

Data for basal fetal pH, blood gases, Hct, Hb, lactate and glucose are shown in Table 6.1 
and Figs. 6.3 - 6.5. Mean basal blood gas parameters did not differ between C and R 
fetuses (Table 6.1). When lactate levels were compared between the first and last 
samples, it was found that levels increased significantly between this period in both C 
(P<0.05) and R (P<0.05) fetuses (Fig. 6.5). Values for all other blood gas parameters 
did not differ significantly between the first and last samples.

C(n=7) R (n=7)
pH 7.33 ± 0.00 7.33 ± 0.00
PaC 02 (mmHg) 44.2 ± 0.8 43.3 ± 0.9
HC03' (mmol/L) 23.2 ± 0.5 22.6 ± 0.4
BEb (mmol/L) -1.2 ± 0 .4 -1.8 ± 0 .4

Pa0 2 (mmHg) 26.2 ± 0.4 26.3 ± 1.3
Hct (%) 24.6 ± 1.3 21.7 ± 0.9
Hb (g/dL) 7.2 ± 0.4 6.9 ± 0.3
0 2 ct (Vol %02) 7.8 ± 0.4 7.6 ± 0.5
0 2 cap (Vol %02) 9.6 ± 0.5 9.1 ± 0.5
Sa0 2 (%) 81.5 ± 1.6 83.4 ± 2.4

Lactate (mmol/L) 0.77 ± 0.04 0.82 ± 0.10
Glucose (mmol/L) 0.83 ± 0.03 0.80 ± 0.04

Table 6.1. Basal blood gas parameters in C and R fetuses. Values are mean ± S.E.M. 
Values were not different between the groups.
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Fig. 6.3. Data for basal acid-base status in C (O) and R ( • )  fetuses during the 2 week 
study period. Values are mean ± S.E.M. Note that when the mean for the whole study 
period was calculated, there was no difference between C and R fetuses. Values were not 
different between the start and the end of the study for any of the parameters of acid-base 
status in C or R fetuses.
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Fig. 6.4. (previous page). Data for basal arterial oxygenation in C (O) and R ( • )  
fetuses during the 2 week study period. Values are mean ± S.E.M. Note that when the 
mean for the whole study period was calculated, there was no difference between C and 
R fetuses. Values were not different between the start and the end of the study for any of 
the parameters of arterial oxygenation in C or R fetuses.
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Fig. 6.5. Data for basal lactate and glucose in C (O) and R ( • )  fetuses during the 2 
week study period. Values are mean ± S.E.M. Note that when the mean for the whole 
study period was calculated, there was no difference between C and R fetuses. Lactate 
concentrations were significantly higher at the end of the study compared to the beginning 
in both C (P<0.05) and R (P<0.05) fetuses. Glucose concentrations did not change.
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Response to hypoxia

Data for blood gas parameters during HX1, HX2 and HX3 are shown in Tables 6.2 - 
6.4, and Figs. 6.6 - 6.9.

Acid-base status

HX1. There were no differences between C and R fetuses for any parameters of acid- 
base status during HX1 (Table 6.2, Fig. 6.6). pH fell during hypoxia compared to -30 
min in C fetuses, but in R fetuses it did not change significantly. PaCC>2 did not change 
significantly in either C or R fetuses during hypoxia. Hypoxia caused a significant fall in 
H C 03" and BEb in both C and R fetuses.

HX2. There were no differences between C and R fetuses in acid-base status during HX2 
(Table 6.3, Fig. 6.6). When values during hypoxia were compared with -30 min, it was 
found that there was a significant decrease in pH, H C 03" and BEb in both C and R 
fetuses. PaC 02 did not change significantly during hypoxia in either group if fetuses.

HX3. Values for acid-base status were not different between C and R fetuses during 
HX3 (Table 6.4, Fig. 6.6). pH, HC03“ and BEb were significantly lower during hypoxia 
compared to -30 min in C fetuses. In R fetuses, pH decreased significantly during 
hypoxia, but values for H C 03" and BEb were similar to that at -30 min. PaC 0 2 did not 
change significantly during hypoxia in either group of fetuses.

Arterial oxygenation

HX1. There were no differences in arterial oxygenation between C and R fetuses during 
HX1 (Table 6.2, Figs. 6.7 & 6.8). Pa0 2, Hb, 0 2ct, 0 2cap and Sa0 2 were all 
significantly decreased during hypoxia compared to -30 min in both C and R fetuses. Hct 
did not change during hypoxia in either group of fetuses.

HX2. There were no differences in arterial oxygenation between C and R fetuses during 
HX2 (Table 6.3, Figs. 6.7 & 6.8). During hypoxia, Pa0 2, Hb, 0 2ct, 0 2cap and Sa0 2 all 
fell to values significantly lower than at -30 min in both C and R fetuses. Hct levels 
increased significantly in both groups of fetuses during hypoxia.

HX3. Values for arterial oxygenation were not different between C and R fetuses during 
HX3 (Table 6.4, Figs. 6.7 & 6.8). Pa0 2, Hb, 0 2ct, 0 2cap and Sa0 2 all fell to levels



significantly lower than at -30 min in both C and R fetuses. Hct levels increased 
significantly during hypoxia in both groups.

Lactate and glucose

HX1. Lactate and glucose levels were not different between C and R fetuses during HX1 
(Table 6.2, Fig. 6.9). Lactate levels increased significantly in both groups of fetuses 
during hypoxia. Glucose did not change in C fetuses, but in R fetuses levels were 
significantly greater by 45 min of hypoxia.

HX2. Lactate and glucose levels were not different between C and R fetuses during HX2 
(Table 6.3, Fig. 6.9). Lactate increased significantly during hypoxia compared to -30 min 
in both C and R fetuses. Glucose levels increased significantly during hypoxia in R 
fetuses, but in C fetuses, levels were significantly greater at 90 min only.

HX3. Values for lactate and glucose were not different between C and R fetuses during 
HX3 (Table 6.4, Fig. 6.9). Lactate and glucose increased significantly during hypoxia 
compared to -30 min, in both C and R fetuses.
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-30 min 15 min 45 min 90 min
PH

C 7.35 ± 0.00 7.32 ± 0.01* 7.26 ± 0.01** 7.26 ± 0.02**
R 7.33 ± 0.01 7.31 ± 0.02 7.27 ± 0.03 7.28 ± 0.02

PaC 02 (mmHg)
C (n=6) 41.6 ± 1.5 43.0 ± 1.0 41.6 ± 2.1 39.6 ± 0.9
R (n=4) 44.6 ± 1.4 41.4 ± 0.9 43.5 ± 1.9 41.2 ±  1.7

HCO3- (mmol/L)
C (n=6) 22.5 ± 0.7 22.3 ± 0.6 18.2 ± 1.1** 17.4 ± 0.5**
R (n=4) 23.1 ± 1.0 21.2 ± 1.0 19.2 ± 0.6* 18.9 ± 0.8

BEb (mmol/L)
C (n=6) -1.6 ± 0.6 -3.0 ± 1.1 -6.9 ± 1.1* -7.6 ± 0.7**
R (n=4) -1.4 ± 1.0 -3.2 ± 1.2 -5.9 ± 1.0* -6.0 ± 1.1

Pa0 2 (mmHg)
C 26.3 ± 0.8 14.3 ± 0.6t 14.3 ± 0.4t 27.7 ± 1.6
R 24.7 ± 0.8 13.3 ± 0.3t 13.5 ± 0.3t 25.8 ±  1.1

Hct (%)
C 23.7 ± 1.5 25.4 ± 1.0 25.3 ± 1.6 22.9 ± 0.4
R 23.0 ± 1.0 24.3 ± 0.6 25.3 ± 0.6 21.6 ± 1.1

Hb (g/dL)
C 7.4 + 0.2 5.9 + 0.2** 5.8 ± 0.2** 6.8 ± 0.1
R 7.3 ± 0.4 5.8 ± 0.3*** 5.8 ± 0.2** 6.8 ± 0.1

0 2 ct (Vol %02)
C 8.2 ± 0.2 3.5 ± 0.2f 3.3 ± 0.2f 7.4 ± 0.2
R 8.0 ± 0.5 3.5 ± 0.4f 3.4 ± 0.3t 7.5 ± 0.3

0 2 cap (Vol %02)
C 9.8 ± 0.3 7.9 ± 0.2** 7.9 ± 0.3*** 9.1 ± 0.1
R 9.6 ± 0.5 7.8 ± 0.3** 7.8 ± 0.2** 9.1 ± 0.2

s ao 2 (%)
c 83.3 ± 0.8 43.7 ± 2 .If 41.3 ± 1.7f 81.3 ± 1.6
R 82.7 ± 1.8 44.7 ± 2.7*** 43.8 ± 3.4*** 82.1 ±  1.9

Lactate (mmol/L)
C 0.66 ± 0.05 1.45 ± 0.15** 3.75 ± 0.43** 3.80 ± 0.56**
R 0.76 ± 0.10 1.96 ± 0.17** 4.20 ± 0.48** 3.96 ± 0.69*

Glucose (mmol/L)
C 0.91 ± 0.06 0.94 ±0. 11 1.22 ± 0.13 1.29 ± 0.25
R 0.86 ± 0.09 1.05 ± 0.09 1.20 ± 0.15* 1.18 ± 0.17*

Table 6.2. Data for blood gas parameters during HX1 in C and R fetuses. C; n=7 and 
R; n=6 unless stated. Values are presented as mean ± S.E.M. *P<0.05, **P<0.01, 
***P<0.001, tP<0.0001 (paired t test) compared to value at -30 min.
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-30 min 15 min 45 min 90 min
pH

C 7.33 ± 0.01 7.30 ± 0.02* 7.25 ± 0.02** 7.26 ± 0.02**
R 7.34 ± 0.00 7.31 ± 0.01* 7.26 ± 0.01** 7.26 ± 0.01**

PaC02 (mmHg)
C (n=6) 44.1 ± 1.1 46.1 ± 1.0 42.6 ± 1.6 43.5 ± 1.3
R (n=6) 40.4 ± 2.1 41.1 ± 2.4 41.3 ± 1.9 39.1 ± 1.9

HC03- (mmol/L)
C (n=6) 22.8 ± 0.7 22.4 ± 0.9 18.6 ± 1.1** 19.2 ± 1.4*
R (n=6) 21.6 ± 0.9 20.4 ± 1.0 18.1 ± 0.6* 17.2 ± 0.6***

BEb (mmol/L)
C (n=6) -1.6 ±0.7 -2.3 ± 1.0 -6.6 ± 1.4** -6.1 ± 1.5*
R (n=6) -2.6 ± 0.9 -4.1 ± 1.0 -6.9 ± 0.6** -8.0 ± 0.7**

Pa0 2 (mmHg)
C 26.9 ± 0.5 13.0 ± 0.4| 14.6 ± 0.5f 26.9 ± 0.4
R 26.5 ± 1.7 15.2 ± 0.6** 15.0 ± 0.9** 28.0 ± 1.5

Hct (%)
C 25.4 ± 1.7 28.3 ± 1.6** 25.9 ± 1.6 24.7 ± 1.5
R 22.2 ±1.2 25.7 ±1.2*** 25.5 ± 1.5* 21.5 ± 1.3

Hb (g/dL)
C 7.5 ± 0.6 6.0 ± 0.4** 5.8 ± 0.4** 7.1 ± 0.5
R 7.1 ± 0.5 5.9 ± 0.3* 5.6 ± 0.3** 6.6 ± 0.4

0 2 ct (Vol %02)
C 8.3 ± 0.7 3.2 ± 0.3*** 3.2 ± 0.2*** 7.4 ± 0.6
R 8.0 ±0.8 3.7 ± 0.4** 3.3 ± 0.4** 7.4 ± 0.7

0 2 C3p (Vol %02)
C 10.0 ± 0.8 8.2 ± 0.5** 7.9 ±0.5** 9.4 ± 0.7
R 9.3 ±0.7 7.9 ± 0.4* 7.6 ± 0.4* 8.8 ± 0.6

sao 2 (%)
c 83.1 ± 1.6 38.6 ± 2.6t 40.7 ± 2.0t 79.3 ±2.3*
R 84.3 ± 3.2 46.3 ± 3.1*** 42.6 ± 3.2*** 82.9 ± 3.7

Lactate (mmol/L)
C 0.79 ± 0.05 2.31 ± 0.26** 4.31 ± 0.45*** 4.19 ± 0.54**
R 0.83 ± 0.10 1.99 ± 0.33* 3.88 ± 0.40*** 3.83 ± 0.51**

Glucose (mmol/L)
C 0.82 ± 0.02 0.97 ± 0.07 0.99 ± 0.08 1.01 ± 0.06*
R 0.78 ± 0.04 0.99 ± 0.04* 1.09 ± 0.09* 0.97 ± 0.07*

Table 6.3. Data for blood gas parameters during HX2 in C and R fetuses. C; n=7 and 
R; n=6 unless stated. Values are presented as mean ± S.E.M. *P<0.05, **P<0.01, 
***p<o ooi, tP<0.0001 (paired t test) compared to value at -30 min.
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-30 min 15 min 45 min 90 min
PH

C 7.33 ± 0.01 7.31 ± 0.01 7.22 ± 0.03** 7.22 ± 0.02***
R 7.34 ± 0.01 7.33 ± 0.01 7.28 ± 0.01* 7.27 ± 0.01*

PaC02 (mmHg)
C (n=7) 44.4 ± 1.6 43.2 ± 1.6 45.9 ± 2.0 41.9 ± 0.6
R (n=5) 42.5 ± 2.4 41.8 ± 2.3 45.8 ± 1.2 40.4 ± 0.9

HC03' (mmol/L)
C (n=7) 23.0 ± 0.9 21.2 ± 0.8 18.5 ± 0.8*** 16.9 ± 0.8***
R (n=5) 22.4 ± 1.6 21.3 ± 1.0 21.0 ± 0.6 18.1 ± 0.7

BEb (mmol/L)
C (n=7) -1.4 ± 0.9 -3.4 ± 0.8 -7.6 ± 1.1*** -8.7 ± 1.0***
R (n=5) -2.0 ± 1.2 -3.0 ± 0.9 -4.2 ± 0.8 -6.8 ± 0.7*

Pa0 2 (mmHg)
C 25.6 ± 0.9 13.9 ± 0.6t 14.4 ± 0.9*** 25.9 ± 0.9
R 25.7 ± 0.8 13.7 ± 0.4*** 14.2 ± 0.2| 27.5 ± 0.7

Hct (%)
C 25.9 ± 1.9 27.7 ± 1.5 29.4 ± 1.9* 25.1 ± 1.9
R 21.5 ± 1.5 23.7 ± 1.9* 25.3 ± 1.7* 20.8 ± 1.2

Hb (g/dL)
C 7.5 ± 0.6 6.2 ± 0.5* 6.2 ± 0.4** 6.9 ± 0.5
R 7.1 ± 0.3 5.8 ± 0.3*** 5.9 ± 0.2*** 6.7 ± 0.3

0 2 ct (Vol %02)
C 7.9 ± 0.7 3.6 ± 0.3*** 3.1 ± 0.4*** 7.0 ± 0.6
R 7.9 ± 0.4 3.4 ± 0.2f 3.4 ± O.lf 7.5 ± 0.3

0 2 cap (Vol %02)
C 10.0 ± 0.8 8.5 ± 0.6* 8.4 ± 0.6* 9.3 ± 0.7
R 9.4 ± 0.3 7.8 ± 0.3*** 7.9 ± 0.3** 8.9 ± 0.4

Sa0 2 (%)
c 79.2 ± 3.2 42.8 ± 2.7t 36.5 ± 4.2*** 75.0 ± 3.7
R 83.4 ± 2.5 44.2 ± 1.6f 43.3 ± 2.2f 84.0 ± 1.5

Lactate (mmol/L)
C 0.88 ± 0.09 2.12 ± 0.24** 4.79 ± 0.53*** 4.96 ± 0.42***
R 0.88 ± 0.06 1.95 ± 0.11** 4.36 ± 0.29** 3.93 ± 0.39*

Glucose (mmol/L)
C 0.82 ± 0.06 1.01 ± 0.12 1.17 ± 0.10** 0.99 ±0.15
R 0.76 ± 0.04 0.85 ± 0.03 0.99 ± 0.03* 0.81 ± 0.06

Table 6.4. Data for blood gas parameters during HX3 in C and R fetuses. C; n=7 and 
R; n=6 unless stated. Values are presented as mean ± S.E.M. *P<0.05, **P<0.01, 
***P<0.001, tP<0.0001 (paired t test) compared to value at -30 min.
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Fig. 6.6. Data for acid-base status in C (O) and R ( • )  fetuses during HX1, HX2 and 
HX3. The shaded bar indicates the period of hypoxia (60 min). Values are mean ± 
S.E.M. Note that levels of any of the parameters did not differ between C and R fetuses. 
As described in the text and tables, there were significant changes in pH, HC03" and BEb 
during hypoxia in both C and R fetuses. However, PaC 0 2 did not change significantly in 
any the hypoxia experiments in either group of fetuses.
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Fig. 6.7. Data for three parameters of arterial oxygenation in C (O) and R ( • )  fetuses 
during HX1, HX2 and HX3. The shaded bar indicates the period of hypoxia (60 min). 
Values are mean ± S.E.M. Note that levels of any of the parameters did not differ 
between C and R fetuses.
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Fig. 6.8. Data for three parameters of arterial oxygenation in C (O) and R ( • )  fetuses 
during HX1, HX2 and HX3. The shaded bar indicates the period of hypoxia (60 min). 
Values are mean ± S.E.M. Note that levels of the parameters did not differ between C and 
R fetuses.
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Fig. 6.9. Data for lactate and glucose in C (O) and R ( • )  fetuses during HX1, HX2 
and HX3. The shaded bar indicates the period of hypoxia (60 min). Values are mean ± 
S.E.M. Note that levels of any of the parameters did not differ between C and R fetuses. 
Note also that a significant increase in lactate occurred in all three hypoxia experiments in 
both C and R fetuses.
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6.3.2 Basal cardiovascular development

Data for basal cardiovascular variables are shown in Table 6.5. The data are also 
displayed graphically in Fig. 6.10. Basal MAP (P<0.05), SBP (P<0.05), and rate- 
pressure product (RPP) (P<0.0002) were significantly lower in R fetuses compared to C 
fetuses. DBP and FHR were not different between C and R fetuses. MAP did not change 
significantly in C fetuses between 114 and 126 dGA. In R fetuses, MAP was greater at 
126 dGA compared to 114 dGA (P<0.05). SBP increased significantly in both C 
(P<0.05) and R (P<0.02) fetuses when 114 dGA was compared with 126 dGA. DBP 
was greater at 126 dGA compared to 114 dGA in C fetuses (P<0.01), but in R fetuses no 
significant change was observed. RPP was similar at 114 and 126 dGA in both C and R 
fetuses. FHR decreased significantly between 114 and 126 dGA in both C (P<0.01) and 
R (P<0.05) fetuses.

C (n=7) R (n=7)
MAP (mmHg)
SBP (mmHg)
DBP (mmHg)

RPP (mm Hg/bpm /10'3) 
FHR (bpm)

40.5 ±  0.7  
56.1 ±  1.1 
33.0 ±  0.8  

9.48 ±  0.08 
169.4 ±  2.1

38.5 ±  0.6*
52.5 ±  0.9*
31.5 ± 0 .5  

8.80 ±  0.08**
167.8 ±  1.8

Table 6.5. Mean basal cardiovascular variables in C and R fetuses. Data from all 
animals in a group were averaged at each gestational age. The overall mean was then 
calculated by averaging the data from all gestational ages. Values are shown as mean ± 
S.E.M. *P<0.05, **P<0.0002 (unpaired t test) C vs. R.
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Fig. 6.10. Basal cardiovascular variables in C (O) and R ( • )  fetuses. Values are 
shown as mean ± S.E.M. See table and text for details.
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6.3.3 Cardiovascular response to hypoxia

Cardiovascular responses - absolute values

Data for the absolute cardiovascular responses to hypoxia are shown in Tables 6.6 - 6.8 
and Figs. 6.11 - 6.13.

HX1

There were no differences between C and R fetuses during HX1 (Table 6.6, Fig. 6.11). 
Heart rate fell significantly in both groups of fetuses in early hypoxia when compared to 
normoxia. In the recovery period heart rate increased significantly above normoxic values 
in both C and R fetuses. In C fetuses, MAP was significantly greater in late hypoxia 
compared to normoxia, but returned to normoxic values during recovery. MAP did not 
change significantly in R fetuses. There was no change in SBP during hypoxia in either C 
or R fetuses. DBP decreased significantly in C fetuses in early hypoxia, compared to 
normoxia. In R fetuses, DBP was elevated in late hypoxia when compared to normoxia.

HX2

Values for cardiovascular variables were not significantly different between C and R 
fetuses during HX2 (Table 6.7, Fig. 6.12). When it was compared to normoxia, heart 
was significantly lower in early hypoxia in both C and R fetuses. Heart rate values 
returned to normoxic levels in late hypoxia in both groups of fetuses, and during recovery 
in R fetuses, they were significantly elevated above normoxia. MAP, SBP and DBP did 
not change during hypoxia or recovery in either C or R fetuses.

HX3

MAP, SBP, DBP and heart rate were not different between C and R fetuses during HX3 
(Table 6.8, Fig. 6.13). Heart rate was significantly lower in early hypoxia compared to 
normoxia in both C and R fetuses. During late hypoxia, heart rate remained below 
normoxic levels in C fetuses, but in R fetuses it returned to levels similar to those in 
normoxia. In recovery, heart rate was significantly elevated above normoxic values in 
both C and R fetuses. In R fetuses, MAP was significantly elevated during late hypoxia 
compared normoxia, but returned to normoxic levels during recovery. There was no 
change in MAP in C fetuses. Values for SBP were significantly greater during late 
hypoxia compared to normoxia in both C and R fetuses. During recovery, SBP levels
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were similar to those in normoxia in both groups of fetuses. DBP did not change 
significantly in either group of fetuses.

Normoxia Early Hypoxia Late Hypoxia Recovery
MAP (mmHg)

C 37.4 ± 1.0 35.5 ± 1.7 41.7 ± 1.3* 38.5 ± 1.0
R 35.3 ± 0.9 37.5 ± 5.2 39.6 ± 1.8 36.8 ± 1.2

SBP (mmHg)
C 48.9 ± 1.5 55.5 ± 4.2 58.0 ± 2.5 50.4 ± 1.2
R 46.9 ± 0.8 60.9 ±11 .7 54.3 ± 4.4 46.6 ± 2.6

DBP (mmHg)
C 31.4 ± 0.9 24.4 ± 2.0* 33.7 ± 1.3 32.5 ± 1.2
R 29.5 ± 1.2 25.8 ± 2.4 32.3 ± 0.9* 31.9 ± 0.7

FHR (bpm)
C 182.9 ± 2.4 141.5 ± 7.1** 168.1 ± 6.8 215.2 ± 6.7**
R 186.4 ±5.7 122.8 ± 8.5** 174.9 ± 6.7 216.9 ± 6.8

Table 6.6. Data for cardiovascular responses to HX1 in C (n=7) and R (n=6) fetuses. 
Values are mean ± S.E.M. *P<0.05, **P<0.01 (paired t test) compared to value during 
normoxia. Note that values did not differ between C and R fetuses.

Normoxia Early Hypoxia Late Hypoxia Recovery
MAP (mmHg)

C 38.8 ± 1.2 40.0 ± 2.3 40.3 ± 1.2 38.9 ± 1.4
R 38.6 ± 0.8 41.3 ± 3.0 44.6 ± 1.9 39.4 ± 1.7

SBP (mmHg)
C 52.7 ± 1.8 57.3 ± 2.7 55.6 ± 1.8 52.3 ± 1.6
R 52.2 ±  1.8 65.1 ± 3 .6 61.7 ± 3.3 52.5 ± 2.4

DBP (mmHg)
C 31.8 ± 1.3 31.4 ± 2.3 32.6 ± 1.5 32.2 ± 1.5
R 31.7 ± 1.0 29.4 ± 3.6 36.0 ± 1.6 32.8 ± 1.5

FHR (bpm)
C 174.1 ± 3.0 121.1 ± 7.8** 157.8 ± 10.7 210.3 ± 9.8
R 166.8 ± 1.5 113.6 ± 8.4** 162.7 ± 10.5 200.0 ± 4.2**

Table 6.7. Data for cardiovascular responses to HX2 in C (n=7) and R (n=6) fetuses. 
Values are mean ± S.E.M. *P<0.05, **P<0.01 (paired t test) compared to value during 
normoxia. Note that values did not differ between C and R fetuses.
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Normoxia Early Hypoxia Late Hypoxia Recovery
MAP (mmHg)

C 43.9 ± 2.4 40.9 ± 2.2 48.4 ± 3.0 47.3 ± 3.8
R 39.8 ± 1.2 39.3 ± 2.1 47.3 ± 1.6* 43.1 ± 1.5

SBP (mmHg)
C 58.8 ± 4.0 61.3 ± 4.4 70.2 ± 3.7* 64.3 + 5.6
R 54.5 ± 1.8 59.1 ± 3.1 68.0 ± 3.1* 56.6 ± 2.2

DBP (mmHg)
C 36.3 ± 1.7 32.4 ± 2.4 37.0 ± 3.1 37.8 ± 3.4
R 32.5 + 1.3 29.3 + 2.0 37.0 ± 1.5 35.6 ± 1.6

FHR (bpm)
C 167.9 ± 3.9 114.9 ± 10.9** 130.7 ± 7.6*** 205.5 ± 7.9*
R 162.6 ± 4.5 106.1 ± 8 .8** 145.0 ± 8.6 204.0 ± 10.1*

Table 6.8. Data for cardiovascular responses to HX3 in C (n=7) and R (n=6) fetuses. 
Values are mean ± S.E.M. *P<0.05, **P<0.01, ***P<0.001 (paired t test) compared to 
value during normoxia. Note that values did not differ between C and R fetuses.
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Fig. 6.11. Data for cardiovascular variables in C (O) and R ( • )  fetuses during HX1. 
The shaded bar indicates the period of hypoxia (60 min). Values are mean ± S.E.M. Note 
that there were no differences between C and R fetuses. As described in the text and 
tables, there were significant changes in MAP in C fetuses, and DBP and heart rate in C 
and R fetuses.
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Fig. 6.12. Data for cardiovascular variables in C (O) and R ( • )  fetuses during HX2. 
The shaded bar indicates the period of hypoxia (60 min). Values are mean ± S.E.M. Note 
that there were no differences between C and R fetuses. As described in the text and 
tables, there were significant changes in heart rate in both C and R fetuses.
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Fig. 6.13. Data for cardiovascular variables in C (0) and R ( • )  fetuses during HX3. 
The shaded bar indicates the period of hypoxia (60 min). Values are mean ± S.E.M. Note 
that there were no differences between C and R fetuses. As described in the text and 
tables, there were significant changes in MAP in R fetuses, and SBP and heart rate in C 
and R fetuses.
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Cardiovascular responses - change from  baseline

Data for the cardiovascular response to hypoxia expressed by the change from baseline 
are shown in Tables 6.9 - 6.11 and Figs 6.14 - 6.16. There was no difference in the 
cardiovascular responses from baseline between C and R fetuses in any of the hypoxia 
experiments.

Early Hypoxia Late Hypoxia Recovery
MAP (mmHg)

C -1.9 ± 1.7 4.3 ± 1.2 1.1 ± 0.8
R 2.2 ± 5.1 4.3 ± 1.8 1.0 ±  0.8

SBP (mmHg)
C 6.6 ± 4.5 9.1 ± 2.8 1.5 ± 1.7
R 13.9 ± 12.1 7.4 ± 5.0 0.0 ± 1.8

DBP (mmHg)
C -7.0 ± 1.5 2.3 ± 0.9 1.1 ± 1.2
R -3.7 ± 1.9 2.8 ± 0.6 1.5 ± 0.7

FHR (bpm)
C -41.4 ± 7 .4 -14.9 ± 8.4 32.3 ± 6.2
R -63.6 ± 10.0 -11.5 ± 9 .2 31.6 ± 8.8

Table 6.9. Data for cardiovascular variables showing the change from baseline in C 
(n=7) and R (n=6) fetuses during HX1. Values are shown as mean ± S.E.M. Values 
were not different between C and R fetuses.

Early Hypoxia Late Hypoxia Recovery
MAP (mmHg)

C 1.3 ± 1.4 1.5 ± 0.9 0.1 ± 0.6
R 2.7 ± 3.1 6.0 ± 2.5 0.8 ± 2.0

SBP (mmHg)
C 4.6 ± 1.8 2.9 ± 1.9 -0.4 ± 1.3
R 12.9 ± 3.7 9.5 ± 3.5 0.3 ± 2.5

DBP (mmHg)
C -0.4 ± 1.4 0.8 ± 0.6 0.4 ± 0.7
R -2.3 ± 3.5 4.2 ± 2.0 1.0 ± 1.9

FHR (bpm)
C -53.0 ± 9.5 -16.2 ± 12.5 36.2 ± 12.2
R -53.2 ± 9.3 -4.1 ± 11.3 33.2 ± 5.2

Table 6.10. Data for cardiovascular variables showing the change from baseline in C 
(n=7) and R (n=6) fetuses during HX2. Values are shown as mean ± S.E.M. Values 
were not different between C and R fetuses.
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Early Hypoxia Late Hypoxia Recovery
MAP (mmHg)

C -3.0 ± 1.1 4.5 ± 1.5 3.4 ± 1.5
R -0.5 ± 2.2 7.5 ± 1.5 3.3 ± 1.7

SBP (mmHg)
C 2.5 ± 1.7 11.4 + 3.2 5.5 ± 2.4
R 4.7 ± 3.4 13.5 ± 2.6 2.1 ± 2.1

DBP (mmHg)
C -4.0 ± 1.9 0.7 ± 1.7 1.5 ± 1.8
R -3.1 ± 2 .0 4.5 ± 1.5 3.1 ± 1.5

FHR (bpm)
C -52.9 ± 10.4 -37.2 ± 4.3 37.7 ± 9.6
R -56.5 ± 10.8 -17.7 ± 11.6 41.4 ± 8.0

Table 6.11. Data for cardiovascular variables showing the change from baseline in C 
(n=7) and R (n=6) fetuses during HX3. Values are shown as mean ± S.E.M. Values 
were not different between C and R fetuses.
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Fig. 6.14. Data for cardiovascular variables showing the change from baseline in C (O) 
and R ( • )  fetuses during HX1. Note that the x axis is not linear, due to the fact that 
points at 5 and 10 min are included. Values are presented as mean ± S.E.M.
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Fig. 6.15. Data for cardiovascular variables showing the change from baseline in C (O) 
and R ( • )  fetuses during HX2. Note that the x axis is not linear, due to the fact that 
points at 5 and 10 min are included. Values are presented as mean ± S.E.M.
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Fig. 6.16. Data for cardiovascular variables showing the change from baseline in C (O) 
and R ( • )  fetuses during HX3. Note that the x axis is not linear, due to the fact that 
points at 5 and 10 min are included. Values are presented as mean ± S.E.M.



6.3.4 Baroreflex responses

Data for baroreflexes are shown in Table 6.12 and Fig. 6.17. By analysis of variance, a 
significant effect of group was found for the operating point of the baroreflex, which was 
lower in R fetuses compared to C fetuses (P<0.002). Subsequent analysis by unpaired t 
test showed that the operating point of the reflex was significantly lower in R fetuses 
compared to C fetuses at 114-115 dGA (P<0.05) and 120-123 dGA (P<0.002) (Table 
6.12). At 126-130 dGA it was not different between C and R fetuses. In C fetuses, the 
operating point was significantly greater at 120-123 dGA compared to 114-115 dGA 
(P<0.05). There were no other differences in operating point between gestational ages in 
C or R fetuses.

The slope of the baroreflex was not different between C and R fetuses. In addition, it did 
not differ between gestational ages for either group of fetuses.

Gestational Age (days)
114-115 120-123 126-130

Operating Point (mmHg) 
C 65.2 ± 1.2 71.9 ± 1.3* 74.6 ± 4.2

R
(n=5) 

60.8 ± 1.3f 
(n=5)

64.3 ± 1.2$ 65.5 ± 1.8

Slope (ASBP A R -R '1)
C 0.017 ± 0.007 0.012 ± 0.002 0.017 ± 0.004
R 0.018 ± 0.005 0.014 ± 0.005 0.025 ±0.015

Table 6.12. Data for the operating point and slope of the baroreflex curves at 114-115, 
120-123 and 126-130 dGA in C and R fetuses. C; n=7 and R; n=6 unless stated. Values 
are presented as mean ± S.E.M. tP<0.05, $P<0.002 (unpaired t test) C vs. R. *P<0.05 
(paired t test) compared to value at 114 dGA. Note that the baroreflex operating point was 
significantly lower in R fetuses at 114 and 120 dGA. There were no differences in slope 
between C and R fetuses.
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Fig. 6.17. Data for baroreflex response curves at 114-115, 120-123, and 126-130 dGA 
in C (O) and R ( • )  fetuses. Values are shown as mean ± S.E.M. Note that the curves for 
R fetuses were significantly shifted to the left at 114-115 and 120-123 dGA. See text and 
table for details.
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6.3.5 Carotid artery blood flow

Data for carotid blood flow are shown in Table 6.13 and Figs. 6.18 and 6.19. When 
averaged for the whole 2 week study, basal carotid blood flow (CBF) was 46.1 ± 2.0 
ml/min in C fetuses (n=4) and 57.2 ± 1.6 ml/min in R fetuses (n=3). When these values 
were compared, it was found that basal CBF was greater in R fetuses (P<0.01) (Fig. 
6.18).

During HX1, HX2 and HX3 CBF did not differ between C and R fetuses (Table 6.13). 
CBF did not change during HX2 or HX3 when compared to normoxic values in either C 
or R fetuses. During HX1, in C fetuses CBF was greater in late hypoxia compared to

CBF (ml/min)

there was no
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110 115 120 125
“ I
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Fig. 6.18. Data for basal carotid blood flow during the 2 week study period in C (O) 
and R ( • )  fetuses. Values are shown as mean ± S.E.M. Note that CBF was significantly 
greater in R fetuses (P<0.01).

CBF (ml/min) Normoxia Early Hypoxia Late Hypoxia Recovery
HX1

C 41.7 ± 3.6 43.9 ± 4.2 48.6 ± 3.6** 52.7 ± 5.7
R 38.7 ± 7.9 40.0 ± 10.6 53.4 ± 14.0 54.4 ± 11 .4

HX2
C 45.7 ± 8.0 46.8 ± 6.2 56.8 ± 6.2 61.1 ± 11.4
R 55.1 ± 4.8 54.0 ± 6.4 71.8 ± 7.3 68.3 ± 2.6

HX3
C 53.9 ± 4.4 51.4 ± 5 .5 64.5 ± 6.0 65.3 ± 8.2
R 49.6 ± 10.6 44.6 ± 8.8 71.7 ± 19.3 67.7 ± 15.4
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Table 6.13. Data for carotid blood flow (CBF) during HX1, HX2, and HX3 in C 
(n=4) and R (n=3) fetuses. Values are shown as mean ± S.E.M. **P<0.01 (paired t test) 
compared to normoxia. Note that values were not different between C and R fetuses.
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Fig. 6.19. Data for carotid blood flow during HX1, HX2 and HX3 in C (O) and R ( • )  
fetuses. The shaded bar indicates the period of hypoxia (60 min). Values are shown as 
mean ± S.E.M. Note that there were no differences between C and R fetuses.



6.3.6 Femoral artery blood flow

Data for femoral artery blood flow from one fetus are shown in Figs. 6.20 and 6.21. Due 
to technical problems with the probes, data were not obtained from any other animals.
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Fig. 6.20. Data for basal femoral blood flow during the 2 week study period in a single 
R (O) fetus. Data were not obtained from any other animals.
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Fig. 6.21. Data for femoral blood flow during HX1, HX2 and HX3 in a single R (O) 
fetus. The shaded bar indicates the period of hypoxia (60 min). Data were not obtained 
from any other animals.



6.4 DISCUSSION

The results of this study show that maternal undemutrition in early gestation alters fetal 
cardiovascular development producing changes that are manifest in late gestation. The 
most important observation was that fetuses of undernourished mothers had low basal 
blood pressure, both in terms of MAP and SBP. Rate-pressure product was also lower in 
this group, suggesting that cardiac output was reduced. Basal DBP and FHR were not 
significantly altered by the nutritional challenge. Some cardiovascular responses to 
hypoxia appeared to be greater in R fetuses compared to C fetuses, however, there were 
no significant differences between the groups.

Fetal baroreflex control mechanisms were altered following nutrient restriction. The 
baroreflex function curve was shifted to the left in fetuses of restricted mothers, 
demonstrating that the operating range of blood pressures for this reflex was reduced. 
This finding emphasised the fact that the resetting of blood pressure regulation to a lower 
level in R fetuses was a long-term phenomenon.

It was also shown that fetal blood gas status was not altered by maternal undemutrition, 
both under basal conditions and during the hypoxic challenges. Carotid blood flow data 
were obtained in some animals, and this suggested that blood flow was greater in 
restricted fetuses. Unfortunately femoral blood flow data were only obtained from one 
fetus, so comparisons with the finding of reduced femoral flow in Chapter 4 could not be 
performed.

Overall, the results of these investigations reinforce the finding of Chapter 4, 
demonstrating that only a modest level of maternal nutrient restriction in early gestation 
can alter development of the fetal cardiovascular system.

6.4.1 Methodological considerations

The aim of this investigation was to examine the effects of maternal undernutrition on 
basal cardiovascular development and cardiovascular control mechanisms in the fetus in 
late gestation. In Chapter 4, a preliminary study of the fetal cardiovascular system, 
following maternal undemutrition, was reported. The major findings of the study, were 
that fetuses of undernourished mothers had reduced basal FHR and increased basal 
femoral artery vascular resistance, and also displayed augmented responses to hypoxia. 
Thus, there was evidence that cardiovascular control mechanisms had been altered, 
producing changes in basal cardiovascular variables, and that this may have involved a
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change in chemoreflex function. The limitations of the preliminary study were that it 
examined cardiovascular development over a period of only three days, only one 
measurement of the response to hypoxia was made, and there was no consideration of the 
potential roles of endogenous vasoactive endocrine agents. Therefore, the present study 
was designed with the objective of investigating fetal cardiovascular regulation in greater 
detail, by extending the period of study, and examining developmental changes in two 
cardiovascular control mechanisms. The experimental methods used in these experiments 
complemented those used in Chapter 4.

Basal cardiovascular development

The assessment of basal fetal cardiovascular development in Chapter 4 was made over 3 
days of experiments. However, it is known that fetal blood pressure, heart rate and organ 
blood flows all change with gestational age (Rudolph & Heymann, 1970; Dawes, 1985; 
Kitanaka et al., 1989). Therefore, in order to gain a more accurate measurement of basal 
cardiovascular development, it was necessary to observe the changes in these 
cardiovascular variables over a longer period of time, i.e. weeks rather than days. The 
ideal experiment would involve examination of cardiovascular parameters for the whole 
of the late gestation period. This would require surgery to be performed prior to 100 
dGA, and then regular monitoring until the time of parturition. It is possible to do this 
type of experiment, and the data obtained would be very powerful, as it would enable 
assessment of a number of maturational processes of the fetal cardiovascular system. 
However, due to the extremely long length of the experimental protocol required (approx. 
50 days), it is generally impractical to conduct this type of experiment during the course 
of a normal sheep season. Therefore, it was necessary to identify a period of late 
gestation which was of a practical length to study, and which would yield interesting 
information on the fetal cardiovascular system.

In this study, the period of late gestation in which fetal cardiovascular development was 
monitored was 114-130 dGA. In Chapter 4, cardiovascular development was examined at
125-133 dGA, and thus, it would be possible to make comparisons between the two 
studies. The risk of premature delivery involved with studies using chronic fetal 
preparations prior to 130 days is minimal. This is because fetal adrenocortical activity is 
low and there are no dramatic changes in plasma cortisol (Challis & Brooks, 1989). After 
this time, fetal plasma cortisol concentrations begin to increase, and the risk of premature 
delivery is also greater. Thus, it is practicable to study the fetal cardiovascular system at 
114-130 dGA. To begin study of the fetus at 114 days, it was necessary to perform 
surgical instrumentation at 106-109 days. This is also a feasible proposition, as the fetus 
at this gestational age is relatively ‘robust’ and tolerates the surgical manipulations well.

301



Performing fetal surgery before 100 days becomes increasingly difficult due to the small 
size of the fetus and greater susceptibility to infection. Therefore, there are a number of 
good practical reasons for studying the fetus at 114-130 dGA. In addition, there are good 
scientific reasons for studying the fetal cardiovascular system at this stage of gestation. 
During this period of time there are a number of maturational changes that occur in 
cardiovascular physiology. An increase in fetal blood pressure, and decrease in heart rate 
can be recorded during this period, along with changes in organ blood flows (Crowe et 
al., 1995). This is associated with changes in the cardiovascular control mechanisms, 
including the baro- and chemoreflexes (Blanco et al., 1988; Hanson, 1988; Iwamoto, 
1989). There is also a developmental change in fetal behavioural state, including 
alterations in electrocortical activity, fetal sleep patterns and fetal breathing movements 
(Richardson, 1994). These behavioural changes can also produce effects on the 
cardiovascular system (Richardson et al., 1985; Rankin et al., 1987). Thus, 114-130 
dGA is an appropriate time to study the effects of maternal undemutrition on development 
of the fetal cardiovascular system, and the experiments could yield valuable data on 
cardiovascular maturation.

We expected that a study of two weeks duration would be of sufficient length to detect 
any differences between the two groups of fetuses in basal cardiovascular maturation. It 
has been shown in previous studies that blood pressure does increase significantly over 
this period of time, at a similar point in gestation (Crowe et al., 1995). We did not 
maintain fetal preparations for longer than two weeks due to the risk of deterioration of 
fetal health that might have occurred, caused by, for example, infection. Also, in order to 
obtain sufficient numbers of animals in the experimental groups it was necessary to 
maintain several fetal preparations simultaneously. Maintenance for longer than two 
weeks would have complicated these problems, and indeed, would have been highly 
impractical. During the course of the study, we actually found that fetal preparations 
could be maintained for two weeks with relatively few problems.

The fetal cardiovascular variables that we measured were MAP, SBP, DBP, FHR, and 
femoral and carotid arterial blood flows. Other measurements that we could have made 
include cardiac output and blood flow distribution to other organs (Rudolph & Heymann, 
1967). However, the techniques required to perform these experiments are not routinely 
used in our laboratory. Therefore, we focused our studies on measuring the above 
parameters to obtain on overall index of cardiovascular state. This also enabled 
continuation of the work performed in Chapter 4. It should be noted that these in vivo 
experiments were complemented by other ongoing studies in our laboratory, including 
examination of the in vitro response properties of small resistance arteries [Appendix 29].



Recordings of basal cardiovascular parameters were made for 2 h on alternate days. 
Previous studies conducted in our laboratory have found that this regime is sufficient to 
obtain a reliable basal measurement for a particular gestational age, and furthermore, that 
developmental changes can be observed without the need for more frequent recording. In 
addition, all recordings were made in the morning, between 8.00 am and 10.00 am, to 
control for any possible differences due to diumal rhythms. Fetal health was assessed 
immediately prior to each recording by examination of blood gas status.

Development o f  cardiovascular responses

Fetal cardiovascular development was also examined by measuring cardiovascular 
responses to hypoxia, and administration of phenylephrine and SNP. The aim of these 
experiments was to investigate chemoreflex and baroreflex control of the fetal circulation. 
As described in Chapter 4, to actively investigate cardiovascular control mechanisms it is 
necessary to subject the system to acute challenges, in addition to taking measurements 
under basal conditions. The chemo- and baroreflexes are both important mechanisms 
regulating the fetal circulatory system, and they have been widely studied in the sheep 
fetus.

Chemoreflex

In Chapter 4, evidence was found of an augmented chemoreflex in fetuses of 
undernourished mothers. This finding provided a starting point with which to design the 
current series of experiments and to investigate fetal cardiovascular responses to hypoxia 
in greater detail. As described previously [1.4.3], hypoxia is widely used to assess fetal 
cardiovascular control, and is a condition which the fetus may be exposed to in utero (see 
Giussani et al., 1994c).

The response to hypoxia was studied at three gestational ages; 114-115, 120-123 and 
126-130 dGA. These gestational age ranges were tightly controlled to reduce possible 
variation due to developmental changes. By examining the response at three gestational 
ages it would be possible to detect differences in cardiovascular maturation, as it is 
known that responses to hypoxia change during gestation (Iwamoto, 1989). In addition, 
if a difference in response was present between the two groups of fetuses, the data would 
be much more powerful if it could be demonstrated that the effect was present over a 
range of gestational ages.

As in Chapter 4, the cardiovascular response to hypoxia was measured in terms of the 
changes in arterial pressure and heart rate. It has been reported that quantification of the



heart rate response can be used to assess fetal chemoreceptor function (Baan et al., 1993). 
It was also our intention to quantify the response in terms of the increase in femoral artery 
vascular resistance, as this response was reported to be augmented in the previous study. 
However, due to many flow probes failing to operate correctly, we were unable to do 
this. A number of other cardiovascular response parameters could also have been 
measured in this study, including cardiac output and whole body blood flow distribution, 
which have both been measured previously under hypoxic conditions (see Jensen & 
Berger, 1993; Iwamoto, 1993). However, as for basal cardiovascular development, it 
was decided that this study would focus on the readily obtainable measurements 
described above.

A number of other methods could have been used to investigate fetal chemoreflex control 
of the circulation, including umbilical cord occlusion, uterine artery occlusion, or even 
examination of the response to hypercapnia. However, we decided to utilise maternal 
hypoxia as it is a technique routinely used in our laboratory, and in the context of our 
previous findings, it could potentially yield the most valuable data.

Baroreflex

In this study, the baroreflex was examined by measuring arterial pressure and heart rate 
responses to separate injections of phenylephrine and SNP.

Baroreceptors are located at the aortic arch and carotid sinus. They are activated by 
increases in blood pressure, and can produce a reflex decrease in heart rate [1.3.6]. The 
baroreflex can be examined by a number different methods. It is possible to make direct 
recordings of both afferent (Blanco et al., 1988) and efferent (Segar et al., 1992; Segar et 
al., 1994) baroreceptor discharge. In addition, baroreflex activity has been assessed using 
the relationship between arterial pressure and heart rate period (Maloney et al., 1977; 
Dawes et al., 1980; Itskovitz et al., 1983; Yardley et al., 1983; Wakatsuki et al., 1992). 
There are also different methods for manipulating fetal blood pressure, including inflation 
of a balloon in the aorta (Dawes et al., 1980), and compression of the aorta (Blanco et al., 
1988), however, the most common method is administration of vasoactive drugs, of 
which phenylephrine and SNP are usually used (Maloney et al., 1977; Segar et al.,
1992). These different methods can stimulate the baroreflex through different 
mechanisms, for example, it has been reported that phenylephrine increases jugular 
venous pressure, whereas inflation of a balloon around the aorta does not (Maloney et al., 
1977). Thus, phenylephrine may stimulate a wider range of baroreceptors, including 
venous, arterial and cardiac receptors, and this may result in greater parasympathetic 
efferent activity.
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Phenylephrine is a specific a  i-selective agonist. It acts directly to cause peripheral 

vasoconstriction. Phenylephrine, like other sympathomimetic drugs, is rapidly inactivated 
at the liver following intravenous injection (Hoffman & Lefkowitz, 1996). SNP is a 
nonselective vasodilator. It is metabolised at smooth muscle cells to produce nitric oxide, 
which in turn stimulates production of cyclic GMP, resulting in vasodilatation. This 
process of metabolisation of the drug, also results in its clearance and inactivation (Oates,
1996). Thus phenylephrine and SNP act to produce increased and decreased blood 
pressure respectively. Assessment of baroreflex function can then be made by recording 
changes in the heart rate period, i.e. the time interval between each R wave of the ECG.

There are two components of changes in arterial pressure which activate the 
baroreceptors; the absolute change in pressure and the rate of change of pressure. By 
administering the drugs as a bolus dose we would be able to elicit both components of the 
response. Methods which administer drugs as a slow infusion can obtain a more detailed 
picture of the baroreceptor response to an absolute pressure level, but can not assess the 
dynamic component of the change in pressure.

The dose of phenylephrine (75 pg) used in this study was based on previous work 
conducted in our laboratory, and is similar to that used by other investigators (Maloney et 
al., 1977; Dawes et al., 1980). The dose of SNP (0.1 mg) was based on a series of 
preliminary dose-response trials performed in our laboratory. Although no dose-response 
curve was calculated, a range of doses were used to identify one which produced a 
reliable decrease in arterial pressure. However, in the present experiments we found that 
administration of SNP depressed cardiovascular function to such a degree that both 
arterial pressure and heart rate were decreased, suggesting that the dose used was too 
high. It is possible that SNP produces effects at the sino-atrial node, which may 
complicate its use, especially at high doses. Thus, it was not possible to assess the 
capacity of the baroreflex to increase heart rate using this experiment, and no data from 
these studies have been included.

The SNP administration experiment always followed the phenylephrine experiment. A 
recovery period of 30-60 min was always allowed following each experiment to permit 
clearance of the drug, and normalisation of cardiovascular variables. This was aided by 
the fact that the drugs were administered as a bolus rather than an infusion.

Baroreflex responses were analysed on a beat-to-beat basis, i.e. an R-R interval was 
calculated for each systolic pressure wave. This is the generally accepted method of
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generating baroreflex curves and has been widely used in previous studies (e.g. Dawes et 
al., 1980).

The fetal baroreflex was measured at three gestational ages; 114-115, 120-123 and 126- 
BO dGA. The sensitivity of the baroreflex is known to decrease during gestation (Blanco 
et al., 1988). This is in terms of the change in the rate of discharge per mmHg increase in 
pressure, and is manifest as a decrease in slope of the steepest portion of the baroreflex 
curve. The stimulus-response curve also shifts to the right as gestation progresses, and as 
arterial pressure increases, such that basal discharge remains relatively constant despite 
the increase in basal pressure (Blanco et al., 1988). Therefore, by assessing the 
baroreflex curve at several time points in gestation, it would be possible to detect 
differences in development of the reflex. For example, if the slope of the curve was 
significantly reduced in one group of fetuses it might indicate that maturation was 
accelerated in that group, alternatively, a shift of the curve along the x axis could indicate 
resetting of baroreflex function to a higher or lower pressure.

Analysis of baroreflex responses is complex, and a number of problems were 
encountered in this study. After administration of phenylephrine, a steady increase in 
arterial pressure and decrease in heart rate were not always achieved. Periods of asystole 
sometimes occurred, along with drops in arterial pressure, presumably a result of a 
parasympathetic influence. These type of occurrences generated false results, in that large 
R-R intervals would appear to be produced by relatively low arterial pressures. In 
addition, the natural variability of blood pressure and heart rate mean’t that a smooth 
sigmoid curve was not always generated when comparing SBP with R-R interval. These 
effects had to be considered when analysing the data. Also, measurement of the slope of 
the baroreflex curve (shown in Fig. 6.1) is a subjective process. This measurement was 
judged ‘by eye’, and thus, it was not possible to be certain of its accuracy. These 
problems were minimised in part, by the fact only one person conducted the analysis.

6.4.2 Basal cardiovascular development

The results show that basal cardiovascular development was altered in late gestation 
following maternal nutrient restriction in early gestation. Fetuses of undernourished 
mothers had significantly lower MAP, SBP and RPP. Basal FHR and DBP were similar 
in both groups of fetuses. In C fetuses, SBP and DBP, but not MAP, increased 
significantly over the study period. In R fetuses, MAP and SBP, but not DBP, increased 
significantly. RPP did not change over the study period in either C or R fetuses. There 
was a significant fall in FHR in both C and R fetuses. Mean basal blood gases did not 
differ between the two groups of fetuses, and did not change during the study period,
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except lactate which increased significantly. It was also noted that CBF was significantly 
greater in R fetuses compared to C fetuses.

The well recognised pattern of fetal blood pressure development is characterised by a 
progressive increase in pressure over the course of gestation (Rudolph & Heymann, 
1970; Dawes, 1985; Kitanaka et al., 1989; Crowe et al., 1995). This is accompanied by a 
decrease in heart rate (Kitanaka et al., 1989). The precise mechanisms by which these 
changes occur are not completely understood. Changes in fetal combined ventricular 
output (CVO) could be involved in mediating the increase in arterial pressure, and it has 
been shown that the absolute level of CVO increases during gestation, a change which 
closely parallels the developmental increase in fetal body weight (Rudolph & Heymann, 
1970). Changes in vascular tone also occur, and studies have demonstrated that calculated 
vascular resistance in the fetal body increases with gestational age (Iwamoto, 1989). This 
may involve development of sympathetic innervation of the periphery and/or increased 
sensitivity to circulating vasoactive hormones. Evidence in support of an increase in 
responsiveness to vasoactive agents has been demonstrated. Administration of exogenous 
noradrenaline stimulates an increase in FHR and in left and right ventricular output, and it 
has been shown that this effect increases with gestational age, indicating maturation of 6- 
adrenergic responsiveness (Nuwayhid et al., 1975). The magnitude of the rise in MAP in 
response to noradrenaline also increases with age, suggesting maturation and increased 
responsiveness of a-adrenergic systems (Nuwayhid et al., 1975). It is thought that these 
effects may be related to an increase in the number of receptors, rather than a change in 
sensitivity (Nuwayhid et al., 1975). Other investigations have shown that the magnitude 
of the fall in systolic blood pressure following a-adrenergic blockade increases with 
gestational age, possibly indicating the presence of an increase in tonic a-adrenergic 

influence (Vapaavouri et al., 1973). In addition, recent studies examining the response 
properties of fetal sheep resistance vessels in vitro have demonstrated that the contractile 
response to noradrenaline increases markedly over late gestation, an effect which may be 
related to an increase in vascular smooth muscle mass (Ozaki et al., 1997) [Appendix 9]. 
The age-related increase in vascular tone does not appear to be due to an increase in 
plasma catecholamine levels, as it has been reported that concentrations of noradrenaline 
and adrenaline both decrease as gestation progresses (Palmer et al., 1984).

The increase in MAP during gestation may be related to growth of the fetus. As the fetal 
body grows during development, it must be accompanied by growth of the vascular 
system, including growth of new vessels. Development of the vasculature could produce 
changes in the overall cross-sectional area of the vascular bed. If this is parallel to growth 
of the fetus, it might be expected to result in maintenance, or even a decrease, of total 
vascular resistance. However, if vascular growth does not follow the same pattern as
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growth of the fetal body, then an increase in vascular resistance could occur. This is one 
mechanism which has been suggested to give rise to the increase in fetal blood pressure 
during gestation (see Hanson, 1993).

The decrease in plasma catecholamine levels during gestation could be involved in the fall 
in fetal heart rate that occurs. It has been reported that circulating levels of noradrenaline 
correlate positively with fetal heart rate (Palmer et al., 1984). Thus, a reduction in 
humorally-mediated sympathetic stimulation of the heart could be one mechanism by 
which heart rate declines. Alterations in the neural pathways controlling heart rate also 
occur during late gestation, and are thought to be involved in the ontogenic decline in 
heart rate. Studies examining the effects of vagotomy, or pharmacological blockade of 
cholinergic pathways, have demonstrated that the tonic influence of the parasympathetic 
nervous system on heart rate is minimal prior to 100 dGA, but increases after this time 
(Vapaavouri et al., 1973; Walker et al., 1978). In contrast, the tonic sympathetic 
influence develops earlier in development, resulting in high resting heart rate in mid
gestation (Vapaavouri et al., 1973; Walker et al., 1978). Thus, as gestation progresses 
the relative roles of the parasympathetic and sympathetic nervous systems in regulating 
resting heart rate increase and decrease respectively. It is likely that this process is 
important in producing the reduction of fetal heart rate that occurs during development. 
There may also be changes at the sino-atrial node (Hanson, 1993).

It is unlikely that the fall in fetal heart rate is a the result of a baroreflex-mediated 
mechanism caused by the increasing blood pressure. It is thought that the ‘gain’ of the 
baroreflex declines with age. If the baroreflex is involved in producing the effects on 
development of resting heart rate, it might be expected that the rate of decrease of heart 
rate would also decline as gestation progressed. However, it has been shown that the 
pattern of the fall in heart rate is linear, and in proportion to the change in arterial pressure 
(Kitanaka et al., 1989). Furthermore, it is suggested that the role of the baroreflex is not 
to influence the mean value of heart rate on a long-term basis, but to control short-term 
responses and to reduce variability about the mean (Itskovitz et al., 1983), as discussed 
below.

The fact that blood pressure increased and heart rate fell in both C and R fetuses in the 
present study suggests that normal developmental processes were occurring in both 
groups. The observation that arterial pressure was lower in R fetuses may indicate that 
development of processes specifically regulating arterial pressure, may not have been as 
advanced as in C fetuses, i.e. that R fetuses were ‘immature’ in terms of blood pressure 
development. One possibility involves the connection between fetal growth and growth of 
the vasculature in determining the increase in blood pressure, described above. If R
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fetuses were smaller, they might be expected to have lower blood pressures. However, as 
shown in Chapter 3, this level of maternal undemutrition does not affect fetal body weight 
or body proportions at either 90 or 130 dGA. This suggests that the relationship between 
growth of the fetus as a whole, and growth of the vasculature, was similar in both groups 
of fetuses. Thus, the possibility that R fetuses were somehow ‘immature’ in terms of 
cardiovascular development seems unlikely, especially as development of heart rate was 
the same as C fetuses.

CVO

In basic terms, fetal blood pressure is determined by CVO and peripheral vascular 
resistance. Therefore, alterations in one or both of these parameters must have occurred in 
R fetuses to produce the reduction in MAP. The results of this study show that basal RPP 
was significantly reduced in R fetuses. RPP has been used as an index of cardiac work 
(Kitamura et al., 1972; Jorgensen et al., 1973; Nelson et al., 1974). Reduced RPP in R 
fetuses is therefore consistent with the hypothesis that CVO was also reduced in this 
group of animals, and this may be a mechanism by which the low arterial pressure was 
produced. Fetal CVO is determined by the same factors that regulate cardiac output in the 
adult, that is, ventricular output is the product of heart rate and stroke volume (see 
Thornburg & Morton, 1993) [1.3.2]. In the present study it was shown that heart rate 
was not different between the two groups of fetuses. Therefore, if CVO was reduced in R 
fetuses, it was almost certainly due to a reduction in stroke volume. Stroke volume is 
determined by a number of factors including, preload, afterload, contractility and chamber 
size [1.3.2]. According to the Frank-Starling Law, cardiac muscle is able to generate 
increasing amounts of tension as it is stretched within the physiological range. Thus, as 
mean ventricular end-diastolic pressure (wall tension), or filling pressure of the heart 
increases, a larger stroke volume is produced. This filling pressure is termed the preload, 
and it can be demonstrated that when this is elevated by increasing atrial pressure, an 
increase in stroke volume is produced (Thornburg & Morton, 1983; Reller et al., 1987). 
The ventricular function curve that is produced when increasing preload is compared to 
stroke volume is characterised by a steep ascending limb and a plateau. The point at 
which the curve reaches a plateau occurs at around the operating transmural pressure of 
the fetal heart, i.e. approximately 3 mmHg (Reller et al., 1987). Thus, increasing filling 
pressure above this value will not produce much increase in stroke volume. However, 
stroke volume, and consequently, CVO, can be rapidly reduced if filling pressure is 
decreased. It is possible that filling pressure could be decreased by a reduction in venous 
return caused by elevation of peripheral resistance.
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These relationships are also affected by changes in afterload, i.e. the pressure at which 
the ventricles must contract to force blood out of the heart. This is widely believed to be 
determined by the impedance in the vasculature and is mostly regulated by vascular 
resistance and compliance (Thornburg & Morton, 1993). Thus, an increase in vascular 
resistance, and also, arterial pressure, will result in a greater afterload, and a reduced 
stroke volume. In the present study, the idea that increased afterload caused a decrease in 
fetal CVO is not consistent with the observation of reduced arterial pressure. Thus, other 
mechanisms must be operating. This may involve alterations in contractility of the fetal 
heart, i.e. the intrinsic strength of contraction of the myocardium for a given preload and 
afterload. It has been shown that contractility of the fetal heart increases during gestation 
(Anderson et al., 1984; Nakanishi et al., 1984). This involves changes in contractile 
proteins, proteins regulating contraction, and the segregation of cytosolic calcium. Thus, 
altered biochemical development of the heart could give rise to a reduction in contractility. 
It is possible that this occurred in R fetuses in the present study.

CVO is also linked to heart size, with larger hearts obviously having potentially greater 
stroke volumes. However, the available evidence does not suggest that changes in heart 
size occurred in the present study, as data in Chapter 3 demonstrate that absolute and 
relative heart weight was not different between C and R fetuses at either 90 or 130 dGA.

Thus, at present our data suggest that a reduction in CVO may have contributed to the 
decrease in arterial blood pressure in R fetuses, and which probably involved a reduction 
in stroke volume.

Vascular resistance

A reduction of vascular resistance could have produced the low blood pressure in R 
fetuses, with or without the effects on CVO, described above. Alterations in vascular tone 
could have occurred in R fetuses, without any change in the overall structure or cross- 
sectional area of the vasculature. It is possible that vascular sensitivity to endogenous 
vasoconstrictors was decreased and/or that sensitivity to vasodilators was increased. This 
could involve alterations in receptor numbers, changes in signal transduction mechanisms 
or changes in the circulating concentrations of vasoactive agents. For example, a decrease 
in circulating catecholamine concentration could result in a reduction of sympathetic tone, 
and a decrease in vascular resistance. We have made some preliminary measurements of 
the effects of maternal undernutrition on fetal plasma adrenaline and noradrenaline 
concentrations during hypoxia [Appendix 4]. However, at this stage, our data suggest 
that levels were not reduced in fetuses of undernourished mothers. More detailed 
examination of catecholamine levels, and those of other endocrine agents such as
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angiotensin II and arginine vasopressin is required. The only other endocrine agents that 
we have made measurements of are ACTH and cortisol. The effects of maternal 
undemutrition on fetal plasma concentrations of these hormones were reported in Chapter 
5, and will also be examined in greater detail in Chapter 7. In Chapter 5, evidence was 
found of reduced output of cortisol from the adrenal gland in response to exogenous 
stimulation. These data were only preliminary, however, a reduction of plasma cortisol 
concentration could be involved in mediating a decrease in fetal vascular resistance. 
Glucocorticoids, and cortisol in particular, are known to produce pressor effects on the 
circulation. In the fetal sheep, cortisol infusion results in an increase in MAP (Wood et 
al., 1987; Tangalakis et al., 1992a; Dodic & Wintour, 1994). It is suggested that 
glucocorticoids produce their cardiovascular effects by indirect mechanisms at the 
vasculature (Schimmer & Parker, 1996). Therefore, if circulating cortisol has a tonic 
vasoconstrictor effect in the fetus, a reduction in adrenocortical output of cortisol could 
result in a decrease in this effect, and a consequent reduction of vascular resistance. 
Further study of basal development of fetal cortisol concentration following maternal 
undemutrition is required to explore these ideas in greater depth.

In Chapter 4 it was reported that basal vascular resistance was significantly increased in 
the femoral artery in R fetuses compared to C fetuses. Companion studies of the in vitro 
response properties of fetal small resistance arteries have shown that the vasodilator 
response to acetylcholine is progressively reduced in association with graded reduction of 
maternal nutrition [Appendix 29]. This effect may be part of the mechanism by which 
basal femoral vascular resistance (FVR) was elevated in R fetuses in Chapter 4. The 
increase of FVR was associated with a normal level of fetal MAP. In the present study we 
were unable to record fetal FBF, however, we can speculate that if increased FVR was a 
compensatory mechanism to maintain MAP, then it may also have been elevated in the 
present study, but to a degree that was insufficient to restore MAP to control levels.

The only measure of blood flow we were able to make in the present study was for the 
carotid artery. The results show that CBF was significantly increased in R fetuses. Data 
for CBF were not obtained in all animals, so interpretation must be approached with 
caution, however, if this effect is real it could suggest that vascular resistance was 
reduced at the carotid vasculature in R fetuses. Under certain conditions, fetal blood flow 
may be redistributed to the heart, adrenal glands, and the brain, at the expense of flow to 
peripheral circulations such as the femoral vascular bed (Rudolph, 1984; Jensen & 
Berger, 1993). This is an adaptive response to preserve development of these organs, 
during adverse intrauterine conditions. Measurement of CBF has been validated as a good 
index of brain perfusion (Van Bel et al., 1994; Gratton et al., 1996). Therefore, the 
increase in CBF and decrease in FBF that has been reported in R fetuses may be
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indicative of cardiovascular redistribution, and a ‘brain sparing’ effect. In Chapter 3, it 
was reported that the ratio of biparietal diameter (BPD) to abdominal circumference (AC) 
was significantly increased in R fetuses compared to C fetuses at 90 dGA, although brain 
weight itself was not altered. Preservation of brain development occurs at the expense of 
other organs, and it is thought that the liver is particularly susceptible to this effect 
(Jensen & Berger, 1993). Measurement of AC reflects liver size, thus, the increase in 
BPD/AC ratio combined with the increase in CBF and decrease in FBF in R fetuses, may 
represent blood flow redistribution away from the liver in preference of the fetal head, 
and possibly, the brain.

The difference in blood flow distribution between the brain and liver described above 
illustrates the capacity of the fetal cardiovascular system to produce opposite regulatory 
effects on different vascular beds. This is supported by the present finding of increased 
CBF and the previous finding in Chapter 4 of decreased FBF in R fetuses compared to C 
fetuses. Thus, if reduced MAP in R fetuses in the present study was produced by a 
decrease in vascular resistance, it is does not appear to have been a universal effect in all 
vascular beds, and certainly not at the femoral vasculature. A decrease in resistance in the 
carotid vasculature could be involved, however, this is unlikely to be a major factor 
which determines total peripheral resistance. The major determinant of resistance in the 
fetus is the umbilical-placental circulation (Jensen et al., 1991). A decrease in resistance at 
this vascular bed could cause a reduction in blood pressure. As reported in Chapter 3, 
fetal placental villous density was greater in R animals compared to C animals at 130 dGA 
[Appendix 27]. This may result in an increase in vascularity and reduction of umbilical- 
placental vascular resistance. Thus, this effect may contribute to the production of 
hypotension in R fetuses.

Therefore, the mechanism by which MAP was reduced in R fetuses in this study may 
involve a decrease in umbilical-placental vascular resistance. The fetus may have 
attempted to compensate for this by elevating vascular resistance in other peripheral beds. 
It appears that this was a successful adaptation to maintain MAP in the fetuses in Chapter 
4. In the present study, it may have been insufficient to restore normal blood pressure, or 
may even have not occurred. To fully examine this hypothesis, more data are required on 
the effects of maternal undernutrition on fetal blood flow distribution and placental 
vascularisation.

Renal function

When discussing pressure regulation, some consideration must be made of the processes 
controlling fetal fluid balance, as regulation of extracellular fluid (ECF) volume is an
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important mechanism for regulation of the fetal cardiovascular system. The principal 
source of fluid in the fetus is the maternal blood. Fluid may pass between the maternal 
and fetal blood by several routes including transplacental movement, secretion from the 
fetal lungs, exchange between the amniotic fluid and the fetal membranes, the placenta, 
the fetal skin and the umbilical cord, and excretion of urine by the fetal kidney (see Brace, 
1994). Thus, the fetal kidney may be involved in active regulation of ECF volume, and 
consequently, control of blood pressure. It has been shown that the neural and endocrine 
pathways controlling renal water excretion are active in late gestation fetal sheep (see 
Lumbers, 1983). The physiological role of the fetal kidney in regulating fluid balance has 
been demonstrated. When availability of water to the fetus is reduced by restriction of 
maternal water intake, or by maternal infusion of mannitol, which produces an increase in 
maternal osmolality, fetal urine output is significantly decreased (Lumbers, 1983). 
Following these manipulations fetal glomerular filtration rate (GFR) is unchanged, and 
excretion of sodium is elevated, suggesting that water reabsorption has increased. This 
demonstrates that the fetal kidney is involved in fluid homeostasis and plays a 
physiological role in water regulation. This role is emphasised by the fact that fetal urine 
output is decreased in response to haemorrhage (Gomez & Robillard, 1984), and 
increased during blood volume expansion (Schroder et al., 1984). Changes in renal water 
reabsorption and overall fluid balance may therefore, be important for blood pressure 
development.

Endocrine control of fetal water excretion is performed by arginine vasopressin (AVP) 
(Lumbers, 1983). AVP is released from the fetal pituitary in response to changes in 
osmolality (Weitzman et al., 1978; Siegel et al., 1980), and it has been shown that 
infusion can increase fetal renal water reabsorption (Lingwood et al., 1978b). Fluid 
balance is also affected by plasma sodium concentrations, and this is also regulated by 
endocrine factors at the kidney. This is achieved through activation of the renin- 
angiotensin system (RAS) and the actions of aldosterone, which stimulate sodium 
reabsorption (see Robillard et al., 1994). Activity of the RAS has been demonstrated in 
fetal sheep (Broughton Pipken & O’Brien, 1978). In addition, infusion of aldosterone 
increases sodium reabsorption (Lingwood et al., 1978a). However, the precise roles of 
these systems in fetal sodium homeostasis are not clearly defined.

Renal function is also under the control of neural influences. Changes in neural 
stimulation of the kidney can alter renal haemodynamics. A reduction of renal blood flow 
could result in decreased fluid excretion. Although current evidence does not suggest an 
important role for renal innervation in modulating renal function under resting conditions, 
it is thought that it does have an important role during conditions such as hypoxia (see
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Robillard et al., 1994). Activity of the renal sympathetic nerve could therefore have an 
important role in fluid balance during conditions of ‘stress’.

Alterations in the mechanisms controlling renal regulation of fluid balance, described 
above, could be involved in producing the reduction of MAP observed in R fetuses in this 
study. For example, an upregulation of water and sodium excretion could produce a 
decrease in ECF volume, and consequently blood volume, resulting in a reduction in 
blood pressure. This could involve decreased output of aldosterone from the adrenal 
glands. However, at present we have no indices of the effects of maternal undemutrition 
on any aspects of renal function, and as such, we can only speculate on the possibilities. 
The reduction of fetal kidney weight that occurs following maternal undemutrition (see 
Chapter 3) may be involved in a decrease in kidney function, however future studies 
examining these possibilities are required before this effect can be interpreted. These 
studies will need to make consideration of a number of variables including, plasma 
concentrations of AVP, aldosterone, and angiotensin II.

Blood-gas status

Fetal cardiovascular development could also be affected by alterations in fetal blood gas 
status. For example, changes in pH, PaC>2 or PaC02 could cause stimulation of peripheral 
and/or central chemoreceptors. This is known to produce cardiovascular changes, both in 
the short- (Cohn et al., 1974; Rudolph, 1984) and long-term (Kamitomo et al., 1992). 
Prolonged reduction of fetal PaC>2 (i.e. 24-48 h), produced by restriction of uterine artery 
blood flow, initially causes the changes in blood pressure and FHR typically seen in 
response to acute hypoxia. However, these changes are not maintained, returning to 
values not substantially different from the normoxic fetus after about 24 h (see Bocking,
1993). Effects on distribution of CVO are also produced, and are characterised by a 
redistribution favouring the heart, brain and adrenal glands, as is seen during acute 
hypoxia. In contrast to the minimal effects on blood pressure and FHR, the blood flow 
redistribution is maintained for the duration of the hypoxic period, i.e. up to 48 h 
(Bocking et al., 1988).

The effects of chronic reduction of fetal Pa02 for a period of weeks rather than hours 
have also been studied in pregnant sheep. This type of experiment is possible through the 
use of chambers in which the concentration of oxygen in air can be regulated (see 
Kitanaka et al., 1989), or by exposure of sheep to high altitude (see Kamitomo et al., 
1992). In these models, chronic hypoxia does not change basal arterial pressure and FHR 
(Kitanaka et al., 1989), but CVO is reduced (Kamitomo et al., 1992), and redistributed in 
favour of the brain and heart (Kamitomo et al., 1993).
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Chronic reduction of fetal PaC>2 could therefore produce an elevation of CBF, as occurs in 
R fetuses in the present study, or possibly, a decrease in CVO. However, we did not find 
any differences of any parameter of fetal acid-base status, arterial oxygenation or glucose 
and lactate levels. Thus, it appears that the decrease in MAP, and increase in CBF in R 
fetuses was not produced by changes in blood gas status.

Chronic reductions in oxygen supply to the fetus could arise if transfer capacity of the 
placenta was reduced. The effects of experimental restriction of placental function on fetal 
cardiovascular development have been investigated. Embolisation of the fetal side of the 
placenta produces elevated fetal MAP and RPP, and reduced FHR (Murotsuki et al.,
1997). In addition, Robinson et al. (1983) examined the effect of removal of endometrial 
caruncles prior to conception on fetal blood pressure development. This challenge would 
not only decrease the capacity of the placenta to transfer oxygen from the mother to the 
fetus, but also reduce transport and transfer of all other nutrients, such as glucose. This is 
illustrated by the fact that fetuses of carunclectomised mothers are chronically hypoxaemic 
and hypoglycaemic, and also, growth restricted (Robinson et al., 1979; Robinson et al., 
1980). The effects on cardiovascular development are manifest in terms of an increase in 
FHR and a decrease in MAP (Robinson et al., 1983). Thus, although chronic reduction 
of oxygen supply alone does not produce substantial effects on fetal blood pressure, 
reduction of total nutrient supply by carunclectomy can produce hypotension. The fact 
that placental insufficiency and maternal undernutrition can both produce a reduction of 
fetal MAP is striking, and suggests that the effects may be produced by a common 
mechanism.

As already mentioned, alterations in basal fetal cardiovascular development may be 
accompanied, or even initiated, by changes in the cardiovascular control mechanisms. 
The results of Chapter 4 suggested that maternal undernutrition may augment fetal 
chemoreflex responses. The functional status of the chemoreflex and baroreflex of fetuses 
in the present study will be discussed in the following sections.

6.4.3 Responses to hypoxia

The results of this study show that MAP, SBP, DBP and heart rate responses to acute 
hypoxia did not differ between C and R fetuses, at either 114-115, 120-123 or 126-130 
dGA. This was in terms of both the absolute values of these parameters, and the 
magnitude of the change from normoxia. Both C and R fetuses displayed expected 
cardiovascular patterns during hypoxia and the following hour of recovery. In terms of 
arterial pressure, significant changes did not occur consistently, although the overall trend
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was for an increase during hypoxia, and a return to normoxic values during the recovery 
period. Bradycardia occurred during early hypoxia in both groups of fetuses, at all ages 
studied. Typically, heart rate then usually increased slowly during late hypoxia, and often 
increased above normoxic values during recovery. These data suggest that cardiovascular 
chemoreflex responses were similar in both groups of fetuses, at least in terms of blood 
pressure and heart rate.

The chemoreflex is an important cardiovascular regulatory system in the fetus. Episodes 
of reduced oxygenation can occur in utero in many situations, such as during the small 
amplitude contractions that occur during late gestation in preparation for pregnancy 
(termed uterine ‘contractures’) (see Jenkin & Nathanielsz, 1994), during uterine 
contractions proper around the time of pregnancy, or in cases of placental insufficiency. 
The cardiovascular response to hypoxia comprises both neural reflexes and endocrine 
mechanisms [1.4.4]. Thus, alterations in the response could potentially occur at a number 
of different levels. In Chapter 4, femoral vascular resistance was greater during hypoxia 
in R fetuses compared to C fetuses, suggesting that this aspect of the chemoreflex had 
been augmented. The same fetuses displayed arterial pressure and heart rate responses to 
hypoxia that were not different from C fetuses. Thus, it is possible that femoral vascular 
resistance during hypoxia was also greater in R fetuses in the present study, although we 
can only speculate on this possibility as we were unable to make measurements of 
femoral artery blood flow.

We were able to measure blood flow in the carotid artery in some fetuses, which was 
shown to be similar in both groups. However, it has been reported that carotid artery 
vascular resistance does not change substantially during hypoxia (Giussani et al., 1994c), 
and hence does not appear to have an important role in mediating the overall 
cardiovascular response. Blood flow to the brain can increase during hypoxia despite the 
apparent absence of a decrease in vascular resistance in the vessels supplying it, such as 
the carotid artery (Cohn et al., 1974). The increase in brain blood flow is due to the 
increase in arterial pressure that occurs during hypoxia, and a linear relationship is shown 
to exist between the two parameters. The lack of consistent increases in CBF in the 
present study probably reflects the fact that consistent increases in MAP also did not 
occur.

Blood gas parameters during hypoxia were similar in C and R fetuses. There were no 
changes in PaCC>2 in either C or R fetuses at any of the ages studied. Thus, as isocapnia 
was maintained in all experiments the cardiovascular responses would not have been 
affected by chemoreceptor stimulation by changes in arterial PCO2. However, pH fell 
consistently in both C and R fetuses during the hypoxic period in all experiments, apart
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from HX1, where the fall was not significant in R fetuses. This acidaemia would have 
contributed to the overall cardiovascular response (Cohn et al., 1974). The fact that pH 
levels did not differ between C and R fetuses during hypoxia, suggests that similar effects 
of acidaemia would have been produced in both groups. The fall in pH was likely to have 
been caused by the significant increases in plasma lactate concentration which occurred.

Developmental changes in the cardiovascular response to hypoxia accompany the changes 
in basal cardiovascular development described previously. That is, the pattern of 
sympathetic and parasympathetic nervous control of the circulation that contributes to the 
age-related increase in MAP and decrease in heart rate, also alters the MAP and heart rate 
responses to acute hypoxia (see Iwamoto, 1989). At 88 days gestation, acute hypoxia 
does not produce any effect on fetal heart rate. Ten days later in gestation, an increase in 
heart rate is produced (Iwamoto et al., 1989). These data are in contrast to the response 
widely reported in the late gestation fetus (> 120 dGA), of a pronounced decrease in heart 
rate following acute reduction of fetal PaC>2 (see Giussani et al., 1994c). At both 88 and 
98 days, acute hypoxia does not produce any change in arterial pressure, which again 
differs from the increase in pressure observed in fetuses older than 120 days (Giussani et 
al., 1994c). A response which is common to both mature and immature fetuses is the 
increase in blood flow to the myocardium, brain and adrenal glands which occurs at both 
88 and 98 days gestation (Iwamoto et al., 1989). The classic bradycardia seen in 
response to hypoxia results from greater cholinergic than adrenergic stimulation of the 
heart (see Giussani et al., 1994c). The absence of a change in heart rate at 88 days is 
thought to reflect a balance between adrenergic and cholinergic inputs (Walker et al.,
1979). Thus, as described for basal cardiovascular development, the relative importance 
of parasympathetic control increases with gestational age. It has been suggested that the 
tachycardia which occurs at 98 days may be related to the process of sympathetic 
innervation of the myocardium, which occurs around that time (Lebowitz et al., 1972). 
Differences in the arterial pressure response to hypoxia could also be related to patterns of 
sympathetic development, in this case, innervation of the vascular smooth muscle of 
resistance arteries. In addition, immature development of sympatho-adrenal mechanisms 
and secretion of catecholamines could be involved in the absence of the hypertensive 
response, or inadequate release of other vasoactive hormones such as arginine 
vasopressin. It is possible that maternal nutrient restriction could alter development of 
these processes. For example, if cardiovascular development was in some way 
‘retarded,’ the response to hypoxia could be immature. This could result in a smaller fall 
in heart rate, or complete absence of a heart rate response. However, this type of effect 
would be quite extreme, and as the results show, responses to hypoxia did not differ 
between C and R fetuses, indicating that these aspects of cardiovascular maturation were 
at the same stage in both groups of animals.
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Altered chemoreflex responses have been shown to occur in a number of experimental 
situations. Carunclectomised growth-restricted fetuses show normal increases in arterial 
pressure during hypoxia, which are not substantially different from control animals 
(Robinson et al., 1983). However, the fall in heart rate is smaller, and rapidly returns to 
pre-hypoxia levels. This ‘smaller’ response may reflect a greater release of 
catecholamines or increased sensitivity to their actions at the heart (Cohn et al., 1982; 
Jones et al., 1983). These changes would accelerate the return of heart rate to pre-hypoxia 
levels. This idea is supported by the fact that heart rate increases further after the end of 
hypoxia in caruncle fetuses, an effect which does not occur in the control animals 
(Robinson et al., 1983). More recent investigations have demonstrated that caruncle 
fetuses do indeed have elevated plasma concentrations of noradrenaline, and there is also 
evidence suggesting that plasma catecholamine responses to stimulation by the 
sympathomimetic, tyramine, are enhanced in these fetuses (Simonetta et al., 1997). 
Evidence suggests that the source of the increased catecholamine concentrations is 
enhanced synthesis and secretion from sympathetic neurones (Simonetta et al., 1997; 
Adams et al., 1998). Fetuses which are growth-restricted as a result of embolization of 
the placenta also show enhanced cardiovascular response to hypoxia, characterised by a 
more pronounced redistribution of blood flow to the vital organs (Block et al., 1984). In 
addition, fetuses subjected to acute hypoxia following chronic uterine artery occlusion 
have been suggested to show an increased vasoconstriction at the femoral vascular bed 
(Bennet & Hanson, 1994). Crowe et al. (1995) demonstrated that fetuses in which the 
trajectory of blood pressure development was altered, had reduced bodyweight and 
displayed a greater arterial pressure response to acute hypoxia, an effect which again, was 
consistent with increased sympathetic activity. Thus, growth restriction and/or low fetal 
blood pressure seems to be associated with upregulated chemoreflex responses. This may 
be manifest by a greater increase in pressure or smaller decrease in heart rate, or by 
enhanced peripheral vasoconstriction. These effects are all consistent with an increase in 
activity of the sympathetic nervous system. At present, the available data suggest that fetal 
sympathetic activity is not increased following maternal undernutrition, however, 
additional data on peripheral blood flow are required to fully interpret these findings.

6.4.4 Baroreflex responses

The results of this study show that baroreflex curves following phenylephrine-stimulated 
increases in arterial pressure were significantly different between C and R fetuses. The 
operating point for the baroreflex was significantly lower in R fetuses compared to C 
fetuses. These data demonstrate that the baroreflex curves were shifted to the right in R 
fetuses compared to C fetuses. The operating point was greater at 120-123 compared to
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114-115 dGA in C fetuses, but no other developmental changes were observed in either 
group. The gain of the reflex, as indicated by the slope of the curve, did not differ 
between the two groups of fetuses at any of the ages studied. In addition, there were no 
developmental changes in gain in either group.

The existence and operation of the baroreflex has been demonstrated in fetal sheep as 
early as 88 days gestation (Blanco et al., 1988; Hanson, 1988). Baroreceptor discharge 
has been shown to be phasically active, in synchrony with the arterial pressure pulse, i.e. 
discharge increases during the rising portion of the arterial pressure wave (systole), and 
decreases during the falling portion (diastole). In addition, baroreceptor discharge 
increases when arterial pressure is elevated above normal levels (Blanco et al., 1988). It 
has been reported in recordings from single baroreceptor afferents that basal discharge 
does not change between 88-113 dGA and 30-40 days postnatally, when expressed as a 
percentage of the maximum (Blanco et al., 1988). In contrast, recordings of renal 
sympathetic nerve activity (RSNA) have shown that basal RSNA (% maximum) tended to 
increase between 132-138 dGA and 4-6 weeks postnatally, although these changes were 
not of great magnitude (Segar et al., 1992).

A common finding of both the above methodological approaches is a decrease in the 
sensitivity of the reflex during development (Blanco et al., 1988; Segar et al., 1992; 
Segar, 1997). This decrease in sensitivity is in terms of the change in rate of discharge 
per mmHg increase in arterial pressure. It is shown as a decrease in the slope of the 
steepest portion of the baroreflex function curve and means that increases in arterial 
pressure of a particular magnitude result in progressively smaller increases in rate of 
baroreceptor discharge (or decreases in heart rate) as gestation progresses. This 
relationship has been confirmed by examining heart rate responses to noradrenaline- 
stimulated increases in arterial pressure in utero (Wakatsuki et al., 1992). The 
mechanisms regulating baroreflex sensitivity are not fully understood but may involve 
changes in distensibility of the carotid sinus, and strain sensitivity (Andresen et al.,
1980). In the present study, baroreflex sensitivity was not different between C and R 
fetuses, and furthermore, did not change over the course of the study in either group. The 
absence of a change in sensitivity is probably due to the relatively short period of study. 
Previous experiments which have shown alterations in sensitivity have studied much 
longer periods of development. The fact that sensitivity was not different shows that this 
particular cardiovascular control mechanism was operating in the manner expected for the 
gestational age. This is perhaps somewhat surprising given the fact that MAP was 
significantly reduced in R fetuses, as it might have been expected that this would be 
accompanied by a greater baroreflex sensitivity.
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The functional importance of the baroreceptors has been studied by denervation of their 
afferent fibres (Yardley et al., 1983; Itskovitz et al., 1983). The results of the study of 
Itskovitz et al. (1983) showed that absence of baroreceptor inputs resulted in greater 
variability in arterial pressure and heart rate, however the mean values of the two 
parameters were not different. The increase in variability was confirmed by Yardley et al. 
(1983), however, they also found that arterial pressure became slightly elevated following 
baroreceptor denervation. Thus, it was concluded that an important function of the 
baroreflex was to regulate arterial pressure variability, i.e. to control fluctuations around a 
mean value. The question of whether the baroreflex is important in determining mean 
arterial pressure is controversial, and at present, unresolved.

The baroreflex function curve shifts to the right as blood pressure increases (Blanco et 
al., 1988; Segar et al., 1992; Segar et al., 1994, Segar, 1997), and, as described above, 
basal baroreceptor discharge is relatively constant during this process. Thus, the reflex 
adapts to whatever pressure level it is exposed. This property of the baroreflex is 
especially interesting in view of the fact of the low MAP in R fetuses. In this group, the 
baroreflex curve was displaced to the left at the first two gestational ages studied, 
indicating that the operating point of the reflex had been reset to the lower pressure. The 
resetting of cardiovascular control mechanisms is an important observation and 
demonstrates that the low MAP was a chronic condition, and not merely a transient effect.

Other roles for arterial baroreceptors suggested by the denervation studies include 
regulation of fetal peripheral resistance. Following baroreceptor denervation, blood flow 
to the fetal body increases, and vascular resistance of the fetal body decreases (Itskovitz et 
al., 1983). This is offset by a small insignificant increase in CVO such that MAP is not 
changed. These data suggest that the baroreflex is important for maintenance of normal 
peripheral vascular resistance. The mechanism by which this function may be performed 
is not clear. In fact, removal of baroreceptor inputs would be expected allow increased 
sympathetic output, causing vasoconstriction, and not the vasodilatation that seems to 
occur. It should be noted that the effect of baroreceptor denervation may be complicated 
by the fact that the process also involves denervation of the chemoreceptors, which may 
exert a tonic vasoconstrictor effect.

Altered baroreflex function can occur in pathological situations, as shown in the 
spontaneously hypertensive rat (SHR) (see Andresen et al., 1980; Andresen, 1984). In 
this model, function of the baroreceptors is abnormal and they require greater distending 
pressures for activation. It has been suggested that the reduced distensibility is due to an 
increase in stiffness of the vessel wall. There may also be intrinsic differences in the 
baroreceptors themselves. For example, the strain threshold for activation has been



reported to be lower in the SHR, but despite this, it is not in proportion to the properties 
of the vessel wall, and the reflex becomes reset (Andresen et al., 1980). Baroreflex 
function is also depressed in rats when hypertension is induced experimentally using a 
renal clip (Heesch & Carey, 1987). These studies demonstrate how altered baroreflex 
function may be associated with abnormal blood pressure development. Alterations in 
function may be a consequence of hypertension, or as occurs in the present study, they 
may also be a consequence of hypotension. In addition, it is possible that a pathological 
state is associated with altered development of the receptors themselves.

6.4.5 Conclusion

These studies support the hypothesis that maternal undemutrition alters development of 
the fetal cardiovascular system. This is despite the fact that the level of undemutrition 
used does not affect fetal growth or blood gas status. Fetuses of mothers which were 
nutritionally restricted have lower blood pressures, and reduced rate-pressure product. 
The chronic nature of these effects is reinforced by the finding of resetting of baroreflex 
control mechanisms. The data suggest that reduction of CVO, or decreased placental 
vascular resistance, could be involved in mediating the decrease in blood pressure. It is 
interesting to speculate that the changes in cardiovascular development may be linked to 
altered development of the HPA axis, as suggested by the data in Chapter 5. This idea 
will be explored in greater detail in the following chapters. It is unfortunate that data for 
femoral blood flow were not obtained in this study, as this may be a particularly 
interesting area. Future studies will need to address this question, and examine CVO and 
its distribution, and also the degree of activity of the sympathetic nervous system.

In the context of long-term cardiovascular development, the data from this chapter initially 
do not appear to support the concept of maternal undemutrition producing hypertension in 
postnatal life. If maternal undemutrition does predispose offspring to hypertension, then 
clearly, a transition must occur at some stage. Therefore the development of hypertension 
may not merely be a straight-forward case of animals ‘tracking’ at high blood pressures 
for the duration of fetal and postnatal life [1.7.6]. The effects of maternal undemutrition 
on postnatal cardiovascular regulation and the possible connections with the effects in the 
fetus will be reported in Chapter 11.
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CHAPTER 7

EFFECT OF EARLY GESTATION 
NUTRITIONAL RESTRICTION ON 
FETAL HP A AXIS ACTIVITY (2): 

BASAL DEVELOPMENT AND 
EXOGENOUS CHALLENGES

7.1 INTRODUCTION

Maternal undernutrition may act as an adverse environmental influence to alter fetal 
growth and development of fetal organ systems. This may be linked to increased risk of 
cardiovascular disease in adult life (Barker, 1998). Evidence in Chapter 5 indicated that 
maternal undemutrition altered development of the fetal hypothalamic-pituitary-adrenal 
(HPA) axis, reducing adrenocortical responsiveness to exogenous stimulation. Changes 
in HPA axis function could have important implications for a number of aspects of fetal 
development including growth, responses to stress and cardiovascular regulation. 
However, the data reported in Chapter 5 were preliminary and required confirmation.

In Chapter 6, it was reported that maternal nutrient restriction altered fetal cardiovascular 
development, with one of the main effects being a reduction of mean arterial pressure 
(MAP). It was not possible to identify the precise mechanism by which this effect 
occurred, however, it was suggested that a reduction of fetal HPA axis function could be 
a contributory factor.

The aim of the experiments reported in this chapter was to extend the findings of Chapter 
5, by examining fetal HPA axis development in greater depth, and to investigate further 
the possible link between the effects of maternal undemutrition on the fetal cardiovascular 
system and the fetal HPA axis.

In Chapter 5, it was reported that the plasma cortisol response to stimulation by 
exogenous corticotropin releasing hormone (CRH) and arginine vasopressin (AVP) at
126-132 days gestation (dGA) was reduced in fetuses of nutrient restricted mothers (R) 
compared to controls (C). It was not known if this effect was due to a change at the 
pituitary or the adrenal gland. Examination of basal ACTH and cortisol concentrations 
over a period of three days did not reveal any differences between C and R fetuses.
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However, the fetal HPA axis is a dynamic system, and during late gestation there are 
numerous maturational changes at the hypothalamus, pituitary and adrenal glands which 
are reflected by increases in plasma ACTH and cortisol concentrations [1.5]. In addition, 
ACTH responses to CRH+AVP stimulation have been shown to change with gestation 
(Norman & Challis, 1987a). Therefore, to extend the findings of Chapter 5, ACTH and 
cortisol responses to CRH (1 pg) + AVP (200 ng) were studied at two gestational ages, 
113-116 dGA and 125-127 dGA. Furthermore, basal ACTH and cortisol concentrations 
were examined for a period of approximately two weeks. To investigate possible effects 
at the adrenal gland separately from those at the pituitary, plasma cortisol responses to 
exogenous ACTH (300 ng) were measured at 126-128 dGA.

7.2 METHODS

This study was performed in Welsh Mountain ewes [2.1]. Nutritional intake was 
regulated between 0-70 dGA [2.2.2].

7.2.1 Surgical preparation

Aseptic surgery was performed on fourteen singleton-bearing ewes at 107-109 dGA 
under general anaesthesia [2.4]. The uterus was exposed through an incision in the 
midline of the lower abdominal wall, and the fetus partially exteriorised. Catheters filled 
with heparinised saline were placed in a fetal carotid artery, jugular vein and the amniotic 
cavity. A catheter was also placed in a maternal pedal vein.

At least 4 days post-operative recovery were allowed prior to commencing experiments.

7.2.2 Experimental procedures

Fetuses were studied over a fourteen day period between 113-116 and 126-128 dGA. 
Fetal arterial blood (0.5 ml) was collected daily for pH, blood-gas, haematocrit (Hct), 
haemoglobin (Hb), and blood glucose and lactate analysis.

Seven arterial blood samples (1 ml) were taken from each fetus on alternate days for 
determination of basal plasma ACTH and cortisol concentrations. These blood samples 
were always taken between the hours of 8.00 am and 10.00 am. At both 113-116 and 
125-127 dGA fetuses received an intravenous bolus of ovine CRH (1 jxg; Sigma 
Chemical Co., Poole, Dorset, UK) plus AVP (200 ng; Sigma Co., UK). Both peptides 
were dissolved in 0.1 % bovine serum albumin in sterile saline and administered together 
in a volume of 1 ml. The CRH+AVP administration experiments were designated El
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(113-116 dGA) and E2 (125-127 dGA). Fetal arterial blood samples (0.6 ml) were taken 
for ACTH and cortisol analysis at 30 and 0 min before, and 5, 10, 15, 30, 60, 120, and 
180 min after the injection. Additional samples of fetal arterial blood (0.5 ml) were 
collected 30 min before, and 15,45, and 90 min after the injection for blood gas analysis. 
On the day following the second CRH+AVP challenge (i.e. 126-128 dGA), fetuses 
received an intravenous bolus of 300 ng ACTH (1-24; Sigma Co., UK). This experiment 
was designated E3. ACTH was dissolved in 0.1% bovine serum albumin in sterile saline 
and administered in a volume of 1 ml. Fetal arterial blood samples (0.6 ml) were taken for 
ACTH and cortisol analysis at 30 and 0 min before, and 5, 10, 15, 30, 60, and 120 min 
after the injection. Additional samples of fetal arterial blood (0.5 ml) were collected 30 
min before and 15, 45, and 90 min after the injection for blood gas analysis.

7.2.3 Data analysis

All values are presented as means ± S.E.M. Significance was accepted when P<0.05. 
When multiple comparisons were made, P values were corrected using the Bonferroni 
method. ACTH and cortisol data were transformed logarithmically before analysis to 
remove heterogeneity of variance.

Blood gas data

Mean values for basal blood gas parameters were calculated by averaging the data 
collected over the course of the two week study period in each animal. These values were 
then averaged to produce an overall mean for the group. Data were compared between C 
and R fetuses using Student’s unpaired t test. When the results for basal blood gas 
parameters were examined, it was decided that values for all parameters except lactate 
varied between gestational age and did not show any developmental pattern (e.g. Fig. 
7.1). Therefore, changes with age were not analysed statistically. In Chapter 6, it was 
reported that basal lactate concentrations increased during a two week study period 
[6.3.1], and a developmental change could also be observed for lactate data in the present 
study. Therefore, basal lactate concentrations were compared between the first and last 
samples using Student’s paired t test.

During the CRH+AVP and ACTH administration experiments, differences for blood gas 
parameters between C and R fetuses were determined by comparing each data point using 
Student’s unpaired t test. The changes in blood gas parameters during these experiments 
within each group were analysed by comparing the value at -30 min with the subsequent 
values obtained. Significance was determined by Student’s paired t test.
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Basal cortisol data

Data for basal cortisol from Chapter 8 are included in the results section. These data are 
shown separately, and in combination with the data from the present study. Data for basal 
cortisol were divided into seven groups according to gestational age, with the first group 
designated 114-115 dGA, and the final group 126-127 dGA. Data that were outside these 
groupings were not used in the analysis. Data were compared between C and R fetuses 
using two-way analysis of variance comparing the effect of group (C vs. R), time and the 
interaction between group and time. To determine if values changed over the two week 
period within each group, samples at 114-115 dGA were compared with 126-127 dGA 
by Student’s paired t test.

CRH+AVP and ACTH  administration experiments

ACTH and cortisol responses to administration of CRH+AVP or ACTH were compared 
between C and R fetuses using two-way analysis of variance comparing the effect of 
group (C vs. R), time and the interaction between group and time. To determine if 
significant changes in ACTH and cortisol occurred within each group, the value at 0 min 
was compared with the peak value in the postinjection period, and with the value at 180 
min for the CRH+AVP experiments, or with the value at 120 min for the ACTH 
administration experiment. Significance was determined using Student’s paired t test. 
ACTH and cortisol responses to CRH+AVP were compared between gestational ages for 
both C and R fetuses. This was performed using two-way analysis of variance comparing 
the effect of age (113-116 dGA vs. 125-127 dGA), time and the interaction between age 
and time. When comparing responses between groups all sample times during the 
experiment were included in the analysis of variance. Thus a ‘response’ refers to the 
entire experiment, not just the period following injection of the drug.

Comments

At post mortem it was found that the brain of one fetus had completely atrophied. This 
was probably the result of occlusion of the non-catheterised carotid artery, caused by 
poor positioning of a Transonic flow probe which had been implanted around it. After 
examination of the cortisol data it was found that this fetus also had extremely elevated 
plasma cortisol concentrations, which were well outside the physiological range expected 
for that gestational age. Therefore, all endocrine data collected from this fetus were 
excluded from the analysis. Of the seven C fetuses, four were male, and of the six R 
fetuses, four were also male.

325



r  v i m  i x i  u A i a  /

7.3 RESULTS

7.3.1 Blood gas parameters

Basal

Data for mean basal blood gas parameters are shown in Table 7.1 and Figs. 7.1 - 7.3. 
Values for basal blood gas parameters were not different between C and R fetuses. 
Lactate concentrations increased between the first and last samples in both C (P<0.001) 
and R (P<0.05) fetuses (Fig. 7.3).

C (n=7) R (n=7)
pH 7.35 ± 0.00 7.34 ± 0.01
PaC 02 (mmHg) 45.6 ± 1.3 46.8 ± 0.7
HC03" (mmol/L) 25.0 ± 0.7 25.0 ± 0.4
BEb (mmol/L) 0.74 ± 0.62 0.53 ± 0.49

Pa0 2 (mmHg) 25.2 ± 0.9 24.4 ± 0.7
Hct (%) 26.2 ± 0.8 26.1 ± 1.0
Hb (g/dL) 7.8 ± 0.2 7.6 ±0.1
0 2 ct (Vol %02) 8.2 ± 0.3 7.9 ± 0.3
0 2 cap (Vol %02) 10.4 ± 0.3 10.0 ± 0.2
Sa 0 2 (%) 79.7 ± 1.8 78.8 ± 2.1

Lactate (mmol/L) 0.89 ± 0.06 1.01 ± 0.05
Glucose (mmol/L) 0.81 ± 0.06 0.79 ± 0.03

Table 7.1. Mean data for basal acid-base status, arterial oxygenation, lactate and 
glucose in C and R fetuses. Values are mean ± S.E.M. Values were not different between 
C and R fetuses.
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Fig. 7.1. Data for basal acid-base status during the 2 week study period in C (O) and R 
( • )  fetuses. Values are mean ± S.E.M.
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Fig. 7.2. (previous page) Data for basal arterial oxygenation during the 2 week study 
period in C (O) and R ( • )  fetuses. Values are mean ± S.E.M.
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Fig. 7.3. Lactate and glucose under basal conditions during the 2 week study period in 
C (O) and R ( • )  fetuses. Values are mean ± S.E.M.

Blood-gas response to endocrine challenges

Data for blood-gas responses to different endocrine challenges are shown in Tables 7.1
7.3, and Figs. 7.4 - 7.6.

Acid-base status

E l . Values for acid-base status were not different between C and R fetuses during El 
(Table 7.2, Fig. 7.4). pH values decreased significantly following CRH+AVP 
administration, and values were lower compared to -30 min at 15 min and 90 min in both 
C and R fetuses. Values for BEb decreased significantly during the postinjection period 
compared to -30 min in C and R fetuses. H C 03~ also fell significantly compared to -30 
min in R fetuses, but not in C fetuses.

E2. Values for acid-base status did not differ between C and R fetuses during E2 (Table
7.3, Fig. 7.4). There were no significant changes in acid-base parameters in either C or R 
fetuses.
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E3. Values for acid-base status did not differ between C and R fetuses during E3 (Table
7.4, Fig. 7.4). There were no significant changes in acid-base parameters in either C or R 
fetuses.

Arterial oxygenation

E l . Values for arterial oxygenation during El were not different between C and R fetuses 
(Table 7.2, Fig. 7.5). Pa02 values were greater at 15 min compared to -30 min in both C 
and R fetuses. Hb levels were greater at 15 min compared to -30 min in R fetuses, but not 
in C fetuses.

E2. Values for arterial oxygenation during E2 did not differ between C and R fetuses 
(Table 7.3, Fig. 7.5). Values did not change in C fetuses. In R fetuses, PaC>2, O2 ct and 
Sa0 2 were greater at 15 min compared to -30 min.

E3. Arterial oxygenation values were not different between C and R fetuses during E3 
(Table 7.4, Fig. 7.5). There were no significant changes in either C or R fetuses.

Lactate and glucose

E l . Values for lactate and glucose did not differ between C and R fetuses during E l 
(Table 7.2, Fig. 7.6). Lactate levels increased during the postinjection period and were 
greater compared to -30 min in both C and R fetuses. Glucose levels were greater at 90 
min compared to -30 min in C fetuses, but not in R fetuses.

E2. Lactate and glucose concentrations were not different between C and R fetuses during 
E2 (Table 7.3, Fig. 7.6). Lactate levels were greater compared to -30 min at 15 min and 
45 min in both C and R fetuses. Glucose levels were greater at 15 min compared to -30 
min in both C and R fetuses.

E3. Lactate and glucose concentrations did not differ between C and R fetuses during E3 
(Table 7.4, Fig. 7.6), and did not show any significant changes.
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-30 min 15 min 45 min 90 min
pH

C (n=6) 7.36 ± 0.01 7.32 ± 0.01** 7.33 ± 0.01* 7.34 ± 0.01
R (n=7) 7.35 ± 0.01 7.33 ± 0.01** 7.33 ± 0.01* 7.34 ± 0.00

PaC 02 (mmHg)
C (n=6) 45.0 ±2 .1 43.5 ± 1.5 45.2 ± 2.2 43.7 ± 1.6
R (n=7) 46.6 ± 1.3 44.5 ± 0.9 45.0 ± 1.0 46.1 ± 0.9

HC03" (mmol/L)
C (n=7) 24.8 ± 1.0 22.3 ± 0.8 23.1 ± 1.2 23.5 ± 1.0
R (n=7) 25.5 ± 0.8 22.8 ± 0.4** 23.4 ± 0.5* 24.6 ± 0.3

BEb (mmol/L)
C (n=7) 0.6 ± 0.9 -2.4 ± 0.8* -1.5 ± 1.1 -0.8 ± 1.0
R (n=7) 1.2 ± 0.8 -1.7 ± 0.4** -1.0 ±0 .5* 0.2 ± 0.3

Pa0 2 (mmHg)
C (n=6) 25.8 ± 0.8 28.7 ± 1.2* 24.8 ± 1.4 26.2 ± 0.6
R (n=7) 25.0 ± 1.0 27.7 ± 1.0** 24.9 ± 0.6 25.4 ± 0.8

Hct (%)
C (n=6) 22.3 ± 0.7 23.0 ± 0.5 22.8 ± 0.4 21.5 ± 1.0
R (n=7) 23.0 ± 0.9 24.0 ± 0.8 22.4 ± 0.6 23.1 ± 0.5

Hb (g/dL)
C (n=5) 7.3 ± 0.3 7.9 ± 0.4 7.1 ± 0.3 7.1 ± 0.4
R (n=7) 7.2 ± 0.3 7.6 ± 0.2* 7.0 ± 0.2 7.1 ± 0.3

0 2 ct (Vol %02)
C (n=6) 7.4 ± 0.6 8.3 ± 0.8 7.3 ± 0.4 7.4 ± 0.4
R (n=7) 7.6 ± 0.4 8.4 ± 0.3 7.4 ± 0.4 7.6 ± 0.4

0 2 cap (Vol %02)
C (n=6) 9.1 ± 0.6 10.0 ± 0.6 9.1 ± 0.4 9.1 ± 0 .5
R (n=6) 9.2 ± 0.3 9.9 ± 0.2 9.3 ± 0.3 9.4 ± 0.4

Sa0 2 (%)
C (n=6) 81.0 ±  1.6 81.8 ± 3 .7 79.5 ±  1.9 80.8 ±  2.1
R (n=7) 80.4 ± 2.3 83.6 ± 2.1 79.9 ± 1.9 81.2 ± 1.9

Lactate (mmol/L)
C (n=6) 0.76 ± 0.06 1.31 ± 0.22 1.22 ± 0.13* 0.87 ± 0.09
R (n=7) 0.77 ± 0.06 1.29 ± 0.07§ 1.09 ± 0.07§ 0.87 ± 0.06*

Glucose (mmol/L)
C (n=6) 0.82 ± 0 .14 1.01 ± 0.18 0.91 ± 0 .17 0.97 ± 0.15*
R (n=7) 0.80 ± 0.03 0.91 ± 0.07 0.81 ± 0.05 0.89 ± 0.06

Table 7.2. Data for blood-gas parameters before and after administration of CRH+AVP 
(El, 113-116 dGA) in C and R fetuses. Values are shown as mean ± S.E.M. *P<0.05, 
**P<0.01, §P<0.0001 (paired t test) compared to value at -30 min. Values were not 
different between C and R fetuses.
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-30 min 15 min 45 min 90 min
pH

C(n=7) 7.36 ± 0.01 7.34 ± 0.01 7.35 ± 0.00 7.35 ± 0.01
R (n=7) 7.34 ± 0.01 7.32 ± 0.01 7.32 ± 0.01 7.34 ± 0.01

PaC 02 (mmHg)
C (n=7) 46.8 ± 1.2 46.2 ± 1.7 44.9 ± 1.9 46.1 ± 1.7
R (n=7) 47.3 ± 1.3 46.6 ± 1.9 45.7 ± 1.3 46.5 ± 2.0

HC03" (mmol/L)
C (n=7) 25.8 ± 0.8 24.4 ± 0.8 24.1 ± 1.1 25.0 ± 0.7
R (n=7) 25.0 ± 0.7 23.5 ± 1.0 23.3 + 0.5 24.4 ± 0.9

BEb (mmol/L)
C(n=7) 1.4 ± 0.8 0.0 ± 0.7 -0.2 ± 1.0 2.1 ± 1.6
R (n=7) 0.5 ± 0.7 -1.2 ± 0.9 -1.3 ± 0.5 -0.1 ± 0.8

Pa0 2 (mmHg)
C (n=7) 24.9 ± 1.1 26.1 ± 1.2 24.4 ± 0.9 24.7 ± 1.8
R (n=7) 23.6 ± 1.4 25.3 ± 1.6* 23.1 ± 1.7 24.1 ± 1.8

Hct (%)
C (n=7) 27.1 ± 1.4 27.4 ± 1.6 25.4 ± 1.7 25.9 ± 1.1
R (n=7) 26.3 ± 2.2 26.9 ± 2.0 24.4 + 1.7 25.4 ± 1.7

Hb (g/aL)
C (n=5) 7.8 ± 0.4 8.0 ± 0.5 7.3 ± 0.5 7.5 ± 0.4
R (n=5) 7.2 ± 0.6 7.7 ± 0.7 6.9 ± 0.6 6.9 ± 0.5

0 2 ct (Vol %02)
C (n=5) 8.1 ± 0.4 8.4 ± 0.5 7.4 ± 0.4 7.8 ± 0.6
R (n=5) 7.4 ± 0.9 8.3 ± 1.0* 6.9 ± 1.0 7.1 ± 0.9

0 2 cap (Vol %02)
C (n=5) 10.3 ± 0.6 10.7 ± 0.7 9.7 ± 0.7 10.0 ± 0.6
R (n=5) 9.5 ± 0.8 10.2 ± 0.9 9.1 ± 0.8 9.2 ± 0.7

Sa0 2 (%)
C (n=6) 78.2 ± 2.4 79.5 ± 3 .6 77.2 ±  3.4 77.6 ±  4.1
R (n=7) 76.0 ± 5.4 80.0 ± 4.7* 73.9 ± 6.5 76.0 ± 6.3

Lactate (mmol/L)
C (n=7) 0.99 ± 0.10 1.50 ± 0.09*** 1.37 ± 0.15* 1.13 ± 0.13
R (n=7) 1.22 ± 0.15 1.79 ± 0.12*** 1.51 ± 0.14** 1.29 ± 0.19

Glucose (mmol/L)
C (n=7) 0.83 ± 0.07 0.99 ± 0.08** 0.87 ± 0.11 0.94 ±0.11
R (n=7) 0.77 ± 0.07 0.89 ± 0.05* 0.71 ± 0.03 0.79 ± 0.04

Table 7.3. Data for blood-gas parameters before and after administration of CRH+AVP 
(E2, 125-127 dGA) in C and R fetuses. Values are shown as mean ± S.E.M. *P<0.05, 
**P<0.01, ***P<0.001 (paired t test) compared to value at -30 min. Values were not 
different between C and R fetuses.
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-30 min 15 min 45 min 90 min
pH

C (n=7) 7.35 ± 0.01 7.36 ± 0.01 7.35 ± 0.01 7.35 ± 0.01
R (n=7) 7.33 ± 0.01 7.34 ± 0.01 7.33 ± 0.01 7.33 ± 0.01

PaC 02 (mmHg)
C (n=7) 47.0 ± 1.4 44.3 ± 1.3 45.4 ± 1.1 45.3 ± 1.3
R (n=7) 47.9 ± 1.3 46.7 ± 1.4 47.1 ± 1.6 46.5 ± 2.2

HC03' (mmol/L)
C (n=7) 25.7 ± 0.3 24.5 ± 0.6 24.6 ± 0.5 24.5 ± 0.5
R (n=7) 24.7 ± 0.9 24.6 ± 1.0 24.6 + 0.8 24.0 ± 1.1

BEb (mmol/L)
C (n=7) 1.3 ± 0.2 0.4 ± 0.6 0.3 ± 0.5 0.2 ± 0.5
R (n=7) 0.0 ± 0.9 0.1 ± 1.0 0.1 ± 0.8 -0.6 ± 1.0

Pa0 2 (mmHg)
C (n=7) 23.9 ± 1.0 23.7 ± 1.0 23.9 ± 0.9 23.7 ± 1.2
R (n=7) 22.1 ± 1.4 22.1 ± 1.6 22.6 ± 1.6 23.0 ± 1.7

Hct (%)
C (n=7) 26.1 ± 1.2 24.7 ± 1.1 25.0 ± 1.5 24.1 ± 1.4
R (n=7) 24.6 ± 1.6 23.9 ± 1.2 23.6 ± 1.1 23.6 ± 1.4

Hb (g/dL)
C (n=6) 7.1 ± 0.4 7.1 ± 0.3 7.1 ± 0.4 7.2 ± 0.5
R (n=6) 6.9 ± 0.5 6.7 ± 0.4 6.8 ± 0.4 6.7 ± 0.5

0 2 ct (Vol %02)
C (n=6) 7.7 ± 0.5 7.2 ± 0.4 7.3 ± 0.4 7.3 ± 0.5
R (n=6) 6.7 ± 0.7 6.5 ± 0.7 6.7 ± 0.7 6.6 ± 0.7

0 2 cap (Vol %02)
C (n=6) 9.9 ± 0.5 9.4 ± 0.4 9.4 ± 0.5 9.6 ± 0.6
R (n=6) 9.1 ± 0.7 8.9 ± 0.5 9.0 ± 0.6 8.9 ± 0.6

s ao 2 (%)
C (n=6) 77.6 ±  3.0 76.6 ± 3 .0 77.2 ± 3 .4 75.6 ±  2.8
R (n=6) 72.4 ± 4.6 72.4 ± 4.7 73.2 ± 5.0 73.0 ± 5.1

Lactate (mmol/L)
C (n=7) 1.00 ± 0.06 1.03 ± 0.08 1.03 ± 0.09 1.02 ± 0.08
R (n=7) 1.35 ± 0.19 1.33 ± 0.21 1.38 ± 0.22 1.42 ± 0.26

Glucose (mmol/L)
C (n=7) 0.80 ± 0.04 0.82 ± 0.07 0.86 ± 0.08 0.84 ± 0.08
R (n=7) 0 .8 8 + 0.12 0.90 + 0.13 0.91 ± 0.10 0.92 ± 0.08

Table 7.4. Data for blood-gas parameters before and after administration of ACTH (E3, 
126-128 dGA) in C and R fetuses. Values are shown as mean ± S.E.M. Values were not 
different between C and R fetuses.

333



r  b i a i  x x x  n .  u a i c j  \ j* j

E1 E2 E3

7.37 -|

PH 7 . 3 4 -

7.31 J

P a C 0 2
(mmHg)

50 -i

4 6 -

42  J

7 . 3 7 -i

7 . 3 4 -

7.31 J

t o

50 -i

4 6 -

4 2 J

7 .3 7  n

7 . 3 4 -

7.31 J

R
50 -i

4 6 -

4 2  J

h c o 3-
(mmol/L)

27 -i

2 4 -

2 7 - i

2 4 -

21 J

2 7 - i

21 J

4 -i

B ase  
ex c es s  o -  

(mmol/L)

-4 I I I
50 0 5 0  100

Time (mins)

4

0

■4
50 0 50  100

0 -

-4

Time (mins)

— I------1------1
50 0 50  100

Time (mins)

Fig. 7,4. Data for acid-base status before and after injection of 1 |ig CRH + 200 ng 
AVP (El and E2) or 300ng ACTH (E3) in C (O) and R ( • )  fetuses. Drug injection 
occurs at 0 min. Values are mean ± S.E.M.
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Fig. 7.5. (previous page). Data for arterial oxygenation before and after injection of 1 
|Lig CRH + 200 ng AVP (El and E2) or 300ng ACTH (E3) in C (O) and R ( • )  fetuses. 
Drug injection occurs at 0 min. Values are mean ± S.E.M.
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Fig. 7.6. Lactate and glucose values before and after injection of 1 |ig CRH + 200 ng 
AVP (El and E2) or 300ng ACTH (E3) in C (O) and R ( • )  fetuses. Drug injection 
occurs at 0 min. Values are mean ± S.E.M.

7.3.2 Basal ACTH and cortisol

Data for basal cortisol concentrations are shown in Table 7.5 and Fig. 7.7. Many samples 
for ACTH were below the sensitivity of the assay, and therefore data for ACTH are not 
shown.

Basal cortisol concentrations did not differ between C and R fetuses for the data from 
Chapter 7 or Chapter 8. However, when the two sets of data were combined, a 
significant effect of group was found, and concentrations were lower in R fetuses 
(P<0.05) (Fig. 7.7).

For the data from Chapter 7, cortisol concentrations increased in C fetuses, and were 
significantly greater at 126-127 dGA compared to 114-115 dGA (Table 7.5). Cortisol 
concentrations did not change in R fetuses. For the data from Chapter 8, concentrations 
did not change significantly in either C or R fetuses. For the combined data, cortisol
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concentrations were significantly greater at 126-127 dGA compared to 114-115 dGA in C 
fetuses, but not in R fetuses.

114-115 116-117
Gestational Age (days) 

118-119 120-121 122-123 124-125 126-127
Cortisol
(nmol/L)
Chapter 7

C 7.12 ± 8.37 ± 9.21 ± 12.19 + 10.41 ± 14.77 ± 16.12 ±
0.36 1.33 2.67 3.70 2.77 4.36 4.83*
(n=6) (n=7) (n=7) (n=7) (n=7) (n=7) (n=6)

R 7.20 ± 8.48 ± 10.05 ± 8.85 ± 7.90 ± 6.83 ± 12.02 ±
1.31 2.31 4.18 2.44 1.58 1.94 3.75
(n=6) (n=6) (n=6) (n=6) (n=6) (n=6) (n=5)

Chapter 8
C 11.02 ± 9.32 ± 11.20 ± 10.02 ± 12.65 ± 11.60 ± 18.20 +

1.93 1.66 2.18 1.03 1.25 3.72 4.52
(n=6) (n=6) (n=6) (n=6) (n=6) (n=6) (n=6)

R 8.98 ± 9.48 ± 7.70 ± 12.00 ± 9.55 ± 11.05 ± 11.06 ±
1.86 2.00 1.31 2.75 1.78 1.16 2.23
(n=6) (n=6) (n=6) (n=5) (n=6) (n=6) (n=5)

Combined
C 9.07 ± 8.81 ± 10.13 ± 11.18 ± 11.45 ± 13.31 ± 17.16 ±

1.11 1.01 1.70 2.00 1.57 2.83 3.17*
(n=12) (n=13) (n=13) (n=13) (*=13) (n=13) (n=12)

R 8.09 ± 8.98 ± 8.88 ± 10.28 ± 8.73 ± 8.94 ± 11.54 ±
1.12 1.47 2.12 1.80 1.16 1.25 2.06

(*=12) (n=12) (*=12) -  > =  11) (n=12) (n=12) (n=10)

Table 7.5. Basal cortisol concentrations between 114-115 and 126-127 dGA in C and R 
fetuses from Chapter 7 and 8, and the combined data set. Values are shown as mean ± 
S.E.M. *P<0.05 (paired t test) compared to value at 114-115 dGA. Note that cortisol 
concentrations were significantly lower in R fetuses compared to C fetuses for the 
combined data set (see text).
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Fig. 7.7. Basal plasma cortisol concentrations in C (O) and R ( • )  fetuses between 114- 
127 dGA. Data are shown from Chapter 7 and 8, and the combined data set. Values are 
presented mean ± S.E.M. Note that cortisol concentrations were significantly lower in R 
fetuses compared to C fetuses for the combined data set (see text).
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7.3.3 ACTH and cortisol response to CRH+AVP

Data for ACTH and cortisol responses to CRH+AVP are shown in Tables 7.6 and 7.7, 
and Fig. 7.8.

At 113-116 dGA, a significant effect of group was found for the ACTH (P<0.003) and 
cortisol (P<0.009) responses, which were smaller in R fetuses compared to C fetuses 
(Fig. 7.8). At 125-127 dGA, a significant effect of group was found for the cortisol 
response (PcO.OOOl), which was smaller in R fetuses compared to C fetuses. The ACTH 
response at 125-127 dGA was not different between C and R fetuses (Fig. 7.8).

At 113-116 dGA (Table 7.6), ACTH concentrations increased significantly in both C and 
R fetuses, and reached a peak at 5 min. ACTH concentrations remained elevated above 
preinjection values for the duration of the experiment. Cortisol concentrations increased 
significantly above preinjection values in C fetuses, but not in R fetuses. Cortisol 
concentrations did not remain elevated compared to preinjection values.

At 125-127 dGA (Table 7.7), ACTH concentrations increased significantly after injection 
of CRH+AVP in both C and R fetuses, and remained elevated for the duration of the 
experiment. Cortisol concentration at 125-127 dGA increased significantly following 
CRH+AVP injection and remained elevated in both C and R fetuses.

When responses were compared between gestational age, the ACTH response was not 
different between 113-116 and 125-127 dGA in either C or R fetuses. However, the 
cortisol response was significantly greater at 125-127 dGA compared to 113-116 dGA in 
both C (PcO.OOOl) and R (PcO.OOOl) fetuses.

0 min Peak value 180 min
ACTH (pg/ml)

C(n=7) 7.96 ± 1.21 272.00 ± 72.62*** 
(5 min)

118.20 ± 24.91***

R (n=6) 4.50 ± 0.97 144.33 + 19.86§ 
(5 min)

145.33 ± 15.28§

Cortisol (nmol/L)
C (n=7) 9.41 + 1.64 24.60 ± 2.78* 

(10 min)
14.57 ± 3.30

R (n=6) 8.53 ± 1.24 17.85 ± 4.97 
(15 min)

11.20 ± 1.86

Table 7.6. Plasma ACTH and cortisol concentrations before and after injection of 
CRH+AVP in C and R fetuses at 113-116 dGA (El). Values are shown as mean ± 
S.E.M. *Pc0.05, ***Pc0.001, §Pc0.0001 (paired t test) compared to 0 min. Note that
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the ACTH and cortisol responses were significantly smaller in R fetuses compared to C 
fetuses (see text).

0 min Peak value 180 min
ACTH (pg/ml)

C (n=7) 5.51 ± 1.32 181.00 ± 44.14§ 
(5 min)

137.43 ±44.02§

R (n=6) 5.42 ± 1.05 148.75 ± 16.31 § 
(5 min)

128.67 ± 15.89§

Cortisol (nmol/L)
C (n=7) 11.80 ± 1.15 54.86 ± 11.90** 

(15 min)
35.70 ± 8.55*

R (n=6) 12.33 ± 3.37 30.77 ± 7.04*** 
(15 min)

21.00 ±4.56*

Table 7.7. Plasma ACTH and cortisol concentrations before and after injection of 
CRH+AVP in C and R fetuses at 125-127 dGA (E2). Values are shown as mean ± 
S.E.M. *P<0.05, **P<0.01, ***P<0.001, §P<0.0001 (paired t test) compared to 0 min. 
Note that the cortisol response was significantly smaller in R fetuses compared to C 
fetuses (see text).

340



v ^ n a | j i c i i  C I U 1  iX  U A I O  J

113-116 dGA
400-,

P<0.003
300-

ACTH
(pg/ml) 200 -

100 -

400 n

300-

2 0 0 -

100 -

o-J

125-127 dGA

C

R

O—o

70-,

60- P<0.009
50-

CORTISOL 40 “  
(nmol I-1) 30-

2 0 -

1 0 -

-50 0 50 100 150 200

70-,

60- P<0.0001
50-

40-

30-

2 0 -

1 0 -

-50 0 50 100 150 200

Time (min) Time (min)

Fig. 7.8. Response profiles for plasma ACTH (upper panels) and cortisol (lower 
panels) 30 min before and 180 min after injection of 1 p,g CRH plus 200 ng AVP in C 
(O) and R ( • )  fetuses. The panels on the left show response at 113-116 dGA (El), those 
on the right show the response at 125-127 dGA (E2). Values are presented mean ± 
S.E.M. At 113-116 dGA, ACTH (P<0.003) and cortisol (P<0.009) responses were 
smaller in R fetuses compared to C fetuses. At 125-127 dGA, the cortisol response 
(P<0.0001) was smaller in R fetuses compared to C fetuses.

7.3.4 ACTH and cortisol response to injection of ACTH

Data for the ACTH and cortisol response to injection of ACTH are shown in Table 7.8 
and Figs. 7.9 and 7.10.

The change in plasma ACTH concentration following injection of ACTH was not 
different between C and R fetuses (Fig. 7.9). A significant effect of group was found for
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the cortisol response, which was smaller in R fetuses compared to C fetuses (P<0.0002) 
(Fig. 7.10).

Plasma ACTH concentrations increased significantly following injection of ACTH, 
compared to values at 0 min in both C and R fetuses (Table 7.8). ACTH concentrations 
returned to preinjection values by the end of the experiment in both C and R fetuses. 
Plasma cortisol concentrations increased significantly in both C and R fetuses following 
injection of ACTH, and remained elevated in C fetuses, but not in R fetuses (Table 7.8).

0 min Peak value 120 min
ACTH (pg/ml)

C (n=7) 1.09 ± 0.09 14.43 ± 1.36§ 
(5 min)

1.39 ± 0 .3 9

R (n=6) 2.00 ± 0.90 16.05 ± 2.58*** 
(5 min)

1.10 ± 0 .1 0

Cortisol (nmol/L)
C (n=7) 17.90 ± 4.05 85.49 ± 16.14§ 

(15 min)
24.37 ±2.01*

R (n=6) 16.00 ± 2.56 57.43 ± 5.77*** 
(15 min)

19.15 ± 1.55

Table 7.8. Plasma ACTH and cortisol concentrations before and after injection of 
ACTH in C and R fetuses. Values are shown as mean ± S.E.M. *P<0.05, ***P<0.001, 
§P<0.0001 (paired t test) compared to value at 0 min. Note that the cortisol response was 
significantly smaller in R fetuses compared to C fetuses (see text).

A C TH
(pg/m l)

2 0 -,

- 5 0 0 5 0 100 1 5 0

Tim e (mins)

Fig. 7.9. Plasma ACTH concentrations 30 min before and 120 min after injection of 
300 ng ACTH (E3) in C (O) and R ( • )  fetuses. Values are presented mean ± S.E.M. 
Note that ACTH concentrations did not differ between C and R fetuses.
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Fig. 7.10. Response profiles for plasma cortisol concentrations 30 min before and 120 
min after injection of 300 ng ACTH (E3) in C (O) and R ( • )  fetuses. Values are 
presented mean ± S.E.M. Cortisol response was significantly smaller in R fetuses 
compared to C fetuses (P<0.0002).
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7.4 DISCUSSION

The results of this study show that modest restriction of maternal nutrition in early 
gestation altered development of the fetal HPA axis in late gestation. The important 
findings were that ACTH and cortisol responses to stimulation by exogenous CRH+AVP 
were reduced in R fetuses compared to C fetuses. R fetuses also showed a smaller 
cortisol response to exogenous ACTH stimulation. When data from Chapter 8 were 
combined with data from the present study, it was shown that basal cortisol 
concentrations were lower in R fetuses compared to C fetuses. These results indicate that 
maternal undernutrition has caused a reduction of fetal pituitary and adrenal 
responsiveness.

These results are in agreement with the data obtained from the preliminary investigation 
reported in Chapter 5. In both studies it was found that HPA axis responses were reduced 
in fetuses of nutritionally restricted ewes. The experiments in this chapter were designed 
to investigate further the effects found in Chapter 5, and to examine a possible link 
between the effects of maternal undemutrition on the fetal HPA axis and cardiovascular 
function. They provide further evidence in support of the hypothesis that adverse 
intrauterine conditions are capable of altering fetal development.

The effects on fetal HPA axis development were produced in the absence of changes in 
blood-gas parameters, which were not different between C and R fetuses.

7.4.1 Methodological considerations

In the previous investigation of the fetal HPA axis, in Chapter 5, it was found that 
development was altered by maternal undernutrition, and a number of potential areas of 
further investigation were suggested.

The findings of Chapter 5 were centred around the study of the ACTH and cortisol 
responses to CRH+AVP. It was found that, at 126-132 dGA, the cortisol response to 
injection of CRH+AVP was significantly smaller in R fetuses. The data also suggested 
that there may be a similar reduction in the ACTH response, at least over the first 30 min, 
but this was not significant. These observations were therefore the starting point for the 
design of the current set of experiments.

The experimental approach used in Chapter 5 was pursued, and ACTH and cortisol 
responses to bolus injection of CRH+AVP were examined at 125-127 dGA, i.e. a time-
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point in gestation similar to that which was studied in Chapter 5. This was a direct 
extension of the CRH+AVP experiment in Chapter 5, with the main differences being that 
it was conducted in a different breed of sheep, and that the numbers of fetuses in each 
group were designed to be equal to allow valid statistical analysis. In addition, whereas 
the previous experiment was conducted over a 7 day age range (126-132 dGA), the 
present experiment was conducted over a 3 day age range (125-127 dGA). This was 
designed to minimise variation due to possible age-related changes.

Responses to CRH+AVP were also studied at 113-116 dGA. Again fetal age was tightly 
controlled, in this case a 4 day age range, and in fact, there was only one fetus that was 
studied at 116 dGA. Experiments were conducted at two stages of gestation to examine if 
there were differences between the groups in the development of HPA axis responses, 
and also to examine if the stage of HPA maturation (see following paragraph) was altered 
by the nutritional challenge. Also, when maintaining chronic fetal preparations for long 
periods of time (i.e. weeks), there is always the danger of deterioration of fetal health, for 
example, if infection occurs. In order to keep this risk to an acceptable minimum it was 
decided that fetal preparations would be maintained for approximately two weeks, and 
therefore the first CRH+AVP challenge experiment was performed at 113-116 dGA (i.e. 
2 weeks before 125-127 dGA). Two weeks was chosen, as we were confident that fetal 
health could be maintained for this period, and it also provided sufficient time for 
developmental changes in HPA axis function to occur.

Responses of the fetal HPA axis to CRH+AVP have been shown to alter during 
development. The ACTH response at 110-115 dGA is greater than at 125-130 dGA, with 
a further decline occurring at 135-140 dGA (Norman & Challis, 1987a). The cortisol 
response has been reported to be similar at these gestational ages, although the response 
to CRH alone has been shown to increase (Norman et al., 1985). As described in Chapter 
5, it is thought that the developmental change of the ACTH response may reflect 
maturational processes within the pituitary, involving a switch from the fetal to the adult 
type corticotroph (Antolovich et al., 1989). The increase in the cortisol response to CRH 
is thought to result from an increase in adrenal responsiveness (Wintour et al., 1975; 
Glickman & Challis, 1980). Delayed or early maturation of the fetal HPA axis could 
result in alterations in responses, for example, a small ACTH response at 113-116 days 
could indicate early maturation of the axis. By extending the study to examine responses 
at this gestational age, we may have been able to detect maturational changes.

In the previous investigation (Chapter 5) it was shown that CRH+AVP stimulated ACTH 
and cortisol responses which remained elevated over the entire postinjection sampling 
period of 120 min. It is possible that there were further changes in the profiles of these
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responses. For example, if a decline in ACTH secretion occurred earlier in one group of 
fetuses, it may indicate altered function, which could have implications for the fetal 
response to stress. Therefore, in the present study the postinjection sampling period was 
extended to 180 min.

The fact that the cortisol response, and not the ACTH response was reduced in R fetuses 
in the previous study suggested that it was necessary to investigate further the function of 
the adrenal cortex. As discussed in Chapter 5, the smaller cortisol response could have 
been caused by a number of mechanisms, including an overall reduction in 
responsiveness of the adrenal cortex or a change in adrenal blood flow. It could also have 
been the result of a cumulative effect at both the pituitary and adrenal gland. Therefore, it 
was necessary to study the adrenal response separately. This experiment was conducted 
by examining the plasma cortisol response to bolus administration of exogenous ACTH 
(300 ng).

The ACTH stimulation test used in this study was designed to mimic the endogenous 
response of the fetal pituitary to an acute stress, causing a rapid, short-lasting activation 
of the adrenal cortex. Administration of exogenous ACTH has been shown to cause 
adrenal activation and stimulate release of cortisol by both bolus injection (Rose et al., 
1982b; Harvey et al., 1993) and infusion (Lye et al., 1983; Tangalakis et al., 1992b). 
The dose of ACTH (300 ng) used in this study produces a submaximal activation of the 
adrenal cortex, and has been used previously to assess adrenal responsiveness (Harvey, 
et al., 1993). The ACTH challenge was performed at 126-128 dGA as this is a time when 
the adrenal cortex is functionally active and is responsive to the actions of ACTH 
(Wintour et al., 1975; Glickman & Challis, 1980; Challis & Brooks, 1989). Prior to this 
time, adrenal responsiveness is low, and therefore ACTH administration may have 
produced only a very small cortisol response.

In this study, basal function of the HPA axis was also investigated further. In Chapter 5, 
it was found that maternal undemutrition did not affect fetal plasma concentrations of 
ACTH or cortisol. However, these measurements were only made over a period of 3 
days and there was considerable variation. Therefore, the assessment period was 
extended, and ACTH and cortisol concentrations were measured in fetuses under resting 
conditions at regular intervals over approximately two weeks. To minimise variation due 
to possible diurnal rhythms, samples were always taken in the morning, between the 
hours of 8.00 am and 10.00 am.

Basal development was examined over a two week period for reasons as described above 
for the CRH+AVP challenge, i.e. this is a length of time in which we could reasonably
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expect to maintain fetal health, and it would be sufficient to detect any developmental 
differences, or altered timing of maturation.

Fetal HPA axis development could also have been examined by a number of other 
methods, for example, responses to CRH or AVP alone, hypoxia, or hypotension could 
have been measured. Also, development could have been examined at a different stage in 
gestation such as the stage immediately prior to term, to examine if there were effects on 
the pre-parturient increases in ACTH and cortisol. However, in this study the CRH+AVP 
challenge was identified as being the most important test, and the other methods used 
were designed to complement this approach. In addition, it has been shown in late 
gestation fetal sheep that pituitary responsiveness declines following repeated CRH+AVP 
challenges (Brooks & White, 1989), which may be the result of desensitisation of 
pituitary receptors. Therefore, had additional challenge experiments been performed in 
this study, they might have affected the actual development of the axis. It is of course 
possible that this type of effect did occur as a consequence of the repeated endocrine 
challenges used in this study. This possibility cannot be excluded, however, we would 
assume that the effect would have been similar in both groups of fetuses, and thus would 
not affect comparisons of the responses between the groups.

7.4.2 Basal HPA axis development

The results show that basal cortisol concentrations were lower in R fetuses compared to C 
fetuses. This effect was significant only when the data from Chapter 8 and the present 
investigation were combined. Cortisol concentrations increased significantly over the 
course of the two week study in C fetuses, but not in R fetuses. In the following 
sections, possible mechanisms of the alteration of basal HPA axis function will be 
discussed. The validity of combining the two sets of data will also be examined.

Plasma cortisol concentrations increase gradually during late gestation, from 
approximately 125 dGA, until around 5 days before parturition, when a dramatic increase 
occurs (Magyar et al., 1980b; Hennessy et al., 1982b; Norman et al., 1985; Jackson et 
al., 1992). In parallel with the changes in cortisol, fetal plasma ACTH concentrations 
increase, but less dramatically (Hennessy et al., 1982b; Norman et al., 1985; Jackson et 
al., 1992). As described in Chapter 5 [5.4.2] and the Chapter 1 [1.5], these changes in 
plasma ACTH and cortisol are accompanied by maturational changes at the 
hypothalamus, pituitary and adrenal glands.

In the present study, no data are shown for basal plasma ACTH, as concentrations were 
low in both groups of fetuses, and were in fact below the sensitivity of the assay (<5
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pg/ml). Thus, no substantial changes in basal plasma ACTH occurred in either C or R 

fetuses.

Low cortisol concentration

Plasma cortisol concentrations were measurable in both groups. In C fetuses basal plasma 
cortisol concentrations increased during the experimental period, with concentrations at 
the end of the study being greater than those at the beginning. No such increase occurred 
in R fetuses, and consequently cortisol concentrations were lower than those in C fetuses.

Endogenous fetal production of cortisol is minimal prior to 120 dGA, and most cortisol 
present in fetal plasma before this time originates from the maternal compartment via 
transfer across the placenta (Hennessy et al., 1982a). It is only after 120 dGA that the 
fetal adrenal cortex begins to contribute substantially to basal circulating cortisol 
concentrations. Examination of the data for basal cortisol in the present study (Fig. 7.7) 
shows that the profiles for C and R fetuses are similar prior to 120 dGA, and only show a 
difference after this time, when concentrations in C fetuses begin to increase. This is 
particularly evident for the combined data set. Thus, the data suggest that endogenous 
production of cortisol begins in C fetuses at 120 dGA, but in R fetuses this fails to occur. 
Therefore, low cortisol concentrations in R fetuses appear to be a consequence of a low 
rate of secretion from the fetal adrenal cortex. Alternatively, the rate of clearance of 
cortisol from plasma may be greater in R fetuses (see Jones & Rurak, 1976).

Cortisol secretion

Secretion of cortisol from the adrenal gland is primarily determined by the degree of 
stimulatory input by ACTH, and the level of adrenocortical responsiveness.

Stimulatory input. Low cortisol secretion rate in R fetuses could be produced by a low 
level of tonic ACTH stimulation. Stimulated output of ACTH from the pituitary gland 
was investigated in the present study by measuring ACTH responses to administration of 
CRH+AVP. The findings of this experiment will be discussed in the following section. 
Under basal conditions, release of ACTH and cortisol from the pituitary and adrenal 
glands respectively is pulsatile in nature (Apostalakis et al., 1992). Changes in the 
frequency or magnitude of the ACTH pulses may alter the tonic level of adrenocortical 
activation. In addition, the fetal anterior pituitary is known to release different molecular 
forms of ACTH (Jones, 1980; Carr et al., 1985). The bioactive form is ACTH (1-39) 
which acts at the adrenal cortex to stimulate production of cortisol. The higher molecular 
weight forms such as, proopiomelanocortin (POMC) or pro-ACTH have been suggested
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to have antagonistic actions to ACTH (1-39) and inhibit production of cortisol (Schwartz 
et al., 1995). Therefore, tonic adrenal activation could be reduced by a relative increase in 
the plasma concentrations of the high molecular weight peptides relative to that of ACTH 
(1-39). The basal level of adrenocortical activation could also be decreased by a reduction 
of delivery of ACTH to its site of action, which could be caused by a decrease in adrenal 
cortical blood flow (see Carter et al., 1993). In the present study it was not possible to 
correlate basal cortisol concentrations with basal ACTH concentrations, as ACTH 
concentrations were beyond the sensitivity of the assay. However, because of the very 
low concentrations of ACTH involved, it seems likely that any difference between C and 
R fetuses for ACTH would only have been of small magnitude, and therefore may not 
have produced a substantial physiological effect. It will be important to examine the 
relationship between basal ACTH and basal cortisol in future studies, possibly at a later 
period of gestation when ACTH concentrations are higher.

Adrenal responsiveness. Low cortisol secretion rate in R fetuses could also be produced 
by a low adrenal responsiveness to ACTH. This possibility was investigated in the 
present study by measuring cortisol responses to administration of ACTH. The findings 
of this experiment will be discussed in a subsequent section. Responsiveness of the fetal 
adrenal gland to ACTH changes with gestational age, being high in early and late 
pregnancy, and low in mid-pregnancy (Wintour et al., 1975; Glickman & Challis, 1980; 
Rose et al., 1982b). This may be related to growth of the adrenal gland, or changes in the 
interaction between ACTH, its receptor and its second messenger system (see Manchester 
et al., 1983). In Chapter 3 it was reported that adrenal weight was unaffected by maternal 
undernutrition. This suggests that adrenal growth was not different between C and R 
fetuses, although this measurement obviously does not account for possible changes in 
histology. Changes in adrenal responsiveness to ACTH are also thought to be determined 
by adrenal cortisol production capacity. Fetal steroidogenic capacity increases in late 
gestation in association with increases in the levels of the steroidogenic enzymes 17a- 

hydroxylase (Durand et al., 1982; Manchester & Challis, 1983), side-chain cleavage 
enzyme P-450scc and 21-hydroxylase (Tangalakis et al., 1989; Phillips et al., 1996b). 
Thus, low levels of these enzymes in R fetuses could produce a low cortisol secretion 
rate. This possibility will require examination in future studies.

Cortisol clearance

Low cortisol concentration in R fetuses could be produced by an increase in clearance 
rate. Metabolic clearance rate has been estimated at 23 ml/min/kg at 122-142 dGA, with 
sites of enzymatic breakdown of cortisol including the liver and the placenta (Jones & 
Rurak, 1976). The clearance of cortisol from fetal plasma may be modulated by its
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binding protein, corticosteroid binding globulin (CBG) [1.5.5]. CBG binds cortisol, 
lowering the percentage of free cortisol in plasma, and thus regulating its biological 
actions. The increase in plasma cortisol concentration that occurs during late gestation is 
accompanied by a rise in CBG concentration (Ballard et al., 1982) which may serve to 
reduce negative feedback effects. A decrease in plasma CBG concentration could increase 
the percentage of free cortisol and thus increase the amount available for enzymatic 
breakdown. This type of effect could have produced the low cortisol concentration in R 
fetuses. Future studies will need to make measurements of plasma CBG concentration to 
examine this possibility.

Combination o f  data

Combination of data from two separate studies may be scientifically invalid. The fetuses 
from the two studies were exposed to different experimental challenges, i.e. in the present 
study, fetuses were stimulated using exogenous endocrine challenges, but in Chapter 8 
they were exposed to several periods of acute hypoxia. It is possible that these different 
procedures modified development of the fetal HPA axis in some way, possibly resulting 
in altered basal cortisol concentrations. In addition, the samples were assayed separately. 
Although this was done using the same technique each time and by the same person using 
similar internal standards, it is possible that variation between the assays could have 
affected the results. However, valuable information is gained by combining the data, and 
the overall result of low cortisol concentration in R fetuses is consistent with the other 
findings of reduced responses to CRH+AVP and ACTH stimulation. Therefore, for the 
purposes of this thesis, the two data sets will be referred to as a single experimental 
observation, although interpretation of this will be approached with caution.

7.4.3 Response to CRH+AVP

The results show that HPA axis responses were reduced in fetuses of undernourished 
mothers. At 113-116 dGA, both ACTH and cortisol responses to CRH+AVP injection 
were significantly smaller in R fetuses compared to C fetuses. At 125-127 dGA, the 
cortisol response was significantly smaller in R fetuses. These data agree with the 
observations reported in Chapter 5, where the cortisol response to CRH+AVP at 
approximately 130 dGA was also smaller in R fetuses.

ACTH  response
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The smaller ACTH response in R fetuses compared to C fetuses at 113-116 dGA 
suggests that stimulated secretion of ACTH from the pituitary gland is reduced in R 
fetuses. Alternatively, clearance of ACTH from fetal plasma may be increased.

ACTH secretion

Under stimulated conditions, secretion of ACTH is determined by the levels of 
stimulatory and inhibitory inputs to the pituitary, and the level of pituitary 
responsiveness.

Stimulatory and inhibitory inputs. The smaller ACTH response in R fetuses could have 
been produced by a smaller degree of pituitary stimulation. The primary endogenous 
stimulatory inputs to the fetal pituitary are CRH and A VP, which are synthesised in the 
hypothalamus and released into the hypophyseal portal circulation to affect pituitary 
corticotroph function (Challis & Brooks, 1989) [1.5.1]. In the present experiment, the 
stimulatory inputs were exogenous CRH+AVP. These were administered at the same 
dose in all animals, therefore, assuming that blood volume, and distribution and 
metabolism of the drugs was not different between C and R fetuses, the stimulatory input 
to the fetal pituitary gland produced by CRH+AVP should have been similar in both 
groups of fetuses at each age.

Inhibitory inputs to the pituitary include circulating glucocorticoids. Elevation of 
circulating glucocorticoid concentration produces inhibition of pituitary function and 
suppression of responses to subsequent stimulation, including exogenous CRH (Rose et 
al., 1985a). Examination of the mechanisms by which glucocorticoids produce inhibitory 
effects has been performed in studies of fetuses in which the hypothalamus and pituitary 
are surgically disconnected (HPD fetuses). Infusion of cortisol to HPD fetuses 
suppresses ACTH responses to subsequent stimulation by CRH, demonstrating that the 
fetal pituitary is a site at which cortisol can produce negative feedback effects (Ozolins et 
al., 1990). However, cortisol infusion to HPD fetuses does not suppress basal ACTH 
secretion (Ozolins et al., 1990). This indicates that the pituitary acts as a site of negative 
feedback for stimulated ACTH secretion, but not for basal ACTH secretion. An increase 
in the glucocorticoid-mediated inhibitory input to the pituitary could have produced the 
smaller CRH+AVP-stimulated ACTH response in R fetuses. However, the results show 
that, at 113-116 dGA, cortisol concentrations were not elevated in R fetuses prior to 
administration of CRH+AVP, and the data for basal cortisol concentration suggest that 
they may even have been lower in R fetuses compared to C fetuses. Thus, the smaller 
ACTH response in R fetuses does not appear to have been produced by a greater 
glucocorticoid-mediated inhibitory input. This does not preclude the possibility that
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sensitivity of the pituitary to negative feedback effects was greater in R fetuses. This will 
be discussed in the section on pituitary responsiveness.

The glucocorticoid-mediated inhibitory input could be modulated by circulating CBG 
concentrations. Decreased plasma CBG concentration could increase the percentage of 
free cortisol and increase the inhibitory effects, which could produce the smaller ACTH 
response in R fetuses.

Studies of HPD fetuses have also suggested the possibility that under certain conditions 
the hypothalamus actively secretes an inhibitory factor to suppress pituitary function. In 
both the adult (Clarke et al., 1986; Engler et al., 1988), and the fetus (Antolovich et al., 
1991; Ozolins et al., 1992), HPD results in an elevation of plasma ACTH concentration. 
These studies have provided evidence in support of a factor of hypothalamic origin which 
exerts a tonic inhibitory influence on secretion of ACTH from the pituitary, i.e. a 
corticotropin release-inhibiting factor (CRIF). We can speculate on the possibility that if 
levels of this CRIF were increased in R fetuses, it could result in a greater degree of 
pituitary suppression and a reduced ACTH response, although at present this possibility 
appears unlikely.

Pituitary responsiveness. The smaller ACTH response in R fetuses could be produced by 
a decrease in the level of pituitary responsiveness to stimulation, or an increase in the 
level of responsiveness to inhibition. This could result in a smaller ACTH response in the 
absence of a change in the stimulatory or inhibitory inputs.

Pituitary responsiveness to stimulation by CRH+AVP is determined by a number of 
different factors. The actions of CRH at the anterior pituitary are mediated through 
binding of CRH to its specific membrane receptor. Changes in the numbers or sensitivity 
of pituitary receptors for CRH or AVP could alter responsiveness. At present, there are 
no available data for pituitary AVP receptors. Investigation of CRH binding to anterior 
pituitary membrane preparations has demonstrated that the number of binding sites 
increases progressively from 65-70 dGA to reach a maximum at 125-130 dGA (Lu et al., 
1991), a pattern which follows a similar time-course to changes in pituitary CRH 
responsiveness (Norman et al., 1985). Lu et al. (1994) used cultures of term fetal 
pituitary cells to examine the relationship between the number of CRH-binding sites and 
ACTH secretion. It was shown that pretreatment of cells with CRH, AVP or cortisol 
resulted in a reduction in the number of CRH-binding sites and an attenuation of ACTH 
secretion. Thus, it is possible that downregulation of CRH receptor numbers could have 
reduced pituitary responsiveness and produced the smaller ACTH response in R fetuses 
in the present study.
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The study of Lu et al. (1994) also illustrates how pituitary CRH receptor numbers may be 
regulated. The results suggest that CRH receptor numbers, and consequently ACTH 
secretion, are partly under the control of inputs from the hypothalamus, including CRH. 
Over-stimulation by CRH appears to result in CRH receptor downregulation. Other 
studies have shown that repeated activation of the fetal pituitary by injection of CRH in 
vivo produces a decline in pituitary responsiveness and a reduction of CRH-stimulated 
ACTH secretion (Brooks et al., 1987; Brooks & White, 1989; Kerr et al., 1992). In the 
adult rat, intravenous infusion of CRH for 48 h also causes a reduction in pituitary CRH 
receptor concentration and a decrease in CRH-stimulated adenylate cyclase activity (Wynn 
et al., 1988). The maximum CRH-stimulated ACTH response is also reduced in this 
model. These studies show evidence that pituitary CRH receptor number is regulated by 
similar processes which regulate other receptors of peptide hormones, i.e. increased 
exposure causes downregulation of receptor number. Therefore, the smaller ACTH 
response in R fetuses may result from a downregulation of CRH receptor number caused 
by over-stimulation by endogenous CRH. Over-stimulation of the pituitary could result 
from increased secretion of CRH from hypothalamic neurones. This could affect storage 
of hypothalamic CRH, and may result in a depletion of stored levels. The levels of CRH 
mRNA in the hypothalamus will be reported in Chapter 9.

Pituitary responsiveness to stimulation by CRH+AVP may also be determined by 
pituitary levels of POMC, the ACTH precursor peptide. POMC mRNA levels have been 
reported to increase during late gestation and close to term (Myers et al., 1993; Matthews 
et al., 1994). This occurs at the same time as the increase in plasma ACTH concentration. 
POMC mRNA levels and ACTH secretion are both elevated during prolonged hypoxia 
(Matthews & Challis, 1995a, 1995b). Therefore, an increase in POMC mRNA 
expression may be translated into an increase in biosynthesis of POMC peptide and 
increased secretion of ACTH. Alternatively, ACTH secretion could be increased by an 
elevation of the rate of post-translational processing of POMC. The smaller ACTH 
response in R fetuses may result from low levels of POMC mRNA or a reduced rate of 
post-translational processing. Pituitary POMC mRNA levels will be reported in Chapter 
9.

Expression of pituitary POMC mRNA may be regulated by inputs from the 
hypothalamus. Fetal hypothalamic CRH mRNA levels have been demonstrated to 
increase during the second half of gestation (Myers et al., 1993; Matthews & Challis, 
1995b). Matthews & Challis (1995b) also found an increase in CRH mRNA levels close 
to term. These changes in CRH gene expression are accompanied by similar increases in 
immunoreactive (ir) CRH content (Currie & Brooks, 1992), suggesting that CRH
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synthesis is also elevated. CRH mRNA levels are also increased during prolonged fetal 
hypoxia (Matthews & Challis, 1995b). Thus an increase in hypothalamic CRH 
production appears to correlate with the late gestation increase in ACTH secretion and the 
increase in POMC mRNA at the pituitary. A reduction of CRH mRNA levels could be 
associated with a decrease in POMC mRNA levels and reduced ACTH secretion in R 
fetuses. This is consistent with the idea described above, where CRH mRNA levels are 
depleted as a consequence of elevated secretion.

Another determinant of pituitary responsiveness to CRH+AVP stimulation is pituitary 
morphology. As described previously [1.5.2], there is a change in morphology of the 
anterior pituitary gland during gestation, involving a decrease in the numbers of the fetal 
type corticotroph, and an increase in numbers of the adult type corticotroph (Perry et al.,
1985). It is suggested that the fetal type may be more responsive to AVP compared to the 
adult type, and that a decline in responsiveness to exogenous AVP or CRH+AVP may be 
a consequence of the decline in numbers of the fetal type corticotroph (Antolovich et al., 
1989). The smaller ACTH response of R fetuses at 113-116 dGA may have been 
produced by early maturation of the pituitary, and an early decline of the numbers of the 
fetal type corticotroph. However, ACTH responses to CRH+AVP did not differ between 
113-116 dGA and 125-127 dGA in either C or R fetuses, suggesting that the maturational 
effect was not substantial. Thus, the possibility that pituitary maturation was accelerated 
in R fetuses is, at present, unlikely, but could be examined in future studies.

Glucocorticoid-mediated inputs can act to reduce pituitary responsiveness. These effects 
are modulated by several mechanisms. Glucocorticoids mediate their actions through 
glucocorticoid receptors (GRs). These are present at the hypothalamus, the hippocampus 
and other higher centres as well as at the pituitary (Yang et al., 1990, 1992; Matthews et 
al., 1995b). An upregulation of pituitary GRs in R fetuses could increase sensitivity to 
negative feedback, and contribute to the production of the smaller ACTH response. The 
effects of maternal undernutrition on pituitary GR mRNA levels will be reported in 
Chapter 9. It has been shown that the numbers of GRs at the pituitary are greater than at 
the hypothalamus (Yang et al. 1990). However, unlike pituitary POMC mRNA and 
hypothalamic CRH mRNA, pituitary GR mRNA levels do not correlate well with 
developmental changes in ACTH secretion. Studies in fetal sheep have demonstrated that 
levels of anterior pituitary GR mRNA remain constant at a relatively low level during late 
gestation, and actually increase at term (Matthews et al., 1995b). The low GR mRNA 
levels during gestation may produce low feedback sensitivity to cortisol allowing ACTH 
secretion to be maintained, but the increase in GR mRNA at term, when ACTH secretion 
is high, is the opposite of what would be expected. This discrepancy may be related to the
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fact that the pituitary gland is thought to be important for negative feedback regulation of 
stimulated ACTH secretion, but not basal ACTH secretion (see above).

The effects of glucocorticoid negative feedback may also be modulated by the enzyme 
1 lB-hydroxysteroid dehydrogenase (116-HSD) which is present at the fetal pituitary 
(Kim et al., 1995; Yang et al., 1995). 116-HSD catalyses the breakdown of bioactive 
glucocorticoids to their biologically inactive metabolites (Monder & Shackleton, 1984). 
Therefore, 118-HSD at the pituitary may play a role in control of negative feedback of 
ACTH secretion by regulating access of cortisol to the glucocorticoid receptor. Pituitary 
116-HSD levels have been shown to increase during gestation and close to term (Yang et 
al., 1995). This may reduce pituitary sensitivity to negative feedback, maintaining a high 
level of ACTH secretion. Therefore, a decrease in pituitary 116-HSD levels could 
increase sensitivity to negative feedback, and may have contributed to production of the 
smaller ACTH response in R fetuses. As cortisol concentrations were not elevated in R 
fetuses, it seems reasonable to postulate that a decrease in pituitary 116-HSD levels 
would have to be of a substantial magnitude to increase negative feedback sufficiently to 
reduce pituitary responsiveness. Although this possibility cannot be excluded, at present 
it seems unlikely.

ACTH clearance

The smaller ACTH response of R fetuses to stimulation by CRH+AVP at 113-116 dGA 
could have been produced by a greater rate of ACTH clearance. The metabolic clearance 
rate of ACTH has been estimated at approximately 55 ml/min at 125-143 dGA, with a 
calculated half-life of approximately 1 min (Jones et al., 1975). Possible sites of 
breakdown including the kidney, placenta and the blood (Jones et al., 1975). The results 
for the plasma ACTH concentration following administration of ACTH (1-24) show that 
there was no difference between C and R fetuses. This suggests that clearance rates were 
similar in both groups.

Cortisol response

Cortisol responses were smaller in R fetuses compared to C fetuses, at 113-116 dGA and 
125-127 dGA. This effect could be produced by a change in function specific to the 
adrenal, or a cumulative effect of changes at both the pituitary and adrenal glands. At 113- 
116 days, the smaller cortisol response in R fetuses could be a consequence of a low level 
of adrenal stimulation produced by the smaller ACTH response in that group. However, 
at 125-127 days the cortisol response was also smaller in R fetuses despite the fact that 
the ACTH responses were not different between the groups. This suggests that either,
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adrenal responsiveness was low, that delivery of ACTH to its site of action was impaired, 
or that the released ACTH had low cortisol-releasing capacity. An increase in cortisol 
clearance could also contribute to the smaller response in R fetuses.

As described previously [7.4.4], a decrease in adrenal blood flow could impair the 
delivery of ACTH to its site of action. Also, the large molecular weight forms of ACTH 
have low cortisol-releasing capacity, and may inhibit cortisol production. The biological 
nature of ACTH released in response to fetal stress has been investigated. During 
hypoxia, there is a greater increase in secretion of bioactive (B) ACTH compared to 
irACTH (Castro et al., 1993). Exogenous AVP, but not CRH, has been reported to 
produce a greater increase of ACTH (1-39) compared to precursors (Carr et al., 1995). 
Therefore, an absence of an increase, or a decrease, in secretion of ACTH (1-39) 
compared to precursors in R fetuses could have resulted in a lower level of adrenal 
stimulation. This effect would not necessarily produce a change in the overall amount of 
ACTH secretion, and thus could have contributed to the smaller cortisol response in R 
fetuses at 125-127 dGA. This may have involved an impaired pituitary response to AVP.

Cortisol responses of both C and R fetuses to CRH+AVP stimulation were greater at 
125-127 dGA compared to 113-116 dGA. Responsiveness of the fetal adrenal to ACTH 
stimulation is thought to increase during late gestation (Wintour et al., 1975; Glickman & 
Challis, 1980; Rose et al., 1982b). The cortisol response to exogenous CRH has also 
been shown to increase with gestational age (Norman et al., 1985; Hargrave & Rose,
1986). The mechanisms underlying these effects have been discussed previously [7.4.2]. 
The increase in the cortisol response between 113-116 dGA and 125-127 dGA in C and 
R fetuses is consistent with these studies, and demonstrates that an increase in adrenal 
responsiveness can also be shown to occur using CRH+AVP stimulation. Therefore, 
maturational processes at the adrenal cortex appear to occur in both C and R fetuses.

7.4.4 Response to ACTH

The results show that the cortisol response to ACTH stimulation was significantly smaller 
in R fetuses compared to C fetuses at 126-128 dGA.

As described in previously [5.4], cortisol is not stored in appreciable amounts in the 
adrenal gland, and thus, ACTH increases cortisol release by stimulating synthesis of new 
steroid (see Miller & Tyrrell, 1995; Schimmer & Parker, 1996). The present experiment 
examined the acute phase of the adrenocortical response to ACTH, i.e. the increase in 
supply of cholesterol substrate to the steroidogenic enzymes, rather than the chronic 
phase which involves increased gene transcription.
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The smaller cortisol response in R fetuses indicates that adrenal responsiveness to ACTH 
was low compared to C fetuses. This suggests that the low basal cortisol concentration in 
R fetuses was produced by low adrenal responsiveness. ACTH acts through a specific 
membrane receptor which is coupled to the G protein, Gs, which in turn activates 
adenylate cyclase and causes increases in cAMP (Schimmer & Parker, 1996). It has been 
reported that increased adrenal responsiveness is associated with enhanced coupling of 
ACTH to adenylate cyclase (see Manchester et al., 1983). As discussed for basal cortisol, 
low adrenal responsiveness could be produced by low levels of the important 
steroidogenic enzymes. Regulation of the levels of the steroidogenic enzymes may 
involve ACTH. Infusion of ACTH at 100-120 dGA stimulates expression of the genes 
for 17a-hydroxylase and side-chain cleavage enzyme P-450scc and causes a significant 

increase in cortisol production (Tangalakis et al., 1990; Tangalakis et al., 1992b). In 
addition, infusion of dexamethasone (dex) to pregnant ewes at 65 dGA reduces fetal 
plasma ACTH and cortisol concentrations, and causes a marked decrease in the 
expression of 17a-hydroxylase and side-chain cleavage enzyme P-450scc at the adrenal 

gland (Wintour et al., 1995). Infusion of dex inhibits ACTH release from the fetal 
pituitary by negative feedback mechanisms, and thus, it is thought that this effect results 
in a downregulation of gene expression of steroidogenic enzymes at the fetal adrenal 
gland (Wintour et al., 1995). The different molecular forms of ACTH may also be 
involved in regulating adrenal maturation. When the normal gestational increase in plasma 
concentration of ACTH (1-39) is prevented by hypothalamus-pituitary disconnection, 
adrenal maturation is retarded and levels of steroidogenic enzymes are reduced (Phillips et 
al., 1996b). Therefore, reduced adrenal responsiveness in R fetuses could be a result of 
low levels of the important steroidogenic enzymes produced by a low level of ACTH 
stimulation. Basal ACTH concentrations were very low in the present study, however, it 
is possible that the smaller ACTH response to CRH+AVP stimulation in R fetuses shown 
at 113-116 dGA could be involved in this process.

The ACTH-induced maturation of adrenal function is prevented by blockade of steroid 
synthesis by metyrapone administration (Challis et al., 1985). Exogenous infusion of 
cortisol prevents this effect (Challis et al., 1985). Thus, cortisol itself may also act to 
regulate adrenal maturation.

It is possible that adrenal blood flow was low in R fetuses. The fact that adrenal weight 
was not reduced in R fetuses suggests that growth of the adrenal gland had not been 
altered, and furthermore, that changes in nutrient supply caused by a reduction of adrenal 
blood flow had not occurred. ACTH has also been shown to stimulate an increase in 
blood flow to the adrenal cortex via a decrease in vascular resistance (Carter et al., 1993).
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A poor vascular response to ACTH in R fetuses could be an alternative mechanism to 
explain the smaller cortisol response. Future studies could answer these questions by 
measuring blood flow to the adrenal cortex under basal conditions, following 
administration of ACTH, and under conditions of stress such as acute hypoxia.

Stimulated secretion of cortisol from the fetal adrenal gland may be modulated by neural 
influences. In the fetal sheep, it has been shown that section of the splanchnic nerves 
reduces the cortisol response to hypotension, without affecting the ACTH response 
(Myers et al., 1990). Splanchnic nerve section also modulates adrenal cortisol secretion in 
lambs, postnatally (Edwards et al., 1986). Thus, neural stimulation of the adrenal cortex 
may regulate sensitivity to stimulation by ACTH, and it is possible that this effect 
contributed to the smaller cortisol response in R fetuses. Stimulation of the adrenal gland 
by the splanchnic nerve may form the efferent arm of a reflex pathway involving the 
peripheral chemoreceptors and afferents in the carotid sinus nerves (see Giussani et al., 
1994b). Changes in fetal oxygenation may stimulate the peripheral chemoreceptors to 
activate this reflex and stimulate cortisol secretion. This mechanism will be investigated in 
Chapter 8 in which fetal ACTH and cortisol responses to hypoxia are reported.

Injection of 300ng ACTH (1-24) causes plasma ACTH concentrations to increase to 
approximately 15 pg/ml, which is in contrast to injection of 1 |ig CRH + 200 ng AVP 
which results in plasma ACTH concentrations which are approximately 10 fold greater. 
Despite this, the cortisol response to ACTH injection is greater than that produced by 
CRH+AVP. This is an interesting point to note. The ACTH (1-24) is a pure preparation 
of the bioactive ACTH peptide, i.e. the entire preparation should have glucocorticoid 
stimulating actions. In contrast, endogenously produced ACTH released into the systemic 
circulation will be a mixture of the different molecular weight forms of ACTH, including 
the bioactive form ACTH (1-39). It has been reported that large molecular weight forms 
of ACTH are biologically inactive in terms of their glucocorticoid stimulating actions, and 
may actually compete with ACTH (1-39) at its adrenocortical receptor in an antagonistic 
manner (Roebuck et al., 1980; Saphier et al., 1993). This explains the discrepancy in the 
dose-response relationships between the two experiments. It appears that the endogenous 
ACTH released following CRH+AVP stimulation does not have the same potency to 
stimulate cortisol production as the exogenous ACTH.

7.4.5 General

Low plasma cortisol concentration and reduced pituitary and adrenal responsiveness 
could produce a variety of effects, not least of which could be a prolongation of gestation. 
Other effects could include poor maturation of various organ systems including the liver
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and lung. This could potentially result in poor lung function postnatally. There could also 
be effects on the cardiovascular system. Evidence from some studies has suggested that 
maternal undemutrition impairs fetal growth and produces postnatal hypertension by 
reducing activity of the placental enzyme 11B-HSD, and exposing the fetus to excess 
maternal glucocorticoids (see Seckl, 1997), and this hypothesis has been discussed in 
previous chapters. Preliminary evidence reported in Chapters 4 and 5 indicated that 
maternal undemutrition did not result in elevated fetal cortisol concentrations or increased 
fetal MAP in late gestation. The absence of an effect of maternal undemutrition on fetal 
size, reported in Chapter 3, was consistent with the idea that fetal cortisol concentrations 
were also not elevated during the period of rapid fetal growth. The experiments reported 
in Chapter 6 extended the findings of Chapter 4, and demonstrated that maternal 
undemutrition produces low MAP in the fetus in late gestation. The results of the present 
investigation are consistent with these previous studies and show good evidence that 
basal plasma cortisol concentrations are low, and that pituitary and adrenal 
responsiveness are reduced in fetuses of nutritionally restricted mothers. These findings 
provide further support to the hypothesis that maternal undernutrition alters fetal HPA 
axis development and that this contributes to the effects on fetal cardiovascular 
development and the production of low fetal MAP.

The absence of elevated fetal cortisol concentrations indicates that maternal undemutrition 
does not cause exposure of the fetus to excess maternal glucocorticoids in late gestation. 
However, this does not preclude the possibility that this effect occurs earlier in gestation, 
during the period of undernutrition. The HPA axis may be especially sensitive to 
glucocorticoid exposure during this period of gestation, and this could be a mechanism by 
which development is altered to produce the effects seen in late gestation. This idea will 
be discussed in greater depth in later chapters.

7.4.6 Conclusion

The results show that basal cortisol concentration is low in R fetuses compared to C 
fetuses. In addition, ACTH and cortisol responses to CRH+AVP stimulation and cortisol 
responses to ACTH stimulation are smaller in R fetuses compared to C fetuses. We 
conclude that maternal undernutrition alters fetal HPA axis development, producing 
reduced pituitary and adrenal responsiveness. The experiments reported in Chapter 8 will 
aim to confirm these findings and examine if reduced pituitary and adrenal responsiveness 
can also be demonstrated during endogenous HPA axis activation. The aim of the 
experiments reported in Chapter 9 will be to investigate the molecular mechanisms which 
may underlie the reduction of responsiveness at the pituitary and adrenal glands.
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CHAPTER 8

EFFECT OF EARLY GESTATION 
NUTRITIONAL RESTRICTION ON 
FETAL HPA AXIS ACTIVITY (3): 

RESPONSE TO HYPOXIA

8.1 INTRODUCTION

Evidence in Chapter 5 suggested that maternal undemutrition altered development of the 
fetal hypothalamic-pituitary-adrenal (HPA) axis, producing a reduction of adrenocortical 
responsiveness. The data reported in Chapter 7 confirmed this observation and 
demonstrated that, in addition to reduced adrenal responsiveness, fetuses of nutrient 
restricted mothers also showed reduced fetal pituitary responsiveness and low basal 
plasma cortisol concentrations. These observations on HPA axis responsiveness were 
made by examining plasma ACTH and cortisol responses to exogenous endocrine 
challenges.

The fetal HPA axis is also responsive to other types of stimulation. Conditions of 
intrauterine ‘stress’ produced using methods such as hypotension (Rose et al., 1981), 
haemorrhage (Rose et al., 1978) or hypoxia (Boddy et al., 1974b; Akagi et al., 1989), 
result in activation of the axis and increases in plasma concentrations of ACTH and 
cortisol. It could be argued that these types of stimulation represent an endogenous 
‘physiological’ challenge to the axis, as they can occur under non-experimental conditions 
in utero (e.g. Woudstra et al., 1991; Jenkin & Nathanielsz, 1994). In contrast, the 
previous studies using exogenous endocrine challenges to stimulate the axis are well 
controlled in that they are readily quantifiable, but could be described as somewhat 
artificial.

Therefore, to further extend the study of the effects of maternal undemutrition on the fetal 
HPA axis, an alternative method of examining its development was used. Thus, ACTH 
and cortisol responses to acute hypoxia were examined at three stages of fetal 
development, i.e. 114-115, 120-123 and 126-129 days gestation (dGA). During this 
time, basal HPA axis development was also assessed by measuring changes in plasma 
concentrations of ACTH and cortisol, under resting conditions between 114-115 and 
126-129 dGA. These basal endocrine data were reported in Chapter 7.
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8.2 METHODS

This study was performed in Welsh Mountain ewes [2.1]. Nutritional intake was 
regulated between 0-70 dGA [2.2.2].

8.2.1 Surgical preparation

Aseptic surgery was performed on 13 singleton-bearing ewes at 106-109 dGA under 
general anaesthesia [2.4], Surgery was also performed on two additional singleton- 
bearing ewes at 118 and 124 dGA. The uterus was exposed through an incision in the 
midline of the lower abdominal wall, and the fetus partially exteriorised. Catheters filled 
with heparinised saline were placed in a fetal carotid artery, jugular vein and the amniotic 
cavity. Stainless-steel electrodes were sewn subcutaneously onto the chest and head to 
record ECG. A catheter was also placed in a maternal pedal vein.

At least 4 days post-operative recovery were allowed prior to commencing experiments.

8.2.2 Experimental procedures

Fetuses were studied over a 13 day period between 114-115 and 126-129 dGA. Fetal 
arterial blood (0.5 ml) was collected daily for pH, blood-gas, haematocrit (Hct), 
haemoglobin (Hb), and blood glucose and lactate analysis.

Seven arterial blood samples (1 ml) were taken from each fetus on alternate days for 
determination of basal plasma ACTH and cortisol concentrations. These blood samples 
were always taken between the hours of 8.00 am and 10.00 am. Fetal endocrine 
responses to acute isocapnic hypoxia were studied at the start, middle and end of the 13 
day study period, i.e. at 114-115 (HX1), 120-123 (HX2) and 126-129 (HX3) dGA. A 
transparent bag was placed over the ewe’s head into which known concentrations of O2, 
N2 and CO2 were passed at ca. 44 1 min-1. Following a 1 h normoxic control period of 
breathing air, fetal isocapnic hypoxia (Pa02 to ca. 13 mmHg) was induced for a further 
60 min by reducing maternal F1O2 (14 1 min'1 air; 22 1 min-1 N2; 1.2 1 min4 CO2). At the 
end of the hypoxic period, fetuses were returned to normoxic conditions (recovery 
period) for an additional hour. For each hypoxic trial, fetal arterial blood samples (0.6 ml) 
were taken at 15 min before, and 15, 30,45, 75 and 105 min after the start of hypoxia for 
ACTH and cortisol analysis. In the HX2 and HX3 experiments, an additional sample for 
endocrine analysis was taken at 30 min before the start of hypoxia. Additional samples of



fetal arterial blood (0.5 ml) were also collected at 30 min before, and 15, 45 and 90 min 
after the start of hypoxia for blood-gas analysis.

8.2.3 Data analysis

All values are presented as means ± S.E.M. Significance was accepted when P<0.05. 
When multiple comparisons were made, P values were corrected using the Bonferroni 
method. ACTH and cortisol data were transformed logarithmically before analysis to 
remove heterogeneity of variance.

ACTH and cortisol responses during hypoxia were compared between C and R fetuses 
using two-way analysis of variance comparing the effect of group (C vs. R), time and the 
interaction between group and time. For each response, to determine if significant 
changes in ACTH and cortisol occurred within each group, the value at -15 min was 
compared with the peak value in the postinjection period, and with the value at 105 min. 
Significance was determined using Student’s paired t test.

C om m ents

There were a total of 15 animals included in this study (C; n=7, R; n=8). During the 
course of the study, 2 of the R ewes bit through and destroyed the fetal catheters. These 
animals were therefore removed from further experiments. This occurred after HX1 in 
one fetus, and after HX2 in the other fetus. In addition, it was found that two R fetuses 
were the wrong age at surgery. Gestational age of these fetuses therefore, had to be 
estimated based on their gross physical maturity (i.e. size and hair covering), and in 
relation to the weekly tupping cycle. The age of one fetus was estimated at 118 dGA, and 
was considered suitable for experimentation, starting at HX2. The age of the second fetus 
was estimated to be 124 dGA. This fetus was considered to be too old, and was not used 
in the endocrine experiments.

One C ewe entered labour at the end of the 2 week study period. When the plasma 
cortisol concentrations of this fetus were analysed it was found that they were well 
outside the physiological range expected for a fetus of that gestational age. Endocrine data 
collected from this fetus were therefore excluded from the analysis.

Thus, the final numbers in each group were as follows:
HX1 C; n=6, R; n=6 
HX2 C; n=6, R; n=6 
HX3 C; n=6, R; n=5
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8.3 RESULTS

8.3.1 Blood gas parameters

This study was conducted in the same fetuses that were used for the investigation of the 
fetal cardiovascular system reported in Chapter 6. Data for fetal blood gas parameters 
were reported in Chapter 6.

8.3.2 ACTH and cortisol response to hypoxia

Data for the ACTH and cortisol response to hypoxia are shown in Tables 8.1 - 8.3 and 
Figs. 8.1 - 8.3.

HX1

ACTH and cortisol concentrations were not different between C and R fetuses during 
HX1 (Fig. 8.1). During hypoxia peak ACTH concentration occurred at 45 min in both C 
and R fetuses (Table 8.1). The increase in ACTH concentration was significant compared 
to -15 min in C and R fetuses, and concentrations remained elevated for the duration of 
the experiment. Cortisol concentrations also increased significantly and remained elevated 
in both C and R fetuses. Peak cortisol response occurred at 75 min in C fetuses and at 45 
min in R fetuses.

HX2

ACTH and cortisol concentrations were not different between C and R fetuses during 
HX2 (Fig. 8.2). Peak ACTH concentrations occurred at 45 min in C and R fetuses (Table 
8.2). ACTH concentrations increased significantly and remained elevated compared to 
-15 min in both C and R fetuses. Peak cortisol concentrations occurred at 45 min in both 
groups of fetuses. Cortisol concentrations increased significantly compared to -15 min in 
both groups, and remained elevated in R fetuses, but not in C fetuses.

HX3

In HX3, a significant effect of group was found for the ACTH (P<0.007) and cortisol 
(P<0.02) responses, which were smaller in R fetuses compared to C fetuses (Fig. 8.3). 
ACTH concentrations increased significantly and remained elevated compared to -15 min 
in both C and R fetuses (Table 8.3). Peak ACTH concentration occurred at 45 min in
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both groups. Cortisol concentrations increased significantly and remained elevated 
compared to -15 min in both C and R fetuses. Peak cortisol concentration occurred at 45 
min in both groups.

-15 min Peak value 105 min
ACTH (pg/ml)

C (n=6) 7.50 ± 1.56 300.80 ±48.85§ 
(45 min)

123.20 ± 29.76§

R (n=6) 5.75 ±  0.75 239.30 ±  35.22*** 
(45 min)

88.87 + 19.84**

Cortisol (nmol/L)
C (n=6) 8.05 ±  1.83 30.63 ± 5.90** 

(75 min)
27.22 ± 7.36**

R (n=6) 10.25 ± 1.75 27.53 ± 2.40*** 
(45 min)

16.40 ± 2.01*

Table 8.1. Data for plasma ACTH and cortisol concentrations during HX1 (114-115 
dGA) in C and R fetuses. Values are shown as mean ± S.E.M. *P<0.05, **P<0.01, 
***P<0.001, §P<0.0001 (paired t test) compared to value at -15 min. Note that ACTH 
and cortisol concentrations did not differ between C and R fetuses.

-15 min Peak value 105 min
ACTH (pg/ml)

C (n=6) 6.50 ± 1.65 354.00 ± 58.26§ 
(45 min)

176.00 ± 25.95***

R (n=6) 5.27 ± 1.88 345.67 ± 30.63§ 
(45 min)

148.67 ± 15.57***

Cortisol (nmol/L)
C (n=6) 16.27 ± 5.02 39.73 ± 4.51* 

(45 min)
32.18 ± 4.50

R (n=6) 13.48 ± 2.04 48.07 ± 5.36*** 
(45 min)

33.37 ± 2.72***

Table 8.2. Data for plasma ACTH and cortisol concentrations during HX2 (120-123 
dGA) in C and R fetuses. Values are shown as mean ± S.E.M. *P<0.05, ***P<0.001, 
§P<0.0001 (paired t test) compared to value at -15 min. Note that ACTH and cortisol 
concentrations did not differ between C and R fetuses.
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-15 min Peak value 105 min
ACTH (pg/ml)

C (n=6) 2.95 ± 0.36 404.67 ± 71.34§ 
(45 min)

179.50 ±21.73§

R (n=5) 2.44 ± 0.58 274.40 ± 39.07§ 
(45 min)

137.60 ±27.04§

Cortisol (nmol/L)
C (n=6) 17.88 + 2.89 50.57 ± 6.09** 

(45 min)
40.37 ± 4.53**

R (n=5) 13.32 ± 1.80 41.50 ± 4.05*** 
(45 min)

30.16 ± 4.39***

Table 8.3. Data for plasma ACTH and cortisol concentrations during HX3 (126-129 
dGA) in C and R fetuses. Values are shown as mean ± S.E.M. **P<0.01, ***P<0.001, 
§P<0.0001 (paired t test) compared to value at -15 min. Note that the ACTH and cortisol 
responses were significantly smaller in R fetuses compared to C fetuses (see text).
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Fig. 8.1. Response profiles for plasma ACTH (upper panel) and cortisol (lower panel) 
concentrations during HX1 (114-115 dGA) in C (O) and R ( • )  fetuses. Shaded bar 
indicates period of hypoxia. Values are presented mean ± S.E.M. Note that ACTH and 
cortisol concentrations did not differ between C and R fetuses.
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Fig. 8.2. Response profiles for plasma ACTH (upper panel) and cortisol (lower panel) 
concentrations during HX2 (120-123 dGA) in C (O) and R ( • )  fetuses. Shaded bar 
indicates period of hypoxia. Values are presented mean ± S.E.M. Note that ACTH and 
cortisol concentrations did not differ between C and R fetuses.
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Fig. 8.3. Response profiles for plasma ACTH (upper panel) and cortisol (lower panel) 
concentrations during HX3 (126-129 dGA) in C (O) and R ( • )  fetuses. Shaded bar 
indicates period of hypoxia. Values are presented mean ± S.E.M. Note that the ACTH 
(P<0.007) and cortisol (P<0.02) responses were smaller in R fetuses compared to C 
fetuses.
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8.4 DISCUSSION

The results of this study show that fetal HPA axis function is altered following maternal 
undernutrition. It was found that plasma ACTH and cortisol responses to isocapnic 
hypoxia were smaller in R fetuses compared to C fetuses at 126-129 dGA. This finding is 
consistent with the results of Chapters 5 and 7 which demonstrated reduced pituitary and 
adrenal responsiveness in R fetuses to exogenous stimulation, and also, low basal plasma 
cortisol concentration. The studies provide strong evidence for an overall reduction of 
fetal HPA axis activity following maternal undemutrition.

Plasma ACTH and cortisol responses to isocapnic hypoxia were not different between C 
and R fetuses at 114-115 dGA or 120-123 dGA. The reason for this discrepancy and the 
possible mechanisms underlying a reduction of fetal HPA axis activity will be discussed 
in the following sections.

8.4.1 Methodological considerations

The results in Chapters 5 and 7 demonstrated that plasma ACTH and cortisol responses to 
exogenous CRH+AVP or ACTH were smaller in R fetuses. To investigate this effect 
further , and to examine if responses to an endogenous ‘physiological’ challenge were 
also reduced, ACTH and cortisol responses to acute isocapnic hypoxia were measured.

The experimental protocol used in this study was similar to that of Chapter 7. Fetal HPA 
axis development was examined over a period of approximately 2 weeks, between 114- 
115 dGA and 126-129 dGA. Basal development of the axis was studied by measuring 
changes in plasma concentrations of ACTH and cortisol under resting conditions. These 
data were reported and discussed in Chapter 7. The axis was studied over the same age 
range as in Chapter 7 to allow comparisons between C and R fetuses for basal plasma 
ACTH and cortisol concentration. In addition, previous investigations have shown that a 
two week study period is practical in terms of maintenance of the fetal preparation, and is 
of sufficient length to observe developmental changes of the fetal HPA axis.

Responses to isocapnic hypoxia were studied at 3 gestational ages; 114-115 dGA (HX1), 
120-123 dGA (HX2) and 126-129 dGA (HX3). As for the CRH+AVP experiments 
reported in Chapter 7, the gestational age range at which these experiments were 
conducted was tightly controlled to reduce variation due to developmental changes. In 
fact, for HX2, all but one of the fetuses were between 120-121 dGA, and for HX3, all 
but one of the fetuses were between 126-127 dGA.

369



M . Vt'MA AAA i. A /

Fetal hypoxia is known to activate the fetal HPA axis and increase plasma ACTH and 
cortisol concentrations (Boddy et al., 1974b; Jones et al., 1977b; Akagi & Challis,
1990). It is also a condition that the fetus may be exposed to in utero (e.g. Woudstra et 
al., 1991; Jenkin & Nathanielsz, 1994), in fact, relative to conditions in postnatal life, the 
fetus could be described as being in a permanently hypoxic environment. Other 
conditions such as hypotension or haemorrhage also cause HPA axis activation (Rose et 
al., 1978; Rose et al., 1981) and may occur under non-experimental conditions in utero. 
In the present study, acute hypoxia was chosen as a method of investigating fetal HPA 
axis responses as the literature in this area is extensive, and the responses of the axis have 
been well characterised [1.5.3].

Delivery of oxygen to the fetus may be reduced by several methods including reduction of 
maternal inspired oxygen, reduction of uterine artery blood flow or reduction of umbilical 
blood flow [1.4.2]. Reduction of uterine artery or umbilical blood flow may produce the 
best model of fetal hypoxia in the clinical situation, however, in addition to reducing fetal 
oxygenation they may also produce hypercapnia and acidaemia (Rudolph, 1989; 
Iwamoto, 1993) which can have additive effects on fetal endocrine responses (Wood & 
Chen, 1989). Experimentally, reduction of maternal inspired oxygen is relatively easier to 
perform, and using this method, fetal Pa0 2 can be reduced to a desired level, either by a 
sudden drop, or in a graded manner, without producing changes in fetal PaCC>2. In 
addition, both the endocrine (Giussani et al., 1994a; Giussani et al., 1994b; Green et al., 
1998) and cardiovascular (Giussani et al., 1993; Giussani et al., 1994c; Steyn & Hanson, 
1998) responses to hypoxia induced by reduction of maternal inspired oxygen have been 
studied extensively in our laboratory, and in fact, both types of response were measured 
in this investigation, with the cardiovascular data reported in Chapter 6.

The mechanisms regulating fetal HPA axis function during hypoxia are not fully 
understood. CRH is not elevated during hypoxia induced by reduction of maternal 
inspired oxygen (Keller-Wood & Wood, 1991a; Brooks & Challis, 1992), suggesting 
that it is not involved in stimulation of ACTH release. Plasma AVP concentration is 
elevated during hypoxia (Rurak, 1978; Daniel et al., 1983; Raff et al., 1991; Raff & 
Wood, 1992; Giussani et al., 1994b) and thus may be important for stimulation of ACTH 
secretion.

There is evidence to suggest that a component of HPA axis activation by hypoxia may be 
mediated a peripheral chemoreceptor mediated neural reflex. Studies in anaesthetised adult 
dogs have shown an apparent dissociation between ACTH and cortisol responses to 
different forms of hypoxia, with increases in cortisol secretion rates occurring without
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elevation of plasma ACTH (Raff et al., 1981). These data suggested that factors 
additional to ACTH were involved in control of cortisol release during hypoxic stress. In 
the same model, it has been reported that graded release of AVP, ACTH and cortisol 
occurs during graded reductions of Pa0 2, and further increases are obtained during 
hypercapnic hypoxia (Raff et al., 1983). In adult dogs, carotid chemoreceptor stimulation 
by deoxygenated blood leads to an increase in plasma AVP (Share & Levy, 1966) 
Neurosecretion of AVP during hypoxia is associated with vasodilation of vessels in the 
posterior lobe (neurohypophysis) (see Hanley et al., 1988). This effect, along with 
release of AVP during hypoxia is abolished by combined denervation of the carotid and 
aortic chemoreceptors in adult dogs (Hanley et al., 1988). Carotid denervation in the adult 
dog also reduces plasma ACTH (Raff et al., 1984) and cortisol (Raff et al., 1982) 
responses to hypoxia. These studies in adult animals suggest operation of peripheral 
chemoreceptor-mediated activation of HPA axis function. The fact that some of these 
responses were not completely abolished indicates that other non-chemoreceptor 
mechanisms may also be present, possibly involving direct effects of hypoxia on the 
central nervous system (CNS) (see Raff et al., 1984).

In fetal sheep, it has been reported that sino-aortic denervation (Raff et al., 1991) and 
carotid denervation alone (Giussani et al., 1994b), do not affect the increase in plasma 
AVP concentration during hypoxia, suggesting that, in the fetus, the peripheral 
chemoreceptors do not have a role in mediating AVP release. An alternative mechanism 
for AVP release could involve a chemosensitive site within the CNS (see Raff et al.,
1991). In the fetal llama, following carotid denervation, plasma ACTH concentration and 
adrenal blood flow increase normally during hypoxia, however, the increase in plasma 
cortisol concentration is abolished (Riquelme et al., 1998). Thus, in the llama fetus 
secretion of cortisol, but not ACTH, appears to be under a high degree of control by the 
carotid chemoreflex. The rise in plasma ACTH during hypoxia, is also unaffected by 
carotid denervation in fetal sheep, however, the increase in cortisol is delayed (Giussani 
et al., 1994a). Thus, there is evidence that secretion of cortisol during hypoxia may be 
partly regulated by neural influences. This may involve a reflex pathway with afferents in 
the carotid sinus nerves and efferents running in the splanchnic nerves. Section of the 
splanchnic nerves reduces the fetal cortisol response to hypotension, without affecting the 
ACTH response (Myers et al., 1990), indicating a possible role in modulating cortisol 
secretion. Carotid chemoreceptor activation may also alter the biological activity of ACTH 
released from the pituitary.

Regulation of fetal AVP and ACTH secretion during hypoxia does not appear to be 
mediated by a peripheral chemoreceptor-mediated mechanism. Secretion of AVP and 
ACTH may involve activation of a central chemosensitive area. Elevation of AVP will
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stimulate secretion of ACTH, which will in turn stimulate cortisol release. In addition, it 
appears that a component of the cortisol response is mediated by a peripheral 
chemoreceptor-mediated mechanism.

The role of the pituitary gland in detecting and responding to acute hypoxia has been 
called into question by studies in fetuses in which the hypothalamus and pituitary have 
been surgically disconnected (HPD fetuses). It has been demonstrated that, after HPD, 
the ACTH response to 30 min of hypoxia is completely abolished (Ozolins et al., 1992). 
This is despite the fact that the pituitary ACTH response to injection of exogenous CRH 
is maintained. This investigation therefore, provided good evidence in support of the fact 
that an intact hypothalamic-pituitary connection is required to generate an appropriate 
HPA axis response to hypoxia. This suggests that the effects of hypoxia are detected 
primarily at the level of the hypothalamus, at least in terms of eliciting an ACTH 
response.

The responses to hypoxia were studied at 3 gestational ages. As for the CRH+AVP 
challenge, this enabled developmental changes in ACTH and cortisol responses to be 
examined. The developmental changes in the endocrine response to hypoxia have not 
been characterised as well as those to CRH and AVP. It has been reported that AVP 
release is greater at 133 dGA compared to 122 dGA (Raff & Wood, 1992), however 
other studies between 125-129 and 134-147 days have not demonstrated this effect 
(Akagi & Challis, 1989). The ACTH response to hypoxia has been shown to be greater at 
125-129 dGA compared to 134-147 dGA, but the cortisol response does not change 
(Akagi & Challis, 1989). The ACTH data agree with the responses to exogenous CRH 
and/or AVP in that the both types of response decline after 125 dGA. The data for the 
cortisol response during hypoxia are similar to that for the CRH+AVP response where it 
was shown that the response did not change between 110-115 and 135-140 days 
(Norman & Challis, 1987a). By examining responses at different ages in the present 
study, it might have been possible to detect any differences between C and R fetuses in 
the pattern of HPA axis maturation.

As for repeated CRH+AVP challenges (Brooks & White, 1989), it is possible that a 
repeated hypoxic challenge could affect subsequent HPA axis responsiveness. It is 
possible that repeated challenges could produce desensitisation of pituitary receptors, or 
accelerate adrenocortical maturation. This possibility cannot be excluded. However, if 
such an effect occurred we assume that it would be the same in both groups of fetuses. In 
addition, the results of this investigation are consistent with other studies which have 
examined the HPA axis response to hypoxia, suggesting that development of the axis had 
not been substantially affected by the challenges. It has been shown that repeated daily
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episodes of acute hypoxia do not affect fetal cardiovascular development (Steyn & 
Hanson, 1998), which may indicate that there are no underlying changes in development 
of the HPA axis.

The amount of blood sampled for ACTH and cortisol analysis was 3.6 ml in HX1 and
4.2 ml in HX2 and HX3. In addition samples were also taken for other endocrine 
analysis (data not shown) and analysis of blood-gas parameters. Consequently the 
approximate total blood sampled in each experiment was 15 ml in HX1, 19.5 ml in HX2 
and 24 ml in HX3. Based on estimates of fetal weight of 2 kg, 2.5 kg and 3 kg 
respectively, fetal blood volume can be estimated at 160 ml, 200 ml and 240 ml [80 ml x 
fetal weight (kg)] at each gestational age. Therefore the amount of blood sampled in each 
experiment was approximately 10% of the total blood volume. It is expected that this 
degree of blood sampling will not adversely effect fetal responses or fetal health. 
Haematocrit and haemoglobin levels did not fall in either group over the two week study 
period [6.3.1], indicating that fetal health was normal.

8.4.2 Response to hypoxia

The results show that at 114-115 dGA (HX1) and 120-123 dGA (HX2), ACTH and 
cortisol responses to acute isocapnic hypoxia were not different between C and R fetuses. 
However, at 126-129 dGA both ACTH and cortisol responses were significantly smaller 
in R fetuses compared to C fetuses. These results show that maternal undemutrition can 
alter development of the fetal HPA axis to reduce responses to an endogenous stimulus.

The smaller ACTH and cortisol responses in R fetuses at 126-129 dGA could have been 
produced by increases in ACTH and cortisol clearance rates. These possibilities were 
discussed in Chapter 7. At present, our data do not support such an effect as it was 
reported in Chapter 7 that plasma ACTH concentrations following injection of exogenous 
ACTH (1-24) did not differ between C and R fetuses, indicating that clearance rates were 
similar. It is more likely that the smaller responses in R fetuses were produced by lower 
rates of secretion of ACTH and cortisol. Secretion rates of these hormones during fetal 
hypoxia are determined by the levels of stimulatory and inhibitory inputs, including the 
activity of neural reflex mechanisms, and by the degree of pituitary and adrenal 
responsiveness.

Stimulatory and inhibitory inputs 

Stimulatory
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The magnitude of ACTH and cortisol responses to a stimulus are, in part, a function of 
the intensity of the stimulatory input. In the present study, the intensity of the stimulus is 
measured in terms of fetal Pa02. It has been shown that the fetal ACTH response to 
hypoxia increases with increasing severity of oxygen reduction (Akagi & Challis, 1990). 
Thus, to enable comparisons to be made between the two groups of fetuses it was first 
necessary to ensure that the hypoxic challenges were of the same intensity in both groups. 
The results show that PaC>2 did not differ between C and R fetuses during normoxia and 
hypoxia [6.3.1], indicating that the intensity of the stimulus was similar in both groups.

Other stimulatory inputs to ACTH and cortisol secretion could have been produced by 
changes in PaC 0 2 and pH. PaC 0 2 levels did not change in either C or R fetuses during 
the hypoxic challenges, therefore, HPA axis responses would not have been affected by 
hyper- or hypocapnia. pH levels fell during all the hypoxic challenges in both C and R 
fetuses. This could have altered the endocrine response to hypoxia. Fetal acidaemia, 
produced by intravenous infusion of H+ has been shown to stimulate release of ACTH 
and AVP (Wood & Chen, 1989). It is thought that the effect of the H+ is mediated by 
activation of peripheral and/or central chemoreceptors. Thus, in the present study, 
responses of both C and R fetuses to hypoxia could have been exaggerated by the 
decrease in pH. However, as hypoxia caused acidaemia in both groups, it is reasonable to 
assume that any effect would have been similar in both C and R fetuses. Therefore, the 
primary stimulatory inputs to activation of the fetal HPA axis produced by hypoxia, were 
similar in C and R fetuses.

Stimulation of ACTH release during hypoxia is thought to involve direct effects of 
hypoxia at central chemosensitive areas, and release of endogenous ACTH 
secretagogues, such as AVP (see above). Therefore, the smaller ACTH response in R 
fetuses may have been produced by impaired function of these central chemosensitive 
areas, or a low level of release of ACTH secretagogues. It is not possible to identify if 
these mechanisms were altered in the present study. Alternatively, pituitary 
responsiveness to endogenous ACTH secretagogues may be reduced in R fetuses. This 
possibility will be discussed in a subsequent section.

Stimulation of cortisol release during hypoxia is thought to be produced by the actions of 
ACTH at the adrenal cortex, and also by neural reflex mechanisms involving the 
peripheral chemoreceptors. The smaller cortisol response in R fetuses at 126-129 dGA 
could be a direct consequence of the smaller ACTH response which also occurs at this 
gestational age. However, in Chapter 7 it was shown that a smaller cortisol response was 
also produced following exogenous ACTH stimulation in R fetuses, indicating that there 
was also an effect specific to the adrenal gland. It is possible that R fetuses in the present
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study released ACTH of low bioactivity or that adrenal blood flow was reduced. 
Alternatively, changes in activity of the neural reflex pathway involving the peripheral 
chemoreceptors could have contributed to the smaller cortisol response. Splanchnic 
nerve-mediated stimulation of the adrenal cortex may modulate cortisol release by either 
stimulating secretion directly or by altering sensitivity to circulating ACTH (Edwards et 
al., 1986; Edwards & Jones, 1987; Myers et al., 1990). Therefore, a decrease in activity 
of either the efferent or afferent arm of the reflex pathway, or a reduction in sensitivity of 
the peripheral chemoreceptors could have produced the smaller cortisol response in R 
fetuses at 126-129 dGA. Future studies could examine these possibilities by measuring 
ACTH and cortisol responses to hypoxia following section of the carotid sinus nerves or 
splanchnic nerves.

The placenta produces a number of endocrine agents which may be released during 
hypoxia to act as stimulatory inputs to the HPA axis. Evidence suggests that the placenta 
may be a site of synthesis and secretion of CRH. In the human, CRH immunoreactivity 
has been found in cytotrophoblasts, decidua, and amnion (Saijonmaa et al., 1988), and 
this appears to be the product of CRH gene expression (Frim et al., 1988). It is possible 
that the placenta is an extrahypothalamic source of circulating CRH. Human placental 
tissue secretes CRH in vitro (Saijonmaa et al., 1988). Furthermore, in human pregnancy, 
substantial changes in plasma concentrations of CRH have been reported to occur in the 
uterine and umbilical circulations during the last trimester of pregnancy (Goland et al., 
1986; Sasaki et al., 1987; Campbell et al., 1987). It has also been shown that treatment 
with glucocorticoids increases production of CRH in human placenta (Robinson et al., 
1988) and secretion of CRH by human amnion, chorion and decidua (Jones et al., 
1989b). Taken together, these studies suggest that the human placenta secretes CRH, and 
that this secretion may be related to changes in the uterus and/or placenta in late gestation. 
There is also the possibility that the placenta could represent an extra ‘arm’ of the fetal 
HPA axis which is resistant to inhibition by glucocorticoids. In sheep, low but detectable 
concentrations of CRH have been measured in the uterine and umbilical veins in late 
gestation (Jones et al., 1989a), and hypoxia, produced by reduction of uterine blood 
flow, has been shown to increase placental CRH output. Jones et al. (1989a) also 
demonstrated an increase in umbilical CRH plasma concentration during the last few days 
of pregnancy. It was noted that CRH concentrations in the sheep were much lower than 
those in the human. This may be accounted for by the fact that in humans, CRH is bound 
to a plasma protein, so that only a small proportion is biologically active (Orth & Mount, 
1987; Behan et al., 1989). In sheep, studies suggest that there is no binding protein for 
ovine CRH (Saphier et al., 1992), and as a consequence it is possible that only relatively 
low plasma concentrations are required to produce a biological action. The low plasma 
CRH concentration in fetal sheep was confirmed by the study of Keller-Wood & Wood
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(1991a). However, in this study it was also found that there was no arterio-venous 
difference in plasma CRH concentrations in either the maternal or fetal circulations, in 
either the basal state or during hypoxia (reduction of maternal inspired oxygen), 
suggesting that there was no net secretion of CRH by the ovine placenta. The differences 
between these two studies in the sheep, may have arisen from the differing severities of 
the manipulations used to produce hypoxia. Uterine artery occlusion may have produced 
a greater degree of placental hypoxia, and thus may have been a stronger stimulus to 
placental CRH secretion. Thus the role of the placenta as a source of circulating CRH in 
the ovine fetus remains to be established, in addition it is thought that the concentrations 
of CRH measured in fetal sheep plasma are too low to stimulate substantial pituitary 
ACTH secretion (Jones et al., 1989a; Keller-Wood & Wood, 1991a). The possibility that 
placental CRH modified ACTH and cortisol responses to hypoxia in the present study 
cannot be totally excluded. However, at this gestational age, and with this degree of 
hypoxia, it appears to be unlikely.

The placenta is also suggested to be a source of ACTH (Rees et al., 1975a; Carr et al., 
1981; Challis & Brooks, 1989). In rats, hypophysectomy during pregnancy causes 
significantly less atrophy of the adrenals than in nonpregnant hypophysectomised animals 
(Knobil & Briggs, 1955). In primates, hypophysectomy during pregnancy reduces 
plasma cortisol concentrations and adrenal weight, but the concentrations are not reduced 
to undetectable levels. Fetectomy does not reduce plasma cortisol further, and only 
abortion or surgical removal of the placenta eliminates cortisol in plasma (Hogden et al., 
1975). These studies suggest that there is an extrapituitary site of ACTH production. The 
human placenta contains and synthesises ACTH and its precursor, POMC (Liotta et al., 
1977; Odagiri et al., 1979; Laatikainen et al., 1987). POMC peptides are contained within 
the syncytiotrophoblasts (Laatikainen et al., 1987), and mRNA for POMC is also present 
(Chen et al., 1986). In addition, ACTH bioactivity has been detected in extracts of sheep 
placenta (Mitchell et al., 1984). As for their study of placental CRH, Keller-Wood & 
Wood (1991b) examined the arterio-venous difference in plasma ACTH concentrations in 
both the maternal and fetal circulations. They found that there was no significant a-v 
difference in ACTH across the ovine placenta, under either basal or hypoxic conditions 
(reduction of maternal inspired oxygen). These data suggest that the ovine placenta does 
not secrete significant quantities of ACTH into either the maternal or fetal blood, and that 
secretion does not increase under a physiological condition that produces tissue hypoxia 
in the placenta. It was also shown that significant quantities of ACTH immunoreactivity 
were present in placental cotyledons, at concentrations similar to those found in human 
placentae (Challis & Brooks, 1989). However, this was much lower than the 
concentration expected for pituitary tissue. Other studies have shown that the quantity of 
POMC mRNA in rodent and human placentae is less than that in the ovaries or testes
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(Chen et al., 1986), demonstrating that although the presence of ACTH and its precursors 
at the placenta can be shown in a variety of different species, their concentrations are 
uniformly low. Furthermore, in human placentae the processing of POMC is similar to 
that of the pars intermedia rather than the anterior pituitary, in that, appreciable quantities 
are processed to a-MSH and 8-endorphin (Liotta et al., 1980). It has also been shown 

that the content of ACTH in human placentae (Rees et al., 1975a) and the amount of 
mRNA for POMC in rodent placentae does not changes as pregnancy advances (Chen et 
al., 1986). Overall, these data suggest that the placenta is not a major source of ACTH 
during pregnancy. It is therefore unlikely that differences in placental ACTH production 
between C and R fetuses contributed to the altered HPA axis responses in the present 
investigation.

In the sheep fetus plasma concentrations of the major prostaglandin, prostaglandin E2 
(PGE2), increase between 90 days gestation and parturition (Challis et al., 1976; Fowden 
et al., 1987; Risbridger et al., 1985). PGE2 is thought to be synthesised predominantly in 
utero-placental tissues (see Fowden et al., 1987). The increase in plasma PGE2 has been 
reported to precede the increase in plasma ACTH concentration, and thus it is suggested 
that PGE2 is involved in activation of the fetal HPA axis, and the resulting drive towards 
parturition (Thorbum et al., 1988). Direct infusion of PGE2 into the circulation of the 
fetal sheep has been shown to increase the plasma concentrations of cortisol (Louis et al., 
1976; Liggins et al., 1982) and ACTH (Ratter et al., 1979). Continuous infusion of 
PGE2 from 121 dGA can stimulate premature parturition (Young et al., 1996a). 
Inhibition of PG synthesis by maternal administration of PGH synthase inhibitor, 
decreases fetal PGE2 concentrations and results in a suppression of fetal plasma ACTH 
and cortisol concentrations (Unno et al., 1998a). Therefore, there is good evidence that 
PGE2 is important for fetal HPA axis development.

The site of action at which PGE2 stimulates ACTH release is unclear. Studies in fetuses 
in which surgical hypothalamo-pituitary disconnection had been performed found that 
infusion of PGE2 failed to increase plasma ACTH or cortisol concentrations (Young et 
al., 1996b). These data suggested that PGE2 produced its effects predominantly or 
exclusively at a level above the pituitary gland, presumably the hypothalamus. The effects 
of different modes of PGE2 administration have also been investigated. Brooks (1992) 
compared the ACTH responses to intravenous (i.v.) and intracerebroventricular (i.c.v.) 
PGE2 infusion. It was shown that both modes of infusion increased plasma ACTH 
concentration, but the peak ACTH concentration was substantially greater after i.v. 
infusion. These data confirm that PGE2 may produce effects through actions at a central 
site, and also suggest that it may act at areas other than the brain, possibly the pituitary 
gland. Evidence in support of a pituitary site of action has been shown by experiments
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which have examined the effects of PGE2 on ACTH secretion from cultured fetal sheep 
anterior pituitary cells. PGE2 was found to have no effect on basal ACTH secretion, but 
was observed to significantly enhance AVP-stimulated secretion (Brooks & Gibson,
1992). Thus, it is thought that PGE2 can stimulate ACTH secretion by acting directly on 
the pituitary gland, in addition to actions at CRH and AVP neurones at the hypothalamus. 
An explanation for the failure to demonstrate a pituitary site of action in the study of 
Young et al. (1996b) is that they did not examine the possibility that PGE2 might mediate 
its actions by interacting with ACTH secretagogues in addition to stimulating their 
release.

There is conflicting evidence about the biological properties of the ACTH that is released 
after PGE2 stimulation. Some studies have shown that PGE2-stimulated ACTH does not 
elicit cortisol release from the adrenal cortex. It has been suggested that PGE2 might 
stimulate release of ACTH precursors in addition to ACTH (1-39), and that this may 
result in no overall stimulation of adrenal cortisol production (Brooks, 1992; Cudd & 
Wood, 1992). However, others have performed experiments that have actually 
demonstrated that PGE2 preferentially stimulates production of ACTH (1-39), and not the 
large molecular weight precursors (Hollingworth et al., 1995; Young et al., 1996a).

PGE2 release may be stimulated under conditions of stress, including hypoxia. Studies in 
humans have demonstrated PGE2 release during hypoxia in isolated perfused placental 
cotyledons (Ekblad et al., 1987). In vivo, in the pregnant sheep, hypoxia produced by 
uterine artery occlusion stimulates prostaglandin metabolite release into the amniotic fluid 
(Valenzuela et al., 1992). However, other studies have shown that plasma PGE2 
concentration is not elevated during fetal hypoxia (reduction of maternal inspired oxygen) 
(Akagi et al., 1990). It is possible that PGE2 release was stimulated by hypoxia in the 
present study, however, it appears that this is unlikely. Future studies could address this 
question by measuring plasma PGE2 concentrations during hypoxia. Therefore, it is 
unlikely that the smaller ACTH response in R fetuses at 126-129 dGA was affected by 
changes in PGE2 production.

Inhibitory

As discussed previously, glucocorticoids can act at different levels of the HPA axis to 
inhibit ACTH secretion [1.5.6]. Infusion of exogenous cortisol has been demonstrated to 
completely inhibit the plasma ACTH response to acute hypoxia (Akagi et al., 1990; Carter 
et al., 1995). In addition, it has been shown that high concentrations of glucocorticoid 
near the fetal paraventricular nucleus prevent the ACTH response to hypoxia (McDonald 
et al., 1990). In contrast, it has been reported that cortisol infusion does not prevent the



rise in plasma AVP concentration during hypoxia (Akagi et al., 1990). It is thought that 
both the pituitary and the hypothalamus are sites at which glucocorticoids can act to 
suppress stimulated ACTH secretion. Therefore, the smaller ACTH response in R fetuses 
could have been produced by an increased glucocorticoid-mediated inhibitory input to the 
hypothalamus or pituitary. However, the results show that basal plasma cortisol 
concentrations prior to hypoxia were similar in C and R fetuses. Therefore it is unlikely 
that an increased inhibitory input alone produced the smaller ACTH response in R 
fetuses. A decrease in the plasma concentration of corticosteroid binding globulin (CBG) 
could have increased the percentage of free cortisol in R fetuses. This could contribute to 
an increased inhibitory input, and consequent suppression of ACTH secretion. Plasma 
CBG concentrations will need to be examined in future studies.

It has been reported that the ovine placenta also produces cortisol. Using in vivo chronic 
fetal sheep preparations, cortisol concentrations were measured in the uterine artery and 
vein, and the umbilical artery and vein. It was found that concentrations were higher in 
the uterine vein and umbilical veins, demonstrating an arterio-venous concentration 
difference and providing evidence for net synthesis of cortisol by the placenta (Clapp et 
al., 1982). In the same study, it was also shown that dispersed placental cells synthesised 
11-deoxycortisol and cortisol from 17a-hydroxyprogesterone in vitro. It is therefore 

possible that the placenta contributed to some of the plasma cortisol measured in this 
study.

Pituitary and adrenal responsiveness

As discussed in Chapter 7, reduced ACTH and cortisol secretion, as occurs in R fetuses 
at 126-129 dGA, could be produced by decreased pituitary and adrenal responsiveness. A 
decrease in ACTH secretion may involve a reduced pituitary sensitivity to stimulation, or 
an increased sensitivity to inhibition. This may involve a reduction in the number of 
receptors for ACTH secretagogues such as CRH or AVP, or an increase in glucocorticoid 
receptors. Alternatively, pituitary ACTH output could be reduced by a low level of 
POMC mRNA expression or post-translational processing, a reduction in size of the 
readily releasable pool of ACTH, or changes in corticotroph morphology. Some of these 
possibilities will be examined in the experiments reported in Chapter 9. In Chapter 7 it 
was shown that ACTH responses to a known level of pituitary stimulation were smaller 
in R fetuses at 113-116 dGA, indicating a reduction in responsiveness. This may also 
have been the case in R fetuses in the present study.



A decrease in cortisol secretion rate could be produced by low levels of the important 
steroidogenic enzymes, or a reduction in sensitivity to circulating ACTH. Evidence for a 
reduction of adrenal responsiveness in R fetuses was reported in Chapter 7.

Comparison between gestational ages

A difference between the ACTH and cortisol responses to hypoxia between C and R 
fetuses was only shown at 126-129 dGA. At 114-115 dGA, ACTH and cortisol 
responses appeared to be slightly smaller in R fetuses compared to C fetuses, however, 
this was not significant. At 120-123 dGA responses were similar in C and R fetuses. The 
reason for this discrepancy is unclear. Endogenous fetal cortisol production is thought to 
begin at approximately 120 dGA (Hennessy et al., 1982a). This may alter the ‘stability’ 
of the axis and produce a change in the balance of the stimulatory and inhibitory inputs to 
the fetal pituitary. This may have initiated changes in negative feedback mechanisms. It is 
possible that these processes contributed to the absence of a difference in the ACTH 
response between C and R fetuses at 120 dGA. The axis may have stabilised by 126-129 
dGA so that the difference between C and R fetuses could be observed. The similar 
cortisol responses in C and R fetuses at 114-115 dGA and 120-123 dGA may reflect the 
absence of a difference in the ACTH responses. Alternatively a difference in the cortisol 
response between C and R fetuses may be related to maturation of the adrenal gland and 
changes in responsiveness, so that it only becomes apparent at 126-129 dGA. In Chapter 
7, R fetuses has lower basal cortisol concentration compared to C fetuses, but this was 
evident only after 120 dGA, supporting the idea that differences in adrenocortical 
maturation between C and R fetuses are important.

8.4.3 Conclusion

This study provides further evidence in support of the hypothesis that maternal 
undernutrition alters fetal HPA axis development. The results of Chapters 5 and 7 
demonstrated that pituitary and adrenocortical responsiveness to exogenous endocrine 
stimulation was reduced in fetuses of undernourished mothers. The results of the present 
chapter are also consistent with a reduction of pituitary and adrenal responsiveness. 
Furthermore, fetal hypoxia is known to increase plasma ACTH and cortisol 
concentrations through release of endogenous activators of pituitary and adrenal function. 
We therefore conclude that maternal undemutrition produces a reduction of fetal pituitary 
and adrenal responsiveness to activation by both exogenous and endogenous stimuli. The 
experiments reported in Chapter 9 will examine some of the molecular mechanisms 
controlling fetal HPA axis function to examine if changes in these mechanisms may have 
contributed to the effects described above.
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CHAPTER 9

EFFECT OF EARLY GESTATION 
NUTRITIONAL RESTRICTION ON 
FETAL HPA AXIS ACTIVITY (4): 
MECHANISMS OF ALTERED HPA 

AXIS FUNCTION

9.1 INTRODUCTION

The preceding chapters have reported the effects of maternal undernutrition on 
development of the fetal HPA axis and cardiovascular system. It has been demonstrated 
that despite the fact that the level of undernutrition used does not produce any adverse 
effects on fetal growth or blood-gas status, it does cause a reduction of fetal mean arterial 
pressure and blunted HPA axis responses. It is thought that the effects on these two 
systems may be linked. The effects on the fetal HPA axis have been investigated in 
greater detail, and the responses to both exogenous and endogenous stimuli have been 
examined. In particular, evidence has been shown of a reduction in pituitary and adrenal 
responsiveness. This is a very interesting observation as a reduction in HPA axis activity 
of this nature could potentially have a number of important consequences for development 
of fetal organ systems. The aim of the experiments reported in this chapter was to 
investigate the mechanisms by which the effects on the fetal HPA axis are mediated, 
specifically examining the mechanisms which determine pituitary responsiveness.

Pituitary responsiveness and secretion of ACTH are partly determined by pituitary levels 
of the ACTH precursor peptide, pro-opiomelanocortin (POMC). Levels of POMC mRNA 
in the anterior pituitary are closely correlated to pituitary levels of immunoreactive 
(ir)ACTH, and it has been shown that POMC mRNA levels increase during late gestation 
and then further at term, times when plasma ACTH concentrations are also increasing 
(Myers et al., 1993; Matthews et al., 1994). In addition, prolonged fetal hypoxia can 
stimulate elevation of both plasma ACTH concentrations and anterior pituitary POMC 
mRNA levels (Matthews & Challis, 1995a). The primary endogenous stimulatory inputs 
to fetal ACTH secretion are corticotropin-releasing hormone (CRH) and arginine 
vasopressin (AVP), which are released from hypothalamic neurones into the 
hypophyseal-portal circulation to regulate pituitary corticotroph function [1.5.1]. The 
expression of CRH mRNA in parvocellular neurones of the hypothalamus parallels the
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changes in pituitary POMC mRNA, with increases occurring in late gestation (Myers et 
al., 1993; Matthews & Challis, 1995b). Therefore, changes in the levels of CRH and 
AVP at the hypothalamus and POMC at the pituitary could mediate alterations in pituitary 
responsiveness and ACTH secretion.

Circulating glucocorticoids act in a negative feedback manner to suppress pituitary ACTH 
secretion [1.5.6]. These effects may be modulated by changes in glucocorticoid receptors 
(GRs). An increased in the number of pituitary GRs could mediate a reduction of pituitary 
responsiveness and decrease ACTH secretion.

Therefore, to investigate the mechanisms which may mediate a reduction of fetal pituitary 
responsiveness, steady-state levels of pituitary POMC mRNA and GR mRNA, and 
hypothalamic CRH mRNA and AVP mRNA were measured following maternal 
undernutrition. These experiments were performed using the technique of in situ 
hybridization.
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9.2 METHODS 

9.2.1 Animals and tissues

This study was performed in Welsh Mountain ewes [2.1]. Nutritional intake was 
regulated between 0-70 days gestation (dGA) [2.2.2].

At 127-130 dGA (designated 130 dGA) 5 control (C) ewes and 5 nutrient restricted (R) 
ewes were killed by an overdose of pentobarbitone. Hypothalamus and pituitary tissue 
was harvested from the fetus as described [2.7]. Tissues were stored at -80° C until 
sectioning. Coronal sections (15 pm) were then cut on a cryostat (Tissue-Tek; Miles 
Canada Inc., Etobicoke, Ontario, Canada), mounted onto (poly)-L-lysine (Sigma 
Chemical Company, St Louis, MO, USA)-coated slides, dried, post-fixed in 4% 
paraformaldehyde for 5 min, rinsed in PBS (2 x lmin), dehydrated in an alcohol series 
and stored in 95% alcohol at 4° C until in situ hybridization analysis.

9.2.2 In situ hybridization

The slides were removed from the alcohol, and allowed to air-dry at room temperature 
prior to hybridization. The hybridization buffer used for these experiments contained 4 x 
SSC ( I X  SSC contains 150 mM sodium chloride and 15 mM sodium citrate), 50% 
deionized formamide, 50 mM sodium phosphate (pH 7.0), 1 mM sodium pyrophosphate 
(pH 7.0), 0.02% bovine serum albumin, 200 pg hydrolysed salmon sperm DNA/ml, 
0.02% Ficoll, 0.02% polyvinylpyrolidine, 10% dextran sulphate and 40 mM 
dithiothreitol (DTT). The oligonucleotide probes were labelled using terminal 
deoxynucleotidyl transferase (Gibco BRL, Burlington, Ontario, Canada) and 
[35S]deoxyadenosine 5'-(oc-thio) triphosphate (1300 Ci/mmol; NEN, Du Pont Canada 

Inc., Mississauga, Ontario, Canada) to a specific activity of 1.0 x 109 c.p.m./pg. The 
labelled probe was used at a concentration of 1.0 x 103 c.p.m./pl. Labelled probe in 
hybridization buffer (200 pi) was applied to each slide and incubated overnight in a moist 
chamber at 42° C. After sections were washed for 30 min in 1 x SSC at room temperature 
and for 30 min in 1 x SSC at 55° C, the sections were rinsed in 1 x SSC and 0.1 x SSC 
(2 sec each), dehydrated in ethanol, dried and exposed to X-ray film (XAR 5, Kodak). 
The X-ray films were developed using standard procedures.

9.2.3 Oligonucleotide probes
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The antisense POMC, GR, CRH and AVP deoxyribonucleotide probes were 45 bases in 
length and were constructed by solid-phase synthesis with use of a DNA synthesiser 
(Applied Biosystems, Worthington, Cheshire, UK) and purified on an 8% 
polyacrylamide-8 M urea preparative sequencing gel. The POMC probe was 
complementary to bases 711-756 of the porcine POMC gene (Gossard et al., 1986). The 
GR probe was complementary to a portion of the coding region within the ovine GR 
mRNA (Yang et al., 1992). The CRH probe was complementary to bases 1424-1468 of 
the ovine CRH gene (Roche et al., 1988). The AVP probe was complementary to bases 
397-441 of the bovine AVP-neurophysin II gene (Land et al., 1982). Control 45-mer 
sense probes were also synthesised for each of the oligonucleotides, and no signal was 
observed when these were hybridised with tissue sections adjacent to those known to 
express mRNA. In addition, Northern analysis of total and poly(A)+ RNA extracted from 
ovine hypothalami or pituitary tissue was performed to demonstrate specificity of the 
CRH, AVP and POMC probes. Northern analysis of total and poly(A)+ RNA extracted 
from ovine fetal liver was performed to demonstrate specificity of the GR probe (Yang et 
al., 1992).

9.2.4 Data analysis

In each experiment, all control and experimental sections were processed simultaneously 
to allow direct comparison between groups. The sections were exposed together with UC 
standards (American Radiochemical Company, St Louis, MO, USA) to ensure analysis in 
the linear region of the autoradiographic film. The relative optical density of the signal on 
autoradiographic film was quantified, after subtraction of background values, using a 
computerised image analysis system (Imaging Research Inc., St Catherines, Ontario, 
Canada). The value obtained represents an average density over the area measured. 
Comparison between groups was performed using the values from at least 5 sections per 
animal.

For POMC mRNA and GR mRNA, the level of the pituitary at which analysis was 
undertaken was consistent throughout. As POMC mRNA was regionally distributed 
within the anterior pituitary, analysis of the superior (region around the pars intermedia) 
and inferior (region at the base of the anterior pituitary) zones was performed. Analysis of 
GR mRNA was performed using the entire anterior pituitary as there was uniform 
distribution.

For CRH mRNA analysis, the hypothalamic paraventricular nucleus (PVN) was split 
coronally into three regions: ventral, central, and dorsal (Fig. 9.1). At each level, the 
entire cross section of PVN was analysed. For data presentation, the values for each of
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these regions were averaged to give a mean value for each animal. Thus, in the results 
section CRH mRNA data are shown as the mean of all regions.

AVP mRNA content of the PVN was measured in the same way as for CRH mRNA, i.e. 
the PVN was divided into ventral, central, and dorsal regions. In addition, because AVP 
mRNA is contained in parvocellular and magnocellular fields of the ovine PVN 
(Matthews et al., 1993), a separate analysis was carried out for these two regions. Such 
analysis was possible, as the extreme lateral fields of the PVN represent almost 
exclusively magnocellular neurones, whereas the medial area adjacent to the third 
ventricle is predominantly parvocellular (Fig. 9.1). With regard to this, it must be noted 
that magnocellular and parvocellular values represent only an estimation, as complete 
separation of the regions is not possible at this time. AVP mRNA levels in parvocellular 
and magnocellular fields within each animal were combined to give a total value for each 
region. For data presentation, the values for AVP mRNA in the ventral, central and dorsal 
regions were averaged to give mean values for magnocellular, parvocellular and total 
AVP mRNA for each animal. Thus, in the results section data are shown as the mean of 
all regions for magnocellular, parvocellular and total AVP mRNA.

The fetal PVN was not defined anatomically by separate staining methods. Therefore the 
analysis is based on the assumption that the in situ hybridization signal is localised at the 
PVN and not adjacent areas of the brain. However, the autoradiographic images 
generated following in situ hybridization show the PVN as a highly distinct area. Thus it 
is reasonable to expect that the in situ hybridization signal is localised to the PVN.

All values are presented as means ± S.E.M. Differences between C and R fetuses were 
analysed by Student’s unpaired t test. Statistical significance was accepted when P<0.05.

Fig. 9.1. Diagrammatic representation of coronal sections of ovine fetal paraventricular 
nucleus at ventral (A), central (B), and dorsal (C) levels, m, Magnocellular region; p, 
parvocellular region; v, 3rd ventricle.
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9.3 RESULTS

9.3.1 Pituitary POMC mRNA

Data for POMC mRNA levels in the anterior pituitary and the pars intermedia are shown 
in Fig. 9.2. POMC mRNA levels did not differ between C and R fetuses for any area of 
the anterior pituitary, or for the pars intermedia.
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Fig. 9.2. Densitometric analysis of POMC mRNA in the anterior pituitary (upper 
panels) and pars intermedia (lower panel) of C (□ , n=5) and R (■, n=5) fetuses. At the 
anterior pituitary data are shown as the total level, and the levels in the superior and 
inferior regions. Data are expressed as the mean ± S.E.M. of the relative optical density. 
POMC mRNA levels were not different between C and R fetuses in any of the regions 
studied.



9.3.2 Pituitary GR mRNA

Data for GR mRNA levels in the anterior pituitary are shown in Fig. 9.3. GR mRNA 
levels were significantly lower in R fetuses compared to C fetuses (P<0.05).

1.5

GR mRNA 
(ROD)

Fig. 9.3. Densitometric analysis of GR mRNA in the anterior pituitary of C (□ , n=5) 
and R (■, n=5) fetuses. Data are expressed as the mean ± S.E.M. of the relative optical 
density. *P<0.05 (unpaired t test) C vs. R. GR mRNA levels were significantly lower in 
R fetuses compared to C fetuses.



9.3.3 Hypothalamus CRH mRNA

Data for CRH mRNA levels in the PVN are shown in Fig. 9.4. When data for all three 
regions, i.e. ventral, central and dorsal were averaged, CRH mRNA levels were 
significantly lower in R fetuses compared to C fetuses (P<0.05).

CRH mRNA 
(ROD)

Fig. 9.4. Densitometric analysis of CRH mRNA in the PVN of C (□ , n=5) and R (■, 
n=5) fetuses. Data are expressed as the mean ± S.E.M. of the relative optical density. 
*P<0.05 (unpaired t test) C vs. R. CRH mRNA levels were significantly lower in R 
fetuses compared to C fetuses.
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9.3.4 Hypothalamus AVP mRNA levels

Data for AVP mRNA levels in the PVN are shown in Fig. 9.5. AVP mRNA levels in the 
magnocellular region were significantly greater in R fetuses compared to C fetuses 
(P<0.05). Total levels in the PVN and levels in the parvocellular region did not differ 
between C and R fetuses.

0.2 n
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0.1 -
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Fig. 9.5. Densitometric analysis of AVP mRNA in the PVN of C (□ , n=5) and R (■, 
n=5) fetuses. Data are expressed as the mean ± S.E.M. of the relative optical density. 
*P<0.05 (unpaired t test) C vs. R. Note that magnocellular AVP mRNA levels were 
significantly greater in R fetuses compared to C fetuses.
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9.4 DISCUSSION

This results of this study show that the molecular biology of the fetal HPA axis is altered 
following maternal undemutrition. It was found that CRH mRNA levels in parvocellular 
neurones of the hypothalamus were significantly lower in R fetuses compared to C 
fetuses. AVP mRNA levels in the same area were unaffected, however, levels in 
magnocellular neurones were elevated in R fetuses compared to C fetuses. At the 
pituitary, GR mRNA levels were lower in R fetuses compared to C fetuses. Pituitary 
POMC mRNA levels were not altered by maternal undemutrition.

These data suggest that the reduced pituitary responsiveness reported in Chapters 7 and 8 
may be a consequence of a decrease in CRH mRNA levels at the hypothalamus. This 
idea, and the implications of the other effects reported in the present study will be 
discussed in the following sections.

9.4.1 Methodological considerations

In Chapters 7 and 8, evidence was shown of a reduction in fetal pituitary and adrenal 
responsiveness following maternal undemutrition. The aim of the present investigation 
was to examine the mechanisms by which the effect on pituitary responsiveness was 
mediated. The specific mechanisms underlying the effect on the adrenal gland were not 
examined in the present study, but are being investigated as part of ongoing research.

This study focused on the roles of pituitary POMC and GRs, and hypothalamic CRH and 
AVP in determining the level of pituitary responsiveness. POMC is the precursor peptide 
for ACTH and thus, changes in the level of pituitary POMC may affect production of 
ACTH and secretion in response to stimulation. Pituitary GRs may determine ACTH 
secretion by modulating the inhibitory inputs of circulating glucocorticoids. Levels of 
hypothalamic CRH and AVP may regulate the level of ACTH secretion through their 
stimulatory actions at the pituitary gland. Thus, by examining the levels of these different 
factors, a lot of information could be obtained on the possible mechanisms by which 
maternal undemutrition produced the reduction of fetal pituitary responsiveness reported 
in previous chapters. The above factors are considered to have major roles in controlling 
pituitary ACTH secretion, and there is good literature on their regulation and 
development. Other determinants of fetal pituitary responsiveness which could have been 
measured include pituitary CRH receptors or hypothalamic GRs.
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The levels of CRH and AVP at the hypothalamus, and POMC and GR at the pituitary 
were investigated by measuring the levels of mRNA using in situ hybridization. The 
techniques required to perform these analyses are established and routinely used in the 
laboratory of Dr. Stephen Matthews, Dept. Physiology, University of Toronto, where 
these experiments were performed. In situ hybridization is a powerful technique which 
allows examination of the spatial and temporal patterns of gene expression in addition to 
providing a means of quantification. The hybridization signal is localised at the 
intracellular, cellular, tissue or organ level, i.e. in situ, rather than on a solid support 
membrane as is the case with techniques such as Northern hybridization. Therefore, in 
the present study, this enabled separate analysis of superior and inferior regions of the 
anterior pituitary, and separate analysis of parvocellular and magnocellular neurones at the 
PVN.

Following preparation of tissue, in situ hybridization is performed by hybridizing a 
component of the target mRNA sequence with a labelled ‘probe’ which is of a 
complementary nucleotide sequence. The signal generated by the probe can then be 
detected and measured. In this study, synthetic oligonucleotide probes were used which 
were prepared using a DNA synthesiser. The probes were radioactively labelled by 
enzymatically incorporating nucleotides containing 35S. As the probe is complementary to 
the target mRNA sequence, it will hybridize to form a nucleic acid duplex. This 
hybridization should be specific to those mRNA sequences that are complementary to the 
probe, i.e. only those of interest. Following hybridization, the excess probe that was not 
hybridized was removed by washing, and the hybridization signal was detected by 
autoradiography. The hybridization signal was visualised using a computerised image 
analysis system. Using this method, a camera was used to generate an electronic image of 
the hybridization signal. The average intensity of the signal was then calculated to give a 
relative value of the amount of mRNA. Using this technique, the anterior pituitary and 
pars intermedia are easily identifiable and can be analysed separately. This is also the case 
for magnocellular and parvocellular neurones at the PVN. For pituitary analysis, 
measurements were always made at the same level to ensure that differences between C 
and R fetuses didn’t arise as a result of regional differences in gene expression within the 
pituitary. For analysis of the hypothalamus, this problem was avoided by identifying the 
different regions, and analysing them separately.

Levels of mRNA for hypothalamic CRH and AVP, and pituitary POMC and GR were 
examined at 127-130 dGA. Measurements were made at this time so comparisons could 
be made with the experiments reported in Chapters 7 and 8, which examined ACTH and 
cortisol responses to different stimuli also at this stage of development. The fetuses used 
in the present study did not have in vivo endocrine measurements made, thus it is not
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possible to be certain that maternal undernutrition also altered fetal HPA axis responses in 
this group. Thus, caution was used when relating the findings of the present study with 
those of Chapters 7 and 8.

9.4.2 Pituitary POMC mRNA

The results of this study show that fetal pituitary POMC mRNA levels were not different 
between C and R fetuses in either the anterior pituitary or pars intermedia following 
maternal undemutrition in early pregnancy.

POMC mRNA is synthesised in the anterior pituitary and pars intermedia of the pituitary 
gland. After translation into the precursor polypeptide, POMC, the corticotroph cells of 
the anterior pituitary produce a number of peptides including ACTH (1-39) (Eipper & 
Mains, 1980; Smith & Funder, 1988), whereas the melanotroph cells of the pars 
intermedia cleave POMC into products that include 8-endorphin and aMSH. Expression 

of POMC mRNA in the anterior pituitary is linked to pituitary irACTH content and 
plasma ACTH concentration (see Matthews et al., 1994). Elevation of anterior pituitary 
POMC mRNA levels during late gestation and at term may contribute to the prepartum 
rise in plasma ACTH concentration (Yang et al., 1991; Myers et al., 1993; Matthews et 
al., 1994). Levels of POMC mRNA in the pars intermedia are approximately 5-fold 
greater than in the anterior pituitary (Matthews et al., 1994). High levels of irACTH are 
also present (Perry et al., 1985). Levels of POMC mRNA at the pars intermedia have 
been reported to increase between 60-80 dGA and 100-120 dGA, but with no further 
change for the rest of gestation (Matthews et al., 1994). The role of POMC peptides 
derived from the pars intermedia is unclear. It has been suggested that the pars intermedia 
predominantly secretes, and is the major source of, the ACTH precursors that are present 
in the fetal circulation (Antolovich et al., 1991; Saphier et al., 1993; Carr et al., 1995). It 
has been reported that these ACTH precursor peptides antagonise the actions of ACTH 
(1-39) at the adrenal gland (Jones & Roebuck, 1980; Brieu & Durand, 1987; Carr et al., 
1995; Schwartz et al., 1995). Several studies have shown an increase in the ratio of basal 
plasma ACTH (1-39) concentration relative to the plasma concentration of ACTH 
precursors during gestation (Saphier et al., 1993; Carr et al., 1995; Phillips et al., 
1996b). The pattern of changes in POMC mRNA at the anterior pituitary and pars 
intermedia may contribute to this alteration in the plasma concentration ratio of the 
different molecular forms of ACTH.

Regulation of pituitary POMC mRNA levels has been investigated under a number of 
different experimental situations. Hypoxia (reduction of maternal inspired oxygen) for 6 h 
stimulates an increase in POMC mRNA in the anterior pituitary and a rise in plasma
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ACTH concentration, but does not effect levels in the pars intermedia (Matthews & 
Challis, 1995a). Hypoxia for 48 h produces a transient increase in plasma ACTH 
concentration and an increase in anterior pituitary POMC mRNA levels, but in contrast to 
the 6 h challenge, it also causes a significant reduction in levels at the pars intermedia 
(Braems et al., 1996). The fact that levels were reduced in the pars intermedia may 
indicate differential regulation, and a consequent increase in the ratio of bioactive/inactive 
plasma ACTH. The effects of long-term hypoxia, produced by embolization of the fetal 
side of the placenta, have also been investigated. It has been shown that, following 21 
days of repeated embolization, POMC mRNA levels in the anterior pituitary are not 
altered, but levels in the pars intermedia are significantly reduced (Murotsuki et al., 
1996). This challenge also produces a consistent elevation of plasma ACTH 
concentration. It seems that during hypoxia, plasma ACTH concentration can be elevated 
with or without an increase in POMC mRNA at the anterior pituitary. Similarly, elevation 
of anterior pituitary POMC mRNA may not necessarily be translated into sustained 
increase of plasma ACTH concentration. These discrepancies may be related to a 
differential regulation of POMC mRNA at the anterior pituitary and pars intermedia which 
may result in an alteration of the plasma concentration of bioactive/inactive ACTH. 
Alternatively, hypoxia may alter rates of translation of POMC mRNA into POMC 
peptide, or rates of post-translational processing and cleavage of POMC.

The primary endogenous stimulatory inputs to fetal ACTH secretion are hypothalamic 
CRH and AVP [1.5.1]. It is possible that these ACTH secretagogues could mediate some 
of their effects through regulation of pituitary POMC mRNA expression. In vitro studies 
of fetal sheep anterior pituitary cells at 142-144 dGA demonstrated that treatment with 
CRH or AVP for 48 h does not alter levels of POMC mRNA (Lu et al., 1994). This is in 
agreement with a study in adult sheep which also found no effect of CRH or AVP on 
anterior pituitary POMC mRNA (Levin et al., 1993). These findings suggest that pituitary 
POMC mRNA expression is not regulated by CRH and AVP inputs. However, recent 
studies performed on fetal and adult sheep have shown evidence which conflicts with this 
idea. Van de Pavert et al. (1997) demonstrated that incubation of cultured adult ovine 
anterior pituitary cells with AVP for 5 h produced a significant increase in POMC mRNA 
levels. Moreover, experiments in the fetus at 138 dGA, demonstrated that both CRH and 
AVP were capable of upregulating anterior pituitary POMC mRNA levels, following an 
incubation period of 18 h (Matthews & Challis, 1997). In addition, changes in expression 
of CRH mRNA at the PVN parallel the changes in POMC mRNA at the anterior pituitary, 
and increase during late gestation (Myers et al., 1993; Matthews & Challis, 1995b). 
Thus, there is some evidence which suggests that CRH and AVP may regulate anterior 
pituitary POMC mRNA levels. Alternatively, hypothalamic CRH and AVP may mediate
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their effects on ACTH secretion through effects on translation of POMC mRNA or post- 
translational processing and cleavage of the POMC peptide.

Circulating glucocorticoids act to suppress basal and stimulated pituitary ACTH secretion
[1.5.6]. These effects may be mediated through changes in pituitary POMC mRNA 
levels. Infusion of cortisol to fetal sheep for 5 h does not affect steady-state POMC 
mRNA levels at either the anterior pituitary or pars intermedia, and produces only a 
transient reduction of plasma ACTH concentration (Matthews & Challis, 1995a). In 
addition, incubation of anterior pituitary cells with cortisol for 48 h in vitro does not affect 
basal POMC mRNA levels or basal ACTH output (Matthews & Challis, 1997). 
However, both these cortisol treatments attenuate the increases in POMC mRNA and 
plasma ACTH concentration to subsequent stimulation. Therefore, the results of these 
studies suggest that circulating glucocorticoids may suppress stimulated ACTH secretion 
though effects on POMC mRNA. These findings also support the hypothesis that the 
effects of glucocorticoids in inhibiting basal ACTH secretion may be mediated primarily 
at the hypothalamus [1.5.6]. In contrast, recent reports have shown evidence in support 
of glucocorticoid regulation of basal pituitary POMC mRNA expression. Jeffray et al. 
(1998a) measured pituitary POMC mRNA levels after 12 h, 24 h and 96 h of cortisol 
infusion. After the first two time points, POMC mRNA levels were unchanged, however, 
after 96 h, levels were significantly reduced in both the anterior pituitary and pars 
intermedia (Jeffray et al., 1998a). In addition, adrenalectomy at 118-121 dGA results in 
an increase in anterior pituitary POMC mRNA levels at 134 dGA (Myers et al., 1991). 
Therefore, these studies suggest that glucocorticoids are able to produce a negative 
feedback effect on pituitary POMC gene expression. These effects may be mediated by a 
reduced hypothalamic drive to the pituitary resulting from a decrease in CRH mRNA 
levels (Myers et al., 1991). The cortisol infusion treatments used in the study of Jeffray et 
al. (1998a) actually produced an increase in plasma ACTH concentration. The mechanism 
underlying this effect is unclear, but may involve an increase in ACTH production at the 
fetal lung (Jeffray et al., 1998b).

In the present study, basal POMC mRNA expression was not different between C and R 
fetuses at the anterior pituitary or pars intermedia. This suggests that the reduction of 
pituitary responsiveness to hypoxia at 126-129 dGA reported to occur in R fetuses in 
Chapter 8 was not a consequence of a decrease in pituitary POMC mRNA levels. In 
addition, decreased pituitary POMC expression may not be associated with the decreased 
pituitary responsiveness to CRH+AVP stimulation, reported in Chapter 7. However, the 
effect on responses to CRH+AVP was shown only at 113-116 dGA and not later in 
gestation at 125-127 dGA.
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Although changes in pituitary POMC mRNA expression appear to correlate with plasma 
ACTH concentration during gestation, some of the studies described above have shown 
an apparent dissociation between changes in pituitary POMC mRNA levels and plasma 
ACTH concentration following stimulation or inhibition. It is possible that stimulatory or 
inhibitory inputs which regulate ACTH secretion may produce their effects through 
changes in translation of POMC mRNA or post-translational processing and cleavage of 
the POMC peptide. The short-term ACTH responses reported in Chapters 7 and 8 are 
likely to reflect release of ACTH from a readily releasable pool and processing of existing 
POMC peptide, in addition to translation of POMC mRNA. The first two processes may 
not be dependent on pituitary POMC mRNA levels. The possibility that reduced pituitary 
responsiveness in R fetuses was a consequence of a low rate of processing of POMC, or 
a smaller pool of ACTH could be investigated by measuring pituitary levels of irACTH, 
or prohormone convertase 1, the enzyme responsible for cleavage of POMC to ACTH (1- 
39) (Eipper & Mains, 1980).

9.4.3 Pituitary GR mRNA

The results of this study show that fetal pituitary GR mRNA levels were significantly 
lower in R fetuses compared to C fetuses.

As described previously, glucocorticoids can act to inhibit basal and stimulated pituitary 
ACTH secretion [1.5.6]. A functional role for the pituitary gland in mediating the effects 
of glucocorticoid negative feedback has been demonstrated by Ozolins et al. (1990). They 
performed experiments in fetuses in which the hypothalamus and pituitary had been 
surgically disconnected (HPD fetuses). It was found that infusion of cortisol for 4 h 
completely abolished the ACTH response to subsequent stimulation by 1 |Xg CRH. This 
experiment demonstrated that cortisol was able to inhibit stimulated-ACTH release by a 
direct action at the pituitary gland. However, in the same study it was shown that cortisol 
infusion did not produce any effect on basal ACTH production in HPD fetuses. This 
suggested that the effects of cortisol at the fetal pituitary were limited to inhibiting 
stimulated, and not basal ACTH production. Therefore, an increase in glucocorticoid 
negative feedback could produce the reduced ACTH responses to stimulation by 
CRH+AVP and hypoxia reported for R fetuses in Chapters 7 and 8 respectively. It was 
shown in these previous studies that plasma cortisol concentrations were not elevated in R 
fetuses compared to C fetuses, indicating that the reduced responses were not produced 
by a greater inhibitory input to the pituitary. Glucocorticoids can produce their effects 
through actions at GRs. [1.5.6]. Changes in the numbers of GRs at the pituitary could 
therefore modulate the sensitivity of the tissue to negative feedback. An increase in the 
numbers of pituitary GRs could have contributed to the reduced ACTH responses that
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were reported for R fetuses. However, the present data shows that GR mRNA levels 
were significantly lower in R fetuses compared to C fetuses, suggesting that pituitary 
feedback sensitivity may have actually been reduced.

GR mRNA levels at the anterior pituitary of the pituitary and at the hypothalamus are 
reported to be low around 100 dGA (Yang et al., 1992; Matthews et al., 1995b). Levels 
at the hypothalamus do not show substantial changes during gestation (Yang et al.,
1992). At the anterior pituitary GR mRNA levels also remain unchanged during late 
gestation, until term when an increase occurs (Matthews et al., 1995b). At the pars 
intermedia, GR mRNA levels increase between 100-120 dGA and 130-135 dGA, but do 
not change further during the remainder of pregnancy (Matthews et al., 1995b). In 
contrast, binding studies have shown that pituitary GR content is highest at 100-110 dGA 
(Yang et al., 1990). GR content decreases at 125 dGA, and then increases again near 
term (Yang et al., 1990). High pituitary GR content at 100-110 dGA occurs at the same 
time as low GR mRNA. It is possible that this results from changes in GR mRNA 
translation or GR turnover. Thus, the overall developmental pattern of pituitary GR 
numbers is not clear, and does not appear to show a good relationship with ACTH 
secretion. Certainly, high GR numbers near term does not correlate well with high plasma 
ACTH and cortisol concentrations which are present at that time.

Changes in pituitary GR number may be influenced by circulating glucocorticoids. 
Studies in adult animals show that GR mRNA levels are downregulated by 
glucocorticoids (Rosewicz et al., 1988). In fetal sheep exogenous cortisol infusion for 12 
h at 135 dGA does not alter GR mRNA levels in either the anterior pituitary or pars 
intermedia (Matthews et al., 1995b). However, endogenous fetal cortisol appears to 
cause downregulation, as elevation of fetal plasma cortisol concentration by ACTH 
infusion (100 h) produces a decrease in pituitary GR number (Yang et al., 1990).

The lower levels of GR mRNA in R fetuses in the present study may produce a decrease 
in pituitary sensitivity to glucocorticoid inhibition. This is not consistent with the previous 
reports of decreased pituitary responsiveness in R fetuses. It is possible that a decrease in 
pituitary sensitivity to inhibition is masked by other effects such as a decrease in the rate 
of POMC processing, which results in an overall reduction in responsiveness. In 
addition, the decrease in GR mRNA may not be translated into a decrease in synthesis of 
the GR protein. Future studies will need to examine this possibility. Alternatively, the 
role of pituitary as a site of negative feedback is open to question, and developmental 
changes in pituitary GR numbers do not correlate well with ACTH secretion. 
Examination of GR numbers at the hypothalamus may provide clearer information on 
negative feedback regulation of ACTH secretion. The reduction of GR mRNA in R
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fetuses may have been caused by exposure to elevated plasma cortisol concentrations. As 
cortisol concentrations were not increased in R fetuses during late gestation, this may 
have occurred earlier in gestation, possibly during the period of maternal undemutrition.

9.4.4 Hypothalamus CRH mRNA

The results show that CRH mRNA levels at the PVN were significantly lower in R 
fetuses compared to C fetuses.

Hypothalamic CRH is one of the primary factors which regulates pituitary ACTH 
secretion. It is thought that CRH mRNA and irCRH are localised primarily in the 
parvocellular region of the PVN (Matthews et al., 1991; Watabe et al., 1991; Myers et 
al., 1993). Parvocellular neurones containing CRH have been reported to project to the 
external zone of the ME, where CRH is released into the hypophyseal portal blood to 
regulate corticotroph activity (Engler et al., 1989). The presence of CRH mRNA in 
parvocellular fields can be detected by 60 dGA (Matthews & Challis, 1995b). This is 
consistent with other studies which have shown that irCRH can be detected at 48-50 dGA 
(Watabe et al., 1991) and 70 dGA (Currie & Brooks, 1992). It is thought that these 
peptides were the fully processed and bioactive forms (Currie & Brooks, 1992). CRH 
mRNA levels increase progressively in all regions of the PVN (ventral, central and 
dorsal) to reach a maximum at term (Matthews et al., 1995b). Myers et al. (1993) also 
reported an increase in PVN CRH mRNA between 105-107 and 128-130 dGA. In 
addition, a progressive increase in hypothalamic irCRH content occurs with gestation 
(Brieu et al., 1989; Watabe et al., 1991; Currie & Brooks, 1992). Thus, it appears that 
changes in CRH mRNA are translated into changes in CRH content, and that these levels 
increase at the PVN during gestation.

In fetal sheep, CRH cell bodies have been localised by immunocytochemistry with axons 
projecting to the median eminence by 42-49 dGA (Levidoitis et al., 1987). Exogenous 
CRH has been shown to be an effective stimulator of ACTH secretion from an early age 
(Hargrave & Rose, 1986; Norman & Challis, 1987a). In addition, the increase in CRH 
mRNA at the PVN parallels in the increase in plasma ACTH concentration that occurs 
during late gestation. Therefore, changes in CRH mRNA may determine development of 
the pituitary gland and regulate ACTH secretion. In the present study, the lower levels of 
CRH mRNA in R fetuses may be associated with a reduction in synthesis of CRH 
peptide, a decrease in CRH secretion and a lower level of CRH-mediated pituitary 
stimulation. This type of effect could mediate the decrease in pituitary responsiveness that 
was reported in Chapters 7 and 8. It appears that the reduction of CRH mRNA does not 
alter pituitary POMC mRNA levels. However, the evidence for CRH regulation of
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POMC mRNA expression is not conclusive and may be dependent on gestational age. 
Decreased CRH-mediated pituitary stimulation could reduce pituitary responsiveness by 
reducing the rates of translation or processing of the POMC peptide. Alternatively, a 
decrease in hypothalamic CRH mRNA level may indicate elevated secretion and depletion 
of CRH stores. Increased CRH secretion could decrease pituitary responsiveness by 
downregulating numbers of CRH receptors [7.4.3]. Further study is required to measure 
pituitary CRH receptor number and hypothalamic irCRH content.

Basal CRH mRNA levels are unaffected by 6 h cortisol infusion (Matthews & Challis, 
1995b). However, they are decreased following placement of dexamethasone implants 
adjacent to the PVN (Myers et al., 1992a), and increased by fetal adrenalectomy (Myers 
et al., 1991; Unno et al., 1998b), indicating that expression of CRH is regulated by 
glucocorticoid negative feedback. Therefore, the reduction of CRH mRNA in R fetuses 
may have been caused by exposure to elevated plasma cortisol concentrations. As cortisol 
concentrations were not increased in R fetuses during late gestation, this may have 
occurred earlier in gestation, possibly during the period of maternal undemutrition.

The effects of reduced hypothalamic CRH levels has been studied in various experimental 
models. In the mouse, a model has been developed of CRH deficiency, constructed by 
targeted mutation in embryonic stem cells. In CRH-deficient mice it is not possible to 
detect products of the CRH gene and messenger RNA, or CRH immunoreactivity in the 
amygdala, cerebral cortex or PVN (Muglia et al., 1995). Despite an apparent normal 
anterior pituitary, CRH-deficient mice display a marked atrophy of the zona fasciculata of 
the adrenal gland, the area primarily responsible for corticosterone production in the 
mouse. CRH-deficient mice also exhibit an impaired adrenal response to restraint stress. 
The response to a hypoglycaemic challenge is also altered. During an imposed period of 
fasting, control animals increase their plasma corticosterone levels substantially and do 
not display a fall in plasma glucose, in contrast, the CRH-deficient mice develop 
hypoglycaemia and exhibit an elevation in plasma corticosterone. This effect of reduced 
hypothalamic CRH content is consistent with the present study, in that both models are 
associated with reduced adrenocortical responsiveness to acute stress. The inability to 
respond to a hypoglycaemic challenge displayed by CRH-deficient mice illustrates the 
potential problems that may face R fetuses from this study during extrauterine life.

9.4.5 Hypothalamus AVP mRNA

The total level of AVP mRNA in magnocellular neurones of the PVN was significantly 
was greater in R fetuses compared to C fetuses. AVP mRNA levels at parvocellular 
neurones were not altered following maternal undemutrition.
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Hypothalamic AVP is also one of the primary factors which regulate pituitary ACTH 
secretion. As for CRH, AVP mRNA and irAVP are thought to be present in the 
parvocellular region of the PVN, and additionally, in magnocellular areas of the PVN and 
the magnocellular supraoptic nucleus (SON) (Levidiotis et al., 1989; Matthews et al.,
1993). Parvocellular neurones containing AVP project to the external zone of the ME 
where AVP is released into the hypophyseal portal circulation to affect corticotroph 
function (Engler et al., 1989).

In contrast, magnocellular neurones containing AVP pass through the internal zone of the 
ME to the posterior pituitary (see Matthews et al., 1995b). These neurones release AVP 
directly into the hypophyseal veins of the systemic circulation. AVP released into the 
circulation from the posterior pituitary is primarily involved in regulation of plasma 
osmolality via its effects at the kidney in controlling water reabsorption [1.3.6]. 
Circulating AVP also produces effects on the cardiovascular system, both directly via its 
vasoconstrictor effects on the vasculature, and negative chronotropic effects at the heart, 
and indirectly, by its renal actions to control plasma volume and osmolality. Therefore, 
increased AVP mRNA levels in magnocellular neurones may result in an elevation of 
plasma AVP concentration which could have important effects at the kidney and the 
cardiovascular system.

Levels of AVP mRNA have been measured in the PVN of fetal sheep during development 
(Matthews & Challis, 1995b). Analysis of magnocellular and parvocellular regions of the 
PVN has shown that AVP mRNA levels in the magnocellular region are 5 fold higher 
than those in the parvocellular region. AVP mRNA levels increase in magnocellular fields 
between mid-gestation and day 140, and do not change at term. Levels then increase 
further after birth (Matthews & Challis, 1995b). In contrast, AVP mRNA levels in 
parvocellular fields do not change significantly during gestation (Matthews & Challis, 
1995b). It is possible that the increase in magnocellular fields close to term reflects the 
maturation of control of water balance and renal function. Cortisol infusion (11 h) does 
not significantly affect AVP mRNA levels in any area of the PVN or SON (Matthews & 
Challis, 1995b). In contrast, fetal adrenalectomy produces in an increase of AVP mRNA 
in parvocellular regions (Unno et al., 1998b), indicating possible glucocorticoid 
regulation. AVP mRNA levels are slightly, but not significantly, increased following fetal 
hypoxia (6 h), and this is not affected by prior cortisol infusion (Matthews & Challis, 
1995b).

AVP mRNA levels in parvocellular neurones were not different between C and R fetuses. 
It is possible that the rate of production or secretion of irAVP was altered following
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maternal undernutrition, however, at this stage the data suggest that the changes in 
pituitary responsiveness previously reported were not produced by an alteration of AVP- 
mediated stimulation. This is perhaps not surprising in view of the fact that parvocellular 
AVP mRNA levels do not correlate well with plasma ACTH secretion. The upregulation 
of AVP mRNA levels in magnocellular areas could suggest that the fetus was exposed to 
stress of some sort. The consequences of this change in hypothalamic AVP mRNA are 
likely to be more important for the renal and cardiovascular systems, than for regulation 
of pituitary function. If the increase in AVP mRNA was translated into an increase in 
plasma AVP concentration then it could result in alterations in the regulation of water 
balance, and possibly result in greater reabsorption at the kidney. This anti-diuretic effect 
combined with potential effects on the vasculature could produce changes in 
cardiovascular regulation and blood pressure. Future studies will need to examine plasma 
AVP concentrations.

9.4.6 Conclusion

This study shows that maternal undernutrition alters the molecular biology of the fetal 
HPA axis. At the hypothalamus, CRH mRNA levels in parvocellular neurones are lower, 
and AVP mRNA levels in magnocellular neurones are greater in R fetuses compared to C 
fetuses. At the pituitary gland, GR mRNA levels at the anterior pituitary are reduced in R 
fetuses, but POMC mRNA levels are unchanged. We conclude that a reduction in the 
CRH-mediated stimulatory input to the pituitary gland contributes to the reduced pituitary 
responsiveness reported in previous chapters. This effect does not appear to be mediated 
by a decrease in pituitary POMC mRNA expression, but may involve a reduction in the 
rates of translation and processing of POMC. The changes in pituitary GR mRNA and 
magnocellular AVP mRNA may mediate a decrease in pituitary sensitivity to negative 
feedback and increased plasma AVP concentration respectively. At present, these changes 
do not appear to produce substantial effects in the fetus, but may be more important in 
postnatal life. These possibilities will be discussed in Chapters 10 and 11.

The results of Chapters 7 and 8 suggested that adrenal responsiveness was also lower in 
R fetuses compared to C fetuses. It is possible that this was also a consequence of an 
overall reduction in HPA axis activity produced by a low level of CRH-mediated pituitary 
stimulation. However, the specific mechanisms underlying this effect have not been 
examined in the present study, but may involve a reduction in the levels of important 
steroidogenic enzymes. Future experiments will be able to investigate this possibility.

The effects of maternal undemutrition on the fetal HPA axis reported in the present study 
and in previous chapters may alter the organisms’ ability to respond to stress and maintain



homeostasis in postnatal life. As suggested previously, this may also affect regulation of 
the cardiovascular system. Thus, the effects of maternal undemutrition on function of the 
HPA axis and cardiovascular system in postnatal life will be reported in Chapters 10 and 
11 respectively.
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CHAPTER 10

EFFECT OF EARLY GESTATION 
NUTRITIONAL RESTRICTION ON 

POSTNATAL HPA AXIS 
FUNCTION

10.1 INTRODUCTION

Evidence reported in previous chapters has demonstrated that maternal undernutrition in 
early gestation is capable of producing alterations in fetal development in late gestation. 
Fetuses of undernourished mothers have low basal plasma cortisol concentration and 
reduced pituitary and adrenocortical responsiveness. The mechanism for these effects 
may involve a low level of corticotropin releasing hormone (CRH)-mediated stimulation 
of the pituitary gland, as indicated by a decrease in CRH mRNA expression at the 
paraventricular nucleus (PVN). There is also evidence of a reduction in fetal pituitary 
glucocorticoid receptor (GR) mRNA levels, and increased expression of arginine 
vasopressin (AVP) mRNA at magnocellular neurones of the PVN, however, specific 
effects of these changes could not be identified for the fetus.

Changes in hypothalamic-pituitary-adrenal (HPA) axis function in the fetus may have 
implications for HPA axis function in postnatal life, and could alter the organism’s 
response to stress and ability to maintain homeostasis. In addition, glucocorticoids can 
produce hypertensive effects (Schimmer & Parker, 1996), and thus, changes in HPA axis 
function may also be linked to alterations in cardiovascular development. In Chapter 6 it 
was reported that fetuses of nutrient restricted mothers had low mean arterial pressure 
(MAP). Subsequent demonstration of low basal plasma cortisol concentration and 
reduced HPA axis activity in this group of fetuses suggested that the effects of maternal 
undernutrition on the fetal cardiovascular system may be mediated through changes in 
HPA axis function.

The aim of the experiments reported in this chapter was to investigate the effects of 
maternal undernutrition in early gestation on HPA axis function in postnatal life, and 
furthermore, to examine the postnatal consequences of changes in fetal HPA axis 
function. Postnatal HPA axis function was assessed by measuring plasma ACTH and
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cortisol responses to CRH+AVP administration in young lambs at approximately 84 days 
postnatal age (dPA).

10.2 METHODS

This study was conducted in Clun Forest ewes [2.1]. Nutritional intake was regulated 
between 14 days prior to conception until 70 days of gestation (dGA) [2.2.2],

10.2.1 Surgical preparation

Aseptic surgery was performed on 5 control (C) lambs and 5 lambs of nutrient restricted 
mothers (R) at 83 ± 4.4 dPA under general anaesthesia [2.4]. Catheters filled with 
heparinised saline were placed in a pedal artery and vein. Stainless-steel electrodes were 
sewn subcutaneously onto the chest and head to record ECG. The catheters were secured 
onto the animal’s back using an elastic bandage.

At least 1 day post-operative recovery was allowed prior to commencing experiments.

10.2.2 Experimental procedures

All lamb experiments were conducted while the animal was resting quietly in a sling
[2.6]. One experiment of 2 h duration was conducted. After a 1 h control period, lambs 
received an intravenous bolus of ovine CRH (0.5 [ig/kg; Sigma Co., UK) plus AVP (0.1 
|ig/kg; Sigma Co., UK). Both peptides were dissolved in 0.1% bovine serum albumin in 
sterile saline and administered together in a volume of 2 ml. Arterial blood samples (0.6 
ml) were taken for ACTH and cortisol analysis at 30 and 0 min before, and 5, 10, 15, 30 
and 60 min after CRH+AVP administration. Additional samples of arterial blood (0.5 ml) 
were collected at 30 min before, and 15 and 45 min after the injection for blood gas 
analysis.

10.2.3 Data analysis

All values are presented as means ± S.E.M. Significance was accepted when P<0.05. 
When multiple comparisons were made, P values were corrected using the Bonferroni 
method. ACTH and cortisol data were transformed logarithmically before analysis to 
remove heterogeneity of variance.

Blood-gas data
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Differences for blood gas parameters between C and R lambs were determined by 
comparing each data point using Student’s unpaired t test. The changes in blood gas 
parameters within each group were analysed by comparing the value at -30 min with the 
subsequent values obtained. Significance was determined by Student’s paired t test.

ACTH and cortisol data

ACTH and cortisol data during the CRH+AVP administration experiment were analysed 
as absolute values and as the change from baseline. Baseline was determined as the value 
at 0 min. The value at 0 min was subtracted from all subsequent values to produce a 
response profile for the change from baseline. Significant changes for ACTH and cortisol 
within each group were determined by comparing the value at 0 min with the peak value 
and the value at 60 min. ACTH and cortisol responses to administration of CRH+AVP 
were compared between C and R lambs using two-way analysis of variance comparing 
the effect of group (C vs. R), time and the interaction between group and time.

Comments

There were 5 lambs in each group. Of these, there were 3 males in the C group, and 2 
males in the R group. Within the C group, samples for ACTH from two lambs had to be 
assayed separately from all other ACTH samples. Due to a technical problem with the 
ACTH assay, values obtained from these two C lambs were not considered suitable for 
inclusion in the analysis of the absolute ACTH concentrations. However, these samples 
were considered suitable for inclusion in the analysis of the change in ACTH from 
baseline.
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10.3 RESULTS

10.3.1 Blood-gas parameters

Data for blood-gas parameters are shown in Table 10.1 and Figs. 10.1 - 10.3. R lambs 
had significantly greater basal Hct compared to C lambs at -30 min (Table 10.1, Fig. 
10.2). 0 2ct and 0 2 cap were greater in R lambs compared to C lambs at 15 min (Table 
10.1, Fig. 10.2). PaC 0 2 was greater at 45 min compared to -30 min in C lambs, but not 
in R lambs (Table 10.1, Fig. 10.1). There were no other differences in blood-gas 
parameters.

-30 min 15 min 45 min
PH

C (n=5) 7.51 ± 0.02 7.49 ± 0.02 7.50 ± 0.02
R (n=3) 7.52 ± 0.00 7.51 ± 0.01 7.52 ± 0.01

PaC 02 (mmHg)
C (n=5) 31.2 ± 1.4 34.0 ± 1.3 34.6 ± 1.8*
R (n=3) 35.4 ± 0.5 35.0 ± 1.7 36.1 ± 3.1

HC03' (mmol/L)
C (n=5) 25.4 ± 2.0 26.2 ± 1.4 27.1 ± 1.6
R (n=5) 29.6 ± 0.6 27.5 ± 0.9 29.1 ± 1.1

BEb (mmol/L)
C (n=5) 3.2 ± 2.1 3.5 ± 1.5 4.4 ± 1.6
R (n=5) 6.7 ± 0.5 4.6 ± 1.0 6.2 ± 0.9

Pa0 2 (mmHg)
C (n=5) 88.4 ± 3.6 86.2 ± 1.5 86.4 ± 3.6
R (n=3) 84.0 ± 6.5 82.0 ± 6.1 82.7 ± 6.9

Hct (%)
C (n=5) 25.2 ± 1.7 23.8 ± 0.9 24.4 ± 0.9
R (n=5) 29.8 ± 0.7f 26.6 ± 1.2 27.0 ± 1.1

Hb (g/dL)
C (n=5) 9.6 ± 0.4 9.3 ± 0.3 9.4 ± 0.5
R (n=5) 10.1 ± 0.5 9.7 ± 0.6 9.9 ± 0.5

0 2 ct (Vol %02)
C (n=5) 12.9 ± 0.6 12.5 ± 0.4 12.7 ± 0.6
R (n=3) 13.8 ± 1.0 14.0 ± 0.3f 14.1 ± 0.1

0 2 cap (Vol %02)
C (n=5) 13.2 ± 0.6 12.8 ± 0.4 13.0 ± 0.6
R (n=3) 14.3 ± 0.9 14.6 ± 0.4f 14.7 ± 0.3

Sa0 2 (%)
C (n=5) 97.8 ± 0.3 97.6 ± 0.2 97.4 ± 0.3
R (n=3) 96.7 ± 0.6 96.3 ± 0.6 96.2 ± 1.1

Lactate (mmol/L)
C (n=5) 0.73 ±0.10 0.92 ±0.16 0.79 ±0.16
R (n=5) 0.59 ± 0.10 0.95 ± 0.22 0.69 ± 0.12

Glucose (mmol/L)
C (n=5) 4.25 ± 0.55 4.50 ± 0.55 4.92 ± 0.93
R (n=5) 4.74 ± 0.32 5.33 ± 0.38 5.02 ± 0.39
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Table 10.1. (previous page). Blood-gas parameters in C and R lambs. Values are mean 
± S.E.M. tP<0.05 (unpaired t test) C vs. R. *P<0.05 (paired t test) compared to value at 
-30 min. Note that basal Hct was greater in R lambs compared to C lambs.
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Fig. 10.1. Data for acid-base status before and after injection of 0.5 |ig/kgCRH + 0.1 
p.g/kg AVP in C (O) and R ( • )  lambs. Values are presented mean ± S.E.M. Note that 
values were not different between C and R lambs.
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Fig. 10.2. Data for arterial oxygenation before and after injection of 0.5 jig/kg CRH + 
0.1 |LLg/kg AVP in C (O) and R ( • )  lambs. Values are presented mean ± S.E.M. Note 
that Hct was greater in R lambs compared to C lambs at -30 min.
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Fig. 10.3. Data for lactate and glucose before and after injection of 0.5 p.g/kgCRH + 
0.1 p.g/kg AVP in C (O) and R ( • )  lambs. Values are presented mean ± S.E.M. Note 
that there were no differences between C and R lambs.
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10.3.2 ACTH and cortisol response to CRH+AVP

Data for the ACTH and cortisol response to injection of CRH+AVP are shown in Table
10.2 and Fig. 10.4. The panels on the left of Fig. 10.4 show the response expressed as 
the absolute values. The panels on the right show the response in terms of the change 
from baseline.

When expressed as absolute values, the ACTH and cortisol responses did not differ 
between C and R lambs (Fig. 10.4). When expressed as a change from baseline, a 
significant effect of group was found for the ACTH (P<0.009) and cortisol (P<0.0006) 
responses, which were greater in R lambs compared to C lambs (Fig. 10.4).

Following injection of CRH+AVP, ACTH concentrations increased significantly 
compared to 0 min in both C and R lambs (Table 10.2). ACTH concentrations peaked at 
5 min in both groups. ACTH concentrations remained elevated for the duration of the 
experiment in R lambs, but not in C lambs. Plasma cortisol concentrations increased 
significantly compared to the value at 0 min in both C and R lambs, with peaks occurring 
at 10 min and 30 min respectively. Cortisol concentrations did not remain elevated in 
either C or R lambs.

0 min Peak value 60 min
ACTH (pg/ml)

C (n=3) 36.3 ± 5.5 218.3 ± 8.5** 
(5 min)

63.3 ± 7.1

R (n=5) 34.0 ± 3.2 246.0 ±  46.6*** 
(5 min)

70.2 ±  13.2*

Cortisol (nmol/L)
C (n=5) 54.0 ± 9.8 214.2 ±  31.7*** 

(10 min)
59.0 ± 8.1

R (n=5) 39.0 ± 7.5 257.4 ±  47.8** 
(30 min)

151.4 ± 4 9 .6

Table 10.2. Data for absolute ACTH and cortisol concentrations before and after 
injection of 0.5 p,g/kgCRH + 0.1 Jig/kg AVP in C and R lambs. Values are presented 
mean ± S.E.M. *P<0.05, **P<0.01, ***P<0.001 (paired t test) compared to value at 0 
min.
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Fig. 10.4. Plasma ACTH and cortisol concentrations before and after injection of 0.5 
|Lig/kgCRH + 0.1 |ig/kg AVP in C (O) and R ( • )  lambs. Arrow indicates the time of 
injection (0 min). The panels on the left show absolute ACTH and cortisol concentrations 
during the whole experiment (C; n=3, R; n=5). The panels on the right show the change 
from baseline for 60 min after injection (C; n=5, R; n=5). Values are presented mean ± 
S.E.M. Note that the change from baseline for ACTH (P<0.009) and cortisol (P<0.0006) 
was greater in R lambs compared to C lambs.
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10.4 DISCUSSION

The results of this study show that maternal undemutrition in early gestation alters HPA 
axis function in postnatal life. R lambs have significantly greater ACTH and cortisol 
responses to stimulation by CRH+AVP compared to C lambs. This is in contrast to 
previous reports which demonstrated that ACTH and cortisol responses were smaller in R 
fetuses. The effects on R lambs were produced in the absence of substantial changes in 
blood-gas parameters.

10.4.1 Methodological considerations

As for the fetal studies, ACTH and cortisol responses were assessed by bolus injection of 
CRH+AVP. This method was chosen so that comparisons could be made between fetal 
and postnatal responses.

CRH and AVP alone and in combination have been shown to stimulate release of ACTH 
from the pituitary gland, and consequently, cortisol from the adrenal gland, in a number 
of studies in adult sheep (Kalin et al., 1983; Pradier et al., 1988; Brooks & Challis, 1989; 
Schwartz et al., 1994). As in the fetus, the responses to the two peptides when given 
separately are different. It has been reported that when administered as equimolar doses, 
CRH (30 p,g) produces a greater ACTH response, but a smaller cortisol response 
compared to AVP (6 jig) (Brooks & Challis, 1989). In contrast, Pradier et al. (1986) 
found that the ACTH response to AVP (1 fig/kg) was greater than that for CRH (1 
|ig/kg), but that the cortisol response was smaller, although in this study the ratio of 
CRH:AVP was 1:1, whereas in the study of Brooks & Challis (1989) it was 5:1. The 
differences between the ACTH and cortisol responses suggest that the actions of CRH 
and AVP at the pituitary may yield ACTH peptides of differing biological activity. When 
given in combination, CRH+AVP have been shown to act in synergy to elicit ACTH 
responses that are greater than the sum of the responses to CRH and AVP given 
independently (Redekopp et al., 1985; Brooks & Challis, 1989). Although there is 
controversy regarding the relative importance of the two peptides, there is good evidence 
to show that both CRH and AVP are involved in ACTH secretion in vivo. Thus the 
CRH+AVP challenge used in the present study would be expected to stimulate the HPA 
axis, in a manner similar to the endogenous situation. The advantage of using this method 
over others such as induction of acute hypoxia, which is also known to activate the axis, 
is that it is a controlled method in which the inputs and outputs are quantifiable and 
reproducible.
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The dose of CRH+AVP used in this study was based primarily on the study of Brooks & 
Challis (1989). They used an equimolar regime of 30 \lg CRH and 6 |Xg AVP, in sheep 
of 50-60 kg body weight. These doses approximate to 0.5 |lg/kg CRH and 0.1 fig/kg 
AVP, as was used in the present study. Brooks & Challis (1989) showed that this dosage 
produced substantial ACTH and cortisol responses but which were not maximal. The 
doses used in the present postnatal study are similar to those used in the previous fetal 
studies reported in Chapters 5 and 7. Assuming an approximate fetal body weight of 2 kg 
at 113-116 dGA, then 1 |ig CRH + 200 ng AVP equates to 0.5 ftg/kg CRH + 0.1 |ig/kg 
AVP.

The post-injection sampling period in this study was 1 h. This was thought to be 
sufficient to allow plasma ACTH and cortisol concentrations to return to post-injection 
values, thus enabling measurement of the whole response. As the results show, this was 
predominantly the case for both ACTH and cortisol. Samples were taken every 5 min for 
the first 15 min after the injection of CRH+AVP as during this time rapid changes in 
ACTH and cortisol occur, with the peak ACTH response occurring at 5 min. It was not 
necessary to sample as frequently after this period as the changes after 15 min become 
more gradual. It is possible that higher concentrations of plasma ACTH were attained 
before 5 min, however, it was decided that 5 min was a practical time at which the first 
sample could be taken accurately.

In this study, lambs were allowed at least a 24 h postoperative recovery period. It could 
be argued that this was an insufficient time for recovery from the surgical procedure. 
However, this recovery time has been used previously (see Pradier et al., 1986), and 
experiments were not performed if there was any doubt about the health of the animal. All 
animals had recovered to be able to walk and eat of their own volition, and blood-gases 
and basal plasma ACTH and cortisol were normal. The animals were not given a longer 
period of time to recover as we were concerned over maintaining the patency of the 
catheters. It is also for this reason that the animals were studied for only a relatively short 
period.

We chose to implant the catheters in the pedal artery and vein as this is a relatively minor 
procedure with low risk of infection. An alternative would have been to place the 
catheters in the carotid artery and jugular vein, however, this surgery is more invasive 
and may have extended the postoperative recovery period. Placement of catheters in the 
pedal vessels did not interfere with the animal’s mobility.

The aim of this study was to investigate the effects of maternal undernutrition in early 
gestation on HPA axis function in postnatal life, and also to examine the postnatal



consequences of changes in fetal HPA axis function. Lambs were studied at 
approximately 84 dPA. At this time there will be changes in organ function associated 
with growth and overall maturation, but these changes should not be as dramatic as those 
that occur earlier in the first few weeks after birth. In addition, lambs had been weaned 
from their mothers by this age. Thus, this is a practical age at which to examine postnatal 
HPA axis function. Any effects that maternal undemutrition produced in the present study 
may not have been permanent for the whole of postnatal life, and may not be 
representative of the situation in the adult. It was not the aim of the present study to 
examine these aspects, but to provide information on the possible postnatal changes that 
maternal undemutrition could produce, and to provide an end-point for the studies in the 
fetus. Data from the present study were used in the design of ongoing experiments which 
are investigating the effects of maternal undemutrition on HPA axis function in the adult. 
Future studies will need to study development of the HPA axis over a longer period in 
postnatal life, and also examine changes in basal ACTH and cortisol concentrations.

10.4.2 Responses to CRH+AVP

The results of this study show that ACTH and cortisol responses to stimulation by 
CRH+AVP were greater in R lambs compared to C lambs. The potential mechanisms that 
may have mediated these effects will be discussed in the following sections. The roles of 
these mechanisms in controlling stimulation of ACTH and cortisol secretion have been 
discussed in detail for the fetal HPA axis in previous chapters.

ACTH response

It is possible that the greater ACTH response in R lambs was a consequence of decreased 
clearance of ACTH. At present we have no data to examine if this was the case. 
Alternatively, the greater ACTH response in R lambs could indicate that stimulated ACTH 
secretion was increased. This could occur by a greater stimulatory, or smaller inhibitory 
input to the pituitary gland, or by an increase in pituitary responsiveness.

Stimulatory and inhibitory inputs

The primary stimulatory input to pituitary ACTH secretion was provided by exogenous 
CRH+AVP. Body weight did not differ between C and R lambs [Appendix 6], suggesting 
that blood volume was similar in both groups. Therefore, assuming that distribution and 
metabolism of CRH+AVP was not different between C and R lambs, the stimulatory 
input to ACTH secretion produced by CRH+AVP should have been similar in both 
groups. Circulating glucocorticoids are the main inhibitory input to ACTH secretion, and
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elevation of cortisol concentration suppresses ACTH responses to subsequent stimulation 
(Wood & Silbiger, 1989). In the present study, basal cortisol concentrations were not 
measured in great detail, but appeared to be similar in C and R lambs. This suggests that 
the inhibitory input to ACTH secretion was not decreased in R lambs, and that this effect 
did not contribute to the greater ACTH response in this group. Changes in plasma 
corticosteroid binding globulin (CBG) concentration could have mediated a decrease in 
the negative feedback effects of circulating glucocorticoids, but this was not investigated 
in the present study.

Pituitary responsiveness

An increase in pituitary responsiveness could have mediated the greater ACTH response 
in R lambs. As described for the fetus, pituitary responsiveness is determined in part by 
the levels of proopiomelanocortin (POMC) at the pituitary, the rates of processing of 
POMC and secretion of ACTH, and the size of the readily releasable pool of ACTH. 
POMC mRNA levels at the pituitary gland show developmental changes after birth 
(Matthews et al., 1994). In the inferior region of the anterior pituitary, POMC mRNA 
levels, which were high compared to the superior region prior to birth, remain elevated in 
the first few days after parturition. Levels then decline in the postnatal period to reach 
adult values by 30-60 dPA. In contrast, levels in the superior region (region surrounding 
the pars intermedia) are relatively low throughout late gestation and the early postnatal 
period, but increase to levels similar to those in the inferior region at 30-60 dPA. POMC 
mRNA expression at the pars intermedia does not change substantially during postnatal 
life (Matthews et al., 1994). Maintenance of high levels of POMC mRNA in the inferior 
region of the anterior pituitary could increase pituitary responsiveness. This could 
contribute to the greater ACTH responses in R lambs. A decrease in POMC mRNA levels 
at the pars intermedia could result in an alteration in the ratio of bioactive/inactive (B/I) 
ACTH released from the pituitary, which could have consequent effects at the adrenal, 
possibly resulting in greater activation.

Pituitary POMC mRNA expression, or rates of translation and processing of POMC, and 
consequently ACTH release, may be regulated by endogenous stimulatory inputs. This 
could involve changes in CRH or AVP receptors, or alterations in the level of CRH or 
AVP secretion from hypothalamic neurones. Levels of CRH mRNA in the ovine PVN are 
high at the time of parturition and remain elevated in the early postnatal period. Levels 
then decrease to adult values by 30-60 dPA (Matthews & Challis, 1995b). AVP mRNA 
levels in parvocellular neurones of the PVN increase immediately after birth, but then 
decline and are also similar to adult values by 30-60 dPA (Matthews & Challis, 1995b). 
Thus, postnatal changes in CRH mRNA and AVP mRNA expression at the PVN parallel
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the changes in POMC mRNA expression in the inferior region of the pituitary. Therefore, 
an absence of a postnatal decline of CRH mRNA or AVP mRNA levels may increase 
pituitary responsiveness. This could be a mechanism by which ACTH responses were 
elevated in R lambs.

The actions of inhibitory inputs to the pituitary gland to suppress pituitary responsiveness 
and ACTH secretion may be modulated by changes in pituitary GR numbers. At the ovine 
anterior pituitary, GR mRNA levels have been reported to increase after delivery, and 
then further, to peak at 30-60 dPA (Matthews et al., 1995b). Levels then decline to adult 
values. Other studies have reported that anterior pituitary GR content does not increase 
further after term, but does show a decline to adult values after the early postnatal period 
(Yang et al., 1990). GR mRNA levels at the pars intermedia have been shown to fall 
immediately after birth, and then steadily increase to maximum levels in the adult 
(Matthews et al., 1995b). In Chapter 9 it was reported that anterior pituitary GR mRNA 
levels were lower in R fetuses compared to C fetuses. If this difference was maintained in 
R lambs then it could produce a reduction in pituitary sensitivity to glucocorticoid- 
mediated negative feedback. Therefore, this could be a mechanism by which ACTH 
responses to CRH+AVP stimulation are elevated in R lambs. None of the other changes 
in the molecular biology of the fetal HPA axis are consistent with the effects observed in 
the lamb.

The observation of greater ACTH responses in R lambs suggests that pituitary 
responsiveness was greater in this group compared to C lambs. This effect is the opposite 
of that previously reported in R fetuses, which had lower pituitary responsiveness. The 
available data suggest that sensitivity to negative feedback may be reduced in R lambs. 
However, it seems likely that other changes in the mechanisms controlling pituitary 
function have also occurred between the fetal and postnatal stage. A change in the 
molecular biology at the hypothalamus, or at a higher level such as the hippocampus, 
could produce effects on levels below to mediate a increase in overall activity. 
Alternatively, there may be specific changes in the mechanisms at each level of the axis. 
For example, the greater cortisol response in the present study may be a consequence of 
the greater ACTH response, or an increase in responsiveness specific to the adrenal 
cortex.

It is possible that changes in HPA axis control mechanisms may have occurred at the end 
of gestation i.e. after 130 dGA. However, it seems more likely that a change occurred at 
the time of birth or during early postnatal life, as this is a important transitory period 
when dramatic changes in a number of endocrine variables occur. Changes in HPA axis 
activity associated with birth may also be produced by the removal of maternal and/or
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placental influences. Further study is required to examine the effects of maternal 
undernutrition on the molecular biology of the HPA axis in postnatal life, and to 
investigate the possibility that changes in control mechanisms occur in association with 
birth.

10.4.3 Models of altered HPA axis function

A number of studies have been described in this thesis which have demonstrated the 
effects of relatively acute challenges (e.g. hypoxia, cortisol infusion) on development of 
the HPA axis. These studies are useful in outlining mechanisms of regulation of HPA 
axis function. However, maternal undernutrition is not an acute challenge and would be 
better described as a chronic, or repeated challenge, or a long-term ‘stress’. A number of 
other studies have investigated the effects of different types of chronic stress on 
development of the HPA axis in both the non-pregnant individual, and in offspring 
following maternal stress. In this section I will examine some of these models. While 
most of these models are not directly applicable to the study of maternal undemutrition, 
they demonstrate ideas and possible mechanisms of altered HPA axis function, some of 
which can be related to the findings of the present study.

Harvey et al. (1993) examined the effects of long-term hypoxia on adrenocortical 
responsiveness in the fetus. They exposed pregnant ewes to high altitude, and examined 
the effects on the fetal adrenocortical response to a bolus challenge of ACTH (similar to 
that described in Chapter 7). It was found that responses of the fetal adrenal cortex were 
significantly blunted following the hypoxic period, however, basal cortisol secretion was 
not altered. No examination of the molecular biology of the axis was performed, 
however, it was suggested that the reduced responsiveness could result from alterations 
in the steroidogenic pathway, possibly involving reduced activity/levels of certain 
enzymes or alterations in the ACTH receptor-adenylate cyclase complex. This pattern of 
reduced adrenocortical activity is similar to that reported for R fetuses in Chapter 7, and 
thus may involve similar changes at the adrenal cortex. The effect of experimental 
restriction of placental function on development of the fetal sheep HPA axis has been 
studied (Phillips et al., 1996a). Fetuses were studied in late gestation following excision 
of endometrial caruncles prior to conception. It was found that fetuses in which placental 
function was restricted had lower steady-state levels of POMC mRNA at the anterior 
pituitary, normal plasma concentrations of irACTH and ACTH (1-39), but elevated 
concentrations of plasma cortisol. These fetuses were also hypoxaemic, hypoglycaemic 
and growth restricted. No investigation of the dynamic responses of the axis was made in 
this study. It was postulated that placental restriction resulted in an enhanced adrenal 
responsiveness to ACTH, and the decrease in pituitary POMC mRNA levels resulted
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from increased negative feedback caused by the elevated plasma cortisol concentration 
(Phillips et al., 1996a). These studies highlight the problems in interpreting data from 
experiments which examine the effects of a chronic challenge which produces a range of 
effects on fetal development. The studies of Harvey et al. (1993) and Phillips et al. 
(1996a) both examined models of a chronic alteration of the intrauterine environment, but 
found opposite effects on adrenal responses.

Studies in the rat have also examined the effect of high-altitude hypoxia on adrenocortical 
development in prenatal and postnatal animals (Garvey et al., 1979). It was found that 
fetuses that had been exposed to high-altitude had lower adrenal corticosterone content. 
This difference was maintained throughout the last days of gestation and to the first day 
of postnatal life, however, levels were similar to control animals by postnatal day 4. 
These fetuses also had reduced cytochrome P-450 activity, suggesting that there were 
alterations in the steroidogenic pathway. Despite the change in adrenal corticosterone 
content, there was no effect on basal plasma corticosterone concentration. This study is in 
agreement with that of Harvey et al. (1993), which also showed a blunting of fetal 
adrenocortical activity following exposure to high altitude, but no effect on basal plasma 
glucocorticoid concentration. This model suggests possible mechanisms for reduced 
activity of the adrenal cortex, which may have occurred in the studies described 
previously in this thesis in fetuses of undernourished mothers. Furthermore, the recovery 
of adrenal corticosterone concentrations postnatally in chronically hypoxaemic rats 
demonstrates remodelling of the axis that occurs after birth, and which may have 
contributed to the switch in responses between R fetuses and R lambs described in the 
present chapter.

The effects of early environmental events on HPA axis development have been studied 
extensively by Meaney and colleagues (see Meaney et al., 1996). A number of studies 
have demonstrated that handling (or infantile stimulation) of neonatal rat pups results in 
altered HPA axis function in adult life. The handling procedure that was used in these 
studies was performed daily for the first 21 days of life, and the animals were tested as 
fully mature adults. The handled animals showed smaller increases in ACTH and both 
total and free corticosterone in response to a wide variety of stressors (e.g. restraint 
stress). There was no effect on adrenal sensitivity to ACTH, pituitary sensitivity to CRH, 
plasma corticosteroid-binding globulin (CBG) levels or metabolic clearance rate for 
ACTH or corticosterone. There was also no difference between the groups for basal 
ACTH or corticosterone concentration. However, it was shown that administration of 
exogenous glucocorticoid prior to restraint stress suppressed responses to a greater extent 
in the handled animals, suggesting that they were more sensitive to negative feedback 
effects. When GR numbers were examined it was found that handled animals exhibited
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increased GR binding capacity at the hippocampus and frontal cortex, but not at the 
septum, amygdala, hypothalamus or pituitary. GR mRNA expression was also higher at 
the hippocampus of handled rats, an effect which was due to an increase in the amount of 
mRNA per cell, rather than an increase in cell number. Thus, it was concluded that the 
reduced HPA axis response to stress was mediated by an elevation of sensitivity to the 
negative feedback effects of circulating glucocorticoids at the hippocampus, and a 
consequent increase in the efficacy of inhibition of ACTH secretion. In Chapter 8 fetal 
ACTH and cortisol responses to stress (i.e. hypoxia) were also reduced, and thus, this 
may have involved a downregulation of the GR population at the hippocampus. Further 
study demonstrated that chronic administration of corticosterone to normal rats caused a 
30-45% downregulation of hippocampal GR binding sites, with no alterations at the 
hypothalamus or pituitary (Meaney et al., 1996). The same treatment in handled animals 
also reduced hippocampal GR density, to a level similar to the non-handled animals. This 
treatment also reversed the effect of handling on the response to stress, and corticosterone 
secretion levels in handled rats became similar to control rats. Therefore, not only do 
these studies show a possible mechanism for reduced HPA axis responsiveness, they 
also demonstrate the importance of the hippocampus as a site of negative feedback, and 
the possibility that the effects of handling on GR levels may be mediated by alterations in 
circulating glucocorticoid concentration.

In contrast to the effects of postnatal handling described above, prenatal stress induced by 
daily handling of the mother during pregnancy produces offspring that have increased 
HPA axis responses (see Henry et al., 1994; Maccari et al., 1995). Prenatal stress 
increases offspring’s CRH content at the median eminence (Smythe et al. 1996). It also 
decreases hippocampal mineralocorticoid receptor (MR) binding without altering GR 
levels, and increases plasma CBG concentration. It is thought that the reduced MR 
number combined with the increase in plasma CBG reduces negative feedback effects, 
leading to increased CRH synthesis and elevated HPA axis responses to stress. 
Alterations of this nature could be involved in the increased ACTH and cortisol responses 
shown by R lambs in the current investigation.

A role for thyroid hormones has been postulated in mediating the effects of postnatal 
handling on GR development (see Meaney et al., 1996). Handling of neonatal rats has 
been shown to activate the hypothalamic-pituitary-thyroid axis leading to increased 
concentrations of circulating thyroxine (T4) and increased intracellular levels of the 
biologically more potent T4 metabolite, triiodothyronine (T3). The pituitary-thyroid axis is 
thought to be an important regulator of HPA axis function. It has been shown that 
neonatal treatment with either T4 or T3 results in increased GR binding capacity in the 
hippocampus in animals examined as adults, but is without effect at the hypothalamus or
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pituitary. Furthermore, inhibition of thyroid hormone synthesis in neonates, blocks the 
effects of handling on hippocampal GRs. It has also been suggested that these possible 
effects of thyroid hormones may involve activation of central serotonergic neuronal 
systems. Thus, these studies are consistent with the idea that thyroid hormones may have 
a role in mediating some of the effects of postnatal stress, and resetting of HPA axis 
function.

The effects of prenatal handling stress on HPA axis function in adult offspring has also 
been investigated by Barbazanges et al. (1996). They studied a possible role of maternal 
corticosteroids in mediating the effects of prenatal stress on offspring HPA axis 
responses. They found that, as described above, prenatal handling resulted in offspring 
with enhanced corticosterone responses to stress, and decreased levels of hippocampal 
MR. Following maternal adrenalectomy, and therefore blockade of maternal 
corticosterone secretion, handled animals had normal corticosterone responses and 
normal levels of hippocampal MRs. Corticosterone replacement therapy to mothers which 
had been adrenalectomised restored the effects of prenatal handling. Thus, this study 
provided evidence in support of the hypothesis that stress-induced increases in maternal 
glucocorticoids may be a mechanism by which prenatal stress (handling) causes 
remodelling of the HPA axis, and resetting of function. Maternal undemutrition may also 
cause increases in maternal glucocorticoid secretion, and this could be important in 
mediating its effects on fetal development. As described previously [4.4.6], in the sheep 
the transplacental passage of maternal glucocorticoids is regulated by the enzyme 118- 
HSD, and experiments have shown that its activity can be attenuated by maternal protein 
restriction (Langley-Evans et al., 1996a). By linking these observations it is possible to 
speculate that maternal undernutrition concomitantly elevates maternal glucocorticoid 
concentrations and decreases placental 116-HSD activity, resulting in exposure of the 
fetus to excess glucocorticoid. Furthermore, the overall consequence of these effects is a 
resetting of HPA axis function and elevated responses in postnatal life, similar to the 
situation in R lambs in the present study.

The involvement of corticosteroids in mediating alterations in HPA axis development has 
also been investigated using a different rat model. Catalani et al. (1993) studied the effects 
of adding corticosterone to the drinking water of lactating rats from the day of delivery 
until weaning, on HPA axis function in the adult offspring. The addition of corticosterone 
to the drinking water served to increase maternal plasma concentrations of the hormone, 
and also those of the offspring during the nursing period. It was found that the 
corticosterone-nursed rats displayed reduced ACTH and corticosterone responses to acute 
restraint stress when studied as adults. No study was made of the molecular biology in 
these rats. It appears that postnatal exposure of neonatal rats to excess corticosterone
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produces a resetting of HPA axis function, resulting in reduced responses in adult life. 
This study again demonstrates the potential for glucocorticoids in altering HPA axis 
development, and shows that, as for the effects of handling stress, exposure to 
glucocorticoid produces opposite effects depending on whether it occurs pre- or 
postnatally.

Social isolation of an individual is also regarded as a chronic stress, and studies in the rat 
have examined its effects on HPA axis function. Sanchez et al. (1998) investigated the 
effect of 2 months of isolation stress on neonatal rats from 16 days of age. They 
examined HPA axis function at the end of the isolation period, at 75 days of age. Animals 
which had been subjected to isolation stress had reduced basal plasma corticosterone 
concentrations, and showed reduced responses to acute restraint stress. It was found that 
these animals also displayed a smaller increase in the number of irACTH cells in the 
anterior pituitary in response to restraint stress, and the cells that were present were 
smaller and had a reduced irACTH area. In addition, following acute stress, content of 
irCRH in fibres in the median eminence was decreased in control animals, but not in 
isolated animals, in which levels were significantly greater. The absence of a decrease in 
neuronal CRH content in response to stress was thought to indicate that release of CRH 
into the hypophyseal-portal system was blunted in isolated animals. Decreased release of 
CRH was therefore thought to be a possible mechanism for the hypofunction of the axis 
in this model.

The effect of isolation stress has also been investigated by Ladd et al. (1996). In their 
model they isolated neonatal rats daily for 6 h between postnatal days 2-20, and then 
studied HPA axis development at around day 110. It was shown that rats which had been 
subjected to isolation stress had elevated basal ACTH concentrations, and an augmented 
ACTH response to an acute stress (mild foot shock), however, there was no effect on 
plasma corticosterone concentrations. It was also found that basal levels of irCRH in the 
median eminence were increased, and pituitary CRH receptor numbers were decreased 
suggesting chronic elevation of basal CRH secretion. It was thought that this increase in 
CRH drive to the pituitary could have resulted in the increased pituitary secretion of 
ACTH. The effects of this model are in contrast to those of Sanchez et al. (1998). In this 
model, responses were elevated following pre weaning isolation stress, whereas the effect 
of postweaning isolation stress is a reduction of HPA axis responses. In this regard, the 
effects of this preweaning stress could be interpreted as being similar to other stresses 
imposed during the prenatal period.

The effects of chronic restraint stress have been studied in the non-pregnant adult. Ma et 
al. (1997) studied the effects of daily restraint stress for 90 min over 13 days on HPA
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axis function in adult male rats. Specifically, the effects studied were plasma 
corticosterone, CRH mRNA, AVP mRNA, CRH heteronuclear RNA (hnRNA) and AVP 
hnRNA at the PVN of the hypothalamus, and also on the responses of these variables to 
subsequent restraint stress. Heteronuclear RNA was studied as it has a very short half-life 
and thus provides an accurate measure of gene transcription. It was found that the normal 
stress induced response of an increase in CRH hnRNA and mRNA was completely 
abolished in the animals that had undergone chronic restraint. In contrast, the normal 
increase in parvocellular AVP hnRNA and mRNA was augmented. This upregulation of 
AVP gene transcription suggested that this pathway was important in maintaining HPA 
axis activity under conditions of chronic stress. This study demonstrates a further 
example of the remodelling of HPA axis function that can occur under conditions of 
chronic stress.

Neuman et al. (1998) studied the effects of pregnancy and lactation on HPA axis function 
in the adult rat. They found that as pregnancy progressed, the stress-induced rise in 
plasma ACTH and corticosterone concentration became increasingly attenuated, when 
compared to non-pregnant control rats. Evidence was found for reduced pituitary 
responsiveness, as the ACTH response to exogenous CRH also decreased during 
pregnancy. It was also found that pituitary cAMP levels were lower in pregnant rats, 
under both basal conditions and after CRH stimulation. In addition, CRH receptor 
binding levels were reduced at the anterior pituitary. Thus, in this model of reduced HPA 
axis responsiveness it was thought that the changes involved reduced reactivity of the 
corticotrophs to CRH, and a downregulation of the pituitary CRH-receptor population.

Human subjects have been classified on the basis of their plasma ACTH responses to 
strenuous exercise after dexamethasone treatment (Petrides et al., 1997). It was found 
that there are two groups, high responders (large ACTH response) and low responders 
(small ACTH response). All subjects used in these studies were normal healthy 
volunteers. Further study showed that high responders showed greater plasma AVP 
secretion in response to exercise, and a marked dexamethasone and hydrocortisone- 
induced augmentation of the plasma AVP response to exercise. In addition, high 
responders had higher plasma ACTH responses to AVP infusion. It was hypothesised 
that high responders had a relative resistance to GR agonists, and an enhanced 
hypothalamic drive for AVP. This model again demonstrates evidence for associations 
between HPA axis hyperresponsiveness and decreased glucocorticoid feedback and 
increased AVP-mediated pituitary stimulation.

The effect of chronic stress on regulation of pituitary ACTH secretion in adult animals has 
been reviewed (Aguilera, 1994). This review describes three patterns based on the degree
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of adaptation of the ACTH response to a primary persistent stress and on the magnitude 
of the response to a superimposed novel stress. These patterns are; (a) desensitisation of 
ACTH responses to the sustained stimulus, with hyperresponsiveness to a novel stress; 
(b) no desensitisation of ACTH response to the chronic stimulus, and 
hyperresponsiveness to a novel stress; and (c) small and transient increases in ACTH 
during the sustained stimulus, with hyporesponsiveness to novel stimuli. Different 
models of chronic stress can be categorised on the basis of which of the three above 
patterns of ACTH response they produce, for example, chronic stress produced by 
continuous immobilisation is associated with pattern (a), repeated painful stimuli such as 
footshock with pattern (b), and osmotic stimulation produced by water deprivation was 
associated with pattern (c) (Aguilera, 1994). It is suggested that models of chronic stress 
accompanied with elevated pituitary responsiveness are associated with activation of 
CRH- and AVP-containing parvocellular neurones of the PVN, with activation of AVP 
neurones being predominant. It is thought that an increase in the ratio of AVP/CRH 
secretion is important for maintaining the secretory capacity of the pituitary corticotrophs 
during chronic stimulation, and it has been noted that changes in pituitary AVP receptors 
parallel changes in pituitary responsiveness (Aguilera, 1994). Maintenance of pituitary 
responses is also suggested to involve reduction of sensitivity to glucocorticoid feedback, 
mediated by downregulation of GR numbers at various levels of the axis, with changes at 
the hippocampus being of potentially greatest importance. Failure to maintain pituitary 
function and decreased responsiveness has been shown to occur following chronic 
osmotic stimulation. This type of stress results in upregulation of AVP expression in 
magnocellular neurones at the PVN. Conversely, it is thought that the 
hyporesponsiveness in this model is produced by downregulation of AVP levels in 
parvocellular neurones and reduction of pituitary AVP receptor number (Aguilera, 1994).

The studies described above demonstrate the dynamic properties of the HPA axis. They 
show how the function of the axis can be reset in response to different conditions, and 
how both hyper- and hyporesponsiveness can occur. These different examples can be 
used to aid interpretation of the findings of the present study, and suggest possible 
mechanisms by which maternal undemutrition may affect HPA axis function. Maternal 
glucocorticoids are central in mediating the effects of stress in a number of different 
models, and exposure during prenatal life appears to cause hyperfunction of the axis in 
adult life. Maternal undemutrition may elevate maternal glucocorticoids and reduce the 
capacity of the placenta to restrict their passage to the fetus.

The question of whether nutritional restriction causes stress raises interesting questions. 
Stress is associated with an elevation of energy and protein utilisation processes and an 
increase in plasma levels of catabolic hormones such as T3, T4 and glucocorticoids. In
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contrast, simple fasting results in a lowering of plasma T3 and T4 concentrations, and 
reduction of glucose utilisation (see Wronska et al., 1990). This would suggest that 
glucocorticoids, which have catabolic actions, should also be reduced under conditions of 
food deprivation. However, a number of studies have demonstrated that nutritional 
restriction of varying severity is capable of increasing plasma glucocorticoid 
concentrations, suggesting that ‘stress’ is produced. For example, in the non-pregnant 
sheep total nutritional deprivation for 4 days produces a significant elevation of plasma 
cortisol concentration (Wronska et al., 1990). Interestingly, this rise in cortisol was only 
evoked when the food-deprived animals were housed in the same area as the normally-fed 
animals. When the two groups were isolated, cortisol concentrations did not change, 
suggesting that the site or smell of food contributed substantially to initiation of the stress 
response. Maternal undemutrition has also been investigated in the pregnant guinea pig. It 
has been shown that a 40% reduction in maternal feed intake results in an increase in 
maternal plasma cortisol concentration (Dwyer & Stickland, 1992). A number of other 
models of nutritional restriction have also demonstrated an association with increased 
plasma cortisol, in a number of different species such as the horse (Messer et al., 1995), 
rhesus monkey (Binienda et al., 1989), newborn lamb (Wrutniak & Cabello, 1987), pig 
(Prunier et al., 1993) and cattle (Ward et al., 1992).

Thus, there is evidence to suggest that elevation of maternal glucocorticoids and increased 
transfer across the placenta may be a mechanism by which maternal undernutrition 
produces some of its effects in the present study. This set of observations should 
therefore provide the starting point for further investigations into how maternal 
undemutrition produces its effects. These experiments may involve artificial elevation of 
maternal glucocorticoid or inhibition of placental 118-HSD function, followed by 
examination of the effects in the fetus and comparison with the effects produced by 
maternal undemutrition.

10.4.4 Consequences of altered HPA axis function

Maintenance of the internal milieu, or homeostasis, is critical for the survival and 
independent existence of organisms in postnatal life. The preservation of this internal 
environment requires continuous adaptation to external or internal stimuli or ‘stressors’, 
and involves behavioural and endocrine changes which are required to control the 
disturbance. The major endocrine mechanism is the activation of the HPA axis, producing 
increases in circulating ACTH and glucocorticoid concentrations, which are critical for 
successful adaptation (Munck et al., 1984). Increased glucocorticoid concentrations are 
important in maintaining energy supply and modulating cognition, immune, and 
cardiovascular responses (Miller & Tyrrell, 1995). They also contribute to the visceral
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responses to stress by stimulating catecholamine synthesis and modulating the metabolic 
and cardiovascular effects of catecholamines. Alterations in HPA axis function could 
potentially have serious consequences for the general health of the organism. Increased 
HPA activity is associated with a wide range of disease states (Chrousos & Gold, 1992; 
McEwen & Stellar, 1993). Prolonged exposure to glucocorticoids can result in 
suppression of anabolic processes, muscle atrophy, decreased sensitivity to insulin and a 
risk of steroid-induced diabetes, hypertension, hyperlipidemia, hypercholesterolemia, 
arterial disease, amenorrhea, impotency and the impairment of growth and tissue repair, 
as well as immunosupression (Munck et al., 1984; Brindley & Rolland, 1989; Miller & 
Tyrrell, 1995).

In the context of the overall objectives of this thesis, perhaps the most important effect of 
the increased HPA axis activity reported for R lambs in the present study, is the potential 
for increased glucocorticoid concentrations to produce hypertension. Cushing’s 
syndrome, in which there is a condition of glucocorticoid excess is associated with 
hypertension in a large proportion of patients (see Mantero & Boscaro, 1992). It has been 
demonstrated in experimental studies that glucocorticoids accelerate the development of 
atherosclerosis, promote endothelial cell damage and cause significant changes in vascular 
connective tissue. Experimental models with cortisol infusion have shown that 
hypertension is produced and this is associated with a rise in cardiac output, a fall in 
peripheral resistance, and an increase in vascular responsiveness to exogenous 
noradrenaline, but with no change in overall sympathetic tone or in noradrenaline uptake 
(see Mantero & Boscaro, 1992). It is suggested that an increased pressor response may 
be due to local postsynaptic effector mechanisms in the resistance vessels. It has also 
been shown that the hypertension induced by glucocorticoids is not Na+-dependent, and 
can only be blocked by use of specific glucocorticoid antagonist (see Mantero & Boscaro, 
1992). In patients with Cushing’s syndrome, and patients receiving chronic 
glucocorticoid treatment, circadian rhythms of blood pressure are abolished, and blood 
pressure is not lowered nocturnally. The vascular effects of glucocorticoids may be 
mediated by the activation of specific cardiovascular receptors, by modulating vascular 
transport systems, or by altered catecholamine or prostaglandin metabolism (see Mantero 
& Boscaro, 1992). Glucocorticoids may also have mineralocorticoid actions at the kidney 
as occurs in the syndrome of apparent mineralocorticoid excess. In this condition the 
receptor is unable to distinguish cortisol from aldosterone, and the former can act to 
increase Na+ reabsorption. This situation can result from impaired activity of renal 116- 
HSD, resulting in failure to convert cortisol to its biologically inactive metabolites, and 
thus allowing the glucocorticoid to act at the mineralocorticoid receptor (see Mantero & 
Boscaro, 1992). Increased salt reabsorption can lead to consequent increases in plasma
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volume and increased arterial pressure. Thus, these studies describe potential mechanisms 
by which glucocorticoids may produce elevated blood pressure.

Glucocorticoids can also act to elevate blood pressure in the fetus [1.3.6]. In Chapters 7 
and 8 it was reported that basal cortisol was low, and pituitary and adrenal 
responsiveness were reduced in fetuses of nutrient restricted mothers. In Chapter 6, it 
was shown that this group of fetuses also displayed low MAP. Thus, it was suggested 
that these observations may be linked, and that maternal undernutrition may produce 
changes in cardiovascular development via effects on the HPA axis. The elevation of 
postnatal HPA axis activity reported in the present study may also mediate changes in 
cardiovascular function. This will be examined in Chapter 11.

10.4.5 Conclusion

This study shows that ACTH and cortisol responses to CRH+AVP stimulation are greater 
in R lambs compared to C lambs. We conclude that maternal undemutrition in early 
gestation alters HPA axis function in postnatal life, producing elevated pituitary 
responsiveness. The data suggest that adrenal responsiveness may also be elevated. The 
elevation of pituitary responsiveness may be mediated by a decrease in GR mRNA 
producing a reduction in sensitivity to negative feedback. Further study of these effects 
will require examination of the molecular biology of HPA axis in postnatal life to examine 
the mechanisms which may mediate the change in ACTH and cortisol responses. In 
addition, longitudinal assessment of basal HPA axis development in addition to 
development of HPA axis responses is required to confirm and extend these findings. 
Experiments should also be performed at other stages of postnatal life, including 
adulthood. The experiments reported in Chapter 11 will examine the effects of maternal 
undernutrition on postnatal cardiovascular regulation, and discuss the possible link 
between the cardiovascular effects with the changes in HPA axis function reported in the 
present investigation.
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CHAPTER 11 

EFFECT OF EARLY GESTATION 
NUTRITIONAL RESTRICTION ON 
POSTNATAL CARDIOVASCULAR 

REGULATION
11.1 INTRODUCTION

Epidemiological evidence has linked impaired fetal development with increased risk of 
cardiovascular disease in adult life (Barker, 1998). Adverse environmental influences 
may act to ‘programme’ development of fetal organ systems. Studies in rats have shown 
that maternal protein restriction during pregnancy alters cardiovascular development of the 
offspring, producing hypertension in the adult (Langley & Jackson, 1994). Thus, 
maternal undemutrition may ‘programme’ development of the fetal cardiovascular system 
producing elevated blood pressure in postnatal life. This may be associated with an 
increased risk of cardiovascular disease. It is not known if the effects on postnatal blood 
pressure development produced by maternal protein restriction are linked to 
cardiovascular changes in the fetus.

Evidence in Chapters 4 and 6 demonstrated that fetal cardiovascular development was 
altered following a modest level of maternal undemutrition in early gestation. In Chapter 
4, preliminary studies demonstrated that fetuses of nutrient restricted (R) mothers had 
lower basal heart rate and greater basal femoral vascular resistance compared to controls 
(C), but there was no overall effect on mean arterial pressure (MAP). A more detailed 
examination of the effects of maternal undemutrition, reported in Chapter 6, demonstrated 
that blood pressure development was altered, with R fetuses having lower MAP, systolic 
blood pressure (SBP) and rate-pressure product. Evidence that low fetal MAP is 
associated with altered trajectory of blood pressure development (Crowe et al., 1995) and 
an adverse intrauterine environment (Robinson et al., 1983) has also been demonstrated 
in other studies.

The specific mechanisms by which the effects of maternal undernutrition on the fetal 
cardiovascular system may be mediated are not fully understood. A decrease in placental 
vascular resistance could have major effects on the fetal cardiovascular system, and may 
produce hypotension. Crowe et al. (1996) demonstrated that maternal undemutrition
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produced a change in placental morphology, characterised by an increase in the 
proportion of the type D placentome relative to the type A. In addition, it was reported in 
Chapter 3 that fetal placental villous density was greater in placentae of R animals 
compared to C animals [Appendix 27]. These effects may be associated with an increase 
in vascularity which could produce a reduction in placental vascular resistance, and thus 
may mediate some of the changes in fetal cardiovascular development. Removal of the 
placenta at the time of birth could have important haemodynamic consequences for the 
newborn.

Glucocorticoids are known to produce hypertensive effects on the cardiovascular system 
[1.3.6, 10.4.4]. Evidence in Chapters 7 and 8 demonstrated that maternal undemutrition 
also produced changes in the fetal HPA axis, characterised by a low basal cortisol 
concentration and decreased pituitary and adrenal responsiveness. Thus changes in HPA 
axis function may also mediate some of the effects of maternal undernutrition on the 
cardiovascular system. In Chapter 10 it was shown that activity of the HPA axis was 
elevated postnatally following maternal undemutrition.

The primary aim of the present study was to investigate the effects of maternal 
undemutrition in early gestation on cardiovascular function in postnatal life. In addition, 
this study also examined if the effects on the cardiovascular system postnatally were 
related to the effects previously reported for the fetal cardiovascular system, and 
furthermore, if the postnatal effects could be linked to the changes in HPA axis function 
reported in Chapter 10.

Postnatal cardiovascular function was examined at approximately 84 days postnatal age 
(dPA). This study was performed in the same animals that were used in Chapter 10. 
Cardiovascular variables were measured under basal conditions, and also following 
exogenous administration of corticotropin releasing hormone (CRH) + arginine 
vasopressin (AVP).

11.2 METHODS

This study was conducted in Clun Forest ewes [2.1]. Nutritional intake was regulated 
between 14 days prior to conception until 70 days gestation (dGA) [2.2.2].

11.2.1 Surgical preparation

Aseptic surgery was performed on 5 C lambs and 5 R lambs at 83 ± 4.4 dPA under 
general anaesthesia [2.4], Catheters filled with heparinised saline were placed in a pedal
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artery and vein. Stainless-steel electrodes were sewn subcutaneously onto the chest and 
head to record ECG. The catheters were secured onto the animals back using an elastic 
bandage.

At least 1 day post-operative recovery was allowed prior to commencing experiments.

11.2.2 Experimental procedures

All lamb experiments were conducted while the animal was resting quietly in a sling 
[2.6], and commenced once all cardiovascular variables had stabilised. One experiment of 
2 h duration was conducted. After a 1 h control period of stable baseline measurements, 
lambs received an intravenous bolus of ovine CRH (0.5 Jig/kg; Sigma Co., UK) plus 
AVP (0.1 JLig/kg; Sigma Co., UK). Both peptides were dissolved in 0.1% bovine serum 
albumin in sterile saline and administered together in a volume of 2 ml. Measurements 
were made for a further hour following CRH+AVP administration. Basal cardiovascular 
variables, and responses to CRH+AVP were monitored by making continuous recordings 
of arterial pressure, venous pressure and heart rate (HR) using MacLab/8 hardware and 
data acquisition software. MAP, SBP and diastolic blood pressure (DBP) were 
determined.

Mean values of cardiovascular variables were obtained by averaging data over 1 min 
periods of recording at 15 min intervals throughout the course of the experiment. 
Additional mean values were also calculated at 5 min and 10 min after CRH+AVP 
administration.

Samples of arterial blood (0.5 ml) were collected at 30 min before, and 15 and 45 min 
after the injection for blood gas analysis.

11.2.3 Data analysis

All values are presented as means ± S.E.M. Significance was accepted when P<0.05. 
When multiple comparisons were made, P values were corrected using the Bonferroni 
method.

Cardiovascular data were analysed by summary measures analysis (Matthews et al., 
1990). Mean values for basal cardiovascular variables were determined by averaging the 
data collected over the course of the first hour of the experiment in each animal. These 
values were then averaged to produce overall means for each group. Values for basal
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cardiovascular variables were compared between C and R lambs using Student’s unpaired 
t test.

To determine if the response to CRH+AVP was different between C and R lambs, an area 
under the curve (AUC) was calculated for the whole experiment for each animal. In 
addition, data were also compared between C and R lambs at 5 min after injection of 
CRH+AVP. The mean values at 5 min and for the AUC were compared between C and R 
lambs using Student’s unpaired t test. Cardiovascular data were also expressed as a 
change from baseline. The mean basal value was designated as baseline and was 
subtracted from subsequent postinjection values. Data were compared between C and R 
lambs at 5 min postinjection using Student’s unpaired t test. To determine if significant 
changes in cardiovascular variables occurred within each group, values at 5 min and 60 
min postinjection were compared with the basal value, using Student’s paired t test for 
significance.

Comments

There were 5 lambs in each group. Of these, there were 3 males in the C group, and 2 
were males in the R group.
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11.3 RESULTS

11.3.1 Blood-gas parameters

This study was conducted in the same fetuses that were used for the investigation of 
postnatal HPA axis function reported in Chapter 10. Data for lamb blood gas parameters 
are therefore shown in Chapter 10.

11.3.2 Cardiovascular response to CRH+AVP

Absolute values

Data for cardiovascular variables under basal conditions and following CRH+AVP 
administration are shown in Table 11.1 and Fig. 11.1.

Basal MAP was significantly greater in R lambs compared to C lambs (Table 11.1). 
Values for other cardiovascular variables under basal conditions did not differ between 
the groups. The AUC for the MAP response to CRH+AVP was greater in R lambs 
compared to C lambs (Table 11.1). There were no other differences in AUC between the 
groups. At 5 min after injection of CRH+AVP, MAP, SBP and DBP were greater in R 
lambs compared to C lambs (Table 11.1).

Following injection of CRH+AVP, MAP and DBP increased significantly in both C and 
R lambs compared to basal values, but did not remain elevated (Table 11.1). SBP did not 
change significantly in either C or R lambs. HR fell significantly at 5 min and remained 
lower for the duration of the experiment compared to basal values in both C and R lambs.

Basal 5 min 60 min AUC (arbitrary 
unit)

MAP (mmHg)
C 83.0 ± 2.5 97.1 ± 2.7* 85.7 ± 1.8 10394.3 ± 283.8
R 91.4+ 1.5f 118.0 ±5 .1 f* 94.4 ± 2.0 11513.9 ± 195.6+

SBP (mmHg)
C 124.9 ± 5.7 139.7 + 3.2 132.3 ± 2.4 15605.0 ± 473.2
R 130.9 ± 4.7 161.8 ± 5.6f 137.8 ± 2.1 16396.3 ± 343.9

DBP (mmHg)
C 62.0 + 3.6 75.8 ± 2.7* 62.3 + 1.6 7788.9 ± 369.7
R 71.7 ± 2.4 96.1 ± 4.8t** 72.7 ± 2.5 9072.7 ± 386.2

HR (bpm)
C 93.9 ± 3.3 62.8 ± 2.3§ 84.4 ±3.1** 10405.3 ± 361.8
R 96.0 ± 5.7 61.1 ± 2.4* 81.6 + 4.5* 10229.05 ±551.2
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Table 11.1. (previous page). Data for cardiovascular parameters under basal conditions 
and following administration of 0.5 pg/kgCRH + 0.1 fig/kg AVP in C (n=5) and R 
(n=5) lambs. Values are shown as mean ± S.E.M. fP<0.05 (unpaired t test) C vs. R. 
*P<0.05, **P<0.01, §P<0.0001 (paired t test) compared to basal value. Note that basal 
MAP was greater in R lambs compared to C lambs. MAP, SBP and DBP at 5 min were 
greater in R lambs compared to C lambs.
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Fig. 11.1. Data for cardiovascular parameters under basal conditions and following 
administration of 0.5 |ig/kg CRH + 0.1 Jig/kg AVP in C (O) and R ( • )  lambs. Arrow 
indicates time of injection (0 min). Y axes for MAP, SBP and DBP are not the same 
scale. Values are presented mean ± S.E.M. Note that the AUC for MAP was greater in R 
lambs compared to C lambs. See table and text for other differences.
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Change from  baseline

Data for cardiovascular parameters in response to CRH+AVP injection expressed as the 
change from baseline are shown in Table 11.2 and Fig. 11.2. There were no differences 
between C and R lambs for the cardiovascular response to CRH+AVP when expressed as 
the change from baseline.

5 min
MAP (mmHg)

C 14.1 ±  3.5
R 25.4 ±  4.4

SBP (mmHg)
C 14.8 ±  7.6
R 29.0 ±  9.4

DBP (mmHg)
C 13.8 ±  3.4
R 23.6 ±  2.6

HR (bpm)
C -31.1 ±  1.3
R -35.5 ±  5.7

Table 11.2. Data for cardiovascular parameters following administration of 0.5 fig/kg 
CRH + 0.1 Hg/kg AVP expressed as the change from baseline at 5 min in C (n=5) and R 
(n=5) lambs. Values are shown as mean ± S.E.M. There were no differences between C 
and R lambs.
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Fig. 11.2. Data for cardiovascular parameters following administration of 0.5 |ig/kg 
CRH + 0.1 |ig/kg AVP expressed as the change from baseline in C (O, n=5) and R (# , 
n=5) lambs. Note that the x axis is not linear due to the inclusion of values at 5 and 10 
min. Values are presented mean ± S.E.M. See table and text.
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11.4 DISCUSSION

The results of this study show that maternal undemutrition during early pregnancy alters 
cardiovascular function in postnatal life. Basal MAP was greater in R lambs compared to 
C lambs. There were no differences between the groups for basal SBP, DBP or HR. 
MAP, SBP and DBP were greater in R lambs compared to C lambs at 5 min after 
injection of CRH+AVP, although the magnitude of the change from baseline was not 
different between the groups for any of the parameters. The overall MAP response to 
CRH+AVP measured by the AUC was also greater in R lambs compared to C lambs.

The elevated MAP in R lambs is associated with increased pituitary responsiveness and 
augmented ACTH and cortisol responses to exogenous stimulation [10.3.2]. The effects 
on these systems are consistent with reports prenatally, where low MAP in R fetuses was 
associated with low basal cortisol concentration and reduced pituitary and adrenal 
responsiveness. Thus, the present study supports the hypothesis [10.4.4] that effects on 
the two systems may be linked.

11.4.1 Methodological considerations

The cardiovascular data described in this chapter were collected at the same time and from 
the same animals which are described in Chapter 10. Thus, a number of the 
methodological considerations have been addressed in that chapter.

It was the aim of the present investigation to assess postnatal cardiovascular function. 
Other experiments were also conducted in these animals on days following the experiment 
described in this chapter. These experiments included, assessment of respiratory reflexes, 
and examination of the baroreflex. However, the data obtained from these studies were 
not meaningful, and thus, have not been reported. Despite these additional experiments, 
the overall study period was no longer than 3 days. The main reason for the short 
duration of study was that we only had limited experience of studying these postnatal 
preparations, and therefore, were unsure of how long we could maintain them. An 
important consideration was the length of time that the catheters would remain patent. 
When the animals were not undergoing experiments they were housed in floor pens and 
allowed free movement within that space. Thus, in order to check patency, and flush the 
catheters with saline, the animals had to be restrained and placed in a sling. This method 
is time consuming, and we were restricted to checking the catheters only twice a day. In 
addition, as the animals were not restrained in cages (as was the case for the adult ewes in 
the fetal experiments) we were unable to connect the catheters to infusion pumps. To
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partly address these problems we used a concentration of heparinised saline that was 
twice that used for fetuses [2.5]. However, to ensure that all the animals were in good 
health and had patent catheters for the duration of the study, we decided that the total 
experimental period should not exceed 3 days. In fact, we found that there were only 
minimal problems in maintaining these preparations, and we expect that they could be 
used for longer studies in the future.

The experiment performed was only 2 h in duration. The animals were studied while in a 
sling. We thought that if the animals were studied for longer than 2 h, they might become 
uncomfortable and restless. In addition, the animals were not allowed access to food or 
water at the time of experiment. This could result in the animals becoming ‘stressed’, and 
consequently the cardiovascular data might have been affected. We felt that 2 h would be 
sufficient time to obtain reliable cardiovascular measurements. However, it would be 
desirable to have made longer recordings and future studies may need to use an alternative 
experimental approach to address this point.

Postnatal cardiovascular function was assessed under resting conditions and also 
following exogenous administration of CRH+AVP. By making cardiovascular 
measurements under both stimulated and non-stimulated conditions we were able to 
obtain more information about the state of the cardiovascular control mechanisms. We 
have previously used exogenous CRH+AVP to assess fetal and postnatal HPA axis 
function and fetal cardiovascular responses. We therefore chose to use this experimental 
approach to examine postnatal cardiovascular responses, as this would complement our 
previous studies and allow comparisons to be made. In Chapter 6, it was shown that 
altered fetal blood pressure development was accompanied by resetting of baroreflex 
control mechanisms. The baroreflex is the most important mechanism for short-term 
control of arterial pressure [1.3.8]. Thus, it would have been very interesting to measure 
the baroreflex in the present to study to investigate if changes were associated with the 
effects on basal MAP. As mentioned, some preliminary measurements of the baroreflex 
were made, however, due to problems with measurement of the response, it was not 
possible to obtain sufficient data to make meaningful conclusions.

Administration of CRH+AVP produces a rapid increase in blood pressure and a decrease 
in heart rate. This is shown in both the fetal and postnatal studies that have been reported 
(Chapters 4 & 11). The mechanisms by which CRH+AVP may produce these effects 
have been discussed [4.4.1]. AVP may also produce effects through a central site, as 
administration of AVP into the fourth ventricle in anaesthetised dogs results in a decrease 
in heart rate but with no change in blood pressure (Varma et al., 1969). Other possible 
mechanisms include myocardial ischemia due to coronary constriction. The
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cardiovascular effects of CRH administration are not quite as obvious. It has been 
reported in the rat that central administration of CRH results in an increase in blood 
pressure and heart rate (Fisher et al., 1983; Overton et al., 1989; Korte et al., 1993). 
Intravenous administration of CRH to humans and rats lowers arterial pressure through a 
direct action on vascular smooth muscle which produces peripheral vasodilatation 
(Hermus et al., 1987; Corder et al., 1992; Lei et al., 1993). CRH can also produce 
vasodilatation at the human fetal-placental circulation (see Clifton et al., 1995). Other 
studies in the fetus have shown that CRH does not produce any effects on MAP or HR 
(Rose et al., 1985a). It is likely that the dramatic effects produced by AVP would mask 
any produced by CRH when the two peptides are administered together. Therefore, we 
expect that the cardiovascular effects of CRH+AVP are mediated mainly by the actions of 
AVP.

The reasons for using a dose of 0.5 |Xg/kg CRH + 0.1 |ig/kg AVP have been outlined in 
Chapter 10. Briefly, this was designed to produce submaximal HPA axis and 
cardiovascular responses at a dose comparable to that used in the fetus. We did not have 
sufficient numbers of experimental animals in order to permit calculation of dose- 
response curves.

The surgical instrumentation (i.e. vascular catheters and ECG electrodes) that was used in 
this study was relatively basic. As described above, this was because the animals were 
allowed free movement within pens when not being studied, and so any extra 
instrumentation might have interfered with this. In addition, we wanted to minimise the 
discomfort to the animal and also the length of time required for general anaesthesia. 
However, we found that the animals tolerated the catheters and electrodes very well, and 
therefore, more extensive instrumentation could be used in future studies. This could 
include implantation of blood flow probes around certain blood vessels, e.g. the femoral 
artery. AVP is known to cause redistribution of blood flow and measurement of femoral 
artery blood flow could be used as an index of blood flow to the periphery, and so gauge 
the strength of this particular response. These experiments will be conducted as part of 
ongoing studies within our laboratory.

One criticism of the use of CRH+AVP to produce cardiovascular responses is that the 
response itself cannot be attributed to a specific action of the drug. We have used two 
drugs, which may have opposing effects on blood pressure, and which each produce 
their effects by a number of different mechanisms, some of which have not been 
identified. Consequently, interpretation of the cardiovascular responses to injection of 
CRH+AVP needs to be approached with caution. If there was a difference in the response 
between the groups it would not be possible to say that it was due to an alteration, for
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example, in the number of AVP Vi receptors at the peripheral vasculature. This is 
because the overall response is produced by a number of different factors. Therefore, it 
could be argued that this was a poor choice of drug regime to use. An alternative would 
be to use a drug such as phenylephrine, which is a specific activator of a-adrenergic 

receptors and causes vasoconstriction, and consequently an increase in blood pressure 
and decrease in heart rate. In fact, these experiments are currently being performed in our 
laboratory. As has been mentioned before, the reason that CRH+AVP was chosen was 
that it also produces specific endocrine effects and so has the advantage that it can be used 
to generate data on the function of both systems. In addition, as we decided that the 
experimental protocol for these studies would be limited to 3 days, we were unable to 
perform additional studies using drugs that elicited specific cardiovascular responses.

11.4.2 Basal cardiovascular function and responses to 
CRH+AVP

Basal MAP was greater in R lambs compared to C lambs. MAP, SBP and DBP were also 
greater in R lambs compared to C lambs at 5 min after injection of CRH+AVP, although 
the magnitude of the change from baseline was not different. The overall MAP response 
to CRH+AVP measured by the AUC was greater in R lambs compared to C lambs.

Basal arterial pressure

The greater MAP in R lambs could be produced by alterations in function of the 
mechanisms which regulate cardiac output and peripheral vascular resistance. Some of the 
possible changes in cardiovascular control mechanisms which maternal undemutrition 
may have produced will be discussed below. In addition, the changes in postnatal 
cardiovascular regulation may be related to some of the other changes in organ function 
reported in previous chapters. These possibilities will be discussed in detail in Chapter 
12.

Growth

In humans, blood pressure rises with age in children and adults (see Lever & Harrap,
1992). Alteration of the mechanisms which control this process by maternal 
undernutrition could contribute to the development of elevated MAP in R lambs. In 
adults, the rise in pressure is associated with a loss of elasticity and decrease in 
distensibility of the arterial walls. The mechanism underlying the increase in pressure in 
children is different, and may be related to growth. Changes in arterial pressure in 
children show close correlation with a number of indices of growth including,
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bodyweight, height, left ventricular size, muscle surface area, skinfold thickness, skeletal 
age, and sexual maturity (see Lever & Harrap, 1992). Blood pressure in the 
spontaneously hypertensive rat (SHR) is also related to bodyweight. Evidence in rats has 
suggested that the growth-related increase in blood pressure is caused by elevation of 
vascular resistance (Folkow & Karlstom, 1984). Vascular resistance may be increased by 
a relative decrease in vascularity (as occurs in the fetus), vasoconstriction, or by structural 
changes in the vasculature characterised by increased wall thickness and decreased lumen 
diameter (Lever & Harrap, 1992). Wall thickness and wall/lumen ratio show an increase 
with growth in rats (Folkow & Karlstom, 1984), a process which may involve 
hypertrophy or hyperplasia of smooth muscle cells, or increased volume of the 
extracellular matrix (see Lever & Harrap, 1992), Endocrine mechanisms are thought to 
contribute substantially to processes controlling growth and maturation of arterial 
pressure, including actions of growth hormone, the IGFs, insulin and the adrenal 
androgens (Lever & Harrap, 1992). In addition, neural mechanisms, including increased 
activation of the sympathetic nervous system, may contribute to growth processes within 
the cardiovascular system and changes in blood pressure (Lever & Harrap, 1992). In the 
present study, bodyweight was not different between C and R lambs at the time of blood 
pressure measurement [Appendix 6]. However, when the effect of maternal 
undemutrition on bodyweight was examined weekly during postnatal life, it was shown 
that there was a significant effect of group, with bodyweight being greater in R lambs 
[Appendix 6]. This effect was particularly evident in female animals, in which an 
interaction between group and age was also identified, suggesting that R lambs increased 
bodyweight at a greater rate compared to C lambs. These data are only preliminary and 
require further confirmation, however, they do suggest that greater basal MAP in R lambs 
may be related to differences in growth. Thus, in future studies, it will be important to 
relate longitudinal measurements of blood pressure with indices of growth, possibly 
examining the endocrine mechanisms that underlie development of both systems.

Vascular resistance

Both maternal protein restriction (Langley & Jackson, 1994) and global undernutrition 
(Ozaki et al., 1998, 1999) for the whole of pregnancy have been reported to produce 
hypertension in adult offspring in the rat. However, other studies have shown that severe 
restriction during late gestation does not affect postnatal blood pressure (Holemans et al.,
1998), indicating that the timing of undemutrition is important. Following restriction of 
maternal nutrition by 30% in rats, small resistance vessels of hypertensive male offspring 
show enhanced vasoconstriction to a thromboxane A2 mimetic and increased sensitivity to 
potassium, and reduced vasorelaxation to sodium nitroprusside (Ozaki et al., 1998,
1999). It is thought that these alterations in vascular function could contribute to the
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development of elevated blood pressure in the adult. Maternal undemutrition could also 
have produced similar effects on vascular function in the present study, which could have 
been involved in the elevation of MAP in R lambs.

Renal

A long-term change in cardiovascular regulation, as appears to have occurred in R lambs, 
may involve changes in function of the renal volume-control system [1.3.8]. An elevation 
of MAP could be caused by reduced excretion, or increased reabsorption of electrolytes 
and water. These effects could be mediated by a reduction in the excretory capacity of the 
kidney, or increased secretion of renin, angiotensin II, aldosterone or AVP. These 
changes could result in increases in extracellular fluid (ECF) volume, and consequent 
increases in cardiac output and MAP. In addition, AVP and angiotensin II can increase 
MAP through vasoconstriction and elevation of peripheral resistance. Following maternal 
protein restriction, hypertensive adult offspring show elevated pulmonary (Langley & 
Jackson, 1994) or plasma (Langley-Evans & Jackson, 1995) angiotensin converting 
enzyme (ACE) activity. Treatment of adult offspring with captopril, which inhibits ACE 
activity, abolishes the hypertension (Langley-Evans & Jackson, 1995), indicating that the 
cardiovascular effects of maternal protein restriction may be mediated by activation of the 
renin-angiotensin system. A similar effect of maternal undernutrition could have 
contributed to the high basal MAP in R lambs.

In Chapter 9 it was reported that AVP mRNA levels were greater at the paraventricular 
nucleus (PVN) of R fetuses compared to C fetuses at 130 dGA. This increase was 
specific to magnocellular neurones of the PVN, which could therefore have functional 
consequences for AVP secretion at the posterior pituitary, and regulation of water 
excretion at the kidney. If the effect was maintained in postnatal life, it is possible that an 
increase in AVP mRNA may result in greater reabsorption of water, which could increase 
ECF volume, and thus cardiac output and arterial pressure. It will be necessary to 
measure plasma AVP concentration, both in the fetus and postnatally, to interpret the 
effects of changes in magnocellular AVP mRNA levels.

The kidney may be particularly susceptible to the effects of maternal undemutrition. In the 
rat, maternal protein restriction reduces kidney size of the offspring, and also reduces the 
number of differentiated glomeruli (Zeman, 1968). Kidney weight was not different 
between C and R lambs in the present study [Appendix 6], however, in Chapter 3 it was 
reported that the level of maternal undernutrition used in this study produced a reduction 
of fetal kidney weight at 130 dGA, when expressed as a percentage of bodyweight. 
Intrauterine growth retardation is associated with a reduction in total nephron number
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(Hinchliffe et al., 1992) and high plasma angiotensin II concentration (Kingdom et al.,
1993). Renal growth rate is lower in small for gestational age human fetuses (Konje et 
al., 1996). Reduced kidney size is also associated with high plasma renin concentration 
(Konje et al., 1996). Thus, altered kidney size may be accompanied by changes in 
function. The reduced kidney size in R fetuses at 130 dGA could have functional 
consequences for blood pressure regulation in postnatal life, when control of fluid 
balance is shifted from the mother to the newborn. Future studies will need to investigate 
the role of the kidney in mediating the effects of maternal undemutrition on cardiovascular 
development of the offspring, and will need to make consideration of indices of renal 
function and plasma concentrations of angiotensin II and aldosterone.

Blood-gas status

It was noted in Chapter 10 that basal haematocrit level was greater in R lambs compared 
to C lambs. An increase of this nature could alter blood viscosity. According to the 
Poiseuille-Hagen Law [2.9], resistance to flow is determined partly by the viscosity of 
the fluid. Thus an increase in viscosity could result in an increased resistance to flow. An 
increase in haematocrit could therefore, contribute to the elevated blood pressure in R 
lambs. The greater haematocrit levels in R lambs may have involved enhanced 
erythropoiesis, stimulated by the slightly lower PaC>2 in that group.

The effects of maternal undemutrition on cardiovascular function in postnatal life may be 
related to the effects on other aspects of fetal and postnatal development that have been 
reported in this thesis. These possibilities will be discussed in Chapter 12.

The effect of maternal undemutrition on basal arterial pressure requires further study. The 
results presented in this chapter were obtained from a single experiment of only 2 h in 
duration. Future experiments will need to examine blood pressure development over 
longer periods of time, and at different stages of development up to and including 
adulthood. These measurements will need to be related to aspects of growth, renal 
function, and endocrine status. In addition, further study of cardiovascular control 
mechanisms will need to be performed. In view of the resetting of the baroreflex in 
association with the low fetal MAP reported in Chapter 6, it will be particularly important 
to study this control mechanism. Unfortunately, it was not possible to obtain meaningful 
data on the baroreflex in the present study.

Response to CRH+AVP
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Cardiovascular responses were investigated by injection of CRH+AVP. The results show 
that MAP, SBP and DBP were greater in R lambs compared to C lambs at 5 min after 
injection of CRH+AVP, although the magnitude of the change from baseline was not 
different. In addition, the overall MAP response to CRH+AVP measured by the AUC 
was greater in R lambs compared to C lambs.

As already described, it is likely that the cardiovascular effects of administration of 
CRH+AVP are produced primarily be the actions of AVP at the vasculature and the heart. 
The fact that the change from baseline of arterial pressure was not different between C 
and R lambs suggests that responsiveness of the vasculature to CRH+AVP was not 
different between the groups. It appears that overall cardiovascular function is reset to a 
higher level in R lambs, so that a similar increase in arterial pressure occurs in both 
groups following CRH+AVP administration, resulting in greater absolute values in R 
lambs after 5 min. There was no difference between the groups in terms of the HR 
response to CRH+AVP, indicating that cardiac responsiveness to these drugs was also 
similar. It is possible that there were differences in clearance of CRH and AVP from the 
circulation. At present, we have no data with which to address this question.

These data suggest that the elevated basal MAP in R fetuses did not result from a greater 
sensitivity to circulating AVP. Further study is required confirm these findings, including 
assessment of the response to AVP alone, measurement of the effects of AVP 
antagonists, or investigation of the responses to other endogenous vasoactive agents such 
as noradrenaline. It will also be interesting to measure blood flow in peripheral vessels 
such as the femoral artery during these experiments.

11.4.3 Conclusion

The results of this study show that basal MAP was greater in R lambs compared to C 
lambs. We conclude that maternal undernutrition in early gestation alters postnatal 
cardiovascular function in young lambs, producing elevated arterial pressure. This 
finding may be linked to the effects of maternal undemutrition in the fetus, or the changes 
in postnatal HPA axis function, reported in previous chapters. This will be discussed in 
Chapter 12.
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CHAPTER 12 

GENERAL DISCUSSION
12.1 OVERVIEW OF THESIS

This thesis had three main aims. The first was to determine if maternal undemutrition 
altered development of the fetal cardiovascular system. The second was to investigate the 
mechanisms by which changes in fetal cardiovascular function were mediated. The third 
was to investigate if the effects of maternal undemutrition on fetal development had 
physiological consequences for organ function in postnatal life. The main points to 
emerge from this work will be summarised in the following sections.

Chapter 3

Reduction of maternal nutritional intake by 15% from conception until 70 days gestation 
(dGA) does not produce substantial effects on fetal bodyweight or body proportions at 90 
dGA or 130 dGA. Mean placentome weight is reduced at 90 dGA, but is not altered at 
130 dGA. The data suggests that the mechanisms controlling fetal growth are not altered 
by the nutritional challenge at this stage of gestation. Alternatively, fetal growth may have 
been preserved by compensatory mechanisms at the placenta. Fetal villous density is 
greater in placentae of nutritionally restricted (R) animals compared to controls (C), 
suggesting that vascularity is increased [Appendix 27]. This may serve to increase 
placental surface area to improve nutrient transfer when supply is reduced.

Maternal undemutrition does not reduce maternal bodyweight by more than 10% of pre
pregnancy weight. This effect combined with the absence of effects on fetal growth 
indicates that the nutritional challenge is of modest severity.

Chapter 4

Preliminary evidence shows that maternal undemutrition alters cardiovascular function in 
the fetus in late gestation. R fetuses have low basal heart rate and elevated basal femoral 
vascular resistance compared to C fetuses. Components of the cardiovascular response to 
hypoxia may be augmented.

Chapter 5
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Preliminary evidence shows that maternal undernutrition alters HPA axis function in the 
fetus in late gestation. R fetuses have smaller plasma cortisol responses to exogenous 
stimulation.

Chapter 6

Blood pressure development is altered following maternal undemutrition. R fetuses have 
low basal MAP, systolic blood pressure (SBP) and rate-pressure product, however 
normal blood pressure trajectory is maintained. The long-term nature of these changes is 
illustrated by the fact that the operating point of the fetal baroreflex is reset to the lower 
pressure. Reduced vascular resistance in peripheral beds or decreased combined 
ventricular output (CVO) may underlie the changes in blood pressure development.

Chapter 7

Development of basal and stimulated fetal HPA axis function is altered following maternal 
undemutrition. R fetuses have low basal plasma cortisol concentrations and smaller 
ACTH and cortisol responses to stimulation by CRH+AVP or ACTH compared to C 
fetuses. The data suggest that pituitary and adrenal responsiveness to exogenous 
stimulation are reduced. Low MAP in R fetuses may be linked to low plasma 
glucocorticoid concentration and reduced HPA axis activity.

Chapter 8

ACTH and cortisol responses to hypoxia are smaller in R fetuses compared to C fetuses 
at 126-129 dGA. The data suggest that pituitary, and possibly adrenal, responsiveness to 
endogenous stimulation are reduced in R fetuses.

Chapter 9

CRH mRNA levels in parvocellular neurones of the paraventricular nucleus (PVN) are 
reduced in R fetuses compared to C fetuses. Pituitary POMC mRNA levels are not 
different between the groups at either the anterior pituitary or pars intermedia. A decrease 
in CRH-mediated stimulation of the pituitary gland may contribute to the reduced pituitary 
responsiveness in R fetuses. In addition, pituitary GR mRNA expression is decreased 
and AVP mRNA levels in magnocellular neurones of the PVN are increased in R fetuses.

Chapter 10
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ACTH and cortisol responses to stimulation by exogenous CRH+AVP are greater in R 
lambs compared to C lambs at approximately 84 days postnatal age (dPA). Pituitary 
responsiveness may be increased in postnatal life following maternal undemutrition. This 
effect may involve a decrease in sensitivity to glucocorticoid-mediated negative feedback 
at the pituitary.

Chapter 11

Basal MAP is greater in R lambs compared to C lambs at approximately 84 dPA. MAP is 
also greater in R lambs following stimulation by exogenous CRH+AVP. Elevated MAP 
in R lambs may be linked to greater activity of the HPA axis.

12.2 MECHANISMS UNDERLYING THE EFFECTS OF 
MATERNAL UNDERNUTRITION

The results of the experiments summarised above demonstrate that maternal 
undemutrition can alter organ function in both the fetus and, postnatally, in the young 
lamb. The possible mechanisms which may mediate these effects will be discussed in the 
following sections.

Placental vascular resistance

The placenta may adapt to chronic reduction of nutrient supply by increasing vascularity 
on the fetal side to enhance placental nutrient transfer [3.4.3]. This may be associated 
with changes in placental morphology and an increase in the proportion of the type D 
placentome (Crowe et al., 1996; Penninga & Longo, 1998). In Chapter 3, it was reported 
that maternal undemutrition in Welsh Mountain breed sheep did not alter the distribution 
of placentome types but did cause an elevation of fetal placental villous density [Appendix 
27], suggesting that vascularity had increased. An increase in placental vascularity could 
reduce umbilical-placental vascular resistance and lower arterial pressure, and may be a 
mechanism by which low fetal MAP is produced following maternal undernutrition 
[6.4.2]. The fetus may attempt to compensate for this effect by elevating vascular 
resistance in other peripheral beds, such as the femoral vasculature. If this is the case, 
then the increase in basal femoral vascular resistance that was reported to occur in R 
fetuses in Chapter 4, appears to have successfully maintained fetal MAP.

A reduction of placental vascular resistance could have consequences for postnatal 
cardiovascular regulation. Permanent changes in the structure of the fetal resistance
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vessels could be produced if fetal vascular resistance is elevated to maintain MAP. These 
changes could involve an increase in vascular smooth muscle mass. An increase in fetal 
vascular resistance could produce an increase in MAP postnatally, when the low 
resistance placental vascular bed is removed. This type of effect could contribute to the 
elevated MAP that was reported in R lambs in Chapter 11.

In support of these ideas, studies in our laboratory have shown that the vasodilator 
responses to acetylcholine of small resistance vessels in vitro are reduced in sheep fetuses 
of nutritionally restricted mothers [Appendix 29]. This effect is augmented by increasing 
the severity of the nutritional restriction. Furthermore, studies in rats have shown that, 
following maternal undemutrition, offspring become hypertensive, and small resistance 
vessels of males show enhanced vasoconstrictor and impaired vasodilator responses in 
vitro (Ozaki et al., 1998, 1999) [Appendices 25 & 31]. Future studies will need to make 
detailed study of vascular resistance in the placenta and in other peripheral beds of the 
fetus.

HPA axis and glucocorticoids

Maternal undernutrition produces consistent effects on the HPA axis and the 
cardiovascular system. In the fetus, low MAP is associated with low basal plasma 
cortisol concentration and reduced pituitary and adrenal responsiveness. Postnatally, in 
the young lamb, elevated MAP is associated with greater ACTH and cortisol responses to 
exogenous stimulation and increased pituitary responsiveness. Thus, changes in HPA 
axis function may mediate some of the effects of maternal undernutrition on 
cardiovascular development.

Maternal undernutrition may produce effects on the HPA axis through exposure to 
maternal glucocorticoid. Undernutrition may initiate a stress response, resulting in 
elevation of maternal plasma glucocorticoid concentrations [10.4.3]. This may be 
combined with a reduction in activity of placental 116-HSD, which acts to restrict the 
passage of maternal glucocorticoid to the fetus [4.4.6], Exposure of the fetus to high 
glucocorticoid concentrations could cause remodelling of the HPA axis. Experiments in 
fetal sheep have demonstrated that exposure to elevated glucocorticoids in late gestation 
can reduce hypothalamic CRH mRNA, and pituitary POMC mRNA levels (Myers et al., 
1992a; Jeffray et al., 1998a). CRH mRNA expression at the fetal PVN is also reduced 
following maternal undernutrition in the present study. These types of effect could 
mediate a decrease in activity of the fetal HPA axis. Furthermore, models of maternal 
stress in rats have shown that exposure to maternal glucocorticoids in fetal life is linked to 
augmented activity of the HPA axis in adult offspring [10.4.3]. This observation is also

444



<Liiapici iz, \ j c i i c i  a i  u u v u j i j i u u

consistent with the effects of maternal undemutrition in the present study, where it was 
shown, in Chapter 10, that R lambs had greater ACTH and cortisol responses to 
exogenous stimulation. Thus fetal exposure to elevated glucocorticoid concentrations of 
maternal origin could produce changes in HPA axis function that are similar to those 
produced by maternal undernutrition. It is unlikely that fetal plasma glucocorticoid 
concentrations were elevated in the second half of pregnancy in the present study, as fetal 
growth between 90 dGA and 130 dGA was not reduced, and, in Chapter 7, fetal basal 
plasma cortisol concentrations were shown to be lower in R fetuses between 114-127 
dGA. If this effect did occur, it would probably have been during the period of nutrient 
restriction. Therefore, fetal exposure to maternal glucocorticoid in early pregnancy may 
have ‘programmed’ fetal HPA axis development, producing reduced activity in late 
gestation, and elevated activity after birth. Glucocorticoids can produce hypertensive 
effects on the circulation, in both fetal and postnatal life [1.3.6; 10.4.4]. Thus, reduced 
HPA axis activity in fetal life may contribute to the low MAP in R fetuses, and elevated 
HPA axis activity in postnatal life may contribute to the increased MAP in R lambs.

The possibility that exposure to maternal glucocorticoids can mediate changes in 
cardiovascular function of the offspring has been demonstrated in other studies (Langley- 
Evans, 1997; Dodic et al., 1998). Infusion of dexamethasone for 48 h to pregnant ewes 
at 25 dGA produces hypertension in the offspring at up to 500 days after birth (Dodic et 
al., 1998). The same treatment at 62 dGA does not produce any effect. The hypertensive 
effect was not associated with elevated plasma cortisol concentrations or greater cortisol 
responses to ACTH stimulation, although these investigations were limited to a single 
measurement of the cortisol response to a 5 day ACTH infusion at 18 months, and 
infrequent sampling for basal hormone concentrations. A more detailed investigation of 
HPA axis function, including examination of the dynamic properties and the molecular 
biology may have yielded interesting results. The effects of maternal protein restriction in 
rats on offspring’s blood pressure are also thought to involve maternal glucocorticoids. 
The postnatal hypertension is prevented when maternal corticosterone synthesis is 
inhibited during the period of protein restriction (Langley-Evans, 1997). Corticosterone 
replacement following inhibition of corticosterone synthesis restores the effects (Langley- 
Evans, 1997).

Other mechanisms

As described in Chapter 11, changes in function of the kidney, or differences in postnatal 
growth could mediate the effects of maternal undernutrition on cardiovascular 
development [11.4.2]. In addition, alterations in cardiovascular function may involve 
increased activation of the sympathetic nervous system. Following chronic restriction of
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placental function by carunclectomy, fetuses have elevated plasma concentrations of 
noradrenaline, and appear to show enhanced plasma catecholamine responses to 
stimulation by the sympathomimetic, tyramine (Simonetta et al., 1997). The source of the 
increased catecholamine levels is thought to be enhanced synthesis and secretion from 
sympathetic neurones. Carunclectomised fetuses also show a smaller bradycardia during 
acute hypoxia, which may reflect a greater release of catecholamines or increased 
sensitivity to their actions at the heart (Cohn et al., 1982; Jones et al., 1983). In addition, 
elevated fetal plasma catecholamine concentrations have been shown to inhibit fetal 
growth (Bassett & Hanson, 1998). In Chapter 4, it was reported that R fetuses had 
greater femoral vascular resistance during hypoxia compared to C fetuses, which may 
indicate increased sympathetic activity. Increased activity of the sympathetic nervous 
system could promote the development of hypertension in postnatal life. Elevated 
cardiovascular function and increased arterial pressure at birth following prenatal 
corticosteroid treatment in fetal sheep is associated with an increase in levels of 
myocardial adenylate cyclase activity, indicating elevated functional activity of the 6- 
receptor second messenger system (Stein et al., 1993). Similar effects occur in offspring 
of rats treated with dexamethasone (Bian et al., 1991). Thus, augmented functional 
activity of the sympathetic nervous system can occur in a number of different situations, 
and is associated with increased arterial pressure. This may contribute to elevation of 
MAP in R lambs.

12.3 FUTURE WORK

The findings of the studies reported in this thesis have generated many possible avenues 
for future research. These studies have demonstrated the importance of investigating the 
effects of maternal undemutrition in the fetus if we are to understand fully the changes 
that are manifest postnatally. In the short-term, more work is needed to examine further 
the mechanisms by which maternal undernutrition affects development of fetal blood 
pressure. In the long-term, the broader aspects of the effects of maternal undernutrition 
should be examined, for example, the effects on other fetal organ systems, or the effects 
of nutritional challenges of differing severity or timing. In the context of the 
epidemiological observations made by Barker and colleagues, it will be important to 
investigate the effects of maternal undernutrition on long-term cardiovascular 
development and organ function in adult life.

HPA axis

Data reported in Chapter 7 showed good evidence of a reduction in responsiveness to 
exogenous ACTH at the fetal adrenal gland. It will be important to examine this effect
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further by measuring levels of adrenal steroidogenic enzymes. In addition, although the 
decrease in CRH mRNA at the hypothalamus may have mediated part of the reduction in 
fetal HPA axis activity, it is possible that there were other changes in the molecular 
biology of the axis. In view of the apparent importance of hippocampal GR and MR in 
controlling stress responses in rats, it will be interesting to examine these aspects 
following maternal undemutrition in the fetal sheep. These studies are being conducted as 
part of ongoing collaborative work.

Vascular resistance and CVO

To examine the mechanisms underlying the low MAP in R fetuses, it will be important to 
make further measurements of the two major determinants of fetal blood pressure; 
vascular resistance and CVO. Vascular resistance could be measured using Transonic 
flow probes to obtain continuous measurements of blood flow, or by using the 
microsphere technique to obtain information for many different fetal vascular beds. In 
addition, future studies should pursue the examination of vascular responsiveness in vitro 
using the small vessel myograph technique [see Appendix 31]. The potential role of the 
placenta in mediating a reduction of fetal MAP should also be investigated, possibly by 
measuring markers of placental vascular growth.

Renal function

Future studies will need to make consideration of renal function when examining 
cardiovascular control. In view of the observation of increased AVP mRNA levels in 
magnocellular neurones of the PVN in R fetuses, it will be important to measure fetal 
plasma AVP concentrations. In addition, fetal plasma concentrations of angiotensin II, 
renin and aldosterone would provide valuable information. At the kidney, measurements 
of nephron number, or analysis of the receptor systems for AVP, angiotensin II or 
aldosterone could be performed. Fetal renal function could also be assessed using 
physiological challenges such as changes in blood volume or osmolality.

Long-term follow -up

To examine further the physiological consequences of changes in fetal cardiovascular 
development, postnatal studies should be extended to examine aspects of cardiovascular 
development up to and including adult life. These studies should relate blood pressure 
development to growth and endocrine development, particularly of the HPA axis. As in 
the present studies, a combination of measurements made under basal conditions and 
following physiological challenges will be important to assess organ function.
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Maternal glucocorticoids

To examine the role of maternal glucocorticoids in mediating the effects of maternal 
undemutrition on fetal development, experiments could be performed in which maternal 
plasma glucocorticoid concentrations are elevated at a specific period of pregnancy to 
investigate if similar effects are produced on fetal cardiovascular and HPA axis 
development. This study may be particularly appropriate in view of the finding that 
maternal dexamethasone administration at 25 dGA produces hypertension in the offspring 
in adult life (Dodic et al., 1998)

Further studies of maternal undemutrition should also include measurement of maternal 
effects, in particular blood pressure and plasma concentrations of cortisol and other 
steroid hormones.
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APPENDIX 1 

ANTIBIOTIC SPECIFICATIONS
CRYSTAPEN (BRITANNIA PHARMACEUTICALS LTD., UK)

Presentation
Vials containing 600 mg sodium benzylpenicillin as a white crystalline water-soluble 
powder. Dissolved in 4 ml sterile 0.9% saline.

Uses
Bactericidal activity in infections due to penicillin-sensitive organisms, particularly 
streptococci, pneumococci, meningococci, gonococci and staphylococci (Gram-positive 
bacteria).

GENTAMICIN (DBL, UK)

Preparation
Ampoules containing (per ml): 40 mg gentamicin sulphate, 3.2 mg sodium 
metabisulphite, and 0.1 mg disodium edetate.

Uses
Bactericidal against a wide-range of Gram-positive and Gram-negative pathogens 
including species of Escherichia, Enterobacter, Klebsiella, Salmonella, Serratia, Shigella, 
Staphylococcus aureus, and some Proteus. Gentamicin is also effective against penicillin- 
resistant Staphylococci.

STREPTOPEN (PITMAN-MOORE LTD., UK)

Preparation
Solution containing (per ml): 250 mg procaine penicillin G, 250 mg dihydrostreptomycin 
sulphate.

Uses
Active against Gram-positive (penicillin and streptomycin) and Gram-negative 
(streptomycin) bacteria.
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APPENDIX 2 

BLOOD-GAS AND CO-OXIMETER 
PARAMETERS

BLOOD-GAS MACHINE (BGE, INSTRUMENTATION  
LABORATORIES)

Calculated parameters

H C O 3 - :

log 10 [HC03-]= pH + log 10 PCO2- 7.604 
BEb:
BEb=( 1 -0.014[Hb]) ([HC031-24 + (1.43[Hb] +7.7) (pH-7.4)

Temperature corrections 

pH:
ApH / AT = -0.0147 + 0.0065 (7.4-pH)
P C O 2 :

(AlogioPC02 ) /A T = 0.019 
P O 2 :

(AlogioPC>2) /AT= (5.49 x 10'11 PO2388  + 0.071) / (9.72 x 10'9 P023-88 + 2.3)

CO -O XIM ETER (IL 482, IN ST R U M E N T A T IO N  
LABORATORIES)

Calculated parameters

Hb (or total Hb):
Hb=[02Hb] +[RHb] + [COHb] + [metHb]

S O 2 :

S02= [% 02Hb/ (100-(%CO2Hb + %metHb))] xlOO 
02 content
02ct= 1.39 [Hb] x % O2Hb/100

496



APPENDIX 3 

ENDOCRINE ASSAYS

The ACTH and cortisol assays were performed by Dr. H.H.G. McGarrigle, Department 
of Obstetrics and Gynaecology, University College London. The ACTH and cortisol 
assays were previously validated for use in fetal sheep (see Giussani et al., 1994a).

ACTH

Plasma ACTH levels were measured using a double-antibody 125I radioimmunoassay 
(RIA). All reagents were purchased in kit form from Diagnostics Products Ltd 
(Abingdon, UK). The kit contained rabbit anti-human ACTH antiserum, a set of ACTH 
standards calibrated against the MRC’s reference preparation (MRC 74/555 human 
ACTH(l-39)), [125I] ACTH and a second antibody-precipitating mixture of goat anti- 
rabbit g-globulin antiserum and dilute polyethylene glycol (PEG) in saline. Duplicate 100 
pi plasma samples were incubated with 100 pi of anti-ACTH antiserum and 100 pi of 
[125I] ACTH for 24 h. The bound and free hormone fractions were separated by mixing 
with 1.0 ml of second antibody/PEG solution. Following centrifugation the precipitate 
was retained for counting.

The interassay coefficients of variation for three controls (26, 94 and 296 pg mb1 ACTH) 
in three assay batches were 12.9, 8.2, and 6.7%, respectively. The sensitivity of the 
assay was 8 pg mb1.

The anti-ACTH antiserum showed 0.2% cross-reactivity against a-m elanocyte- 
stimulating hormone (a-MSH) and no detectable cross-reactivity against 6-endorphin 

(human), [met5]enkephalin, [leu5] enkephalin, neurotensin, substance-P and 
somatostatin.

Cortisol

Plasma cortisol concentrations were also measured by RIA using tritium-labelled cortisol 
as tracer, as described previously (Giussani et al., 1994a). Briefly, duplicate 20 jllI 

plasma samples were mixed with an equal volume of sodium carbonate solution (1.7 m , 

pH 10.5) and extracted with 2.5 ml of diethyl ether. After freezing, the ether was 
decanted and evaporated, and the residue reconstituted in 500 fxl of phosphate-buffered
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saline (PBS; pH 7.4). Aliquots of varying volumes (depending on expected results 
following pilot studies) were removed, made up to 400 pi with PBS and incubated with 
16000 d.p.m. [l,2,6,7-3H]cortisol (Amersham International, Aylesbury, UK) and 100 
|al of rabbit anti-cortisol antiserum (Biochemical Services, Cardiff, UK). Bound and free 
steroid were separated using dextran-coated charcoal and after centrifugation a 500 pi 
aliquot was removed for measuring radioactive content.

Recoveries averaged 94%. Interassay coefficients of variation for three control plasma 
pools (16.8, 62.4 and 123.7 nmol H  cortisol) in twelve assay batches were 11.2, 7.4 
and 6.8%, respectively. The sensitivity of the assay was 30 fmol ml’1.
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APPENDIX 4 

PLASMA CATECHOLAMINES
Chapter 4 - Clun Forest fetuses

Data for plasma catecholamine concentrations in Clun Forest C and R fetuses during acute 
isocapnic hypoxia are shown in Table A4.1 and Fig. A4.1. Analysis by two-way analysis 
of variance showed a significant effect of group for the noradrenaline (P<0.05) and 
adrenaline (P<0.05) responses, which were greater in R fetuses compared to C fetuses 
(Fig. A4.1). Catecholamine concentrations did not change significantly during hypoxia in 
either C or R fetuses (Table A4.1). Data were transformed logarithmically before 
analysis.

Normoxia 
-90 min

Hypoxia 
60 min

Recovery 
120 min

Noradrenaline (pmol/ml)
C (n=3) 2.5 ± 0.4 4.8 ± 1.5 6.5 ± 0.3
R (n=5) 8.9 ± 1.0* 7.7 ± 2.0 6.9 ± 1.9

Adrenaline (pmol/ml)
C (n=3) 2.1 ± 1.1 2.6 ± 0.9 3.2 ± 1.1
R (n=5) 3.7 ± 0.5 4.1 ± 0.5 3.5 ± 0.5

Table A4.1. Data for plasma catecholamine concentrations in C and R Clun Forest 
fetuses before and during acute isocapnic hypoxia. Values are shown as mean ± S.E.M. 
*P<0.01 (unpaired t test) C vs. R.
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Fig. A4.1. Data for plasma catecholamine concentrations in C and R Clun Forest 
fetuses before and during acute isocapnic hypoxia. Values are shown as mean ± S.E.M. 
Note that the noradrenaline (P<0.05) and adrenaline (P<0.05) responses were greater in 
R fetuses compared to C fetuses (ANOVA).

Chapter 6  -  Welsh Mountain fetuses

Data for plasma catecholamine concentrations in Welsh Mountain C and R fetuses during 
acute isocapnic hypoxia are shown in Table A4.2 and Fig. A4.2. Plasma catecholamine 
concentrations were measured during HX3 (126-130 dGA). Analysis by two-way 
analysis of variance did not show a significant effect of group. Thus the noradrenaline 
and adrenaline responses were similar in C and R fetuses (Fig. A4.2). Catecholamine 
concentrations did not change significantly during hypoxia in either C or R fetuses (Table 
A4.2). Data were transformed logarithmically before analysis.
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Normoxia Hypoxia Recovery 
-15 min 45 min 75 min 105 min

Noradrenaline (pmol/ml) 
C(n=7) 
R (n=6) 

Adrenaline (pmol/ml)
C (n=7) 
R (n=6)

2.3 ± 0 .2  1.5 ± 0 .2  3.2 ± 0 .8  1.8 ±  0.4 
1.7 ± 0 .4  1.8 ± 0 .3  2.6 ± 0 .5  3.2 ±  0.6

1.6 ± 0 .3  1.3 ± 0 .2  2.0 ± 0 .5  1.5 ±  0.4 
1.5 ± 0 .4  1.7 ± 0 .2  2.1 ± 0 .4  2.4 ±  0.4

Table A4.2. Data for plasma catecholamine concentrations in C and R Welsh Mountain 
fetuses before and during acute isocapnic hypoxia. Values are shown as mean ± S.E.M.

Noradrenaline
(pmol/ml)

Adrenaline
(pmol/ml)

HYPOXIA5 n

-50 0 50 1 0 0  15 0

C

R

Time (min)

Fig. A4.2, Data for plasma catecholamine concentrations in C and R Welsh Mountain 
fetuses before and during acute isocapnic hypoxia. Values are shown as mean ± S.E.M.

501



n .  i i p v i i u i v v j

APPENDIX 5 

FETAL BODY AND ORGAN 
WEIGHTS

Chapters 4 & 5

C (n=4) R (n=5)
Gestational age (days) 132.0 ± 0.9 134.3 ±  1.6
Fetus (kg) 3.65 ± 0.23 3.64 ± 0.23
Organs (g)
Heart 26.9 ±  2.5 25.6 ± 2.0
Lungs 90.2 ±  6.7 87.2 ±  7.1
Liver 129.8 ±  11.7 116.7 ±  10.5
Kidneys 28.4 ± 3.0 23.8 ± 1.0
Adrenals 0.48 ±  0.03 0.62 ± 0 .1 3

Table A5.1. Data for fetal body and organ weights in Clun Forest breed C and R 
singleton fetuses used in Chapters 4 & 5. Values are shown as mean ± S.E.M. Note that 
there were no differences between C and R fetuses (unpaired t test).

Chapters 6  & 8

C (n=7) R (n=7)
Gestational age (days) 127.4 ±  0.3 128.8 ±  0.5
Fetus (kg) 2.70 ± 0.20 2.95 ± 0.13
Organs(g)
Heart 21.3 ± 2.0 23.7 ±  0.9
Lungs 57.1 ± 4 .6 64.9 ±  3.0
Liver 105.0 ±  10.2 96.5 ±  3.7
Kidneys 22.5 ±  2.3 22.4 ±  1.8
Adrenals 0.40 ± 0.03 0.41 ± 0.04

Table A5.2. Data for fetal body and organ weights in Welsh Mountain breed C and R 
singleton fetuses used in Chapters 6 & 8. Values are shown as mean ± S.E.M. Note that 
there were no differences between C and R fetuses (unpaired t test).
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Chapter 7

r-IIU

R (n=7)
Gestational age (days) 128.3 + 0.4 128.4 ± 0.4
Fetus (kg) 3.15 + 0.17 3.06 + 0.15
Organs (g)
Heart 23.5 ±  1.5 22.9 ± 1.3
Lungs 75.3 ±  7.3 69.6 ±  3.6
Liver 104.5 ±  7.7 114.0 + 9.1
Kidneys 22.0 ± 2.3 20.1 ±  1.4
Adrenals 0.93 ± 0.50 0.39 ±  0.02

Table A5.3. Data for fetal body and organ weights in Welsh Mountain breed C and R 
singleton fetuses used in Chapter 7. Values are shown as mean ± S.E.M. Note that there 
were no differences between C and R fetuses (unpaired t test).

503



L / U  V

APPENDIX 6

LAMB BODY AND ORGAN 
WEIGHTS

Chapters 10 & 11

Data for lamb body and organ weights are shown in Table A6.1 and Fig. A6.1. At the 
end of the experimental study period (approximately 82 days postnatal age), there were 
no differences in body or organ weights between C and R lambs (Table A6.1). When the 
developmental change in body weight was examined using two-way analysis of variance, 
it was shown that there was a significant effect of group for females (PcO.OOOl) and for 
males and females combined (P<0.001), with body weight being greater in R lambs 
compared to C lambs.

C (n=6) R (n=7)
Postnatal age (days) 82.2 ± 6.2 80.3 ± 7.6
Body weight (kg) 25.1 ± 1.7 24.7 ± 2.7
Organs (g)
Heart 121.0 ± 8.5 107.6 + 9.9
Lungs 599.2 ± 109.0 514.3 ± 120.5
Liver 653.1 ± 128.8 356.3 ± 35.1
Kidneys 86.8 ± 4.6 89.7 ± 9.9
Adrenals 2.21 ± 0.13 2.43 ± 0.21

Organs (%bodyweight)
Heart 0.48 ± 0.03 0.55 ± 0.04
Lungs 2.42 ± 0.45 2.53 ± 0.52
Liver 2.60 ± 0.47 1.80 ± 0.10
Kidneys 0.35 ± 0.02 0.37 ± 0.02
Adrenals 0.01 ± 0.00 0.01 ± 0.00

Table A6.1. Data for lamb body and organ weights in Clun Forest breed C and R lambs 
used in Chapters 10 & 11. Values are shown as mean ± S.E.M. Note that there were no 
differences between C and R lambs (unpaired t test).
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Fig. A6.1. Data for lamb body weight during early postnatal life in Clun Forest breed C 
and R lambs used in Chapters 10 & 11. Numbers in each group are as follows: Males; C, 
n=5; R, n=4; Females; C, n=3; R, n=4. Values are shown as mean ± S.E.M. Note that 
the body weight profiles for male & female lambs combined (P<0.001) and female lambs 
alone (PcO.0001) were significantly greater in R lambs compared to C lambs (ANOVA).
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APPENDIX 7
FETAL AND NEONATAL PHYSIOLOGICAL SOCIETY 

23RD ANNUAL M EETING, ARICA, CH ILE. AUGUST 14-19, 1996

NUTRITIONAL PLANE IN EARLY PREGNANCY: EFFECT ON FETAL AND PLACENTAL SIZE 
IN LATE GESTATION.
Crowe, C.l, Hawkins 1, P., Saito^, T., Stratford, L.l, Noakes, D.E.^ & Hanson, M.A.*
1 Dept. Obstetrics & Gynaecology, UCL, London, U.K. 2 The Royal Veterinary College, University of 
London, U.K.

Maternal undemutrition in early pregnancy has been suggested to result in alterations in placental and 
fetal growth (DeBarro et al., 1992). Our previous work showed that there were also alterations in the 
development of cardiovascular reflexes and blood pressure. In this study we set out to examine in detail 
the effect of such a nutritional insult on fetal size and gross placental morphology in late gestation.

Clun ewes were randomly assigned to one of two groups, Heavy-Heavy (HE-HE) or Light-Heavy (LI- 
HE). HE-HE were fed an unrestricted diet prior to mating and throughout gestation. LI-HE were put on a 
restricted diet (15% reduction in total intake) one month prior to mating and up until 30 days gestation, 
after which they were fed an unrestricted diet. All ewes were weighed weekly. At about 130 days 
gestation the ewes were sacrificed (HE-HE, n = 6; LI-HE, n = 6) and an extensive post-mortem was 
carried out. Maternal and fetal body weights, fetal crown-rump length (CRL), abdominal circumference 
(A C ), femur length and organ weights were recorded. Individual placentomes were weighed, and their 
morphology, depth and diameter determined.

LI-HE ewes lost a significant amount of weight while on the restricted diet. HE-HE ewes did not lose 
weight over the equivalent 2-month period. We found that fetal body weight, organ weights, CRL, AC 
and femur length and total placental weight were comparable in the two groups. This is similar to our 
previous report to this society last year (Crowe et al., 1995). The distribution of the different 
morphological types of placentome (A, B, C, D, from Vatnick et al., 1991) was, however, strikingly 
different between the two groups. HE-HE had significantly more A-type (59±13%) than D-type (10±5%) 
placentomes (p < 0.05), whereas LI-HE had a similar number of D-type (37±11%) and A-type (31+7%) 
placentomes (not significant) both in terms of placentome numbers and when expressed as a proportion 
of total placental weight (p < 0.0001, test) (see figure).

PLACENTOME TYPE PLACENTOME TYPE

These results show that a nutritional insult during the periconceptual period and in the first month of 
pregnancy results in a significant change in placental morphology in the sheep, which is not, however, 
accompanied by a decrease in fetal size in late gestation. Our working hypothesis is that such an insult 
produces a degree of placental compensation, adequate to preserve fetal growth but producing changes in 
subsequent fetal cardiovascular development.

Supported by the Wellcome Trust.

1. DeBarro, T.M., Owens, J., Earl, C.R., Robinson, J.S. (1992). Aust. Nutr. Soc. abstract
2. Crowe, C., Kreindler, J.R., Bennet, L., Hanson, M.A. (1995). SSFP A35
3. Vatnick, I., Schoknecht, P.A., Darrigrand, R., Bell, A.W. (1991). J.Dev. Physiol. 15, 351-356.
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APPENDIX 8
FETAL AND NEONATAL PHYSIOLOGICAL SOCIETY 

24TH ANNUAL MEETING, SANTA MARGHERITA LIGURE, GENOA, 
ITALY. JUNE 15-18, 1997

FETAL CARDIOVASCULAR RESPONSE TO CRH+AVP IN LATE  
GESTATION FOLLOWING NUTRIENT RESTRICTION IN THE FIRST  
HALF OF PREGNANCY
P. Hawkins. C. Crowe, T. Saito, D.E. Noakes* & M.A. Hanson
Department o f Obstetrics and Gynaecology, University College London, UK. *Royal 
Veterinary College, University o f London, UK.

Maternal undemutrition may cause altered cardiovascular development which can also 
be accompanied by changes in cardiovascular and endocrine responses (Hawkins et. al. 
1997). To investigate these we used a corticotrophin releasing hormone (CRH) and 
arginine vasopressin (AVP) challenge which elicits an ACTH response from the pituitary 
gland (Norman and Challis 1987). It also produces cardiovascular effects characterised 
by a rapid increase in mean arterial pressure (MAP) and decrease in heart rate (HR). We 
investigated the effects of maternal undemutrition on the fetal cardiovascular response to 
CRH+AVP. From the time of conception ewes were housed individually and fed either 
an unrestricted diet throughout gestation (HE-HE), or a restricted diet (15% reduction in 
total intake) until 70 days gestation (dGA), after which they were fed an unrestricted diet 
(LI-HE).

Singleton fetuses were instrumented at 108-109 dGA with arterial, venous, tracheal and 
amniotic catheters and ECG, ECoG and diaphragm electrodes. At 114-115 dGA and 
126-127 dGA recordings were made for 4 h during which a 1ml bolus of lugCRH+ 
200ngAVP was administered intravenously (at 0 mins) (see figure).

HE-HE LI-HE
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200 -100 100 200
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Both groups demonstrated the expected increase in MAP and decrease in HR as gestation 
progressed. However there were no significant differences between the two groups for 
MAP or HR at either age. Thus the response to CRH+AVP in terms of the change in 
MAP or HR was smaller in the older fetuses. We conclude that modest undernutrition 
does not alter the fetal cardiovascular response to a CRH+AVP challenge. The effects on 
the endocrine response to the challenge are currently under investigation.
Work supported by MRC and Welcome Trust.

Hawkins P, Crowe C, Noakes DE, Hanson MA. 1997. submitted to IUPS Fetal 
Physiology Satellite Meeting, Cambridge.
Norman LJ, Challis JRG. 1987. Endocrinology 120: 1052-1058.
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APPENDIX 9
FETAL AND NEONATAL PHYSIOLOGICAL SOCIETY 

24TH ANNUAL MEETING, SANTA MARGHERITA LIGURE, GENOA, 
ITALY. JUNE 15-18, 1997

DEVELOPMENTAL CHARACTERISTICS OF FETAL SHEEP RESISTANCES 
VESSELS RESPONSE TO ENDOGENOUS VASOACTIVE AGENTS IN VITRO

T Ozaki, T Saito, P Hawkins, C Crowe, MA Hanson, L Poston*

Department of Obstetrics and Gynaecology, University College London Medical School, 
UK. *Divisions of Obstetrics and Gynaecology, United Medical and Dental Schools of 
Guy's and St. Thomas' Hospitals, UK

OBJECTIVES: The aim of this study was to investigate the characteristics of fetal sheep 
resistance vessel responses to endogenous vasoactive agents in vitro. The contractile 
response to norepinephrine (NE) and the relaxation response to acetylcholine (ACh) and 
bradykinin (BK) were examined.

METHODS: Skeletal muscle arteries of 0.61 and 0.88 gestational age (GA) fetal sheep were 
mounted on a wire myograph. The contractile response to cumulative concentration of NE 
(lxlO '8 - 2x1 O'5 M) and, under contraction with NE (lxlO’5 M), the relaxation responses to 
ACh (lx lO 10 - lx l0 ‘5 M) and BK (lx lO 11 - lxlO'6 M) were examined. Tension was 
expressed as mN/mm and - log [agent] required to produce 50% of the maximum response 
(pECso) was calculated. Values are given as means ± SEM, compared by Mann-Whitney U- 
test. Each response curve was compared by two-way ANOVA.

RESULTS: ACh and BK response curve were similar. Other results were as follows;

0.61 GA (n=4) 0.88 GA (n=10) significance
vessel diameter (|L im ) 351.1 ± 15.7 370.2 ± 24.6 n. s.
maximum NE tension 
(nN/mm)

0.405 ± 0.085 1.441 ± 0.297 P < 0.005

pEC50 of NE (-log [M]) 5.320 ± 0.401 5.608 ± 0.086 n. s.
pEC50 of ACh (-log [M]) 7.136 ± 0.479 7.598 ± 0.193 n. s.
pECso of BK (-log [M]) 8.565 ± 0.531 8.794 ± 0.172 n. s.

CONCLUSIONS: We conclude that the contractile response to NE of skeletal muscle 
resistance vessels increases substantially between 0.61 and 0.88 gestation in fetal sheep. The 
difference in maximum contractile activity may relate to difference in smooth muscle mass. 
In contrast the endothelium-dependent vasodilate responses are well developed in 0.61 
gestation.
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APPENDIX 10
FETAL AND NEONATAL PHYSIOLOGY SYMPOSIUM, XXXIII 

CONGRESS OF THE INTERNATIONAL UNION OF PHYSIOLOGICAL 
SCIENCES. CAM BRIDGE, UK. JUNE 25-29, 1997

EFFECTS OF EARLY GESTATION NUTRITIONAL RESTRICTIO N  ON 
FETAL CARDIOVASCULAR RESPONSE TO HYPOXAEM IA IN LATE 
GESTATION P. Hawkins. C. Crowe. D.E. Noakes* & M.A. Hanson. Dept Obstetrics 
& Gynaecology, University College London, UK. *Royal Veterinary College, London, 
UK.
Maternal undemutrition may cause altered cardiovascular development which can also be 
accompanied by changes in chemoreflex and endocrine responses, e.g. those during 
hypoxaemia, when a redistribution of blood flow occurs by a reflex reduction in 
peripheral blood flow and increase in vascular resistance (VR). We investigated the 
effects of maternal undemutrition on fetal peripheral vascular responses to hypoxaemia. 
Ewes were fed either an unrestricted diet from 2 weeks prior to mating and throughout 
gestation (HE-HE), or a restricted diet (15% reduction in total intake) from 2 weeks 
before mating until 70 days gestation (dGA), after which they were fed an unrestricted 
diet (LI-HE). Singleton fetuses were instrumented at 119-125 dGA. Transonic flow 
probes were implanted around a femoral artery to measure peripheral blood flow. At 128- 
136 dGA recordings were made for 3 h during which isocapnic hypoxaemia (Pa02 13 
mmHg) was induced for 1 h by lowering maternal FiC>2. In hypoxaemia, VR was 
significantly greater in LI-HE than in HE-HE fetuses (P<0.05) (see Fig). This difference 
was maintained during the recovery hour following hypoxaemia (P<0.05). During 
recovery, femoral blood flow increased and VR decreased to levels that were higher and 
lower respectively than in normoxia, in HE-HE but not LI-HE fetuses (P<0.05). We 
conclude that early gestation nutritional restriction augments fetal cardiovascular 
responses to hypoxia in late gestation. The contributions of reflex and endocrine 
mechanisms to this effect are not known.
Work supported by MRC and Welcome Trust.
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APPENDIX 11
FETAL AND NEONATAL PHYSIOLOGY SYMPOSIUM, XXXIII 

CONGRESS OF THE INTERNATIONAL UNION OF PHYSIOLOGICAL 
SCIENCES. CAMBRIDGE, UK. JUNE 25-29, 1997 

Cardiovascular development in late gestation following nutrient restriction 
in the first half of pregnancy.

C. Crowe, P. Hawkins, T. Saito, D.E. Noakes* & M.A. Hanson
Department o f Obstetrics & Gynaecology, University College London, London; * The
Royal Veterinary College, London

Recently there has been much interest in the effects of undernutrition during 
pregnancy on the development of the fetus. Previously we have shown that 
cardiovascular development is perturbed in fetal sheep whose mothers' weights were 
significantly lower at conception and during early pregnancy than controls. In this study 
our aim was to assess fetal cardiovascular development in response to carefully controlled 
maternal undemutrition during early gestation.

From the time of conception ewes were housed individually and fed either ad 
libitum (HE-HE group) or 85% of the recommended daily intake (LI-HE group). Ewes 
were weighed and their body condition scores recorded weekly. At 110 days gestational 
age the fetuses were instrumented with arterial and venous vascular catheters, amniotic 
catheter, ECG electrode, and carotid flow probe. After a 5-day recovery period they were 
monitored for 2 hours every other day for a period of 2 weeks. Also, on the first and 
penultimate days they were challenged with a bolus of CRH/A VP. At about 130 days 
gestation the fetuses were killed and crown-rump length (CRL), abdominal circumference 
(AC) and femur length measured. Maternal and fetal body weights and fetal organ 
weights were also recorded.

Development of systolic blood pressure (SBP), diastolic blood pressure (DBP), 
mean arterial pressure (MAP) and heart rate (FHR) were not different between the two 
groups over the course of the study. Whilst the MAP response to the CRH/A VP 
challenge appeared to be less at 130 days compared to 114 days gestation, the response 
was similar for both HE-HE and LI-HE. It was interesting that after 120 days gestation 
MAP in both groups reached a plateau, rather than continuing to rise. Similarly there was 
a plateau in the decrease in FHR after this time. SBP continued to rise throughout the 2- 
week period, however DBP tended to decrease. Thus, the failure for MAP to rise after 
120 days gestation may have been due to decreasing DBP.

In conclusion, it is clear that modest undemutrition in early gestation does not 
alter fetal blood pressure and FHR in late gestation. This suggests that other factors must 
be responsible for the perturbations previously observed.
Supported by the Wellcome Trust
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APPENDIX 12
FETAL AND NEONATAL PHYSIOLOGY SYMPOSIUM, XXXIII 

CONGRESS OF THE INTERNATIONAL UNION OF PHYSIOLOGICAL 
SCIENCES. CAMBRIDGE, UK. JUNE 25-29, 1997

CHARACTERISTICS OF FETAL AND ADULT PREGNANT SHEEP RESISTANCE 
VESSELS RESPONSES TO ENDOGENOUS VASOACTIVE AGENTS IN VITRO

Ozaki T, Saito T, Hawkins P, Crowe C, Hanson MA, Poston L*

Department of Obstetrics and Gynaecology, University College London Medical School, 
UK *Divisions of Obstetrics and Gynaecology, United Medical and Dental Schools of Guy's 
and St. Thomas' Hospitals, UK

OBJECTIVES: The aim of this study was to investigate characteristics of fetal and maternal 
sheep resistance vessel response to endogenous vasoactive agents in vitro. Contractile 
responses to norepinephrine (NE) and relaxation responses to acetylcholine (ACh) and 
bradykinin (BK) were examined.

METHODS: Skeletal muscle arteries of 129 day fetal and pregnant sheep were mounted on 
a wire myograph. The contractile response to cumulative concentration of NE (lxlO'8 - 
2x1 O'5 M) and, under contraction with NE (lxlO'5 M), the relaxation responses to ACh 
(lx lO 10 - lxlO'5 M) and BK (lx lO 11 - lxlO"6 M) were examined. Tension was expressed 
as mN/mm and - log [agent] required to produce 50% of the maximum response (pECso) 
was calculated. Values are given as means ± SEM, compared by Mann-Whitney U-test. Each 
response curve was compared by two-way ANOVA.

RESULTS: Response curves of NE and BK were significantly different (p < 0.0001). In 4 
out of 5 of adult preparations, the BK response curve was not sigmoid. Other results are in 
the table.

Fetus (n=10) Adult (n=5) significance
vessel diameter (|im) 370.2 ± 24.6 338.1 ± 19.6 n. s.
maximum NE tension 
(nN/mm)

1.441 ± 0.297 3.920 ± 0.762 P < 0.05

pECso of NE (-log [M]) 5.608 ± 0.086 5.089 ± 0.316 P < 0.05
PEC5o of ACh (-log [M]) 7.598 ± 0.193 7.300 ± 0.143 n. s.
pEC5o of BK (-log [M]) 8.794 ± 0.172 not available -

CONCLUSIONS: The contractile response to NE of smooth muscle resistance vessels is 
significantly smaller, but is much more sensitive, in fetal than pregnant sheep. The 
differences in maximum contractile activity may relate to difference in smooth muscle 
mass. The relaxation responses to ACh were similar, unlike those to BK.

REFERENCES: 1) Mulvany MJ and Halpem W. Contractile properties of small arterial 
resistance vessels in spontaneously hypertensive and normotensive rats. Circ Res 1977; 41: 
19-26. 2) Poston L. Maternal vascular function in pregnancy. J Hum Hypertens; 10: 391-4.
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GROSS MORPHOLOGY OF THE FETUS AND PLACENTA IN LATE GESTATION 
FOLLOWING NUTRIENT RESTRICTION IN THE FIRST HALF OF PREGNANCY 
IN SHEEP

Saito, T., Ozaki, T., Hawkins, P., Crowe, C., Stratford, L., Noakes, D.E.* & Hanson, M.A.
Dept Obstetrics & Gynaecology, UCL & *The Royal Veterinary College, London, UK.

Epidemiological studies suggest that birth weight at the lower end of normal is 
associated with an increased risk of a variety of diseases, such as coronary heart disease and 
diabetes in adult life, and it has been suggested that reduced maternal nutrition may play an 
important role in this phenomenon (Barker, 1995). However, the effect of reduced maternal 
nutrition during pregnancy has not been clearly established. As a part of a study of the 
processes affecting fetal cardiovascular development, we investigated the effect of maternal 
nutrient restriction in the first half of pregnancy on gross morphology of the fetus and 
placenta in late gestation in sheep.

Welsh Mountain ewes (term; 147 day) were divided randomly into two groups, HE- 
HE and LI-HE. HE-HE were fed ad libitum throughout the whole of gestation. LI-HE were 
given a 15% restriction in total food intake from the day of mating to day 70 of gestation, 
then from day 71 were fed ad libitum. At 126-130 days of gestation, 5 animals from each 
group were sacrificed and an extensive post mortem was carried out. Maternal and fetal 
body weights, fetal proportion and organ weights were measured. Individual placentomes 
were weighed and classified as morphological types A-D (see Vatnick et al., 1991).

There were no significant differences in fetal body weight, bi-parietal diameter, 
crown-rump length, abdominal circumference or femur length between the groups. 
Absolute adrenal gland and lung weights were greater in LI-HE than in HE-HE fetuses 
(unpaired t-test, p<0.05), but these differences disappeared when expressed as % fetal body 
weight. Kidney weight was less in LI-HE than in HE-HE fetuses both in absolute terms and 
as a % body weight (unpaired t-test, p<0.05). There were no significant differences in total 
weight or morphological types of placentomes. There was no significant difference in fetal 
body to placental weight ratio.

These results show that a mild restriction in maternal nutrition in the first half of 
pregnancy does not cause either lower fetal weight or altered placental morphology in late 
gestation in sheep. However, it does affect the growth of some fetal organs in particular the 
kidney, and possibly the adrenal gland and lung.

Supported by the Wellcome Trust.

Barker, D.J.P., (1995), BMJ, 311, 171-4.
Vatnick, K.I., Schoknecht, P.A., Darrigrand, R. & Bell, A.W. (1991), J. Dev. Physiol. 15, 
351-6.
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Cardiovascular development in late gestation fetal sheep and young lambs following 
modest maternal nutrient restriction in early gestation

P. Hawkins, C. Crowe, N.A. Calder, T. Saito, T. Ozaki, L.L. Stratford, D.E. Noakes* and 
M.A. Hanson

Departments of Obstetrics & Gynaecology and Physiology, University College, London 
WCIE 6HX. *Royal Veterinary College, London.

An adverse intrauterine environment affects development of fetal tissues and organs, 
permanently determining responses and hence susceptibility to later disease (Barker, 1994, 
Crowe et. al., 1995). It is hypothesised that changes in maternal nutrition could programme 
development of the fetal, and consequently the adult cardiovascular system. We have studied 
basal cardiovascular development, and responses to physiological stimuli in the sheep fetus 
and young lamb, following modest restriction of maternal nutrition.

From the time of conception ewes were housed individually and fed either 100% of their 
nutritional requirements throughout gestation (HE-HE), or a 15% reduction in total intake 
until 70 days gestation (dGA), and 100% of their requirements thereafter (LI-HE). Fetuses 
and lambs of these sheep were studied. Fourteen fetuses were instrumented (119-125 dGA, 
term=147 days) under general anaesthesia (lg thiopentone I.V. then 2% halothane in 02) 
with carotid artery and jugular vein catheters and ECG electrodes. After 5 days post
operative recovery, resting mean arterial pressure (MAP), and response to i.v. administration 
of a bolus of lp.g corticotrophin releasing hormone (CRH) + 200ng arginine vasopressin 
(AVP) was studied. Ten lambs (mean age = 85 days) were instrumented with pedal artery 
and vein catheters and ECG electrodes. Following 1 day post-operative recovery, resting 
MAP and response to 0-5|ig/kg CRH + 0-l|ig/kg AVP was studied. Values expressed as mean 
± SEM, differences assessed by unpaired t test.

Although basal heart rate was significantly lower in LI-HE fetuses (P<0.05), resting MAP 
and cardiovascular response to CRH+AVP was similar in both HE-HE (n=7) and LI-HE 
(n=7) fetuses. However, MAP was significantly higher in LI-HE (n=5) than HE-HE (n=5) 
lambs (91-40 ± 1-46 vs. 82-99 ± 2-47, P<0-05). LI-HE neonates also attained a greater MAP 
in response to CRH+AVP (117-97 ± 5-07 vs. 97-11 ± 2-74 mmHg, P<0-02).

We conclude that a small change in the intrauterine environment produced by a modest 
nutritional restriction in early gestation ‘reprogrammes’ cardiovascular development 
resulting in elevated MAP in the growing lamb. This may have important implications for 
the future cardiovascular development of the offspring.
Supported by MRC and Wellcome Trust.

References
Barker, D.J.P. (1994). Mothers, Babies, and Disease in Later Life. London. BMJ Publishing 
Group.
Crowe, C., Bennet, L. & Hanson, M.A. (1995). Reprod. Fertil. Dev. 7, 553-558.
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Effects of mild nutritional restriction in early pregnancy on pregnant sheep resistance 
vessel responses to endogenous vasoactive agents in vitro

T. Ozaki, P. Hawkins, C. Crowe, M.A. Hanson and L. Poston*

Department of Obstetrics & Gynaecology, UCL. *Divisions of Obstetrics & Gynaecology, 
UMDS of Guy's and St Thomas' Hospitals, London

The aim of this study was to investigate the effects of nutritional restriction on pregnant 
sheep resistance vessel responses to endogenous vasoactive agents in vitro . Contractile 
response to noradrenaline (NA) and relaxation response to acetylcholine (ACh) and 
bradykinin (BK) were examined.

Welsh mountain breed sheep were randomly divided after conception into nutritional 
restriction (NR: n = 4) and control (C: n = 4) groups. NR were fed a complete diet 
providing 85% nutrient requirements for 70 days then fed ad libitum. C were fed ad 
libitum. After killing at 127-130 days gestation, skeletal muscle arteries were dissected and 
mounted on a wire myograph (Mulvany & Halpem, 1977). The contractile responses to 
125 mM potassium (K+) and cumulative concentrations of NA and, under contraction with 
NA (1 x 10-5 M), the relaxation responses to ACh and BK were examined (Poston, 1996). 
Tension was expressed as mN mm*1 and -log [agent] required to produce 50% of the 
maximum response (pECso) was calculated. Values are given as means ± S.E.M. and 
compared by Mann-Whitney U test.

NR showed increased maximum contractile responses to K+ and NA and decreases in 
pEC50 to ACh and BK (*P<005, Table 1).

C (n=4) R (n=4)
Gestational age (day) 127.3 ± 0.3 128.8 ± 0.6
Vessel diameter (jam) 308.2 ± 27.3 367.5 ± 13.3
Maximum tension

K+ (mN mm1) 2.897 ± 0.291 4.870 ± 0.498*
Na+ (mN mm*1) 2.859 ± 0.143 4.655 ± 0.170*

Na+/K+ ratio (%) 100.5 ± 6.6 99.2 ± 9.2
dEC50 (-log [M])

NA 5.546 ± 0.029 5.587 ± 0.099
ACh 7.714 ± 0.030 7.412 ± 0.110*

BK 9.600 ± 0.093 8.849 ± 0.250*

Table 1. Comparison of C and NR.

We conclude that mild nutritional restriction in early pregnancy induces increased 
contractile responses to K+ and NA, and reduced endothelium-dependent relaxation to ACh 
and BK in sheep systemic resistance vessels.

Supported by The Wellcome Trust.

Mulvany, M.J. & Halpem, W. (1977). Circ. Res. 41, 19-26.
Poston, L. (1996). J. Hum. Hypertens. 10, 391-394.
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EFFECT OF MATERNAL NUTRIENT RESTRICTION IN EARLY GESTATION 
ON DEVELOPMENT OF THE HYPOTHALAMIC PITUITARY ADRENAL AXIS 
IN LATE GESTATION FETAL SHEEP

P. Hawkins, C. Crowe, H.H.G. McGarrigle, T. Saito, T. Ozaki, L.L. Stratford, D.E. 
Noakes* and M.A. Hanson
Departments of Obstetrics & Gynaecology and Physiology, University College 
London, London WCIE 6HX. *Royal Veterinary College, Hawkshead Lane, Potters 
Bar, Herts. AL9 7TA.

An adverse intrauterine environment affects development of fetal tissues and 
organs, permanently determining responses and hence susceptibility to later adult 
disease. We have studied development of the fetal sheep hypothalamic pituitary 
adrenal (HPA) axis in the resting and stimulated states following modest nutrient 
restriction in early gestation. From the time of conception ewes were housed 
individually and fed either 100% of their nutritional requirements (HE-HE, n=7), or a 
15% reduction in total intake until 70 days gestation (dGA), and 100% of their 
requirements thereafter (LI-HE, n=7). Fourteen singleton fetuses were instrumented 
(107-109 dGA, term=147 days) under general anaesthesia (lg  thiopentone i.v. then 2% 
halothane in 02) with carotid artery and jugular vein catheters and ECG electrodes. At 
113-116 and 125-127 dGA response profiles for ACTH and cortisol were determined 
30 mins before and 180 mins after i.v. administration of a bolus of l|xg corticotrophin 
releasing hormone (CRH) + 200ng arginine vasopressin (AVP). At 126-128 dGA 
response profiles for cortisol were also determined following i.v. administration of a 
bolus of 300ng ACTH. Differences were assessed using two-way analysis of variance 
followed by Dunnett’s post-hoc test. ACTH responses to CRH+AVP of LI-HE 
fetuses were smaller at both ages studied, with a significant difference found at 113-116 
dGA (P<0’02). Cortisol responses were significantly smaller in the LI-HE fetuses at 
both 113-116 (P<0'008) and 125-127 dGA (P<0 0001). The cortisol response to 
ACTH administration was also smaller in LI-HE fetuses (P<0*0003). These results 
show that in LI-HE fetuses both pituitary and adrenal responsiveness is reduced. We 
conclude that a small change in the intrauterine environment produced by a modest 
nutritional restriction in early gestation is capable of exerting a programming action on 
the fetus resulting in depressed HPA axis function in late gestation. This may have 
important consequences for the development of several systems in postnatal life. 
Supported by MRC and Wellcome Trust.
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Effect of maternal nutrient restriction in early gestation on hypothalamic 
pituitary adrenal axis responses during acute hypoxaemia in late gestation 
fetal sheep

P. Hawkins, C. Crowe, H.H.G. McGarrigle, T. Saito, T. Ozaki, L.L. Stratford, D.E. 
Noakes* and M.A. Hanson

Departments of Obstetrics & Gynaecology and Physiology, University College London, 
London WCIE 6HX. *Royal Veterinary College, Hawkshead Lane, Potters Bar, Herts. 
AL9 7TA.

Maternal undemutrition may produce an adverse intrauterine environment, altering 
development of fetal tissues and organs (Barker, 1994). We have previously shown that 
only a modest level of maternal undemutrition in early gestation is capable of blunting 
responses of the fetal Hypothalamic Pituitary Adrenal (HPA) axis to exogenous 
stimulation (Hawkins et al., 1997). To assess the effect on fetal responses to a 
physiological ‘stress’, we have studied the fetal HPA axis during acute hypoxaemia, 
following the same level of maternal nutrient restriction.

From the time of conception ewes were housed individually and fed either 100% of their 
nutritional requirements throughout gestation (HE-HE), or a 15% reduction in total intake 
until 70 days gestation (dGA), and 100% of their requirements thereafter (LI-HE). 
Twelve singleton fetuses were instrumented (106-109 dGA, term=147 days) under 
general anaesthesia (lg  thiopentone i.v. then 2% halothane in O2) with carotid artery and 
jugular vein catheters and ECG electrodes. Fetuses were allowed at least 4 days post
operative recovery. At 114-115, 120-121 and 126-127 dGA fetuses were subjected to 
isocapnic hypoxaemia for lh (Pa02 to ca 14 mmHg) by reducing maternal Fi02- 
Changes in fetal plasma ACTH and cortisol were determined. Statistical differences were 
assessed by two-way analysis of variance followed by Dunnett’s post-hoc test.

ACTH and cortisol responses were similar at 114-115 and 120-121 dGA. At 126-127 
dGA both ACTH (P<0.003) and cortisol (P<0.008) responses were significantly smaller 
in LI-HE (n=5) than HE-HE (n=6) fetuses (peak response; ACTH = 274.4 ± 39.06 vs. 
404.7 ± 71.34 pg/ml; cortisol = 41.5 ± 4.05 vs. 50.57 ± 6.09 ng/ml).

These results show that at 126-127 dGA, the response of the fetal HPA axis to a 
physiological ‘stress’ is reduced following modest maternal nutrient restriction in early 
gestation. This agrees with our previous data and supports the idea that small changes in 
the intrauterine environment are capable of producing substantial changes in fetal 
physiology. These changes could also affect the offspring’s ability to maintain 
homeostasis and thus have consequences for regulation of a wide range of systems. 
Supported by MRC and Wellcome Trust.
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EFFECT OF MATERNAL NUTRIENT RESTRICTION IN EARLY GESTATION ON 
HYPOTHALAMIC PITUITARY ADRENAL AXIS RESPONSES DURING ACUTE 
HYPOXAEMIA IN LATE GESTATION FETAL SHEEP. P. Hawkins*. C. Crowe*. H.H.G. 
McGarrigle*. T. Saito*. T. Ozaki*. L.L. Stratford*. D.E. Noakes*3 and M.A. Hanson*. Depts of 
Obstetrics & Gynaecology and Physiology, University College London, UK. aRoyal 
Veterinary College, London, UK. (SPON: G.C.L. Lachelin).

Maternal undernutrition may produce an adverse intrauterine environment, altering 
development of fetal tissues and organs. We have previously shown that only a modest 
level of maternal undemutrition in early gestation is capable of blunting responses of the 
fetal Hypothalamic Pituitary Adrenal (HPA) axis to exogenous stimulation. To assess the 
effect on fetal responses to a physiological ‘stress’, we have studied the fetal HPA axis 
during acute hypoxaemia, following the same level of maternal nutrient restriction. From the 
time of conception ewes were housed individually and fed either 100% of their nutritional 
requirements throughout gestation (HE-HE), or a 15% reduction in total intake until 70 days 
gestation (dGA), and 100% of their requirements thereafter (LI-HE). Singleton fetuses were 
instrumented at 106-109 dGA with carotid artery and jugular vein catheters and ECG 
electrodes. At 114-115, 120-121 and 126-127 dGA fetuses were subjected to isocapnic 
hypoxaemia for 1h (Pa02 to ca 14 mmHg) by 
reducing maternal Fi02- Changes in fetal 
plasma ACTH and cortisol were 
determined. ACTH and cortisol responses 
were similar at 114-115 and 120-121 
dGA. At 126-127 dGA both ACTH 
(P<0.003) and cortisol (P<0.008) 
responses were significantly smaller in LI- 
HE than HE-HE fetuses (see Fig.). These 
results show that at 126-127 dGA, the 
response of the fetal HPA axis to a 
physiological ‘stress’ is reduced following 
modest maternal nutrient restriction in 
early gestation. This agrees with our 
previous data and supports the idea that 
small changes in the intrauterine 
environment are capable of producing 
substantial changes in fetal physiology.
These changes could also affect the 
offspring’s ability to maintain homeostasis 
and thus have consequences for 
regulation of a wide range of systems.
Supported by MRC and Wellcome Trust
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DEVELOPMENTAL CHARACTERISTICS OF FETAL SHEEP RESISTANCE 
VESSEL RESPONSES TO ENDOGENOUS VASOACTIVE AGENTS IN VITRO

T. Ozaki*, P. Hawkins*, T. Kiserud*, M.A. Hanson (1) and L. Poston (2)

(1) Department of Obstetrics and Gynaecology, University College London Medical School, 
UK, (2) Division of Obstetrics and Gynaecology, United Medical and Dental Schools of 
Guy's and St. Thomas' Hospitals, UK

OBJECTIVES: The aim of this study was to investigate the characteristics of fetal sheep 
resistance vessel responses to endogenous vasoactive agents in vitro. The contractile 
responses to potassium (K) and norepinephrine (NE), and the relaxation responses to 
acetylcholine (ACh) and bradykinin (BK) were examined.

METHODS: Skeletal muscle arteries of 0.6 and 0.9 gestation (G) fetal sheep were mounted 
on a wire myograph (Mulvany and Halpem, 1977). The contractile responses to K and 
cumulative concentrations of NE and, after precontraction with NE, the relaxation responses 
to ACh and BK were examined. Tension was expressed as mN/mm and - log [agent] 
required to produce 50% of the maximum response (pEC50) was calculated. Values are 
given as means ± SEM and statistically compared by Mann Whitney U-test.

RESULTS: (see Table)

0.6 G (n=4) 0.9 G (n=5) significance
internal vessel diameter (|im) 287.2 ± 36.1 260.6 ± 26.3 n. s.
maximum NE tension 
(mN/mm)

0.414 ± 0.076 1.031 ± 0.211 P < 0.05

maximum K tension (mN/mm) 0.318 ± 0.060 0.676 ± 0.130 P < 0.05
PEC50 of NE (-log [M]) 5.566 + 0.106 5.710 ± 0.139 n. s.
PEC50 of ACh (-log [M]) 7.546 ± 0.429 7.467 ± 0.282 n. s.
pEC50 of BK (-log [M]) 9.476 ± 0.325 9.443 ± 0.260 n. s.

CONCLUSIONS: We conclude that contractile responses to K and NE of skeletal muscle 
resistance vessels increase substantially between 0.6 and 0.9 G in fetal sheep. These 
differences may relate to difference in smooth muscle mass. In contrast, endothelium- 
dependent vasodilation is well developed by 0.6 G.

REFERENCE: Mulvany MJ, Halpem W. Contractile properties of small arterial resistance 
arteries in spontaneously hypertensive and normotensive rats. Circ Res. 1977; 41:19-26.
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Fetal sheep HPA axis control mechanisms following modest maternal 
nutrient restriction in early gestation

P. Hawkins, M.A. Hanson, D.E. Noakes1 & S.G. Matthews2

Departments of Obstetrics & Gynaecology and Physiology, University College London, 
London WCIE 6HX. 1 Royal Veterinary College, London, departm ent of Physiology, 
University of Toronto, Canada.

Maternal undemutrition may alter development of fetal organ systems (Barker, 1994). We 
reported that fetal hypothalamic pituitary adrenal (HPA) axis responses to stimulation by 
corticotropin releasing hormone (CRH) + arginine vasopressin (AVP) or hypoxaemia are 
reduced following maternal undemutrition (Hawkins et al., 1998a). To examine how this 
occurs we measured fetal levels of glucocorticoid receptor (GR) mRNA in the anterior 
pituitary, and CRH mRNA and AVP mRNA at the paraventricular nucleus (PVN).

From conception, ewes were fed either 100% of their nutritional requirements throughout 
gestation (C), or a 15% reduction in total intake until 70 days gestation (dGA) and 100% 
of their requirements thereafter (R). At 130 dGA ten singleton-bearing ewes were killed 
by overdose of pentobarbitone and the fetal pituitary and hypothalamus was collected. 
GR, CRH or AVP mRNA levels were determined by in situ hybridization. Values are 
mean (arbitrary unit) ± S.E.M. Differences assessed by unpaired t test.

GR mRNA levels in the anterior pituitary and CRH mRNA levels in parvocellular 
neurons of the PVN were reduced in R fetuses (GR, 0.70 ±0.17; CRH 0.16 ± 0.01; 
n=5) compared to C fetuses (GR, 1.23 ± 0.15; CRH 0.19 ± 0.01; n=5) (P<0.05). In the 
PVN, AVP mRNA was elevated in magnocellular areas in R fetuses (0.17 ± 0.004 vs.
0.15 ± 0.01; P<0.05).

The data suggests that reduced fetal HPA axis responses caused by maternal 
undernutrition may arise from a reduction in CRH drive to the anterior pituitary. 
Previously, we have shown that maternal undernutrition causes elevated HPA axis 
activity (Hawkins et al., 1998b) and increased blood pressure (Hawkins et al., 1997) 
postnatally in young lambs. We speculate that the reduction of pituitary GR mRNA could 
decrease the degree of glucocorticoid-mediated negative feedback, producing the increase 
in postnatal HPA axis activity. The increased levels of magnocellular AVP mRNA may 
mediate the effects of maternal undernutrition on cardiovascular development, possibly 
via actions at the kidney.

Supported by the Wellcome Trust and the MRC.
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Isolated systemic resistance vessel function in hypertensive male rat 
offspring of mildly nutritionally restricted dams

T. Ozaki, H. Nishina, P. Hawkins, C. Crowe, L. Poston * and M.A. Hanson

Department of Obstetrics and Gynaecology, University College London and * Divisions 
of Obstetrics and Gynaecology, UMDS of Guy's and St Thomas' Hospitals

In view of the hypothesis that hypertension in the adult may have a fetal origin (see 
Barker, 1994), we have investigated the effects of mild nutritional restriction during 
pregnancy in the rat on systemic resistance vessel function of the young adult offspring.

Pregnant Wistar rats were divided into a control group (C: fed ad libitum) and a 
nutritional restriction group (NR: provided 70 % of gestation-matched diet (standard 
laboratory chow, SDS Ltd) during days 0-18 gestation). Male offspring of C and NR 
were investigated in this study. Arterial blood pressure was measured by an indwelling 
catheter placed in the right femoral artery under pentobarbitone anaesthesia (60 mg kg-1
I.P.). Measurements were made 1 h after 2-3 h recovery from anaesthesia. After killing 
by anaesthetic overdose, branches of the left femoral artery were mounted on a wire 
myograph (Mulvany & Halpem, 1977). Vasoconstriction to phenylephrine (PE) (1 X lO8 
- 3 X lO5 M), noradrenaline (NA) (1 X lO8 - 3 X lO5 M), the thromboxane A2 mimetic 
U46619 (1 X 1010 - 5 X 10*6 M) and, after preconstriction with U46619, vasorelaxation 
in response to acetylcholine (ACh) (1 X 1010 - 1 X 105 M) and sodium nitroprusside 
(SNP) (1 X 1010 - 1 X lO6 M) was examined under isometric conditions. Tension was 
measured as millinewtons per millimetre and expressed as a percentage of maximal 
contraction in response to 125 mM potassium (%K). Values are given as means ± 
S.E.M. and compared by the Mann-Whitney U test. Dose-response curves are compared 
by two-way repeated-measures ANOVA.

NR offspring showed higher mean arterial pressure (NR: 131-0 ± 4-2, n = 6; C: 118*5 ± 
2-8 mmHg, n = 6; P < 0-05). Vasoconstriction in response to PE and NA was similar in 
C and NR, but in response to U46619 it was greater in NR (NR: 55-2 ± 10-3, n = 5; C: 
33* 1 ± 4-5 %K, n = 6; P < 0-05). Relaxation in response to SNP was blunted in NR (P 
< 0-05).

Mild maternal undemutrition in pregnancy affects cardiovascular development of male 
offspring. Thromboxane A2 receptor-mediated mechanisms and nitric oxide sensitivity of 
vascular smooth muscle cells are affected and could contribute to the hypertension.

This work was supported by the British Heart Foundation.
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FETAL SH EEP HPA AXIS CONTROL M ECHANISM S FO L LO W IN G  
M O D EST M A TER N A L N U T R IE N T  R E S T R IC T IO N  IN  EA R L Y  
G E S T A T IO N . P. Hawkins, M.A. Hanson, D.E. Noakes1 & S.G. Matthews2. 
Departments of Obstetrics & Gynaecology and Physiology, University College London, 
London, UK. 1 Royal Veterinary College, London, UK. departm ent of Physiology, 
University of Toronto, Canada.

Modest maternal nutrient restriction causes a reduction in fetal hypothalamic pituitary 
adrenal (HPA) axis responses to stimulation by corticotropin releasing hormone (CRH) + 
arginine vasopressin (AVP) or hypoxaemia (Hawkins et al., 1998). To examine the 
mechanisms by which this occurs we measured fetal levels of glucocorticoid receptor 
(GR) mRNA at the pituitary, and CRH mRNA and AVP mRNA at the hypothalamus.

From conception, ewes were fed either 100% of their nutritional requirements 
throughout gestation (C), or a 15% reduction in total intake until 70 days gestation (dGA) 
and 100% of their requirements thereafter (R). At 130 dGA ten singleton-bearing ewes 
were killed and the fetal pituitary and hypothalamus was collected. GR, CRH or AVP 
mRNA levels were determined by in situ hybridization using 35S-labelled oligonucleotide 
probes. Values are expressed as mean (arbitrary unit) ± S.E.M.

Pituitary GR mRNA and hypothalamic CRH mRNA were reduced in R fetuses 
(GR, 0.70 ± 0.17; CRH 0.16 ± 0.01; n=5) compared to C fetuses (GR, 1.23 ± 0.15; 
CRH 0.19 ± 0.01; n=5) (P<0.05). Hypothalamic AVP mRNA was elevated in 
magnocellular areas in R fetuses (0.17 ± 0.004 vs. 0.15 ± 0.01; P<0.05).

The data suggests that reduced fetal HPA axis responses caused by maternal 
undernutrition may arise from a reduction in CRH drive to the anterior pituitary. 
Previously, we have shown that maternal undernutrition causes elevated HPA axis 
activity and increased blood pressure postnatally in young lambs. We speculate that the 
reduction of pituitary GR mRNA could decrease the degree of glucocorticoid-mediated 
negative feedback, producing the increase in postnatal HPA axis activity. The increased 
levels of magnocellular AVP mRNA may have a role in the effects of maternal 
undemutrition on cardiovascular development, possibly via actions at the kidney.

Work supported by the Wellcome Trust and the MRC.

REFERENCES
Hawkins, P., Crowe, C., McGarrigle, H.H.G., Saito, T., Ozaki, T., Stratford, L.L., 
Noakes, D.E. & Hanson, M.A. (1998). J. Physiol. 507.P, 50P.

521



APPENDIX 23
FETAL AND NEONATAL PHYSIOLOGICAL SOCIETY 

25TH ANNUAL MEETING, LAKE ARROWHEAD, CALIFORNIA, USA. 
SEPTEMBER 13-16, 1998.

RELATION OF POSTNATAL BLOOD PRESSURE TO BIRTH WEIGHT, AGE AND 
GROWTH IN LAMBS. C. Stevn. P. Hawkins, *D.E. Noakes and M.A. Hanson. 
Department of Obstetrics & Gynaecology, University College London, London, U.K.; 
*Royal Veterinary College, London, U.K.

There is currently much interest in the effects of the intrauterine environment on fetal 
development and subsequent outcome for the neonate and adult. It has been shown that 
there is a link between birth weight and blood pressure later in life (Barker, 1994) which has 
been associated with nutrition in utero (Langley et al., 1994). It has also been shown that 
moderate maternal undernutrition during the first half of pregnancy results in alterations in 
the function and development of the hypothalamic-pituitary-adrenal (HPA) axis (Hawkins 
et al., 1998) in the ovine fetus. Preliminary results have also shown an increase in the 
resting mean arterial blood pressure (MAP) of a small group of young lambs whose mothers 
were exposed to moderate maternal undernutrition in early gestation (Hawkins et al., 
1997). Thus, it was our objective to study blood pressure development in the postnatal lamb 
in relation to birth weight, growth and age, up until 2 years of age.

Experiments were carried out in Welsh Mountain sheep whose mother’s histories 
(nutritional plane, weight, condition score) had been documented throughout pregnancy. All 
lambs were born in 1997. At birth, the weight and sex of each lamb was recorded and 
whether it was a singleton or twin. The lambs were then weighed at weekly intervals until 
38 weeks of age, and at monthly intervals thereafter. The lambs were weaned at 3 months 
of age after which they were all fed hay and a pelleted diet at the recommended amounts to 
maintain normal growth. Blood pressure was recorded via a cannula that was inserted into a 
carotid loop.

Between 11 and 15 months of age basal MAP was distributed over a relatively wide 
range (80 -  105 mmHg). MAP was not correlated with birth weight, current weight, sex, 
and growth rate. However, there was a significant negative correlation of birth weight with 
percent increase in weight, i.e. lower birth weight was associated with a greater percent 
increase in weight during the first 11-15 months of life.

We conclude that basal MAP is distributed over a wide range in sheep of about one 
year of age, which has been previously observed (Dodic et al, 1998). Our investigations so 
far have not elucidated the cause of this wide distribution. Also, we have found no evidence 
for an association of birth weight with postnatal blood pressure even allowing for current 
body weight, as has been reported in the human (Taylor et al., 1997). We are now 
considering blood pressure levels and distribution, post one year of age, in relation to 
nutrition in utero, cardiovascular reflexes, HPA axis function.

We would like to thank the Wellcome Trust for financial support.
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OBJECTIVE: Blunt vasoconstrictions and endothelium dependent vasorelaxation to 
noradrenaline (NA) were reported in various adult arteries1'3. We found similar responses in 
femoral arteries of young rat pups. To investigate this mechanisms and developmental 
changes, we examined systemic resistance vessel responses to constrictor agonists in young 
pups and adult rats.

METHODS: Femoral arteries of day 10 (DIO: 279.2 ± 6.6 [im in diameter, n=5) and day 
20 pups (D20: 272.7 ± 15.9 pm, n=8) and branches of the femoral artery of adult rats (A: 
326.6 ± 42.5 pm, n=3) were mounted on a wire-myograph as a ring preparation4. 
Vasoconstriction to noradrenaline (NA) [lx lO 8 - 3xl0'5], and the thromboxane A2 
mimetic (U46619) [lxlO‘10 - 5xl0'6] and, after preconstriction with U46619, cumulative 
responses of NA [lxl0‘8 - 3xlO'5] were examined. In addition, vasorelaxations to NA were 
also examined with/without intact endothelium and with 0.1 mM L-NAME incubation in day 
10 pups. Each tension was expressed as mN/mm and % maximal K contraction (%K). 
Values are given as DIO vs D20 vs A (mean ± standard error) and compared by Mann- 
Whitney U-test. Dose-response curves are compared by two-way repeated-measures 
ANOVA. Significance is accepted if p < 0.05 (*: D20/A vs D10, **: A vs D10/D20).

RESULTS: Maximal contractile responses to NA was increased developmentally (D10: 4.7 
± 3.3, D20: 28.5 ± 6.8*, A: 88.8 ± 5.4*, ** %K), in contrast, to U46619 it decreased (D10: 
159.3 ± 34.5, D20: 91.7 ± 8.2*, A: 50.0 ± 12.4*, **%K). Preconstricted arteries were 
relaxed to 82.6 ± 16.4 % in D10 and 49.0 ± 8.4 % in D20 but did not relax in A. This 
vasorelaxation was abolished by mechanical endothelial denudation and 0.1 mM L-NAME 
incubation.

CONCLUSIONS: Substantial nitric oxide production by NA via endothelial adrenoceptors 
relaxes femoral arteries of young rat pups. This study provides evidence for developmental 
changes in mechanisms of vascular control.
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We have investigated the effects of mild nutritional restriction (Barker 1994) in pregnant 
rats on systemic resistance vessel function of the young adult offspring.

Pregnant Wistar rats were divided into control (C: fed ad lib) and nutritional restriction (NR: 
provided 70% of gestation-matched diet during days 0-18 gestation) groups. Male 
offspring of C and NR were investigated in this study. Arterial blood pressure was measured 
for one hour after a 2-3 hour recovery period by indwelling catheter into right femoral 
artery under intraperitoneal pentobarbitone anaesthesia.. After sacrifice, branches of the left 
femoral artery were mounted on a wire myograph (Mulvany and Halpern 1977). 
Vasoconstriction to phenylephrine (PE) [lxlO '8 - 3x10 s], noradrenaline (NA) [lxlO '8 - 
3xl0'5], the thromboxane A mimetic (U46619) [ 1 x 10"10 - 5xl0'6] and, after preconstriction 
with U46619, vasorelaxation to acetylcholine (Ach) [ lx lO 10 - lxlO'5] and sodium 
nitroprusside (SNP) [ lx lO 10 - 1x10' ] were examined under isometric conditions. 
Tension was measured as mN mm-1 and expressed as % of maximal 125 mM potassium 
contraction (%K). Values are given as mean ± standard error and compared by Mann- 
Whitney U test. Dose-response curves are compared by two-way repeated-measures 
ANOVA.

Vessels from day 20 NR offspring showed smaller response to PE (27.1 ± 8.1* vs 50.5 ±
10.4 % maximal K contraction [%K], NA (6.3 ± 3.2* vs 22.9 ± 8.4 %K) and to ACh. Day 
100 NR offspring showed higher mean arterial pressure (NR; 131.0 ± 4.2, n=6 vs C, 118.5 
± 2.8 mmHg, n=6). Vasoconstriction to PE and NA was similar in C and NR, but to U46619 
it was greater in NR (NR, 55.2 ± 10.3, n=5 vs C, 33.1 ± 4.5 %K, n=6; p < 0.05). Relaxation 
to SNP was blunted in NR (p < 0.05).

Mild maternal undernutrition affects cardiovascular development of male offspring. 
Thromboxane A receptor mediated mechanisms and nitric oxide sensitivity of vascular 
smooth muscle cells are affected and could contribute to hypertension.

Supported by British Heart Foundation.

References
Barker DJP. Mothers, Babies, and Disease in Later Life. London. BMJ Publishing Group. 
1994.
Mulvany MJ and Halpern W.. Circ Res 1977; 41: 19-26.



X A. pVUUlVViJ

APPENDIX 26
JOINT MEETING OF THE NEONATAL SOCIETY AND PAEDIATRIC 

SECTION OF THE ROYAL SOCIETY OF MEDICINE. ROYAL SOCIETY 
OF MEDICINE, LONDON, UK. JANUARY 26, 1999.

EFFECT OF MATERNAL NUTRIENT RESTRICTION DURING EARLY 
GESTATION ON FETAL SHEEP CARDIOVASCULAR DEVELOPMENT IN LATE 
GESTATION.
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Departments of Obstetrics & Gynaecology and Physiology, University College London, 
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Maternal undernutrition during pregnancy may alter offspring’s cardiovascular 
development. We are investigating the mechanisms of this in the fetus.

From conception, ewes were fed either 100% of their nutritional requirements throughout 
gestation (C), or 85% of their requirements until 70 days gestation (dGA) and 100% of 
their requirements thereafter (R). At 106-109 dGA, thirteen singleton fetuses were 
instrumented with arterial and venous catheters and ECG electrodes. Arterial pressure and 
heart rate were measured between 114-115 and 126-130 dGA. The fetal baroreflex was 
assessed by bolus i.v. injection of phenylephrine (75 p,g) at 114-115, 120-123 and 126- 
BO dGA. Values are mean ± S.E.M. Differences assessed by unpaired t test.

Mean arterial pressure was lower in R fetuses (38.5 ± 0.6 mmHg) compared to C fetuses 
(40.5 ± 0.7 mmHg) (P<0.05), as were systolic blood pressure (P<0.05) and the rate- 
pressure product (P<0.0002). Baroreflex operating point was lower in R fetuses at 114- 
115 dGA (P<0.05) and 120-123 dGA (P<0.002).

We conclude that maternal undemutrition in early gestation produces hypotension in the 
late gestation fetus. Furthermore, baroreflex mechanisms are reset to the lower pressure.
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Effect of mild undernutrition in early gestation on fetal placental villous density in 
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In sheep, mild undernutrition in early pregnancy can produce changes in the development of fetal 
cardiovascular and endocrine systems without necessarily reducing fetal growth (see Hoet & Hanson, 
1999). Adaptive changes in placental function may preserve fetal growth. Changes in the distribution of 
placentomes from Type A to D, the latter having a greater proportion of fetal to maternal tissue (Vatnick 
et al, 1991) have been reported in response to undernutrition and high altitude hypoxia (see Penninga & 
Longo, 1998). We investigated whether mild undernutrition produces effects on fetal placental villous 
density.

Welsh mountain sheep of uniform age, weight and parity were fed either 100% of their nutritional 
requirements throughout pregnancy (C) or 85% for the first 70 days gestation (dGA) and then 100% (R). 
Singleton-bearing sheep were then killed at either 90 (5R, 5C) or 130 (5R, 1C) dGA. Fetuses were 
weighed and measured and 2 Type A and 2 Type D placentomes were fixed and stained for histology. 
Fetal villous density was determined with light microscopy for 1 mm2 fields, taken randomly. For each 
placentome, 4 counts were averaged, as duplicate counts on separate occasions. Type A and D placentome 
villous counts were then averaged for each animal.

There were no differences in fetal weight, crown-rump or femur length, biparietal diameter or total 
placental weight between R and C animals at 90 or 130 dGA. Villous density was greater at 130 than 90 
dGA in Type A placentomes. Density was also greater in R than C animals at both ages in Type A and 
at 130 dGA in D placentomes (Table 1).

Mild undernutrition produces an increase in fetal placental villous density. The mechanism of this 
apparently compensatory response is not known. In addition, if it were associated with a lower umbilical 
vascular resistance, it may explain the lower blood pressure found in R than C fetuses (Hanson et al, 
1999).

Supported by the Wellcome Trust
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R C
90 dGA 130 dGA 90 dGA 130 dGA

A 4.57 ± 0.34* 7.80 ± 1.26* f 2.73 ± 0.33 5.03 ± 0.45 f
D 4.83 ± 1.38 9.46 ± 0.74* 4.0 ± 1.18 6.99 ± 0.4

Table 1 Mean (± SE) no of villi in each type of placentome at both ages. (N.B. only two sheep had D 
placentomes in the 90 dGA C and R groups). *P<0.05, R vs C at 90 or 130 dGA (paired t test) 
|P<0.05, 90 vs 130 dGA for R and C (unpaired t test).
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EFFECT OF MATERNAL NUTRIENT RESTRICTION DURING EARLY 
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P. Hawkins, C. Steyn. D.E. Noakes* & M.A. Hanson. Depts. Obstetrics & 
Gynaecology and Physiology, University College London, London, UK. *Royal 
Veterinary College, London, UK.

In troduction . Epidemiological and experimental evidence suggests that maternal 
undernutrition during pregnancy may produce hypertensive offspring. We are 
investigating the mechanisms by which this may occur in the fetus.

Methods. From conception, ewes were fed either 100% of their nutritional requirements 
throughout gestation (C), or 85% of their requirements until 70 days gestation (dGA) 
and 100% of their requirements thereafter (R). At 106-109 dGA, thirteen singleton 
fetuses were chronically instrumented under general anaesthesia with carotid artery and 
jugular vein catheters and ECG electrodes. Basal fetal arterial pressure and fetal heart rate 
(FHR) were measured on alternate days between 114-115 and 126-130 dGA. At 114- 
115, 120-123 and 126-130 dGA, the fetal baroreflex was assessed by intravenous 
injection of a bolus dose of phenylephrine (75 fig), and measurement of fetal systolic 
blood pressure (SBP) and R-R interval derived from the ECG. Values are mean ± 
S.E.M. Differences between C and R fetuses in basal cardiovascular variables were 
assessed by unpaired t test. Differences in baroreflex assessed by two-way analysis of 
variance.

Results. Mean arterial pressure (MAP) was significantly lower in R fetuses (38.5 ± 0.6 
mmHg) compared to C fetuses (40.5 ± 0.7 mmHg) (P<0.05). SBP was significantly 
lower in R fetuses (52.5 ± 0.9 mmHg) compared to C fetuses (56.1 ±1 .1  mmHg) 
(P<0.05), but there was no difference between the groups in diastolic blood pressure or 
FHR. The rate-pressure product (RPP) was also significantly lower in R fetuses (8.80 ± 
0.08 mmHg/bpm/10 3) compared to C fetuses (9.48 ± 0.08 mmHg/bpm/10'3) 
(P<0.0002). The operating point for the baroreflex was significantly lower in R fetuses 
compared to C fetuses (PcO.Ol).

Discussion. We conclude that maternal undernutrition in early gestation produces 
hypotension in the late gestation fetus. Furthermore, baroreflex control mechanisms are 
reset to the lower pressure. These effects may be mediated by a decrease in umbilical- 
placental vascular resistance (Koser et al., 1999).

Work supported by the MRC and the Wellcome Trust.
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Introduction

It has been well established in a variety of species that altered nutrition can have permanent 
effects if it occurs at a sensitive period during development (e.g. Winick and Noble, 1966; 
Osofsky, 1975; Stephens, 1980; Lechner et al., 1986; Snoeck et al., 1990; Lucas, 1991) The 
effects of a period of early undemutrition on cardiovascular function may not be manifest 
until a much later stage in life. Attempts to understand the underlying mechanisms have 
been made in a variety of animals, from rodents to sheep and non-human primates.

One of the major issues which emerges from recent work is that birthweight does not 
necessarily have to be significantly reduced for the physiological effects of reduced 
nutrition in pregnancy to be manifest. This raises the possibility that the placental or fetal 
compensatory mechanisms, which occur in response to reduced maternal nutrition, can 
preserve normal fetal growth and hence birthweight, but still have postnatal consequences 
which become important in later life. Thus the adoption of a biological strategy' needed 
during development in utero results in an organism in which longevity or health in 
adulthood is compromised.

In sheep global undernutrition in early pregnancy produces reduction of 
birthweight/placental weight ratio (De Barro et al., 1992) and in early to mid-gestation 
produces increased placental size (Faichney and White, 1987; McCrabb et al., 1991), 
whereas global undernutrition in late gestation only reduces fetal growth (Mellor and 
Murray, 1981). Early gestation undemutrition alters the distribution of placentome types in 
favour of those which may have increased fetal vascularisation (Crowe et al., 1996). This is 
reminiscent of the increased fetal vascularisation reported in human, guinea pig and sheep 
placentae at high altitude (Bacon et al 1984; Scheffen et al, 1990; Burton et al., 1996; Krebs 
et al, 1997) and some forms of intrauterine growth retardation (IUGR) (see Kingdom & 
Kaufmann, 1997), possibly occurring as a placental compensatory response.

In order to gain further insight into the mechanisms involved, we have recently conducted a 
study on Welsh Mountain Breed sheep. This is a hardy breed which is well adapted to 
withstand poor nutrition during pregnancy. In addition, an advantage of using this breed is 
that it produces singleton fetuses relatively more commonly than some others.

Methods

The sheep were of uniform age and parity and were housed individually so that their dietary 
intake could be controlled. Animals either received 100% of their nutritional requirement 
(AFRC, 1993) (C) or a reduction in intake by 15% (R) for the first half of gestation, after 
which they were returned to the 100% nutrition regime. In an additional group, nutrition 
was reduced by 50% for the first half of pregnancy. Intake requirements were calculated on 
a body weight basis for the appropriate stage of gestation.
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Fetuses were chronically instrumented at 107-109 days gestation, using standard methods 
for assessing cardiovascular function (see Giussani et al, 1993; 1994). After 4-5 days 
postoperative recovery, blood pressure was monitored for 14 days. Baroreflex sensitivity 
was determined from the increase in R-R interval produced by an i.v. bolus of 75|ig 
phenylephrine. To measure the sensitivity, R-R interval was plotted against systolic blood 
pressure (SBP) and the slope of the steep portion of the curve, occurring during the rapid 
rise in SBP, was calculated. Hypothalamic-pituitary-adrenal (HPA) axis responses to 
exogenous stimulation were assessed by measuring plasma ACTH and cortisol 
concentrations following bolus i.v. injection of lfig corticosteroid releasing hormone (CRH) 
and 200ng arginine vasopressin (AVP) (Norman and Challis, 1987). Adrenocortical 
responses were also examined following bolus administration of 300 ng ACTH (Harvey et 
al, 1993). HPA axis responses to endogenous stimuli were assessed from the increases in 
plasma ACTH and cortisol concentration during 1 hour of acute isocapnic hypoxia (fetal 
Pa0 2 reduced to 12-15 mm Hg). At the end of the experimental period the animals were 
killed and body and organ weights determined. The pituitary and hypothalamus were 
rapidly removed and frozen for subsequent in situ hybridisation analysis using 35S- 
radiolabelled oligonucleotide probes, to measure levels of pro-opiomelanocortin (POMC) 
mRNA, and glucocorticoid receptor (GR) mRNA at the pituitary and CRH and AVP mRNA 
at the hypothalamic paraventricular nucleus (PVN).

In addition, small (ca. 300 fim) resistance vessels were dissected from branches of the 
femoral artery and mounted in a wire myograph (Mulvany and Halpern, 1977). After 
setting the wall tension to the appropriate level derived from the Laplace equation applied to 
the mean arterial pressure or gestational age, the responses of the vessels to a range of 
vasoconstrictor and vasodilator agonists were studied.

Some animals were not instrumented but were allowed to deliver naturally. Lambs were 
reared by their ewes and were studied at about 90 days postnatally, after insertion of pedal 
venous and arterial catheters 1-2 days previously. The basal MAP and cardiovascular and 
endocrine responses to 0.5 p.g/kg CRH and 0.1 AVP jxg/kg administered i.v. were then 
measured.

Results

Blood gases, plasma glucose, lactate, electrolytes were not different between C and R fetuses. 
Nor were there any differences in birthweight, organ weight or body proportions at 
postmortem, with the exception of smaller kidneys as % of bodyweight (p<0.05) in R versus 
C. However, MAP was significantly lower in R than in C (Fig. 1). This was accompanied by 
a leftward shift in the baroreflex response curve in the former. Basal plasma cortisol 
concentrations were lower in R than in C (p<0.05). The HPA axis responses were 
significantly depressed in R versus C fetuses. This was observed as a reduced ACTH and 
cortisol response to the CRH/AVP challenge (see Fig. 2) and also to hypoxia. In addition, 
the cortisol response to an ACTH challenge was reduced in R versus C. The molecular 
studies revealed that this was accompanied by a reduced hypothalamic CRH mRNA in R 
compared to C. (p<0.05). There was no difference in pituitary POMC mRNA between the 
groups. In addition, we found a reduced level of GR mRNA at the pituitaries and elevated 
AVP mRNA in the magnocellular PVN in R fetuses.

There were also differences in the small resistance vessel responses between the groups of 
fetuses. In particular, the vasodilator response to acetylcholine (ACh) was reduced in R, but 
contractile responses to noradrenaline were not different, either in terms of absolute tension 
or when expressed in terms of maximum tension to high K+. In a second series of 
experiments, in which we reduced the nutrition of ewes by 50% for the first half of 
gestation, the effect on fetal resistance vessel responses to ACh was even greater (Fig. 3).

In the lambs neither birthweight nor the growth trajectory over the first three months 
differed between R and C animals. However, dramatic changes in the cardiovascular and 
endocrine responses appeared to have occurred from those seen in fetal life. MAP was now 
higher in R than C animals (Fig. 4). It was also of note that the ACTH and cortisol responses 
to the CRH/AVP challenge were now also greater in R than C animals (Fig. 5).

Discussion
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The results of our studies provide further evidence that aspects of the intrauterine 
environment, in this case maternal nutrition in early pregnancy, can produce dramatic 
effects on the offspring both pre-and postnatally. Effects are produced not only on MAP 
but also on HPA axis responses, which play a major role in the homeostasis of many 
systems including the cardiovascular system. Moreover, these effects are manifest without 
any gross morphological changes in fetal growth. This latter point is of great interest as the 
aetiological factors which determine the risk of diseases such as hypertension and coronary 
heart disease, which are prevalent in Western adult populations, are unlikely to be associated 
with overt fetal growth restriction. Smaller disturbances of fetal growth, but with bodyweight 
and proportions still within the normal range, may of course form a component of the risk 
factors. This may explain why, for example, blood pressure in children at 8-11 years is not 
correlated with birthweight (Taylor et al, 1997).

We were initially surprised to find a lower MAP in R than in C fetuses, as we had expected 
that the higher MAP in later life might have been manifest in fetal life, with animals tracking 
at an elevated MAP throughout. It was interesting that the lower pressure was associated with 
a leftward shift in the baroreflex response curve. Because the position of the baroreflex 
curve indicates the level of MAP, and changes during gestation (Blanco et al, 1988), our 
results make it clear that the lower MAP in R fetuses had been sustained. From our current 
data, we are unable to establish the cause of the lower MAP in R fetuses, although the fact it 
is associated with lower plasma cortisol is especially interesting, as cortisol is known to 
produce vasoactive effects characterised by increased blood pressure (Tangalakis et al,
1992). Another possibility is that fetal placental villous growth was greater in the R than C 
animals. Since the placental circulation is the major component of fetal peripheral vascular 
resistance, an increase in villous growth might lead to a fall in resistance and hence a lower 
MAP, if cardiac output did not change. We have found some evidence for such a change in 
the placenta in terms of the gross morphology of the placentome types (Crowe et al, 1996). 
The effect might occur in response to the reduced nutrition in early pregnancy and a 
parallel could be drawn with the shift in placentome types and the increased fetal villous 
growth which occurs in the sheep and human in response to the hypoxia of high altitude 
(Krebs et al, 1997; Penninga and Longo, 1998).

The low cortisol in R fetuses was accompanied by reduced pituitary and adrenal 
responsiveness to endogenous and exogenous stimuli. Our evidence indicates that this is due 
to reduced expression of CRH at the PVN, rather than changes in POMC expression at the 
pituitary.

An unexpected finding was that pituitary GR mRNA was less in the R fetuses. This would be 
associated with depressed feedback on ACTH release and hence cannot explain the lower 
cortisol in these fetuses. However, both this and the reduced CRH expression have been 
reported after experimental exposure to elevated glucocorticoid levels, either in the plasma 
or at the PVN (Matthews, 1995; Myers et al, 1992). This may have occurred if our fetuses 
had been exposed to higher cortisol levels earlier in gestation. Such an effect may be due to 
maternal stress (Barbazanges et al, 1996). Another possible mechanism involves a reduction 
in the activity of placental 116 HSD (Benediktsson et al, 1997). This has been reported to 
occur with nutrient restriction in the rat (Langley-Evans et al, 1996). Either would lead to 
exposure of the fetus to high levels of cortisol in early gestation which could reprogramme 
HPA axis development.

We have previously reported maturational changes in the contractile responses of small 
resistance branches of the femoral artery to noradrenaline between 0.6 and 0.9 gestation in 
the sheep (Ozaki et al, 1998a). However, it appears that this maturation is not affected by a 
modest nutritional challenge in early gestation. In contrast, the effects of vasodilator 
responses to ACh or SNP were blunted in the R fetuses and the effects for ACh appeared to 
be graded, in that they were more pronounced if the nutritional restriction was more severe. 
It is possible that this reduction in vasodilator tone may predispose these fetuses to 
hypertension in later life, as a result of diminished endothelial dependent vasodilator 
modulation of vasoconstrictor tone. The mechanism of this effect is unknown and merits 
further investigation.

In relation to the ideas discussed in the introduction, one of the most striking observations 
arising from our studies using sheep is that MAP is higher at about 3 months of age in the 
lambs of R ewes. We observed a similar postnatal effect in the rat again using a modest
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nutritional challenge (Ozaki et al, 1998b), so the effect does not appear to be specific to the 
sheep. Previous studies in which elevated blood pressure was reported in the rat had 
employed either a more severe reduction in total nutrition (Woodall et al, 1996) or in 
dietary protein (Langley-Evans, 1996). Even severe restriction in late gestation does not 
produce elevated blood pressure (Holemans et al, 1998). Hence it appears that diet in early 
gestation is of great importance in the programming of cardiovascular development, 
although the precise components of the diet which are involved are not known. One of our 
key observations in the sheep is that the R fetuses were hypotensive. This raises the question 
of how the transition to a higher MAP postnatally occurred in such animals. The fetuses 
may have attempted to raise MAP to normal levels in the face of lower placental vascular 
resistance (see above), e.g. by vasoconstriction in other peripheral vascular beds. If this 
effect were maintained, it would result in elevated total peripheral resistance postnatally, and 
higher MAP in consequence.

There are, however, two other possible mechanisms which may account for the higher MAP 
in the young lambs. One is the reduced fetal HPA axis feedback in terms of pituitary GR 
receptor expression, which would be expected to exaggerate HPA responses. We find 
evidence for this in terms of the HPA axis responses to CRH/A VP. If this is the key 
mechanism involved, then elevated MAP postnatally will depend on exposure to additional 
stress. Another mechanism is the reduction in endothelium-dependent vasodilator 
mechanisms of small resistance vessels, which again may predispose to enhanced responses, 
in this case vasoconstriction, in the face of stress. The key point here may be that, for both 
these mechanisms to result in hypertension, a superimposed postnatal stress must occur. 
Hence the nutritional restriction may produce a neonate with a predisposition to 
hypertension, but this will not be manifest unless some additional challenge (environmental, 
dietary) occurs.

We were interested to observe that, at least in terms of some aspects of effects of reduced 
nutrition these effects were graded. This may be of relevance in understanding the 
predisposing factors for hypertension in the human, since elevated arterial pressure is not an 
all-or-nothing phenomenon and indeed the boundary between normal and abnormal blood 
pressure has been debated (See e.g. Sleight, 1980).

In summary, we have demonstrated that the use of sheep can offer several insights into the 
mechanisms by which nutrition in early pregnancy can affect cardiovascular development 
in the offspring. The effects are manifest not only in terms of basal MAP, but also in terms 
of reflex and endocrine responses to stimuli. The sheep has the advantage that fetal 
processes, and the transition from fetal to postnatal life can be studied. At present, our 
results indicate that disturbance of development can occur at several levels -namely the 
placenta, the HPA axis and small resistance vessels, and the relative importance of these 
needs to be investigated. Our results so far indicate that certain aspects of the effect can be 
graded in intensity, depending on the severity of the nutritional challenge. However, it must 
be emphasised that the effects occur in the absence of reduced fetal or postnatal growth, 
which is of relevance in considering the aetiology of diseases as prevalent as hypertension.

The authors wish to express their thanks to the Wellcome Trust, British Heart Foundation, 
Tommy's Campaign and the MRC for financial support.
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Fig. 1. Basal mean arterial pressure in control (□ )  and nutrient restricted (■) fetuses (113-127 days 
gestation). Values are mean ± S.E.M. Data is shown as the average of measurements made over a 2 week 
period. *P<0.05 C vs R by unpaired t test.
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Fig. 2. ACTH and cortisol responses to administration of l|ig  CRH + 200ng AVP in control (□ ) and 
nutrient restricted (■) fetuses in late gestation. Data is shown as the cumulative response over the first 15 
min following drug administration, with samples taken every 5 min. *P<0.05 C vs R by two-way 
analysis of variance followed by Dunnett’s post-hoc test.
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Fig. 3. Mean (± S.E.M.) PEC50 concentrations for noradrenaline (NA), to produce 50% maximum 
tension (left), and acetylcholine (ACh) to produce 50% relaxation (right) in small (ca. 300pm) branches of
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femoral arteries in fetal sheep at 130 days gestation. Open bars show control, and filled and hatched bars 
respectively fetuses of ewes fed a complete diet reduced by 15% or 50%. No effect on NA response was 
seen, but ACh response was reduced in R fetuses in a graded manner. *P<0.05 vs C, fP<0.05 vs R15%, 
by unpaired t test.

Fig. 4. Basal mean arterial pressure in control (□ )  and nutrient restricted (■) lambs (84 ± 4.4 days). 
Values are mean + S.E.M. Data is shown as the average of measurements made on a single day. *P<0.05 
C vs R by unpaired t test.

Fig. 5. ACTH and cortisol responses to administration of 0.5pg/kg CRH + 0.1pg/kg AVP in control 
(□ )  and nutrient restricted (■) lambs (84 ± 4.4 days). Values are mean ± S.E.M. Data is shown as the 
cumulative response over the first 60 min following drug administration, with samples taken at 5, 10, 
15, 30 and 60 min. *P<0.05 C vs R by two-way analysis of variance followed by Dunnett’s post-hoc 
test.
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APPENDIX 30
PEDIATRIC RESEARCH (SUBMITTED)

UNDERNUTRITION DURING THE FIRST HALF OF GESTATION INCREASES 
THE PREDOMINANCE OF FETAL TISSUE IN LATE-GESTATION OVINE 

PLACENTOMES

Clare Steyn, Paul Hawkins, Tsukuru Saito, David E. Noakes*, John C.P. Kingdom & 
Mark A. Hanson

ABSTRACT
Studies in both humans and animals suggest that maternal nutritional status during 
pregnancy has important implications for placental and fetal growth and development. 
Whilst there are known to be alterations in placental development as a consequence of 
differing forms of hypoxia, little is understood about the adaptations that the placenta 
makes to undernutrition. Thus, it was the aim of this study to investigate in sheep the 
effects of maternal undernutrition during the first half of pregnancy on placental growth 
and development and fetal growth. One group of ewes (R) were subjected to a 15% 
reduction in nutrient intake for the first 70 days of gestation and thereafter received the 
recommended daily intake. A control group of ewes (C) received the recommended daily 
intake throughout pregnancy. At 130 days gestation the ewes were killed and a post
mortem examination carried out whereby morphological and morphometrical 
measurements were carried out on the placenta and fetus. We found that undernutrition 
resulted in a significant alteration in placental morphology, which was seen as increased 
growth of the fetal side of the placenta in R animals. However, fetal size in late gestation 
was not affected by the undemutrition, suggesting that placental adaptation was successful 
in maintaining fetal growth. Understanding the mechanisms of this adaptation will be 
important in elucidating interactions between placenta and fetus.

INTRODUCTION
Epidemiological data linking an increased placental/birth weight ratio with hypertension and 
cardiovascular diseases during adult life (Barker et al. 1990) have highlighted the need to 
understand the factors that regulate placental development. Furthermore, since intrauterine 
growth restriction (IUGR) is similarly linked to these postnatal conditions (Law et al.
1993), a greater understanding of the placental pathology of IUGR could clarify the 
mechanisms by which events that occur during prenatal life influence adult disease 
processes.

Reduced oxygen delivery to the intervillous space, either as a result of maternal anaemia 
(Beischer et al. 1970) or pregnancy at high altitude (Burton et al. 1996), is associated with 
increased branching capillary angiogenesis within the gas-exchanging peripheral villi. 
Experiments utilising normobaric hypoxia in pregnant guinea pigs (Bacon et al. 1984; 
Scheffen et al. 1990) or sheep at high altitude (Krebs et al. 1997) support this concept of 
adaptive fetoplacental vascularisation in the face of intraplacental hypoxia (Kingdom & 
Kaufmann 1997). However, in addition to hypoxia, a broad range of factors influence fetal 
and placental growth (Williams et al. 1997), nutrition being one of the factors that has 
been much discussed (Martyn et al., 1996; Forrester et al., 1996; Godfrey et al., 1996). In 
the sheep it was observed that placental weights are greater in ewes that received reduced 
nutrition in early (De Barro et al. 1992) and mid (McCrabb et al., 1991) gestation 
compared to control animals. It has been suggested that the increase in placental weight 
associated with undernutrition during pregnancy is an attempt to compensate for the 
reduction in nutrient supply from the mother (Faichney & White, 1987). This suggestion is 
supported by the studies in which placental size was restricted by carunclectomy, where it is 
seen that the remaining placentomes became hypertrophied (Alexander, 1964), although 
the effects on fetal growth were variable (Robinson et al., 1983).
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The sizes of individual placentomes in the sheep are influenced by both maternal and fetal 
vascular development. A macroscopic classification system, in the sheep, has been used 
(Vatnick et al., 1991) to reflect the relative maternal and fetal contributions to individual 
placentomes (see Fig. 1). Whilst there are studies that have looked at the effect of 
undernutrition on placental size, to date no study has addressed the effects of maternal 
undemutrition upon placentome development in the sheep. In this species the major period 
of placental growth is complete by about 70 days of gestation, before the major period of 
fetal growth. The pregnant sheep is widely used as an animal model in studies concerned 
with investigating all aspects of fetal physiology, and its cardiovascular function is similar 
to that of the human. The placentation of the human and the sheep are known to be 
different, in that the human placenta is discoid and haeomonochorial, whilst that of the 
sheep is cotyledonary and synepitheliochoral. However, work comparing the ruminant 
placenta with that of the human has shown that the ruminant placenta is a workable model 
for the human (Leiser et al, 1997). Thus, the purpose of the present study was to 
investigate the effects of maternal undemutrition, of a level that may be expected to occur 
in some women in a Western population, during the first 70 days of gestation on gross 
macroscopic placentome development and fetal growth.

MATERIALS AND METHODS 
Materials. Experiments were carried out in twin-bearing Clun Forest ewes with dated 
pregnancies. The usual number of fetuses for this lowland breed of sheep is two, so we 
selected twin rather than singleton-bearing ewes for the study. They were housed in groups 
of 4, in pens with raised flooring, for the duration of pregnancy until post-mortem. 
Unfortunately it was not possible for the ewes to be individually penned, therefore it was 
not possible to control food intake for each individual animal. Nonetheless, we had much 
better control over food intake than if the animals had been kept as a flock. They were fed 
specific rations of a complete pelleted diet, which comprised of barley, wheat, cooked 
cereal meal, micronized full fat soya, grass meal, molasses, chopped straw, calcium 
carbonate, dicalcium phosphate, salt, and a sheep vitamin/mineral supplement. It provided 
10.81 MJ/kg metabolisable energy, 14.98g/kg crude protein and contained 88.4% dry 
matter. Rations were allocated based upon recommendations made by the Advisory Manual 
that was prepared by the AFRC Technical Committee on responses to nutrients (1993) and 
were varied according to stage of gestation. The calculations for requirements per body 
weight of ewe were determined using a computer programme entitled ‘Rumnut’. Ewes were 
randomly assigned to one of two study groups: one in which nutrient intake was restricted 
(Restricted group, R), and another where the ewes were fed 100% of their recommended (as 
described above) daily intake (Control group, C) (Figure 2). R ewes were fed 85% of their 
recommended nutrient requirement from 14 days prior to mating until 70 days gestation, 
and were fed 100% of their requirements thereafter. Pregnancy and plurality were assessed 
at about 40 days gestation and reconfirmed 4-6 weeks later by real-time ultrasonography, 
using a 5 MHz sector transducer. Maternal body weight (BW) and body condition score 
(BCS) were recorded each week for the duration of the study (Fig. 1), always by the same 
investigator (DEN) so as to minimise investigator error. BCS is a quantitative measure of 
fatness used commonly by sheep farmers and veterinarians. It is assessed by palpating the 
ewe in the lumbar region and around the backbone in the region immediately behind the last 
rib and above the kidneys. An estimation of the prominence of the spinous processes of the 
lumbar vertebrae, the extent of muscular and fatty tissue below the transverse tissues, and 
the amount of muscle and fat in the area between the spinous and transverse processes is 
made. This assessment completed, a score on the scale 0-5 is awarded, where 0 is extremely 
emaciated and 5 is very fat.

At 130 days of gestation 6 twin-bearing ewes from each group were killed by an overdose of 
pentobarbitone (8g i.v., Rhone Merieux, Harlow, Essex, UK). The intact ewes were weighed 
and a detailed postmortem examination of the uterine contents was conducted as follows:

The twin fetuses were removed, their cords clamped and cut level with the fetal abdomen, 
and each fetus was individually weighed. Fetal crown-rump length (CRL), abdominal
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circumference (AC) and femur length (FL) were recorded. The fetal heart, lungs, liver, 
kidneys, adrenals, perirenal fat, spleen, pancreas, thymus, thyroid and brain were dissected 
free and weighed. Paired organs were weighed separately.

The placenta was examined by opening the empty uterus along the midline of each horn. 
The position of each placentome within the uterus was recorded, following which each was 
dissected free from the uterine wall, trimmed free of membranes and blotted dry. The 
weight, thickness and diameter of each individual placentome was recorded. Thickness was 
recorded using calipers and diameter using a ruler (Fig. 1). Each placentome was also graded 
(A-D) according to the classification of Vatnick et al. (1991) (see Fig. 1). The A-D 
classification of placentomes was always carried out by the same investigator (CS), who was 
aware of the group, R or C, that the tissue originated from. The A-D classification provides 
a method of quantifying the relative contributions of maternal and fetal tissue in the 
placentome (Vatnick et al., 1991). We chose this method, rather than attempting to 
separate maternal from fetal tissue in each placentome because, in the late-gestation 
placenta, fetal and maternal tissue is intimately and complexly interdigitated, therefore it is 
not possible to separate the two components from one another. Attempting to do so would 
result in inaccuracy which, multiplied over an average of 80 placentomes, could grossly 
distort the data.

Statistical analysis. Data are presented as mean ± SD, except Figure 4 where the SDs 
have been omitted for clarity (having both x and y SDs as well as regression lines make the 
picture cluttered). P <0.05 was considered as significant.

Using data from the published literature (Penninga & Longo, 1998), we calculated a 
standardised difference of 1.8. We set the power at 85% and chose a 5% significance level. 
These values give a total sample size of 12, i.e. 6 in each group, using the Altman 
nomogram (Matthews et al., 1990).

The effect of undernutrition in early pregnancy and upon maternal weight or body 
condition score was evaluated by summary measures analysis (Matthews et al., 1990) of the 
changes between 0-70 days and 70-130 days of gestation from the value at conception for 
each animal. This was done by calculating the changes in BW and CS for each animal over 
the two time periods in order to attain a summary measure, e.g. change in weight between 
0-70 days. Then, the mean value for each of the two groups (C and R) was calculated and 
compared using Student’s t-test. Differences in mean fetal organ weights were evaluated by 
unpaired Student’s t-test. In order to analyse whether there was a difference in the 
distribution of placentome types between the C and R groups we used a contingency Chi- 
squared test.

RESULTS
Maternal body weight and body condition score. Figure 2 shows the weekly changes in 
maternal BW and BCS. Body weight was not significantly different between C (69.3 ± 10.4 
kg) and R (73 ± 6.6 kg) ewes at the start of the study. The pattern of weight gain/loss was, 
however, significantly different between the two groups (Figure 2). R ewes lost weight 
progressively from conception until 42 days gestation. Then from 70 days gestation, after 
introduction of 100% of their dietary requirement, they put on weight such that by 130 
days gestation their BW was not different from that of C ewes (C: 75 ± 9.7 kg, R: 76.6 ±
6.4 kg). C ewes showed no significant change in BW over the initial 70 days of gestation. 
After 70 days gestation they significantly gained weight and by 112 days they had on 
average gained 4.5 kg. After 112 days gestation there was a small decrease in the rate 
weight gain in C ewes. BCS was significantly lower in R ewes at the start of the study 
compared to C ewes and had decreased even more significantly lower level by 130 days 
gestation (Fig. 2). There was a gradual and significant decrease of BCS in R ewes up until 70 
days gestation, after which there was no further change. BCS remained unaltered throughout 
gestation in the C group. (Fig. 2).
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Placenta. The distribution of placentome types in C and R animals is shown in Figure 3. 
There was a highly significant difference in placentome distribution between the two 
groups, which was seen as a shift from A-type to D-type placentomes in the R group.

The dimensions of D-type placentomes were not significantly different between the 
placentae of C and R ewes. However, there was a significant decrease in the total weight (C 
-  431 ± 175 g; R -  117 ± 100 g; P < 0.005), thickness (C - 853 ± 75 mm; R -  342 ± 296 
mm; P < 0.01) and diameter (C -  1621 ± 395 mm; R -  844 ± 673 mm; P < 0.05) of A-type 
placentomes in the R group compared to C. Thus, although total placental weight was not 
different between groups, the increase in the number of D-type placentomes was 
accompanied by a decrease in the number and size of A-type placentomes in the R group.

Fetus. Table 1 summarises the distribution of organ weights in C and R fetuses. All 
measurements were similar in the two groups except for an increase in adrenal size in the R 
group. As noted above, placental weight was also similar between groups.

Figure 4 shows the correlation of total fetal body weight (i.e. the weight of both fetuses) 
with total placental weight, placentome thickness and placentome diameter. We plotted 
fetal weight as the total conceptus weight because it is extremely difficult in the sheep to 
determine exactly which placentomes supply which fetus, and some placentomes receive 
blood vessels from both fetuses. We observed a significant linear correlation of FBW with 
total placental weight (as has been reported previously, De Courcy Wheeler & Wolfe, 
1992) and also a significant correlation of FBW with placentome diameter (Figure 4).

DISC U SSIO N
Our study demonstrates that placental development in the sheep is altered as a result of 
moderate maternal undernutrition during the first half of pregnancy. The modest dietary 
restriction that we imposed (15% reduction in the recommended requirements for the first 
half of gestation) is one that might reasonably be expected to occur in some women in a 
Western population. The alteration in placental development that we observed was an 
increased predominance of D-type placentomes (i.e. an increase in the proportion of the 
placenta made up of fetal tissue) and a decrease in the overall size of A-type placentomes. 
Such an alteration may have important functional consequences. We also observed 
maintenance of fetal body growth. This suggests that, in so far as fetal growth is concerned, 
the change that occurred in placental development was an adaptive response that was 
successful in compensating for the effects of mild under-nutrition during early gestation.

With advancing gestation, as the fetal demands on the placenta become greater, the surface 
area available for materno-fetal exchange increases by progressive interdigitation of fetal 
villi into maternal crypts, as demonstrated by scanning electron microscopy of capillary 
corrosion casts (Leiser & Kaufmann, 1995). In a recent study from the same group, Krebs 
et al. (1997) demonstrated increased fetal vascular development of the ovine placenta as a 
result of pregnancy at high altitude. Unfortunately, to date, there are no similar studies on 
fetal vascular development in A- and D-type placentomes. However, results of previous 
work (Crowe et al., 1997) lead us to speculate that D-type placentomes have more fetal 
villi and greater vascularisation than A-type placentomes, and therefore increased capacity 
for the transfer of nutrients across the placenta. This speculation, along with the fact that 
in R placentae A-type placentomes were smaller than D-type placentomes, is supported by 
the finding of Baur (1977) that there is a marked positive correlation between total villous 
surface area and total placental volume.

The similarity in body weights near term between C and R fetuses suggests that the process 
of adaptive fetoplacental angiogenesis was successful in maintaining fetal growth. This is 
consistent with the suggestion of Faichney & White (1987) that increased placental size 
reflects an attempt by the fetus to compensate for the reduction in nutrient supply. In fact, 
in their study, they found that not only was placental weight increased, but fetal weight was 
increased also, in response to undernutrition between 50 and 100 days gestation.
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Although growth, other than that of the adrenal, was unaffected in the fetuses in our study 
it is possible that there were other effects of the undernutrition on fetal development. 
Observations in rats showed that although spontaneously hypertensive rats (SHR) did not 
differ in body weight from Wistar-Kyoto controls at birth, SHRs did have a greater 
placental weight (Lewis et al., 1997). Whilst in our study we found no significant increase in 
the placental weight of R sheep compared to those of C, there was a tendency for placental 
weight to be greater in R. The decreased size of A-type placentomes and increased 
proportion of D-type placentomes may therefore be accompanied by perturbed 
cardiovascular function in R fetuses, as we found some alterations of blood pressure in a 
group of Clun fetuses that had been exposed to the same nutritional insult in early gestation 
(Hawkins et al., 1997a). We have also recently observed alterations in development of 
cardiovascular responses (Hawkins et al., 1997b) and of the HPA axis (Hawkins et al., 
1998) in Welsh Mountain fetuses whose mothers experienced the same nutritional regimen 
as that employed in this study.

Alterations in capillary development within the peripheral gas-exchanging villi have been 
observed in term placentae from pregnancies at high altitude (Jackson et al., 1984), a 
situation in which hypoxia continues throughout gestation. Similar findings have been 
observed in the placentae of anaemic women at term (Reshetnikova et al., 1995). In 
another study, assessment of the extent of capillary vascularisation of immature 
intermediate villi (Castellucci et al., 1990) at 12 weeks of gestation demonstrated excessive 
peripheral capillary formation in anaemic women (Kadirov & Kaufmann, 1997). Clearly 
then the human placenta is capable of adaptation in very early gestation. However, from 
our present data, we do not know when in gestation the shift from A- to D-type 
placentomes occurred.

The factors regulating fetoplacental angiogenesis, and thus placentome differentiation in 
the sheep, are not well understood. Vascular endothelial growth factor (VEGF), which 
stimulates branching angiogenesis in vitro (Cao et al. 1996), is expressed in the ovine 
placentome (Cheung et al. 1995). Thus, it is possible that VEGF levels were affected by the 
undemutrition in our R sheep. Nutritional status is known to regulate the concentrations of 
insulin-like growth factors I and II (IGF-I and IGF-II), therefore it is possible that their 
synthesis, or that of their receptors or binding proteins, was affected by undernutrition 
during the first half of pregnancy. Placental growth seems to be dependent only on IGF-II, 
and it has been shown recently that IGF-II may stimulate proliferation and/or metabolism 
in the ovine placenta by binding to an, as yet, uncharacterised receptor (Reynolds et al., 
1997). Further studies are needed to determine whether IGFs play a role in the altered 
placental development (Figs. 3 and 4) that we observed in R sheep.

It is clear from this study that even a modest reduction in nutrition during the first part of 
pregnancy results in significant alterations in the development of the placenta. The 
mechanisms involved are as yet not understood. Corrosion cast studies, together with 
morphometrical analysis of vessels within tissue sections, are required to investigate the 
hypothesis that increased formation of D-type placentomes is associated with increased 
fetal placental vascularisation and to establish the timing of onset of these changes. 
Investigation of the IGF system in the different placentome types may help elucidate the 
mechanisms involved in the generation of the different placentome types observed in the 
sheep.
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LEGENDS
Figure 1. Diagram of the morphological characteristics used to classify placentomes based on the system 
of Vatnick et al. (1991), The black area represents fetal tissue and the white maternal tissue. Thus, going 
from A to D the fetal tissue occupies relatively more of the placentome. Note that in this diagram the 
diameters and depths are shown to be relatively similar. In practice, they vary in each of the cotyledon 
types.

The illustration also shows how placentome diameter and thickness were measured.

Figure 2. Diagram of the experimental design showing the change in maternal BW and BCS in C (o) 
and R (n) ewes during pregnancy. *** P < 0.001, pattern of weight gain/loss, C vs. R (summary 
measures). = P < 0.05, C vs. R; ~  P < 0.001, C vs. R (t-test). Values are mean ± S.D.

Figure 3. Distribution of A-, B-, C- and D-type placentomes (morphological classification of Vatnick et 
al., 1991). *** P < 0.001, pattern of distribution, C vs. R (chi-squared test); = P < 0.05, number of A 
vs. number of D placentomes in C placentae (t-test). Values are mean ± S.D.

Figure 4. Correlation of FBW with total placentome weight, thickness and diameter at 130 d GA in C 
(o) and R (1) fetuses at 130 d GA. Values are mean (S.D. omitted for clarity).

Table 1. GA, body and organ weights, and placental weight at 130 days gestation in C (n=12) and R 
(n=12) fetuses. x P < 0.05, C vs. R (t-test). Values are mean ± S.D.
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TABLE 1

C R
GA (days)
Fetal weights (g)
Fetal body
Brain
Heart
Lung
Liver
Kidney
Adrenal
Perirenal fat
Pancreas
Spleen
Thymus
Thyroid
Lengths (cm)
CRL 
AC 
Femur 
Placenta 
Weight (g)
Placental/fetal body weight 
Total mean placentome number

130 ± 0.9 129 ± 0.9

3632 ±563 3521 ± 407
45.0 ±2.81 45.3 ± 2.54
24.3 ± 3.47 24.0 ± 3.05
97.8 ± 25.54 102.3 ± 13.98
90.2 ± 17.57 99.6 ± 14.01
10.0 ± 1.57 10.0 ± 0.80
0.20 ± 0.05 0.24 ± 0.05 x
11.2 ± 3.43 12.3 ± 3.11
2.64 ± 0.91 3.08 ± 0.61
4.67 ± 0.97 4.97 ± 0.77
15.23 ±7.17 16.26 ± 3.51
0.85 ± 0.33 0.93 ± 0.25

47 ± 3.0 49 ± 2.8
35 ± 3.2 34 ± 3.9
10 ± 1.1 10 ± 0.9

623 ± 204 746 ± 195
0.086 ± 0.007 0.105 ± 0.024

111 ±93 117 ±97
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THE EFFECT OF MILD UNDERNUTRITION IN EARLY PREGNANCY 
ON THE FUNCTIONAL DEVELOPMENT OF ISOLATED FETAL 

SYSTEMIC SMALL ARTERIES IN THE SECOND HALF OF 
GESTATION IN THE SHEEP

Ozaki T, Hawkins P, Nishina H, Steyn C, Poston L and Hanson, MA

SUMMARY
1) We investigated responses of isolated small (ca. 300jim) arteries from the femoral 
vascular bed of fetal sheep at 0.6 and 0.9 gestation and in the pregnant ewe in late 
gestation. Ewes had been fed either 100 % of their nutritional requirement throughout 
pregnancy (C), or 85 % or 50 % of their requirement for the first 70 days of pregnancy 
(R15 and R50 respectively) and 100% thereafter.

2) In animals fed their natural diet, maximal tension development to noradrenaline (3 x 10- 
5 M) increased with age and was greatest in the pregnant adult ewe, but when expressed 
as a percentage of the response to 125 mM K+ responsiveness to NA was greatest in 0.9 
gestation fetuses.

3) In animals fed their natural diet dilator responses to acetylcholine (ACh, 1 x 10-10 -  3 x 
lO 5 M) and bradykinin (BK, 1 x 1011 -  1 x lO6 M) were similar in 0.6 & 0.9 gestation 
fetuses and in the pregnant ewe.

4) There were no differences in body or organ weight between the 3 groups of fetuses at 
0.9 gestation. Dilator responses to ACh were blunted in R50 animals, in which dilator 
responses to sodium nitroprusside (SNP, 1 x 1010 -  3 x lO5 M) were also reduced.

5) This is the first study of the maturation of constrictor and dilator responses of small 
systemic arteries in fetal life. It shows that constrictor responses to NA increase from 
mid-gestation, but that dilator responses to ACh are fully developed. Dietary restriction 
during the first half of pregnancy impairs dilator responses in the late gestation fetus, 
even when fetal growth is not reduced. We suggest that the defect is in NO induced 
dilator mechanisms, and may contribute to the hypertension reported in R lambs 
postnatally.

INTRODUCTION
There is now considerable interest in the idea that aspects of the intrauterine environment 
are determinants of the development of cardiovascular “programming” and constitute 
major risk factors for disease in adult life (see Barker, 1998, for review). The effects of 
undemutrition in pregnancy have received much attention in this respect. Despite the 
assumption that such effects are initiated in fetal life, there have been very few direct 
studies on effects on cardiovascular development and function in fetal animals. We have 
used the sheep for such studies, as in this species it is possible to monitor cardiovascular, 
endocrine and behavioural development, and the responses to endogenous and exogenous 
stimuli, in the chronically instrumented fetus over a period of several weeks in late 
gestation.

Both retrospective and prospective epidemiological studies in the human have 
demonstrated an inverse correlation between birthweight and arterial blood pressure 
(ABP) in later life (Law & Shiell, 1996; Rich-Edwards et al. 1997; Moore et a. 1996; 
Leon et al. 1998; Forsen et al. 1997). It is of note that the effects are graded, and overt
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intrauterine growth retardation is not a prerequisite for the elevated ABP. In order to gain 
insight into the mechanisms involved, we used a restriction in nutrition in the first half of 
gestation in the sheep: this produced effects on placental gross morphology (Crowe et al. 
1997) which apparently constituted a sufficient compensation for the reduced maternal 
nutrition, as fetal growth was not impaired. However, there were consequences for the 
fetus: mean ABP was reduced in the nutritionally restricted (R) fetuses (Hawkins et al) 
suggesting a reduction in total peripheral resistance or in cardiac output. Hypothalamic- 
pituitary-adrenal axis responses to endogenous and exogenous stimuli were also reduced 
in R fetuses and this was associated with lower plasma cortisol concentrations (Hanson et 
al. 1999). These two effects may be linked, as glucocorticoids are associated with 
maturation of a range of organ systems (Fowden et al. 1998). One possibility is that the 
nutritional challenge affected the development of systemic resistance vessel responses to 
constrictor and dilator agents: to address this we investigated the effects of mild and 
moderate nutritional restriction on the responses of small arteries in mid and late 
gestation.

METHODS
All procedures involving animals were conducted in accordance with the regulations of 
the Animals (Scientific Procedures) Act, 1986.

Developmental study
0.6 gestation fetuses (88.3 ± 0.3 days, n=4), 0.9 gestation fetuses (127.4 ± 0.2 days, 
n=5) and pregnant adult (127.3 ± 0.3 days gestation, n=4) Welsh Mountain breed sheep 
were used for this study. After killing with an overdose of pentobarbitone (200 mg/kg 
Euthatal i.v., Rhone-Marieux, Harlow, Essex), small (ca. 300 (xm) branches of a femoral 
artery were dissected and mounted on a wire myograph (Mulvany & Halpern, 1977). 
Arteries were bathed in physiological saline solution (PSS: NaCl 119, KC1 4.7, CaCl2 
2.5, M gS04 1.17, NaHCC>3 25, KH2P 04 1.7, EDTA 0.026 and glucose 5.5 mmol/1) at a 
pH of 7.4 when gassed with 5% C 02 in air at 37°C. After the determination of passive 
tension and internal circumference, the arteries were set to an internal circumference 
equivalent to 90% of that measured when relaxed in situ under a transmural pressure of 
100 mmHg using Laplace's relationship. The vessels were subjected to a standard run-up 
procedure involving contractions to lx l0'5 mol/1 noradrenaline (NA), depolarizing 
potassium solution (125 mmol/1, KPSS, equimolar substitution of NaCl with KC1 in 
PSS) and lxlO 5 mol/1 NA in KPSS. Arteries which produced tension equivalent to less 
than 100 mmHg pressure in response to 125mmol/l KPSS were rejected from the study. 
Vasoconstriction to 125 mmol/1 KPSS and cumulative concentration responses to NA 
( lx l0 ‘8 -3x10'5 mol/1) were examined under isometric conditions. After preconstriction 
with lxlO’5 mol/1 NA, vasorelaxation to cumulative doses of acetylcholine (ACh) [1x10' 
10 - lxlO '5 mol/1] and bradykinin (BK) [lx lO 11 -  lxlO '6 mol/1] was also examined.

Nutritional study
Prior to conception Welsh Mountain ewes of uniform age, weight and body condition 
score were randomly assigned to either the control (C, n=5) or the nutrient restricted (R, 
n=5) group. To permit specific regulation of individual nutritional intake, the animals 
used in this study were housed in individual pens. The floors of all pens were covered 
with wood shavings and the animals were fed a complete pelleted diet which was 
regulated depending on the protocol. Animals were allowed free access to water. The diet 
consisted of barley, wheat, cooked cereal meal, micronised full fat soya, grass meal, 
molasses, chopped straw, calcium carbonate, di-calcium phosphate, salt, and a sheep 
vitamin/mineral supplement. It provided 10.81 MJ/Kg metabolisable energy, 14.98 g/Kg 
crude protein and contained 88.4% dry matter. Rations were allocated based upon 
recommendations made by an advisory manual prepared by the AFRC technical 
committee on responses to nutrients (AFRC, 1993). The diet rations were adjusted 
according to the stage of gestation. Nutrient intake was regulated by reducing the amount 
of recommended daily rations. All components of the diet were reduced by the same 
degree. C animals were fed 100% of their recommended nutritional requirements for the 
whole of gestation. R15 animals received 85% of their recommended nutrient
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requirements from the time of conception until day 70 of gestation and 100% of their 
requirements thereafter. R50 animals received 50% of the recommended requirements 
until day 70 then 100% thereafter. Maternal body weight and condition score (see Russel, 
1991) were measured on a weekly basis.

At 127-129 days (= 0.9 gestation) ewes were killed by an overdose of pentobarbitone 
(200 mg/kg Euthatal i.v. Rhone-Marieux, Harlow, Essex) and small arteries were 
dissected and mounted on a wire myograph. After normalization and run-up procedures, 
vasoconstriction to 125 mmol/1 KPSS and cumulative concentration responses to NA 
(lxlO 8 -3x10'5 mol/1) were examined under isometric conditions. After preconstriction 
with lxlO 5 mol/1 NA, vasorelaxation to cumulative doses of ACh (1x10-10 - lxlO 5 
mol/1) and sodium nitroprusside (SNP) [lxlO-10 -  lxlO 6 mol/1] was also examined. SNP 
responses were not measured in vessels from the R15 group.

Drugs and chemicals
Noradrenaline tartrate was obtained from Winthrop (Guildford, UK) and all others from 
Sigma (Poole, UK).

Statistical analysis
Tension was expressed in mN/mm or as a percentage of maximal contraction to 125 
mmol/1 KPSS, to correct for small differences in vessel diameter and increasing vascular 
smooth muscle mass with age. This allows comparison to be made between different age 
groups. Values were expressed as mean + SEM and compared by Mann-Whitney U-test. 
Dose response curves were compared by two-way repeated-measures ANOVA (Statview 
version 4.5, Abacus Concepts Ltd, USA) and pEC50 was calculated by Instat (GraphPAD 
Software Inc., San Diego, USA). Significance was accepted if p < 0.05.

RESULTS
Maturation of responses
There were no differences in body or organ weights between the three groups of fetuses 
at 0.9 gestation.

There was a progressive increase in the maximal vasoconstrictor response to NA between 
0.6 gestation and the adults. However, when expressed as a percentage of the response to 
125 mmol/1 K+, fetal maximal tension development was greater than that of adults (Table 
1 and Fig. 1). There were no differences in sensitivity (pEC50) to NA between groups. In 
contrast, no maturational changes in the vasodilator responses to either ACh or BK was 
seen, as maximal relaxation as pEC50 were similar in all three groups (Table 1 and Fig. 
1).

Effects of prior nutritional restriction
There were no differences in the vasoconstrictor responses to NA between the groups of 
R & C fetuses at 0.9 gestation, when expressed either as absolute tension or as 
percentage maximum tension to K+ (Fig. 2). In contrast, the vasodilator responses to 
ACh were significantly reduced in R50 fetuses in relation to control. The response to 
SNP in the R50 fetuses was also blunted in comparison with C (Table 2 and Fig. 2).

DISCUSSION
In this paper we describe the vasoconstrictor responses to NA and vasodilator responses 
to ACh, BK and SNP in small arteries of fetal and pregnant adult sheep. In addition, we 
show that the vasodilator responses are blunted in late gestation fetuses of ewes exposed 
to 50% reduction in nutrition in early gestation, but that vasoconstrictor responses are not 
affected in these animals. Apart from the striking effects of the nutritional challenge, these 
results are novel because there have to date been no studies of the fetal systemic small 
artery responses to vasoconstrictors and vasodilators in vitro, in contrast to the cerebral 
and pulmonary resistance vessels which have been studied extensively (e.g. Akopov et 
al. 1998; Hislop et al. 1998).
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In late gestation, fetal sheep are known to mount a powerful peripheral vasoconstrictor 
response to hypoxia, which involves both neural and endocrine components (see 
Giussani et al. 1993 for review). The response is clearly seen in the femoral vascular bed 
(Dawes et al, 1968; Giussani et al, 1993), and it mediates an important part of the 
redistribution of combined ventricular output away from the lower carcass to vital organs 
(Rudolph, 1985). This was our reason for studying the resistance vessel branches of the 
femoral artery in sheep. The increase in vascular resistance in response to hypoxia 
becomes manifest in the fetal sheep after about 0.6 gestation, increasing in magnitude in 
late gestation (Iwamoto et al, 1989). In accordance with this, we found a substantial 
increase in the vasoconstrictor response to NA between 0.6 and 0.9 gestation and 
between the latter and the adults. This effect appears to be due to an increase in vascular 
smooth muscle mass and/or contractile responses to NA, rather than to an increase in a! 
adrenoceptor density, as the effect was not seen if contractile responses to NA are 
expressed as a percentage of the maximum K+ response. In fact, when expressed in this 
way, the responses were greater in fetuses than pregnant adults. This probably reflects 
reduced pressure responses to NA in pregnancy (Sladak et al. 1997). The observations as 
fetal vessels may reflect the maturational changes in extracellular vs cytoplasmic reticular 
Ca2+ in producing contraction reported in rabbit mesenteric small arteries and myocardium 
(Nakanishi et al. 1997). The timing of maturation does not appear to be altered in the R 
fetuses, although it is possible that changes may be manifest earlier than 0.6 gestation.

In contrast to the vasoconstrictor effects of NA, the vasodilator effects of ACh and BK 
appear to be fully developed by 0.6 gestation and we did not observe any maturational 
changes in these responses. It must be borne in mind, that we used pregnant adults in this 
study, and endothelium-dependent vasodilator mechanisms are known to be enhanced in 
late pregnancy (Sladek et al., 1997). The well developed fetal response, even in mid
gestation, provides a background on which changes produced by a nutritional challenge 
in early gestation may be manifest. It was thus of great interest that we found that the 
responses to ACh were blunted in R50 fetuses at 0.9 gestation. At present we do not 
know the mechanism of this effect, or whether it would have been greater in R15 or R50 
fetuses earlier in gestation.

The effect on vasodilator responses would not explain the lower ABP which we found in 
both R15 and R50 fetuses (Hanson et al. 1999) as, if it represented lower endogenous 
NO release or responsiveness to NO, it would be expected to elevate ABP. However, if 
the effect persists into postnatal life it might be a causative component of the elevated 
ABP which we find in 3 month old lambs of R ewes (Hanson et al. 1999) and which has 
been reported in the pups of pregnant rats exposed to either a protein restricted diet or a 
global reduction in diet throughout pregnancy (Langley & Jackson, 1995). The idea is 
reinforced by our finding that vasodilator mechanisms were also impaired in rat pups after 
dietary restriction of the dams. Moreover, studies in human have shown that forearm 
flow-induced endothelium dependent vasodilatation is related to birthweight (Lesson et al. 
1997), an important observation in view of the epidemiological links between elevated 
ABP and birthweight (see Barker, 1998). Those studies cannot discriminate between a 
reduction in flow-induced NO production and the smaller sensitivity of the resistance 
vessel smooth muscle to NO. Our finding that sensitivity to SNP was reduced in R50 
fetuses would favour the latter mechanism, but a combination of reduced NO synthesis 
and reduced sensitivity cannot be excluded.

In summary, we have found that dietary restriction of the pregnant ewe in early gestation 
produces effects on the vasodilator responses in vitro of small resistance arteries of their 
fetuses in late gestation. It is not possible at present to establish the functional 
consequences of this effect. However, when taken in conjunction with our studies 
showing that such fetuses have depressed ABP and hypothalamic-pituitary- adrenal axis 
responses, and that as young lambs their ABP and HP A axis responses become elevated, 
the data indicate that at least one component of the altered programming of fetal 
cardiovascular development produced by dietary restriction operates at the level of the 
systemic peripheral vasculature smooth muscle.
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Legends
Table 1
Characteristics of skeletal muscle small artery function in 0.6 and 0.9 
gestation (G) sheep fetuses and pregnant ewes. Values are expressed as mean ± 
SEM and compared by Mann-Whitney (7-test. (* p  < 0.05: 0.9G fetuses or adults vs 
0.6G fetuses; tP < 0.05: adults vs 0.9G fetuses). Maximal contractions to 125 mmol/1 
potassium and NA increased with age (0.6G vs 0.9G and 0.9G vs adults). NA induced 
maximal contraction expressed as percent potassium contractions were higher in fetuses 
than pregnant adults (0.6G vs adults and 0.9G vs adults). Sensitivity to NA, ACh and 
BK were similar in three groups.

Table 2
Characteristics of skeletal muscle small artery function in 0.9 gestation 
sheep fetuses of control and nutritionally restricted ewes. Values are 
expressed as mean ± SEM and compared by Mann-Whitney U-test. (* p < 0.05: R50 or 
R15 vs C). Sensitivity to ACh and SNP was blunted in R50 vs C fetuses.

Figure 1
Comparison of fetal and adult vascular responses. Responses to NA (A,B), 
ACh (C) and BK (D) of skeletal muscle small arteries of 0.6G (1, n=4) and 0.9G (s, n=5) 
fetuses and pregnant adult (n, n=4) sheep. Values are expressed as mean ± SEM and 
compared by two-way repeated-measures ANOVA (*: p < 0.05). Arteries showed a 
significant increase of tension to NA with age (A). However, when expressed as % 
potassium contraction (B), fetal maximal contraction was greater than that of adults. 
Vasorelaxations to ACh and BK in arteries preconstricted to NA were similar in the three 
groups (C & D).

Figure 2
Responses to NA, ACh and SNP in femoral small arteries of 0.9 gestation 
fetal sheep of control and nutritionally restricted ewes. C: (m, n=10); R15: (s, 
n=8); R50: (1, n=5). Values are given as mean ± SEM and compared by two-way 
repeated-measures ANOVA (*: p < 0.05). There are no differences in vasoconstriction to 
NA between groups. Vasorelaxation to ACh and SNP in arteries preconstricted with NA 
was blunted in R50 vs C and R15 fetuses.
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TABLE 1

Group 0.6 gestation 0.9 gestation Adults
fetuses fetuses

Number 4 5 4
Lumen diameter (|im) 287.2 ±36.1 260.6 ± 26.3 308.2 ± 27.3
Maximal tension
(mN/mm)

125 mmol/1 potassium 0.414 ± 0.076 1.031 ±0.211* 2.859 ±0.143* **
Noradrenaline 0.318 ±0.060 0.676 ±0.130* 2.894 ±0.291* **

% potassium contraction
Noradrenaline 141.3 ±25.7 150.9 ± 3.9 100.5 ± 6.6**

pEC50 (-log [agents
(mol/1)]

Noradrenaline 5.566 ±0.106 5.710 ±0.139 5.546 ± 0.029
Acetylcholine 7.756 ± 0.429 5.467 ± 0.282 7.717 ±0.030

Sodium nitroprusside 9.476 ± 0.325 9.433 ± 0.260 9.600 ± 0.093

TABLE 2

Group C R15 R50
Number 10 8 5
Lumen diameter (um) 307.2 ± 33.8 325.8 ± 21.4 318.5 ±20.2
Maximal tension (mN/mm)

125 mmol/1 potassium 1.093 ±0.290 1.031 ±0.150 0.988 ±0.125
Noradrenaline 1.306 ±0.194 1.337 ±0.197 1.488 ±0.184

pEC50 (-log [agents (mol/1)]
Noradrenaline 5.738 ±0.144 5.729 ±0.078 5.467 ±0.107
Acetylcholine 7.724 ± 0.278 7.310 ±0.138 6.491 ± 

0.360*
Sodium nitroprusside 8.006 ± 0.508 NA 6.641 ± 

0.195*
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