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Abstract

ABSTRACT

In term fetal sheep short (ca. 60 minutes) episodes of reduced oxygenation in the blood 
(acute hypoxaemia) produce a number of cardiovascular and endocrine responses. 
Amongst the cardiovascular responses are a rapid initial bradycardia and a gradual 
increase in arterial blood pressure. In addition, the combined ventricular output (CVO) 
of the fetus is redistributed favouring the cerebral, myocardial and adrenal vascular beds 
at the expense of the gastrointestinal tract, renal, pulmonary, cutaneous and skeletal 
muscle circulations. Amongst the fetal endocrine responses to acute hypoxaemia are 
increased plasma concentrations of arginine vasopressin (AVP), adrenocorticotropic 
hormone (ACTH) and cortisol.

There are several reasons for suggesting that aspects of both cardiovascular and 
endocrine responses to acute hypoxaemia are reflex in nature. Recent investigations 
have suggested a possible role for the peripheral chemoreceptors, in particular the 
carotid chemoreceptors, in mediating some of these responses.

1 have tested the hypothesis that the initial cardiovascular responses of the sheep fetus to 
acute hypoxaemia are initiated principally via the carotid chemoreceptors. Secondly, 1 
have examined other possible aspects of the reflexes by using a combined de- 
afferentation and de-efferentation technique. Finally 1 have investigated the role of the 
carotid chemoreceptors in mediating increases in plasma A VP, ACTH and cortisol 
concentrations during hypoxaemia.

My results suggest that: 1) The initial cardiovascular responses of the sheep fetus to 
acute hypoxaemia have a powerful carotid chemoreflex component, employing 
muscarinic efferents to the heart and a-adrenergic efferents to the peripheral circulation; 
2) fetal survival during hypoxaemia is dependent on these reflexes and on the release of 
catecholamines from the adrenal medulla; 3) the carotid chemoreceptors may mediate the 
release of additional humoral vasoconstrictors which contribute to fetal survival during a 
hypoxaemic challenge; and 4) increased plasma cortisol concentrations during 
hypoxaemia may be partly mediated by an ACTH-independent carotid chemoreflex.
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Introduction

1. INTRODUCTION

1.1 General

One of the main requirements of life is access to oxygen and nutrients. The fetus 
obtains these from the mother through the utero-placental and umbilical circulations. 
Reductions in either fetal nourishment or oxygenation will challenge fetal homeostatic 
responses. Whilst the fetus reduces its rate of growth, decreases utilization of glucose 
and catabolises proteins derived from tissue reservoirs during periods of starvation (see 
Schreiner, Nolen, Bonderman, Moorhead, Gresham, Lemons & Escobedo, 1980), 
there is no long-term storage of oxygen and its availability in the fetal circulation is 
therefore dependent upon a steady supply by the mother.

Reduced fetal oxygenation and lack of nourishment may contribute to the development 
of a plethora of perinatal complications such as intra-uterine growth retardation (Villar, 
Smeriglio, Martirell, Brown & Klein, 1984) and subsequent neurodevelopmental 
handicap (Taylor, 1991). The control of the circulation as the fetus develops during 
gestation has therefore been the cause of much basic research.

Clinically, assessment of human fetal well-being has until recently been limited to the 
use of non-invasive techniques. In the past this was restricted to palpation of the 
pregnant uterus, measurement of fetal heart rate by auscultation and maternal perception 
of fetal movement. More recently, fetal health surveillance has been improved through 
the development of other techniques such as measurement of fetal behavioural patterns 
(see de Vries, Visser & Prechtl, 1982; Nijhuis, 1991; Nijhuis & Tas, 1992), monitoring 
of fetal heart rate variability (see Spencer and Johnson, 1986; Phelan, 1991; Feinberg 
and Krebbs, 1991; Melchior and Bernard, 1991), and the use of Doppler flow-velocity 
waveforms (see Pearce, 1987). More invasive procedures such as ultrasound-guided 
blood sampling of the umbilical cord (cordocentesis) have been used to get other 
information: e.g. fetal arterial and venous oxygen saturation, acid/base status and 
haemoglobin concentrations.

While the applications of observational techniques such as ultrasound, Doppler and heart 
rate monitoring have provided important information to the obstetrician on ante-partum 
fetal health, there is much speculation about what the indices which these techniques 
measure actually mean physiologically. For example, though four behavioural states 
have been described in the human fetus (Nijhuis, Bots, Martin & Prechtl, 1982) these
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Introduction

are limited to grouping of activity patterns without assigning physiological function. 
Indeed, when behavioural states were first described in the newborn Prechtl (1974) 
cautioned that these had been numbered specifically in order to prevent physiological 
interpretation, because he wanted to stress that the processes underlying those states had 
yet to be elucidated. Secondly, whilst a non-reactive fetal heart rate pattern has been 
described to be associated with an increased risk of fetal demise (see Phelan, 1992), the 
physiological control of heart rate variability in utero is currently unknown. Finally, 
although it has been reported that abnormal Doppler waveforms obtained from the 
umbilical artery and utero-placental circulation have an association with decreased 
placental perfusion and perinatal morbidity (Spencer, 1989), recent studies have 
highlighted the difficulties of interpreting Doppler indices derived from the fetal 
circulation (see Spencer, Giussani, Moore & Hanson, 1991). In particular, two in vitro 
studies have demonstrated that even at constant flow, alterations in frequency of 
pressure pulsations or vessel compliance produce alterations in Doppler waveforms 
which clinically would be interpreted as abnormal (Giussani, Moore, Spencer & 
Hanson, 1992a; 1992b).

Observations conducted on the human fetus are restricted to those variables which are 
available for non-invasive measurement. Thus it is clear that in order to obtain 
knowledge of the fundamental physiology underlying the control of the fetal 
cardiovascular system, an experimental approach is needed. It is necessary to make 
individual, but simultaneous measurements of variables such as blood pressure, heart 
rate and vascular flows. Needless to say invasive procedures are severely governed by 
ethical restraints, thus much of our current understanding of the physiology of fetal 
cardiovascular development and control is derived from experiments on animals, in 
particular the sheep fetus.

1.2 The chronic fetal sheep preparation

The use of acute experiments on fetal animals permits a wide range of variables to be 
studied but it suffers from serious drawbacks. The most important is that the technique 
is dependent on anaesthesia. Certain anaesthetic agents such as halothane have been 
reported to attenuate baroreflex responses in man (Duke, Fowness & Wade, 1977), 
those of young animals and those of infants (see Gregory, 1982; Wear, Robinson & 
Gregory, 1982). In addition, halothane has been reported to decrease cardiac output, 
oxygen consumption and plasma catecholamine levels in newborn lambs (Cameron,
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Introduction

Gregory, Rudolph & Heymann, 1985), and to depress the ventilatory response to 
hypoxaemia in man (Knill, Clement & Gelb, 1978; Knill and Gelb, 1978) and dogs 
(Weiskopf, Raymond & Severinghaus, 1974; Hirschman, McCullough, Cohen & Weil, 
1977). The loss of respiratory response to hypoxia in the adult after halothane has 
been frequently interpreted as an effect of the anaesthetic agent on the carotid body. For 
example, Edwards, Davis & Lahiri (1980), using single fibre preparations reported that 
halothane was a strong depressant of the carotid chemoreceptor discharge in response to 
hypoxia.

Other anaesthetics such as fentanyl (Mayer, Zimpfer, Raberger & Beck, 1989), 
enflurane (Beck, Zimpfer & Raberger, 1982), barbiturates (Zimpfer, Sit & Vatner, 
1981), and even a-chloralose (Zimpfer, Sit & Vatner, 1981), which has been suggested 
to augment or at least maintain reflex responses, impair the cardiovascular component of 
the chemoreceptor reflex.

The work reported in this thesis was dependent on the ability to measure cardiovascular 
reflexes elicited via the carotid chemoreceptors unperturbed by the influences of 
anaesthesia. For this reason a model in which the experimental animal could be 
chronically instrumented was essential.

The chronic fetal sheep preparation has been continuously refined since the initial work 
by Meschia and colleagues (Meschia, Cotter, Breatnach & Barron, 1965). In brief, 
under strict aseptic conditions the uterus is opened under maternal anaesthesia [2.3] and 
the fetus is partially exteriorised. Electrodes, transducers and catheters are implanted 
into the fetus as required and connected to external recording apparatus through the 
maternal flank. The fetus is then placed back into the uterus, and the incisions closed. 
The mother is returned to her cage and then allowed to recover for 4-5 days before 
experiments begin. The chronically instrumented fetus is thus studied without the added 
complications of anaesthesia in a relatively undisturbed uterine environment.

In order to investigate the mechanisms by which the fetal cardiovascular system is 
controlled, it is essential to study an animal species in which these mechanisms mature 
considerably in utero. In this respect the sheep fetus has been shown appropriate for 
study. For example, heart rate and vascular responses to acute hypoxaemia have been 
measured in the sheep fetus as early as 0.6-0.7 of term (Boddy, Dawes, Fisher, Pinter 
& Robinson, 1974; Iwamoto, Kaufman, Keil & Rudolph, 1989). Furthermore, the 
sheep fetus is not only amenable to extensive chronic instrumentation, but it is also
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sufficiently large to accommodate sequential measurements of haemodynamic and 
hormonal variables.

Use of the chronic fetal sheep preparation is however also open to criticism. Results 
obtained with fetal sheep should be interpreted with care since functional organisation at 
a given age in one species does not necessarily imply a similar degree of maturity in 
another species. For example, it has been reported that the ovine fetal brain matures 
physiologically and anatomically by ca. 120 days of gestation (term is 147 days) 
achieving 54% of the adult brain weight at birth. In contrast, the human fetal brain is 
only 24% of its corresponding weight in the adult at birth (McIntosh, Baghurst, Potter 
& Hetzel, 1979). Also the effects of surgery, anaesthesia, chronic instrumentation and 
experimental manipulation on fetal and placental functions (see Jansen & Chemick,
1983) are not always taken into account and should be reviewed with care.

1.3 Use of hypoxia

Several methods have been previously used to stimulate fetal cardiovascular responses. 
For example, changes in heart rate and the circulation have been studied in response to 
hypotension (Lumbers & Lewes, 1979; Rose, Meis & Morris, 1981; Wood, 1989), 
haemorrhage (Alexander, Britton, Forsling, Nixon & Ratcliffe, 1973; Robillard, 
Gomez, Meemik, Kehul & VanOrden, 1982), compression of the uterine arteries (Gu, 
Jones & Parer, 1985; Yaffe, Parer, Block & Llanos, 1987; Boyle, Hirst, Zerbe, 
Meschia & Wilkening, 1990), compression of the umbilical cord (Dawes, Lewis, 
Milligan, Roach & Talner, 1968; Itskovitz, LaGamma & Rudolph, 1987), maternal and 
fetal anaemia (Fumia, Edelstone & Holzman, 1984; Paulone, Edelstone & Shedd, 
1987), or decreases in haemoglobin affinity for oxygen (Battaglia, Bowes, McGaughey, 
Makowski & Meschia, 1969; Itskovitz, Goetzman, Roman & Rudolph, 1984).

However, by far the most common method used to study the fetal cardiovascular 
responses has been by induction of fetal hypoxaemia. There are several types of stimuli 
which can be classified as hypoxaemia. For example, hypoxic hypoxia refers to a 
reduction in the PO2 of arterial blood. Consequently, it is also known as hypoxaemia or 
arterial hypoxia. Fetal hypoxaemia is usually achieved by reducing the inspired fraction 
of oxygen (^1,0 2 ) to the mother causing the fetal arterial partial pressure of oxygen 
(fa,0 2 ) to fall from ca. 25 mmHg to ca. 11-16 mmHg (Boddy et at., 1974; Cohn, 
Sacks, Heymann & Rudolph, 1974; Peeters, Sheldon, Jones, Makowski & Meschia,
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1979; Reuss, Parer, Harris & Krueger, 1982; Court, Parer, Block & Llanos, 1984; 
Rudolph, 1985; Yaffe et al., 1987; Jansen, Belik, Ioffe & Chemick, 1989; Itskovitz, 
LaGamma, Bristow,& Rudolph, 1991; Moore and Hanson, 1991; Paulick, Meyers, 
Rudolph & Rudolph, 1991). Also, there is stagnant hypoxia which occurs in 
conditions in which the circulation rate through the tissues is slowed. Although the 
oxygen content, haemoglobin saturation and /*a, 0 2  are normal, those of the venous blood 
are considerably reduced resulting in a low tissue PO2. This occurs despite the greater 
oxygen extraction per unit volume of blood. Such a mechanism may come into 
operation during severe haemorrhage. Chemicals such as cyanide, which poison the 
respiratory enzyme system, also stimulate chemoreceptors by histotoxic hypoxia. 
Finally, anaemic hypoxia is due to a reduction of haemoglobin per unit volume of blood 
so that the oxygen content of the blood is diminished although the /*a,0 2  may be normal.

In the experiments reported in this thesis the peripheral chemoreceptors were stimulated 
by reducing the fetal fa , 0 2  by induction of hypoxic hypoxia in the ewe. Thus the 
challenge will be referred to as 'hypoxaemia’ throughout the text The method has some 
disadvantages since reducing maternal Fijc>2 not only exposes the mother and fetus to 
hypoxaemia, but also the placenta. There is the possibility that some humoral agent is 
released from the placenta in response to hypoxaemia. It has only recently become 
possible to use an extra-corporeal circuit to change fetal PaSh independently of that of the 
ewe (see Blanco, 1991) and as yet the effects on the fetal circulation of hypoxaemia 
induced in this way are not known, although Kuipers, Maertzdorf, Keunen, deJong, 
Hanson & Blanco (1992) have not been able to find a role for the placenta in the effect 
of maternally induced hypoxia on fetal breathing. To complicate matters even further, 
inducing maternal hypoxaemia leads to an increase in maternal plasma concentrations of 
humoral factors which may in turn elevate those of the fetus. For example, increased 
maternal plasma concentrations of catecholamines in response to hypoxaemia augment 
fetal plasma catecholamines (Jones & Robinson, 1975). Catecholamines have been 
implicated in modulating fetal cardiovascular responses to acute hypoxaemia as 
discussed in section 1.4, page 33.

However, taking all considerations into account maternal f i , 0 2  reduction by ca. 50% has 
become an accepted method of inducing fetal hypoxaemia primarily because it can be 
used to decrease maternal and fetal fa,0 2 's and carbon dioxide tensions can be controlled 
by varying the CO2 added to the inspirate. Other methods such as umbilical artery 
occlusion may produce hypercarbia and acidaemia in addition to hypoxaemia. 
Moreover, the method allows the experimenter to achieve a step reduction in fetal Pa, 0 2
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within 2-3 minutes of the onset of maternal hypoxaemia and to keep the reduced fa,c>2 at 
a steady level over an hour or more (see Fig.3.1, page 73).

Although induction of asphyxia could be argued to be clinically more relevant than that 
of hypoxaemia, as a fall in fetal fa,c>2 is usually accompanied by a rise in fa,C0 2  with a 
subsequent fall in plasma pH, it has however been studied less extensively. Whilst the 
stimulus achieved by asphyxia is multifactorial in nature, i.e. due to changes in pH, 
PdiSh and fa,C0 2 , isocapnic hypoxaemia implies changes in PdiSh alone, and this has been 
proposed to give a purer, physiological stimulus.

1.4 Cardiovascular responses to acute isocapnic 
hypoxaemia

This section lists the fetal cardiovascular responses to acute hypoxaemia, highlighting in 
particular blood flow patterns in regional circulations which are of interest. The control 
and the mechanisms by which these responses are mediated are fully discussed in 
section 1.5, page 36.

1.4.1 Fetal heart rate and arterial blood pressure responses

Before ca. 110 days gestation in fetal sheep, isocapnic hypoxaemia for an hour produces 
a rise in heart rate, which continues for an hour, and a small fall in arterial blood 
pressure (Boddy et g/., 1974; see Dawes, 1984, 1985; Iwamoto et a/., 1989). 
Conversely, after ca.llO  days the initial response to acute hypoxaemia is an initial 
bradycardia with a transient increase in arterial blood pressure (Boddy et a/., 1974; 
Cohn et al., 1974) and an increase in fetal heart rate variability (Dalton, Dawes & 
Patrick, 1977; Parer, Dijkstra, Vredebregt, Harrir, Krueger & Reuss, 1980).

The magnitude of the heart rate and blood pressure responses depend upon the extent to 
which the arterial pH and blood gases change. When Pa, 0 2  is not altered, as in 
haemoglobin exchange, fetal anaemia and carboxyhaemoglobinaemia, mean arterial 
pressure and heart rate have been reported not to change significantly (Longo, Wyatt, 
Hewitt & Gilbert, 1978; Itskovitz, Goetzman & Rudolph, 1982; Fumia etal., 1984).
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1.4.2 Combined ventricular output (CVO) and patterns of blood flow 
redistribution

During acute episodes of hypoxaemia the CVO, the sum of right and left ventricular 
outputs in the fetus, is redistributed favouring the cerebral, myocardial and adrenal 
vascular beds at the expense of the gastrointestinal tract, renal, pulmonary, cutaneous 
and skeletal muscle beds (Cohn etal., 1974; Peeters etal., 1979; Rudolph, 1985; Reuss 
et al., 1982; Yaffe et al., 1987). Whilst blood flow to the umbilical-placental circulation 
is generally maintained in term fetal sheep during hypoxaemia (Cohn et al., 1974; 
Peeters et al., 1979), prior to the last third of gestation acute hypoxaemia decreases 
umbilical-placental blood flow markedly even though mean arterial blood pressure does 
not change and heart rate increases (Iwamoto et al., 1989). Effects of hypoxaemia on 
the placental blood vessels may be a direct effect since hypoxaemia has been shown to 
decrease blood flow in isolated perfused cotyledons (Howard, Hosokawa & Maguire, 
1987).

1.4.3 Umbilical vein blood flow patterns

Since the early studies by Pohlman (1907) and Barclay, Franklin & Prichard (1944) it is 
known that umbilical venous blood, which is rich in oxygen as it comes directly from 
the placenta, is conducted to the fetal inferior vena cava, where it is joined by the hepatic 
portal vein (Fig. 1.1). From here branches are provided to the left and right lobes of the 
liver, but blood flows principally through the ductus venosus which connects the 
umbilical vein with the inferior vena cava.

By injecting radio-nuclide labelled microspheres into the tributaries of the portal and 
umbilical veins, Edelstone, Rudolph & Heymann (1978) measured the blood supply to 
the liver from different sources. They reported that under normal circumstances blood 
flow to the liver is large, portal venous blood is redistributed to the right lobe of the 
liver, and less than 10% passes through the ductus venosus. 75-85% of the liver blood 
supply is derived form the umbilical vein, and only ca. 2% of total liver blood flow is 
supplied to the hepatic artery, which provides blood to both lobes. The remaining flow, 
conducted to the right lobe of the liver, is derived from the portal vein.

The ductus venosus shunt permits well-oxygenated umbilical venous blood to bypass 
the hepatic microcirculation. In addition, two other shunts, the foramen ovale and the
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ductus arteriosus, serve to direct blood returning to the heart away from the pulmonary 

circulation. Well oxygenated blood from the inferior vena cava flows through the 

foramen ovale into the left ventricle, from where it is pumped into the ascending aorta. 

Less oxygenated blood returning from the superior vena cava flows preferentially 

through the tricuspid valve into the right ventricle. The left ventricular blood therefore 

contains a higher percentage of oxygen saturation than the right ventricular blood. 

Almost all the blood from the right ventricle is directed through the ductus arteriosus to 

the descending aorta, and only ca. 30% of blood from the ascending aorta passes across 

the aortic isthmus to the descending aorta. Thus the venous and arterial blood flow 

patterns facilitate delivery of blood with a higher Pa.Oj to the upper body and blood of 

lower oxygen content to the lower body.
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F igure 1.1 Diagrammatic representation o f the fetal circulation. The various colours represent the various 
degrees o f  oxygenation o f blood ranging from greatest (red) to intermediate (two shades o f  purple) to least 
(blue). The arrows show the direction of the blood flow patterns (From Tortora and Anagnostakos, 1984).
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Acute hypoxaemia produces an increase in the vascular resistance of the umbilical veins 
and the hepatic vasculature, causing a ca. 20% fall in liver blood flow which is 
characterised by a greater fall in flow in the right than the left lobe (see Rudolph, 1984; 
Paulick, Meyers, Rudolph & Rudolph, 1990). Constriction of the umbilical veins will 
distend and recruit vessels in the placental exchange area, thus increasing the surface 
area available for gas exchange (Power, Longo, Wagner, Kuhl & Foster, 1967). 
Constriction of the hepatic vasculature will increase blood flow through the ductus 
venosus, thus improving delivery of umbilical vein-derived blood to the upper body 
organs (Reuss & Rudolph, 1980). The mechanism responsible for the increase in 
umbilical and hepatic vascular resistance during hypoxaemia has been recently 
suggested to be a-adrenergic, since phentolamine, an a-adrenergic blocker, abolished 
the vasoconstrictor responses (Paulick et al., 1991).

Associated with a reduction in liver blood flow during hypoxaemia, 65% of umbilical 
venous blood flow passes through the ductus venosus, resulting in an actual increase in 
flow through this shunt (Reuss and Rudolph, 1980). The mechanism of this increase 
has not been defined, although it is suggested that it may result from relaxation of the 
ductus venosus sphincter, or an increase in total hepatic vasoconstriction (see above), or 
a decrease in vascular conductance of the liver (see Rudolph, 1984).

In addition, during hypoxaemia the streaming of well-oxygenated blood from the 
inferior vena cava through the foramen ovale to the left ventricle is improved (Fig. 1.1; 
see Rudolph, 1985). This redistribution during hypoxaemia preserves oxygen delivery 
to the brain, heart and adrenals which serve important functions for the fetus and depend 
largely upon aerobic metabolism to meet their energy requirements. Thus, preservation 
of oxygen delivery to these organs during acute hypoxaemia is an important adaptive 
response. In addition to facilitating oxygen delivery, this distribution of flow results in 
higher concentrations in the ascending aortic blood of substances such as glucose which 
enter the umbilical venous blood. Thus glucose concentrations, for example, are also 
higher in the ascending aorta compared to the descending aorta (Charlton and Johengen,
1984).

1.4.4 Cerebral circulation

Cerebral blood flow in the fetus is influenced by changes in and Pa,co2 as it is in 
later life. Decreases in f a f >2 and increases in fa,C0 2  increase cerebral blood flow.
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During fetal hypoxaemia, with exposure to various levels of CO2 , an inverse relationship 
exists between carotid arterial oxygen content (CaOz) and fetal cerebral blood flow, and a 
positive linear correlation exists between carotid fa,C0 2  and cerebral blood flow (Jones et 
al.j 1978). During periods of hypoxaemia the cerebral circulation of the fetus does not 
autoregulate. Thus, during hypoxaemia there is a linear relationship between arterial 
pressure and cerebral blood flow in the range of blood pressures over which 
autoregulation can normally be demonstrated (Tweed, Cote, Pash & Lou, 1983). While 
cerebral blood flow is increased during hypoxaemia (Jansen et u/., 1989), the magnitude 
of this increase has been reported to be insufficient to prevent oxygen delivery from 
being compromised (Rurak, Richardson & Patrick, (Carmichael & Homan, 1990).

Fetal cerebral blood flow is also a function of the metabolic activity of the fetal brain. 
During the last third of gestation, the fetal electrocortical activity differentiates into two 
clearly distinguishable states: high voltage (high amplitude, low frequency) activity 
(HV-ECoG) and low voltage (low amplitude, high frequency) activity (LV-ECoG). 
Cerebral oxygenation and glucose consumption in fetal sheep have been reported to be 
greater during LV-ECoG when blood flow to most areas of the brain is increased 
(Richardson, Patrick & Abduljabbar, 1985; Jensen, Bamford, Dawes, Hofmeyr & 
Parkes, 1986).

When fetuses are made hypoxaemic, the electrocortical activity is believed to switch 
from LV to HV- ECoG, presumably to reduce fetal oxygen requirements and protect the 
brain from hypoxaemic damage (Boddy et a/., 1974).

1.4.5 Myocardial circulation

Myocardial blood flow is also linearly related to the reciprocal of CaOg, permitting the 
fetus to maintain a constant oxygen delivery and oxygen consumption during normal 
oxygenation and hypoxaemia (Peeters, 1978; Rudolph, Itskovitz, Iwamoto, Reuss & 
Heymann, 1981). When fetal Pa,0 2  is reduced by ca. 50%, myocardial blood flow is 
increased two- to threefold to maintain delivery of oxygen to the myocardium (Cohn et 
al.y 1974; Peeters et u/., 1979). Myocardial oxygen consumption in fetal sheep is 
similar to that in adult sheep, but is significantly higher in the newborn (Fisher, 
Heymann & Rudolph, 1980). This was interpreted as a reflection of a greater work rate 
of the myocardium in the newborn (Fisher et al., 1981). Fisher and colleagues (1981) 
suggested that the product of the heart rate and blood pressure (rate-pressure product).
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which is also higher in the newborn, is a useful correlate of myocardial oxygen 
consumption as it reflects myocardial work load.

1.4.6 Adrenal circulation

Although it is well established that adrenal blood flow increases during acute 
hypoxaemia (Cohn et o/., 1974; Rudolph, 1985; Jansen et a i, 1989; Itskovitz etal.y
1991) the processes controlling this response have not been identified definitively. That 
the adrenal blood flow changes in response to hypoxaemia may be reflexly-mediated has 
been suggested by studies involving peripheral chemodenervation but there is no 
agreement about this: whilst Jansen and colleagues (1989) reported that blood flow to 
the adrenal gland during hypoxaemia was attenuated in sino-aortic denervated fetal 
sheep, Itskovitz et al. (1991) concluded that denervation of the peripheral 
chemoreceptors did not affect the increase in fetal adrenal blood flow during 
hypoxaemia. Adrenal vascular responses to hypoxaemia may thus be mediated via 
mechanisms other than by chemoreflex responses. In relation to this idea, it has been 
shown recently that ACTH infusion produces an increase in adrenal cortical blood flow 
without affecting adrenal medullary flow in late gestation fetal sheep (Carter, Challis, 
Homan, Richardson & Towtoless, 1992). This finding suggests that increased adrenal 
blood flow during hypoxaemia may be mediated via concomitant increases in circulating 
concentrations of ACTH (see below). These results are also indicative of separate 
regulation of cortical and medullary blood flows in the fetal sheep adrenal at this stage of 
gestation.

1.4.7 Pulmonary circulation

The pulmonary circulation maintains a high vascular resistance in fetal life, receiving 
approximately 8% of the CVO (Rudolph & Heymann, 1970; Tod and Cassin, 1991). 
Although it is well established that during hypoxaemia there is an increase in pulmonary 
vascular resistance, the exact mechanism of this vasoconstriction is not clearly 
established. All direct effects of vasoactive substances, local factors and reflex 
mechanisms have been considered.

Vasoactive substances Evidence suggesting a possible role for catecholamines in 
mediating pulmonary vasoconstriction is conflicting. Although in exteriorised immature 
fetal sheep bilateral adrenalectomy did not alter the pulmonary vasoconstrictor response
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to asphyxia, a-adrenergic blockade prevented it (Cassin, Dawes & Ross, 1964). This 
evidence therefore suggested that the vasoconstrictor response was associated with 
either an extra-adrenal release of catecholamines or their local release at sympathetic 
nerve endings. However, since then it has been demonstrated under more physiological 
conditions in chronically instrumented fetal sheep that neither a - nor p-adrenergic 
blockade has an effect on the pulmonary vascular responses to hypoxaemia (Lewis, 
Heymann & Rudolph, 1976). Thus the possible role of catecholamines in mediating 
pulmonary vasoconstrictor responses is currently open to discussion.

Similarly, whilst angiotensin II has been considered important in the pulmonary 
vasoconstriction in response to hypoxaemia in adults (Berkov, 1974), in the fetus 
blockade of angiotensin receptors with saralasin had no effect on baseline pulmonary 
vascular resistance or the response to hypoxaemia (Hyman, Heymann, Levin & 
Rudolph, 1975). Several studies have suggested that histamine release is involved in 
the vasoconstrictor response to hypoxaemia in adults (Hauge & Melmon, 1968; Hauge 
and Staube, 1969). In the fetus and the newborn, however, histamine is a pulmonary 
vasodilator and not a constrictor. Other substances such as bradykinin (Cassin, Dawes, 
Mott, Ross & Strang, 1964), and isoproterenol (Cassin, Dawes & Ross, 1964) also 
cause pulmonary vasodilatation in the anaesthetized, exteriorised sheep fetus. 
Endothelin-1, a powerful vasoconstrictor in systemic vascular tissues in newborn and 
adult animals (Tomobe, Miyauchi, Saito, Yanagisawa, Kimura, Goto & Masaki, 1988; 
Uchida, Ninoyima, Saotome, Nomura, Ohtsuka, Yanagisawa, Goto & Masaki, 1988; 
Yanagisawa, Kurihawa, Kimura, Tomobe, Kobayashi, Mitsui, Yazaki, Goto & Masaki, 
1988), has also been reported to dilate the fetal pulmonary circulation (Cassin, Kristova, 
Davis, Kadowitz & Gause, 1991; Chatfield, McMurphy, Hall & Abman, 1991). The 
tone-dependence of pulmonary vascular responses to endothelin-1 has prompted Cassin 
et al. (1991) to suggest an interaction between ET-1 and endothelin derived relaxing 
factor (EDRF; see Furchgott and Zawadski, 1980; Leffler, Hessler & Green, 1984; 
Yanagisawa and Masaki, 1989).

The physiological role of the various naturally-occurring products of the arachadonic 
acid-prostaglandin (PG) cascade is also not clear. In the fetus whilst both PGEj (Tyler, 
Leffler & Cassin, 1977) and PGI2 (prostacyclin; Leffler and Hessler, 1979; Cassin, 
Winikor, Tod, Philips, Frisinger, Jordan & Gibbs, 1981) have been described to be 
pulmonary vasodilators, their effect is not restricted to the pulmonary circulation. 
Conversely, PGF2« has been reported to cause pulmonary vasoconstriction, but only in 
fetal goats (Tyler et al., 1977).
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Another class of substances, the leukotrines, which are also derived from arachadonic 
acid via the lipoxygenase pathway, have generated considerable interest in view of their 
constricting effect on smooth muscle (Samuelsson, 1983). However there is no direct 
information regarding their effect on the pulmonary circulation, but since calcium 
channel blockers inhibit their production and also block hypoxaemic vasoconstriction 
(McMurtry, Davidson, Reeves & Grover, 1976), their role in maintaining pulmonary 
vasoconstriction in the fetus should be considered.

Local factors Another suggestion is that increased pulmonary vasoconstriction may be 
due to changes in the level of oxygen to which the small pulmonary arteries are exposed. 
Under normal resting conditions in the fetal sheep, Pa,0 2  averages ca. 25 mmHg whilst 
pulmonary arterial POi is ca. 17-20 mmHg (see Heymann, 1984). Reducing fOg to 
similar levels in newborn animals has been reported to produce a marked increase in 
pulmonary vascular resistance (Rudolph and Yuan, 1966) and increasing fetal PO2 above 
normal increased pulmonary blood flow (Heymann, Rudolph, Nies & Melmon, 1969). 
It is likely, therefore, that the low PO2 found normally in the fetus is in some way 
responsible for maintaining pulmonary vasoconstriction.

Reflex mechanisms The question of whether or not the pulmonary circulation is under 
reflex control pre-natally has also not been resolved. Colebatch, Dawes, Goodwin & 
Nadeau (1965) showed that vagotomy produced a fall in pulmonary blood flow in the 
exteriorised, anaesthetized fetus, suggesting that this was due to removal of a 
vasodilatory vagal tone; moreover they showed that stimulation of the sympathetic 
supply to the lungs produced pulmonary vasoconstriction. These findings therefore 
suggest that the autonomic innervation to the lungs is functional in the sheep fetus near 
term and that pulmonary blood flow changes may be obtained, at least in part, via reflex 
mechanisms as well as via action of humoral substances and local factors. In agreement 
with this statement are the findings of Campbell, Cockbum, Dawes & Milligan (1967), 
who showed that a small reflex pulmonary vasoconstriction could be elicited by 
systemic hypoxaemia in fetal sheep at ca. 100-140 days gestation even in a lung 
perfused with normoxaemic blood from a twin fetus.

Two studies have directly implicated the peripheral chemoreceptors in mediating reflex 
changes in the pulmonary circulation. Hanson and McCooke (1988) reported that the 
rise in fetal pulmonary blood flow during maternal hyperoxia was depressed or absent in 
fetuses in which the carotid sinus nerves had been cut bilaterally. More recently, Moore 
and Hanson (1991) found that the increase in pulmonary vascular resistance in response
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to hypoxaemia in the sheep fetus was slower in sino-aortic denervated fetuses. The 
rapid increase in pulmonary vasoconstriction in the sheep fetus in response to 
hypoxaemia may thus be due, in part, to chemoreflex responses.

1.4.8 Renal circulation

The kidneys receive ca. 1.9% of the CVO in fetal sheep (Rudolph and Heymann, 1970). 
Renal vascular resistance is high and glomerular filtration rate (GFR) low when 
expressed in terms of kidney weight ( Loggie, Kleinman & VanMaanen, 1975).

Using the injected microsphere technique in unanaethetised fetal sheep, it was observed 
that renal blood flow was decreased by ca. 25% during episodes of hypoxaemia, and by 
50% during episodes of asphyxia (Cohn et al.y 1974; Peeters et al.y 1979). The 
mechanism of this vasoconstrictor response in the renal circulation during hypoxaemia 
has to date not been fully resolved. Recent observations suggest that it is mediated via 
sympathetic efferents since renal nerve stimulation produces an increase in renal vascular 
resistance (Robillard and Nakamura, 1988). Moreover, the renal vasoconstriction 
observed during hypoxaemia in intact fetuses was attenuated in fetuses in which the 
renal nerve were sectioned (Robillard, Nakamura & DiBona, 1986). However, whether 
the vasoconstriction is mediated via a-adrenergic efferents is still not agreed. It has 
been reported that renal nerve stimulation after a-adrenoreceptor blockade produced 
renal vasodilatation in conscious fetal sheep (see Robillard, Smith, Segar, Merrill & 
Jose, 1992). This renal vasodilator responses was however blocked by intra-renal 
administration of either a ganglionic blocker or a selective P2-adrenoreceptor antagonist. 
This suggests that the renal nerve fibres activated during renal nerve stimulation are 
noradrenergic releasing noradrenaline at the nerve terminals. However, upon 
administration of an a-blocker noradrenaline stimulates p2'adrenoreceptors to produce 
renal vasodilatation. These findings contradict those reported by Paulick and colleagues 
(1991) who found that the hypoxaemia-induced constriction in the renal vasculature was 
not affected by administration of the a-adrenergic antagonist phentolamine. In relation 
to this finding it has been previously reported that infusions of angiotensin II into the 
fetal circulation produce an increase in renal vascular resistance (Iwamoto and Rudolph, 
1981). Because angiotensin II plasma concentrations increase moderately during 
hypoxaemia (Robillard, Weitzman, Burmeister & Smith, 1981), this hormone may 
mediate in part the observed renal vasoconstriction.
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1.4.9 Gut, skin and skeletal muscle circulations

Estimates of normal blood flow through the gut of the unanaesthetized sheep fetus range 
from 52-288 ml.min  ̂.lOOg^ (i.e. ca. 2.8-5.8% of the CVO; Charlton, Reiss & 
Lofgren, 1979; Cohn et al., 1974; Peeters et al., 1979; Gilbert, 1980). Less than 20% 
of the fetal cardiac output is accounted for by blood flow to the brain, heart, kidney and 
gastro-intestinal tract. Moreover, these organs jointly receive less than ca. 35% of the 
arterial flow to the fetal body. Detailed information on the remainder of the circulation, 
which comprises mainly skin, skeletal muscle, fat, bone and spinal cord, is sparse. 
Many studies have calculated flow to the fetal body by removing the viscera, and as 
such the carcass appears to receive ca. 20% of the CVO, or over 50% of blood flow to 
the fetal body (Rudolph and Heymann, 1970). Since muscle may account for only ca. 
one half of the weight of a carcass (Creasy, DeSwiet, Kahanpaa, Young & Rudolph, 
1973), a considerable percentage of this flow is probably directed to bone and skin.

In the unanaethetised fetus microsphere studies have shown that blood flow to the 
intestines, and carcass decreases moderately during hypoxaemia, this fall being 
augmented by acidaemia (Cohn etal., 1974; Peeters etal., 1979). However, since the 
carcass accounts for ca. 50% of the systemic blood flow, even moderate 
vasoconstriction is adequate to divert a considerable percentage of blood flow to other 
organs during hypoxaemia.

Blood flow to the soleus (a slow) and gastrocnemius (a fast) muscle was found to be 
12.1 and 14.0 ml.min  ̂ lOOg  ̂ (Molteni, Melmed, Sheldon, Jones & Meschia, 1980) 
thus showing that the higher basal flow rate to slow muscle, which is characteristic of 
the adult (Hilton, Jeffries & Vrbova, 1970) is not present in the fetus. During 
hypoxaemia, reflex vasoconstriction of the hind-limb vasculature has been reported from 
105 days gestation (Campbell et al., 1967). This provides a mechanism for the 
diversion of blood flow away from skeletal muscle during hypoxaemia.

1.4.10 Endocrine responses during hypoxaemia

Catecholamines, ACTH and cortisol During acute episodes of hypoxaemia 
catecholamines are released from the adrenal medulla, both due to increased sympathetic 
activity and the direct effect of hypoxaemia on the gland (see Jones and Wei, 1985). 
Neurally mediated increases in plasma catecholamines during hypoxaemia have been
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attributed to activation of the adrenal by the splanchnic nerves (Comline, Silver & 
Silver, 1965). Consistent with this idea is the finding that stimulation of the splanchnic 
nerves produces an increase in catecholamine release in the late gestation fetus (Comline 
et al., 1965; Comline and Silver, 1966,1972). That hypoxaemia may cause release of 
catecholamines via a non-neural mechanism has been suggested by Jones, Roebuck, 
Walker & Johnston (1988). In that study sympathectomy by guanethidine 
administration delayed but did not abolish increased plasma concentrations of adrenaline 
and noradrenaline during hypoxaemia.

Catecholamines may also be released from extra-adrenal chromaffin tissue, as moderate 
increases in plasma concentrations of noradrenaline can be obtained in response to 
hypoxaemia even after the adrenal medulla has been destroyed (Jones, Roebuck, 
Walker, Lagercrantz & Johnston, 1987). This release is further reduced by 
guanethidine and appears to account for only ca. 10% of the total release in normal 
fetuses (Jones, Roebuck, Walker & Johnston, 1988).

The release of adrenaline in response to hypoxaemia is delayed. Adrenaline produces 
positive inotropic and chronotropic effects on the heart, and augments the increase in 
peripheral vascular resistance, acting synergistically with the increased sympathetic 
discharge and the action of humoral vasoconstrictors. Thus late in hypoxaemia heart 
rate returns to control or may increase above pre-hypoxaemic levels and blood pressure 
increases still further.

Although plasma concentrations of both ACTH and cortisol are known to be increased 
during hypoxaemic episodes (Jones, Boddy, Robinson & Ratcliffe, 1975; Jones et al., 
1988; Akagi, Berdusco & Challis, 1990) the mechanisms by which these are mediated 
have been studied less extensively and will be discussed in Chapter 7.

Vasopressin, angiotensin and other humoral agents A component of the increase in 
arterial blood pressure during hypoxaemia may be due to the release of humoral 
vasoconstrictors . For example, it is known that plasma levels of arginine vasopressin 
(AVP) reach high concentrations during hypoxaemia (Rurak, 1978; Daniel, Stark, 
Zubrow, Fox, Husain & James, 1983; Iwamoto, Rudolph, Mirkin & Keil, 1983; 
Picquadio, Brace & Cheung, 1990; Raff, Kane & Wood, 1991). Moreover, A VP 
infusion in normoxaemic fetal sheep produces a vasoconstriction in the carcass but no 
significant changes in other organs (Iwamoto, Rudolph, Keil & Heymann, 1979), and
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administration of a Vi antagonist reverses the rise in systemic arterial pressure observed 
during hypoxaemia (Peréz, Espinoza, Riquelme, Parer & Llanos, 1989).

Other humoral systems may also play a role. Plasma renin and angiotensin II 
concentrations are high in the fetus compared to the non-pregnant ewe (Broughton- 
Pipkin, Kirkpatrick, Lumbers & Mott, 1974) and are thought to produce a tonic 
vasoconstriction, maintaining umbilical blood flow and gas exchange between the fetal 
and maternal circulations (Iwamoto & Rudolph, 1979). Both plasma renin activity 
(Robillard et al., 1981; Wood, Kane & Raff, 1991) and plasma concentrations of 
angiotensin II (Scroop, Marker, Stankewytsch-Janusch & Seamark, 1986; Martin, 
Kapoor & Scroop, 1987) increase in the sheep fetus in hypoxaemia and/or hypercapnia. 
Furthermore, infusion of angiotensin II into the fetal circulation produces a peripheral 
vasoconstriction (Iwamoto & Rudolph, 1981).

Less is known about the actions of other humoral substances like neuropeptide Y 
(NPY), endogenous opioids, prostaglandins and atrial natriuretic factor (ANF) on the 
fetal cardiovascular responses to hypoxaemia. It has been shown that infusions of 
NPY produce an increase in fetal systemic vascular resistance (Sanhueza, Carrasco, 
Gaete, Parraguez, Riquelme, Daniels & Llanos, 1991). Hypoxaemia stimulates 13- 
endorphin release (Stark, Wardlaw, Daniel, Sanocka, James & Vande Wiele, 1982); 
naloxone potentiates the fall in heart rate during hypoxaemia (LaGamma, Itskovitz & 
Rudolph, 1982) and also the increase in vascular resistance (Llanos, Court, Holbrook, 
Block, Vega & Parer, 1983). Whilst ANF has been shown to be increased in 
hypoxaemia (Cheung & Brace, 1988; Smith, Sato, Varille & Robillard, 1989) little is 
known about its possible effects on the fetal circulation.

In addition, hypoxaemia may act directly on the peripheral circulation. However, the 
role played by factors such as adenosine, PGI2 and EDRF (endothelium-derived 
relaxing factor) have currently only been discussed in the adult circulation (see Marriot 
& Marshall, 1990; Tenney, 1990; Walker & Brizee, 1990; Lüscher and Dohi, 1992). 
For example, the relaxation evoked by acetylcholine in conduit arteries has been known 
to be fully dependent on the presence of endothelial cells and is due to the release of 
EDRF (see Lusher and Vanhoutte, 1990). Furthermore, administration of the inhibitor 
of nitric oxide formation N  °-monomethyl-L-arginine (l-NMMA), markedly reduces the 
vasodilator effects of acetylcholine in the human forearm, delineating endothelium- 
derived nitric oxide (EDNO) as an important mediator of the response. EDNO has also 
been shown to be released not only after stimulation with acetylcholine but also with
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other agonists such as bradykinin, histamine or a calcium ionophore (see Lüscher and 
Vanhoutte, 1990; Dohi, Thiel, Bühler & Lüscher, 1990). In the rabbit intra-venous 
infusion of L-NMMA increases arterial blood pressure, and in the human forearm the 
inhibitor reduces blood flow, suggesting that the continuous formation of nitric oxide 
contributes to the regulation of blood pressure and local blood flow (Vallance, Collier & 
Moncada, 1989; Linder, Kiowski, Bühler & Lüscher, 1990). In agreement with this 
statement it has recently been reported that NO mediates tonic vasodilatation in the 
newborn piglet brain (Edwards, Takei, Peebles, Lorek, Cope, Delpy & Reynolds,
1992).

1.5 Control of the fetal cardiovascular system during 
hypoxaemia

Given the abundance of cardiovascular responses which the fetus mounts in response to 
acute hypoxaemia, one inevitable question to the researcher is 'how are they controlled?' 
Current understanding of the control of the fetal cardiovascular system has been largely 
arrived at by back-extrapolation from the vastly more complete understanding which 
exists in the adult. A large component of cardiovascular control has therefore been 
suggested to be reflex, exerted by the brainstem receiving afferent information from 
enteroreceptors and acting via autonomic efferents.

This section will report evidence to date which has led us to assemble a picture of reflex 
arcs mediating fetal cardiovascular responses. These will be described sequentially as 
follows: sensory receptor sites and afferent pathways of the reflex, brainstem control, 
and efferent pathways of the reflex.

1.5.1 Sensory receptor sites 

Central chemoreceptors

Whilst there is evidence for central medullary chemoreceptor function in utero 
(Hohimer, Bissonnette, Richardson & Machida, 1983; Koos, 1985) the precise location 
and the role of these chemoreceptors is not known. In the adult the chemosensitive 
areas are located in the ventro-lateral surface of the medulla (Mitchell, Loeschke, 
Massion & Severinghaus, 1963). It has been shown that ventilation is stimulated within
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seconds when acidic solutions or liquids with a high PCO2  are applied to these areas. In 
addition when neural function in these areas is blocked by the use of local anaesthetics 
or cold, the response to CO2 is blunted. Thus, whilst there is evidence for central 
chemoreceptor activity, the precise chemosensitive cells have not yet been identified 
even in the adult (see Schlaefke, 1981; Millhom & Eldridge, 1986; Bruce & Chemiack, 
1987).

Peripheral chemo- and baroreceptors 

Anatom ical considerations

Chemoreceptors The most discrete chemoreceptor sites are the carotid and the aortic 
bodies. The carotid bodies are small, paired organs located near the bifurcation of the 
common carotid arteries into the internal and external carotid arteries (Fig 1.2).

C aro tid  body

C aro tid  sinus
Glossopharyngeal 

/ '  afferent axons
Glomus cell

C om m on ca ro tid  
a rteries

— ,  A o rtic  bodies

Glomus cell ^

A o rtic  arch

Heart

F ig u re  1.2 a) Diagrammatic representation o f the location o f  the carotid and aortic bodies, 
b) Diagrammatic representation o f the organization o f the carotid body. According to the view  
illustrated here, there are reciprocal synapses (arrows) between the afferent neurones and the 
glomus cells, ganglion cells and the blood vessels in the rat carotid body (M odified from 
M cDonald & M itchell, 1975; taken from Ganong, 1987).
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There are however species differences in the relationship of these structures to the 
anatomy of the region. For example in the sheep there is no division into internal and 
external carotid arteries and the carotid bodies are located at the bifurcation of the 
common carotid and occipital arteries (Appleton & Waites, 1957; Blanco, Dawes, 
Hanson & McCooke, 1984). In comparison, the aortic bodies are small nodules of 
chemoreceptor tissue lying along the aortic arch and the roots of the great arteries.

Classically, peripheral chemoreceptor tissue is made of islands of Type I cells with 
associated Type II cells, nerve endings and fenestrated sinusoidal capillaries (Fig 1.2b). 
The type II cells, which resemble glial cells, surround the type I or glomus cells. The 
carotid body's sensory afferent fibres run in the carotid sinus nerve, a branch of the 
glossopharyngeal (DCth) nerve, to the central nervous system; the aortic chemoreceptor 
afferents run to the CNS in the aortic branch of the vagus (Xth) nerve (see Fidone & 
Gonzales, 1986).

Chemoreceptor tissue other than that present in the carotid and aortic bodies has also 
been reported. For example, peri-adventitial chemoreceptor tissue has been described 
lying outside the principal mass of the carotid body (see Clarke & Daly, 1985). In a 
study by Coleridge, Coleridge & Howe (1967) electrophysiological and histological 
techniques were employed to search for pulmonary arterial chemoreceptors in the kitten. 
It was reported that chemoreceptors in the aortico-pulmonary region responded to 
hypoxaemia and injection of lobeline with an increase in random discharge frequency. 
Similar activity has been shown from pulmonary or venous chemoreceptors in the 
puppy (Kollmeyer & Kleinman, 1975), and neuroepithelial bodies which also respond 
to hypoxaemia have also been reported in the rabbit lung (Lauweryns, de Bock, 
Guelinckx & Decramer, 1983; Lauweryns, Van Lommel & Dom, 1985).

Howe, Pack & Wise (1981) showed that peripheral chemoreceptor-like activity 
originated form the abdominal vagal paraganglia of the rat. They reported that 
centripetal fibres located within the ventral vagus had a resting, random discharge of 
between 0.8-8.0 impulses.second  ̂ when the animal breathed air, and a maximum 
frequency between 15-25 impulses.second^ in responses to 100% Ng inspired, or on 
topical administration of KCN or acetylcholine. These receptors therefore showed the 
qualities of peripheral chemoreceptors described by Biscoe and Taylor (1963).

Finally, additional receptors have been classified by Dawes and Comroe (1954) from the 
heart, lungs and great vessels. Some are involved in responses which appear to be
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chemoreflex (Trenchard, 1986), their afferents running in the vagi and even in the 
sympathetic nerves (Coleridge & Coleridge, 1980). Other groups include pulmonary or 
J-receptors having C-fibre afferents (Anand & Paintal, 1980) and coronary receptors 
involved in the Bezold-Jarish reflex. Their afferents may be myelinated or unmyelinated 
and their reflex effects are complex, affecting peripheral vascular resistance, venous tone 
and body fluid balance (see Daly, 1986). Whilst some of these receptors have been 
shown to have inhibitory effects on vasomotor centres, others are excitatory (Ledsome 
& Kan, 1977).

Baroreceptors and mechanoreceptors The peripheral baroreceptors have been divided 
classically into two groups in the same way as peripheral chemoreceptors i.e. those 
lying in the carotid sinus and those of the aortic arch. There is as yet no conclusive 
information in the fetus about many other afferent receptor sites known to be important 
postnatally. For example, a wide range of mechanoreceptor afferents have been shown 
to originate in the lungs (Dawes & Comroe, 1954) including the those which stimulate 
the Hering-Breuer reflexes. There are also sympathetic afferent fibres with endings 
widely distributed in the atria, ventricles, pericardium and great vessels (see Coleridge & 
Coleridge, 1980). These mechanoreceptors have a sparse random discharge and high 
thresholds, although they discharge intensely in response to punctuate, mechanical 
stimulation. Depending on their location, they are stimulated physiologically by an 
increase in systemic or pulmonary arterial pressure and by both an increase in cardiac 
volume and contractility.

Physiological considerations

Current knowledge of the functional maturity of the peripheral chemo- and baroreceptors 
and the physiological pathways mediating their responses has been arrived at largely by 
using the three classical lines of approach to physiological investigation: recording, 
stimulation and ablation. This sub-section wiU describe previous relevant investigations 
keeping to this methodological distinction.

Recording The first report concerning functional chemoreceptor activity in the sheep 
fetus came form Cross and Malcolm (1952). In that study it was shown that carotid 
chemoreceptor activity could be recorded in anaesthetized, exteriorised fetal sheep at ca. 
140 days gestation (term is 147 days). Later reports defined two types of activity
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originating from the carotid sinus in the sheep fetus (Cross, 1961; Hamed, McKinney, 
Berryhill & Holmes, 1966). Both groups reported finding first, activity synchronised 
with the cardiac rhythm and thus possibly baroreceptor in origin. Secondly, Cross 
(1961) and Hamed et al. (1966) reported increased activity which was asynchronous 
with the blood pressure peaks, possibly due to further baroreceptor, chemoreceptor or 
sympathetic activity.

Later Biscoe et at. (1969) using a more refined technique, reported activity recorded 
from small bundles of nerve fibres dissected from the carotid sinus nerves (Biscoe, 
Purves & Sampson, 1969). In that study they showed carotid baroreceptor activity 
from 125 days gestation but carotid chemoreceptor activity only after 135 days of 
gestation. Chemoreceptor activity was characterized by its irregular pattern of 
discharge, which showed no increase in rate when carotid arterial blood pressure was 
raised. Since recorded chemoreceptor discharge was increased by reduction in maternal 
Fi,02 (ewe breathing 10% O2  in N2 ), NaCN (200|ig) and nicotine (300|Xg) in the 
neonatal lamb but not in the fetus (Biscoe & Purves, 1967), Biscoe and colleagues 
(1969) concluded that the carotid chemoreceptors were relatively insensitive to chemical 
changes in uteroy and became physiologically active only after birth.

Given the uncertainty about intra-uterine functional integrity of the carotid body 
responses, further recording experiments re-examined their activity and physiological 
role. Two pieces of work showed successful direct recordings from the carotid chemo- 
and baroreceptors and reported that they responded to their natural stimuli from ca. 90 
days gestation (Blanco et o/., 1984,1988). In the former study, Blanco et al. (1984) 
identified cheqioreceptor units according to the criteria used by Biscoe et al (1969) and 
also as those units in which discharge increased when CO2- saturated saline was injected 
retrogradely via the lingual artery. Blanco et al. (1984) concluded that in the fetus the 
carotid chemoreceptors were active and responsive to hypoxaemia, but only to changes 
in Pa,02 within the fetal range. Furthermore, the position of the response curve of the 
chemoreceptors to hypoxaemia was shifted to the left and their sensitivity to an absolute 
change of arterial PO2  was less compared to that of the adult. Similarly, in the later 
study, Blanco and colleagues (1988) recorded responses of single carotid baroreceptor 
afferents in anaethetized fetal sheep at 88-113 and 131-144 days gestation, and in 
newborn lambs at 1-8 and 30-40 days old. The baroreceptors discharged in synchrony 
with the arterial pressure pulse and increased their discharge rate as pressure was raised 
by compression of the abdominal aorta. Dynamic and steady state response curves were 
determined using step increases in carotid sinus pressure in two fetal sheep at 135 days
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gestation and two lambs 8 days old. Blanco et a l (1988) concluded that the carotid 
baroreceptors reset as arterial pressure increases in the last third of gestation and the first 
postnatal month.

Stimulation In a similar way to recording experiments, early evidence obtained on fetal 
chemoreceptor function through stimulation techniques reported firstly a lack, and later a 
possible role, of carotid chemoreceptor function in utero. Dawes and colleagues (1968) 
suggested that the cardiovascular responses following injection of sodium cyanide into 
the left atrium of term fetal sheep were largely due to stimulation of the aortic rather than 
the carotid chemoreceptors. They showed no evidence of stimulation of the carotid 
chemoreceptors even on injection of a relatively large dose (Img) of NaCN into the 
common carotid artery. However, subsequent experiments by the same group showed 
that injections of cyanide into both carotid arteries simultaneously excited a large 
cardiovascular response (Dawes, Duncan, Lewis, Owen-Thomas & Reeves, 1969). 
Hence the carotid bodies of the sheep fetus could be shown to be excited by cyanide 
under appropriate conditions, even though they were thought to be relatively less 
sensitive to hypoxaemia than the aortic bodies (Dawes, Duncan, Lewis, Owen-Thomas 
& Reeves, 1969b). Dawes and colleagues (1969) suggested two explanations for their 
findings; either the carotid chemoreceptors in the fetus were relatively inactive, requiring 
a stronger stimulus to induce increased firing discharge, or carotid body afferent 
discharge was being dampened by some central inhibitory influence in the CNS.

Evidence obtained about fetal baroreceptor function through stimulation techniques has 
arised from a series of studies in which changes in baroreflex sensitivity were 
investigated. Evidence of changes in this sensitivity during gestation and after birth are 
conflicting in the literature. For example, Ismay, Lumbers & Stevens (1979) elicited 
baroreflex responses in fetal and adult sheep using phenylephrine to elevate blood 
pressure and reported that baroreflex sensitivity was less in the fetus than in the adult. 
In agreement with Ismay et at. (1979) are several studies: Dawes, Johnston & Walker 
(1980) studied baroreflex responses, by comparing heart period and arterial pressure, in 
the sheep fetus and lamb by either intra-venous administration of phenylephrine or 
methoxamine, or by inflating a balloon in the dorsal aorta. They concluded that 
although baroreflex sensitivity was different in the sheep fetus using the different 
methods of elevating blood pressure, it was lower in the fetus than in the adult. 
Similarly, Shineboume, Vapaavuori, Williams, Heymann & Rudolph (1972) reported 
that baroreflex responses, stimulated by inflating a balloon in the descending aorta of
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unanaesthetized fetal sheep, increased throughout gestation. Conversely, Maloney, 
Cannata, Dowling, Else & Ritchie (1983) reported, using aortic balloon inflation 
techniques or injection of phenylephrine to raise blood pressure, that baroreflex 
sensitivity was greater in the sheep fetus than in the lamb. In agreement with this study, 
Blanco and colleagues (1988) who studied stimulus-response characteristics of single 
baroreceptor afferents in sheep fetuses at two gestational ages and in new-born and 1 
month old lambs (see above) concluded that baroreflex sensitivity decreases with age.

There is therefore no agreement regarding baroreflex responses on the basis of changes 
in heart rate elicited by raising arterial pressure. It may be that in the fetus central 
nervous influences modulate the efferent limb of the reflex, as was postulated by Blanco 
et al. (1988). This idea is supported by the finding of Dawes, Gardner, Johnston & 
Walker (1983) who reported that the sensitivity of the baroreflex increased in fetal sheep 
only after brainstem transection at about the level of the hypothalamus. The implications 
of this finding are discussed in section 1.5.2, page 44.

Ablation Although the peripheral chemo- and baroreceptors could be shown to be 
functional in utero through both recording and stimulation techniques, these 
experiments were usually performed in anaesthetized, exteriorized fetal sheep. Later 
investigations were carried out using chronically instrumented animal models so that the 
same questions could be addressed without the possible perturbations of anaesthesia. In 
these experiments the contributions made by the aortic and carotid chemoreceptors were 
assessed by section of the appropriate afferent pathway. The following experiments 
were all carried out in chronically instrumented fetal sheep, unless otherwise stated.

To investigate the roles of the peripheral chemo- and baroreceptors in the circulatory 
responses of fetal sheep to hypoxaemia, Itskovitz and colleagues reported two 
experimental studies using arterial denervation. In the first study, Itskovitz and Rudolph 
(1982) achieved sino-aortic denervation by stripping the carotid sinus area and cutting 
the aortic and superior laryngeal nerves. One important consideration from their study 
following sinoaortic denervation was the integrity of the vagi and the preservation of 
cardiopulmonary afferents. However, it must be stressed that the aortic nerve itself may 
contain some pulmonary mechanoreceptors (see Dawes and Comroe, 1954) and Kumar 
and Hanson (1990) described that in the newborn lamb, the presence of a separate aortic 
nerve from the vagus was not always clear. Itskovitz and Rudolph (1982) concluded 
that since the rise in arterial pressure and the fall in fetal heart rate, seen in intact fetuses
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during hypoxaemia, were absent in those fetuses which had been denervated, the arterial 
chemo- and baroreceptors provided the afferents mediating these responses. In a more 
recent study, Itskovitz, LaGamma, Bristow & Rudolph (1991) investigated the 
contribution of the peripheral chemo- and baroreceptors in mediating the redistribution 
of the CVO which occurs during hypoxaemia, measuring blood flow in different organs 
by injecting radio-labelled microspheres. Using the same denervation technique as in 
their previous study, they reported that section of the aortic and carotid bodies not only 
abolished the fetal bradycardia and the increase in arterial pressure seen in intact fetuses 
but also attenuated peripheral vasoconstriction. Thus, the studies of Itskovitz and 
colleagues (1982,1991) provide substantial evidence for the operation of arterial chemo- 
and baroreflexes mediating cardiovascular responses to hypoxaemia. It must be pointed 
out however that their methods may not have produced complete peripheral denervation. 
For example, it has been shown that some fibres originating from the aortic bodies in 
dogs bypass the aortic nerve through the vagus (Ito and Scher, 1974). In fact, Ito and 
Scher (1979) using more extensive procedures could not completely denervate the aortic 
bodies in the dog.

Jansen, Belik, Ioffe & Chemick (1989) attempted to determine the relative roles of the 
aortic and carotid chemo- and baroreceptors. These investigators measured blood flow 
in individual organs again using the radioactive microsphere method. They compared 
the cardiovascular responses to hypoxaemia of intact fetuses with those of fetuses which 
had been vagotomized, and with those of fetuses which had been vagotomized and 
carotid sinus-denervated. It was reported that either procedure attenuated the 
redistribution of blood flow during hypoxaemia, although the effects of combined 
vagotomy and carotid denervation were greater than those of vagotomy alone.

The studies of Itskovitz and colleagues (1982, 1991) and Jansen et al. (1989) 
demonstrate the contribution of the the peripheral chemo- and baroreceptors, both aortic 
and carotid, in mediating cardiovascular responses of the sheep fetus during 
hypoxaemia. Whilst Jansen et al. (1989) have stressed the role of the aortic chemo- and 
baroreceptors alone in contributing to these responses, to date no study has 
demonstrated the role of only the carotid chemo- and baroreceptors in providing an 
afferent component for these responses. In contrast to aortic chemo- and baroreceptor 
information, which is releayed to the brainstem via several afferent pathways, the carotid 
chemo- and baroreceptor afferents are all contained within the carotid sinus nerves. 
Their total contribution to mediating fetal cardiovascular responses during acute hypoxia 
can therefore be assessed. My aims are fuUy discussed on page 49.
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1.5.2 The fetal brainstem and the idea of a central integrator

There is much evidence in the literature regarding brainstem integration of 
cardiorespiratory reflexes in the adult. Comparable studies are virtually non-existent in 
the fetus. Even in the adult the mechanisms by which areas of the brainstem might be 
involved in modulating cardiorespiratory reflexes have still not been resolved 
conclusively. It is however, well established that nuclei within the nucleus tractus 
solitarius (NTS) are target sites for cardiovascular and respiratory afferents (see Spyer, 
1990). In addition the NTS provides a site for modulation and integration of 
cardiorespiratory afferent inputs with descending drives from higher centres of the 
brain, such as the parabrachial nucleus (PEN), hypothalamus and the cerebellar 
posterior vermis or uvula (see Spyer, 1981; Jordan and Spyer, 1986; Spyer, 1990; 
Paton and Spyer, 1992). The connectivity and functional relationship between all these 
structures in controlling cardiorespiratory reflexes is discussed in section 8.4 of the 
thesis.

In contrast the question of the processes by which the brainstem integrates 
cardiorespiratory reflexes in the fetus has been little addressed. One study has however 
suggested possible evidence for such an operation in utero. Dawes et al. (1983) 
transected the brainstem of sheep fetuses at a mid-collicular level or more rostrally at the 
level of the caudal hypothalamus. It was reported that the gain of the baroreflex, elicited 
by injecting phenylephrine intravenously and expressed as the ratio between changes in 
R-R interval and arterial pressure, was greater in fetuses with the more rostral 
transection than in those with the caudal transection. This latter group had similar 
baroreflex responses to those of intact fetuses. These findings may be interpreted as 
providing evidence for the operation of descending control of the gain of the baroreflex. 
The location and mechanisms by which this modulation may take place are unknown.

More recently Moore, Parkes, Noble and Hanson (1991) approached the problem by 
investigating the respiratory response to hypoxia of the newborn lamb. This is 
characterised by being biphasic, having an initial stimulatory phase followed by a 
delayed inhibition of breathing. The delayed inhibition may be interpreted as inhibitory 
influences outweighing excitatory influences in the brainstem (see section 8.4, page 
149). Moore et û/. (1991) reported that upon cooling of an area within the dorsolateral 
pons in 3-8 day old lambs, the delayed inhibition of breathing during hypoxia was 
abolished. Furthermore, the inhibitory response was regained upon warming of the 
probe. Cooling of the brainstem may be thus perturb some inhibitory influences.
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pulling the balance towards excitation. Reversible cooling of the brainstem therefore 
offers an exciting tool to investigate putative areas of integration of cardiorespiratory 
reflexes. This may be applied to the fetus in exteriorised, anaesthetized preparations 
(Dawes et al., 1969). Whether the technique can be applied in the chronically 
instrumented fetus remains to be seen.

1.5.3 Efferent pathways of the reflex arc

There is much evidence for the operation of autonomic pathways in cardiovascular 
reflexes. This section will consider the background evidence supporting this statement, 
for parasympathetic and sympathetic efferent pathways separately. In addition efferent 
pathways mediating cardiovascular changes via the release of humoral substances are 
reviewed.

Parasym pathetic efferent pathw ays

Vagal cholinergic effects on the heart and the pulmonary circulation have been suggested 
in the sheep fetus. For example, stimulation of the cervical vagi has been shown to 
produce a small inhibition of the fetal heart as early as 0.4 gestation, the earliest age 
studied (Dawes, 1968). Secondly, administration of cholinergic antagonists such as 
atropine prevents the initial fall in heart rate which occurs at the onset of hypoxaemia in 
fetal sheep and fetal monkeys (Martin, 1985). This unmasks sympathetically-mediated 
positive chronotropic influences which produce a tachycardia. Finally, Blanco, Dawes 
& Walker (1983) reported that, after transection of the spinal cord at L1-L2, hypoxaemia 
no longer produced a significant rise in arterial pressure, even though the initial 
bradycardia typical of intact fetuses persisted. This study demonstrated elegantly the 
separation of the effects of hypoxaemia on the systemic circulation via sympathetic 
efferent activity from the effects of vagal efferents on the heart. It also adds evidence to 
suggest that the fall in heart rate is not in response to the increased arterial blood 
pressure; the reflex increase in vagal activity is therefore more likely to be a chemo- 
rather than a baroreflex, as discussed fully in section 4.3.1, page 89.
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That vagal effects are present on the pulmonary circulation was shown by the studies of 
Colebatch, Dawes, Goodwin & Nadeau (1965). In that report it was shown that 
stimulation of the peripheral end of the vagus produces an increase in pulmonary blood 
flow in the exteriorised, anaesthetized fetal sheep at 127-143 days gestation. Vagotomy 
however did not produce a fall in pulmonary blood flow, suggesting that even though 
the vagal efferent innervation of the pulmonary circulation is functional at this age, it 
does not exercise much tonic control of vascular resistance.

Sym pathetic ejferent pathw ays

Although there is ample evidence for the operation of both a- and P-adrenergic 
pathways in the fetal circulation, little adrenergic tonic activity has been reported. For 
example, ganglionic blockade has been reported not to affect basal fetal heart rate or 
arterial pressure (Assali, Brinkman, Woods, Dandavirw & Nuwayhid, 1978). 
Sympathectomy using 6-hydroxy dopamine (Tabsh, Nuwayhid, Murad, Ushioda, 
Erkhola, Brinkman & Assali, 1982; Iwamoto etal., 1983) or antibodies raised to nerve 
growth factor (Schuijers, Walker, Browne & Thorbum, 1986) similarly produces little 
change in basal heart rate or arterial blood pressure.

During episodes of hypoxaemia, however, the peripheral vasoconstriction occurring 
during the insult is depressed by chemical sympathectomy (Iwamoto, Rudolph, Mirkin 
& Keil, 1983) and a-adrenergic blockade (Lewis et at., 1980; Reuss et al., 1982; Jones 
& Ritchie, 1983; see Robillard et al., 1992). Furthermore, administration of the P- 
adrenergic antagonist propranolol augments the bradycardia at the onset of hypoxaemia 
and decreases cardiac output and umbilical and myocardial blood flows (Cohn, Piasecki 
& Jackson, 1978, 1982; Court, Block, Llanos & Parer, 1983). The increase in cardiac 
contractility in response to hypoxaemia is also prevented by propranolol (Evers, De 
Hann, Jongsma, Crevels, Arts & Martin, 1981).

In addition bilateral thoracic sympathectomy has been reported to produce an increase in 
pulmonary blood flow in anaesthetized, exteriorised sheep fetuses (Colebatch et al., 
1965). This indicates that the pulmonary circulation is under sympathetic control under 
these conditions. Stimulation of the sympathetic nerves produced a further pulmonary 
vasoconstriction (Colebatch et al., 1965).
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H um oral substances

Peripheral vasoconstriction during hypoxaemia in the sheep fetus may also involve 
several neurohormonal mechanisms in addition to a-adrenergic effects. For example, it 
is known that A VP release (Iwamoto et al., 1979; Peréz et al., 1989) and activation of 
the renin-angiotensin system (Iwamoto & Rudolph, 1979,1981) may contribute to the 
response. In addition, endogenous opioids counteract vasoconstriction in the periphery 
and kidneys reducing the hypertensive response during hypoxaemia (Espinoza, 
Riquelme, Germain, Tevah, Parer & Llanos, 1989) and prostaglandins modulate the 
renal vasoconstrictor response (Millard, Vaig & Vatner, 1979; Robillard et al., 1986). 
To date the relative contributions played by a-adrenergic reflex vasoconstriction, the 
direct release of catecholamines by the adrenal gland and the action of the humoral 
vasoconstrictors in maintaining arterial pressure during hypoxaemia have not been 
investigated.

1.6 Outline of the work reported in the thesis

Although it is apparent that the fetal circulation is under reflex control, the afferent and 
efferent pathways mediating cardiovascular reflexes during hypoxaemia, for example, 
have not been identified definitively. Whilst it has been reported that the peripheral 
chemoreceptors provide the afferents mediating cardiovascular responses of the sheep 
fetus during hypoxaemia (Itskovitz et al., 1982,1991; Jansen et al., 1989), the relative 
contributions of the carotid and aortic chemo- and baroreceptors mediating these 
responses have not been fully investigated. This is a difficult question to resolve, and 
one approach which has been taken in the past is to assess the role of an individual 
pathway by rendering it inactive. To date the effects of just cutting the carotid sinus 
nerves and therefore assessing the contribution of the carotid chemo- and baroreceptors 
alone in mediating the fetal cardiovascular responses to hypoxaemia have not been 
investigated.

I felt that this was important since a number of previous investigations had shown in the 
adult that cardiorespiratory and neurohormonal responses are initiated purely by carotid 
chemorefiexes. For example:
1) Carotid denervation alone has been shown to prevent the respiratory response to 

hypoxaemia in newborn lambs (Williams & Hanson, 1990);
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2) Carotid denervation alone was reported to attenuate polysynaptic hind-limb reflexes in 
the newborn lamb (Blanco et al, 1983);

3) Carotid denervation alone attenuates the increase in plasma cortisol concentrations in 
responses to hypoxaemia in adult dogs (Raff, Tzankoff & Fitzgerald, 1982); and

4) Stimulation of the carotid chemoreceptors increases A VP release (Share and 
Levy, 1966).

The rapid components of the cardiovascular responses of the sheep fetus to hypoxaemia 
have been proposed to be reflex. Since heart rate responses can be measured 
continuously it has been possible to demonstrate that the bradycardia at the onset of 
hypoxaemia occurs within 2-3 minutes of the start of the challenge. In contrast, the 
redistribution of the CVO occurring during hypoxaemia has to date only been measured 
by determining organ blood flow via radio-labelled microspheres. Because blood flow 
determined in this way can only be measured at the time when the microspheres impact 
in the tissue, this technique only gives the experimenter a snapshot of the blood flow 
through that organ at the time of the injection. Although more than one microsphere 
injection can be used to measure blood flow through an organ at more than one time 
point, this necessitates separate radioactive labels. Furthermore, every injection may 
influence the subsequent measure of blood flow since flow may be reduced by the 
microsphere infarction itself. For this reason the number of observations which can be 
made using the microsphere technique is usually limited to six per organ per preparation.

Continuous measurements of blood flow in specific circulations may be obtained via 
implanted electromagnetic transducers (for example, Hanson and McCooke, 1988). 
However, these flow probes have a variable baseline and must be fitted tightly around 
the vessel, limiting space for growth during a chronic instrumentation. More recently, a 
flow transducer has become commercially available which relies upon the transit-time 
principle, giving a direct and continuous measure of flow, independent of flow profile, 
vessel cross-sectional area and can be implanted loosely around a vessel. Rapid changes 
in blood flow which may occur, for example at the onset of a hypoxaemic challenge, 
may be studied in detail using the Transonic flow probe without the added complications 
of the electromagnetic flow probe.

For the reasons which I have described above the aims of this thesis fell into three 
distinct but related areas:
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1) To show whether aspects of the redistribution of the CVO are reflex in nature and if 
so, whether they are principally mediated via the carotid chemo- and baroreceptors.

I have investigated this by measuring carotid and femoral blood flow continuously 
with Transonic flowmeters during an episode of hypoxaemia in intact fetuses and 
fetuses in which only the carotid sinus nerves had been cut. In addition, selective 
pharmacological blockade was used to determine the efferent pathways by which the 
initial bradycardia and the increase in femoral vascular resistance are effected.

Having shown the reflex nature of these responses, I went on to investigate other 
possible aspects of the reflexes about which there is comparatively little information. 
For example, I have coupled de-afferentation with pharmacological blockade. This 
has not been investigated before for the cardiovascular responses to hypoxaemia in 
the sheep fetus, and offers a powerful tool to investigate the nature of the reflexes 
(see page 95 for more detailed discussion). Thus the second aim was:

2) To investigate the effect of combined carotid denervation and a-adrenergic blockade 
on the fetal cardiovascular responses to hypoxaemia.

Finally, although it is well established that plasma concentrations of A VP, ACTH 
and cortisol increase during hypoxaemia in the sheep fetus, little is known about the 
conU"ol of these responses. Whether these are partly mediated via the carotid chemo- 
and baroreceptors, as they are in the adult, has not been investigated in the sheep 
fetus. Thus, the third aim of the thesis was:

3) To investigate the effect of just cutting the carotid sinus nerve on the fetal A VP, 
ACTH and cortisol responses to hypoxaemia.
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2. METHODS

2.1 Sheep husbandry

Owing to the move from the University of Reading to University College London it is 
therefore necessary to describe the sheep husbandry for both establishments.

2.1.1 Breeding cycles, tupping and dating of pregnancy

Sheep are polyoestrus having an oestrus interval of 16.5 days and a gestational period of 
140-150 days. Due to their short natural breeding season fetal research is time- 
restricted. Therefore it is customary to employ various procedures to extend the fertility 
period and also to predict accurately the gestational age of each fetus.

The sheep used in these experiments were Suffolk and Blue Faced Leicester Cross 
mules. The sheep used at the University of Reading were kept at one of the 
University's Farms at Shinfield. Those used at University College London were 
supplied by Turville Park Farm, at Henley-on-Thames.

Out of season breeding at both the University of Reading and University College 
London was achieved using the same breeding routine, by specific treatment with 
progesterone-impregnated sponges inserted intra-vaginally and left for 12 days. Once 
the sponges were removed, synchronization of oestrus was caused in the batch of 
treated ewes. Pregnant mare's serum (PMS; 400 i.u. serum gonadotrophin) was then 
injected I.M. 2 days later to cause superovulation. Tups were then introduced 48 hours 
after, as peak oestrus occurs ca. 60 hours post-ovulation. Ewes were run with a ram 
fitted with a marker crayon so that mating was recorded by smudges of crayon on the 
ewe's rump. If marked ewes did not return for service in 17 days time, the period of an 
ovine oestrus cycle, the ewes were taken as being pregnant. Pregnancy was confirmed 
by real time ultrasound at ca, 80 days gestation.

2.1.2 Management and maintenance of pregnant ewes

Ewes of the appropriate gestational age were transported to the sheep holding facilities a 
week prior to surgery.
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At Reading University the ewes were kept in the Animal House of the University's 
campus and were housed with companion sheep in individual metabolic cages.
At University College London the pregnant ewes were transported to the Biological 
Services Department where they were kept in floor pens holding up to 5 animals. Forty 
eight hours prior to surgery the ewes were put in individual metabolic crates.

Both sheep at the University of Reading and University College were kept in a constant 
temperature-controlled environment (16°C, 50% humidity) with a fixed (12 hour/12 
hour) day to night lighting cycle. They were fed on a constant diet of hay and high 
protein concentrate pellets and had access to water ad libitum.

All animals were maintained at all times following the recommendations laid down by 
The Royal Society (Guidelines on the Care of Laboratory Animals and their use for 
Scientific Purposes, 1987).

2.2 Materials

2.2.1 Catheter specifications

Fetal vascular, tracheal and amniotic catheters were made of translucent vinyl tubing, 
1.0 metre long, 1.0mm I.D. and 2.0mm O.D. (Portex 800/010/125/800). Maternal 
vascular catheters were 1.2 m in length, 2.0mm I.D and 3.0mm O.D., made out of the 
same material. Eighteen gauge blunt needles (Monoject; Sherwood Medical, St. Louis, 
USA) for fetal catheters (HRI 88821-202348) and 16 gauge needles (HRI 8881- 
202314) for maternal catheters, with 3-way stopcocks attached, were inserted into the 
proximal end of the catheter. All catheters were colour-coded with permanent markers at 
both proximal and distal ends for easier identification (Fig. 2.1.1)

2.2.2 Electrode specifications

Electrodes for recording EMC (Fig.2.1.2) and ECoG activity (Fig.2.1.3) were made by 
pulling 1.30 metre lengths of teflon-coated multi-stranded stainless steel wire (Cooner 
Wire Co., California; No. A632 or Habia Cables, The Netherlands; No. KT7 044) 
through 1.15 metre of polyvinyl catheter (1.0mm I.D. and 2.0mm O.D). Only the ECoG 
electrode had an earth wire at the distal end. This served as a common earth for both 
EMG and ECoG activity since both electrodes were connected to the same head-stage.
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Figure 2.1. 1. Diagram o f  catheter for inserting into the fetal carotid artery, jugular vein, trachea and amniotic cavity. Polyvinyl tubing (1.0mm I.D; 2.0mm O.D) with an 18
gauge needle blunt connected to a stopcock at the proximal end. Each catheter was marked with different colours at both ends for identification. In addition vascular catheters 
had a 7cm insertion depth mark at the distal end.

2. Diagram o f  electrode for recording diaphragm electromyograms. Bipolar electrode made up o f teflon coated wire connected to a sub miniature connector 
(SMC) at the proximal end. The distal end had 2 wires with bared sections for electrical contact.

3. Diagram o f electrode for recording electrocortical activity. Bipolar electrode similarly made up o f teflon coated wire connected to a SMC connector at the 
proximal end. The distal end had 3 wires: 2 recording bared knots o f  wire passed through neoprene rubber discs,which were used for sealing the craniotomy, and one earth lead. I
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2.2.3 Flow probe specifications

Continuous blood flow in specific arteries was monitored via chronically implanted 
ultrasonic flow transducers (Transonic Systems Inc., Ithaca, New York). The 
Transonic flowmeter has been validated in vivo by a number of researchers (Drost, 
Thomas, Hillman & Scott, 1981; Barnes, Comline, Dobson and Drost, 1983; 
Gorewith, Bristol, Aromando & Thomas, 1984; Hartman, Koemer, Lancaster & 
Gorczynski, 1985; see Appendix XIII).

Theory of operation

The Transonic flowmeter has the ability to measure flow directly using the transit-time 
principle. Unlike Doppler, which measures the frequency shift when sound is reflected 
of a moving target, this system monitors the phase shift incurred by moving objects on 
two identical sound pulses sent in opposing directions.

A wide beam of ultrasound fully insonates the ultrasonic window of the sensor, 
including the complete cross-sectional area of the vessel within (Fig.2.2). First, a burst 
of ultrasound is transmitted by the upstream transducer. After passing through the 
vessel and its surrounding tissues, the ultrasound is reflected from a metal plate and then 
received by the downstream transducer, amplified and sent to the phase detector (Fig. 
2.3). The velocity of the transmitted sound is altered by flow in the vessel, thereby 
altering the arrival time of the received signal. The Transonic phase detector senses this 
arrival time as a phase difference between the received signal and a reference signal from 
a master oscillator. This phase difference is stored in electronic memory. After waiting 
to let all acoustic echoes die out, the roles of the transmitting and receiving transducers 
are reversed for the opposing transit-time measurement

Both phase readings are then subtracted and the difference used to determine 
instantaneous flow. This sequence of measurements is repeated every millisecond. A 
filter and integrator circuit are then used to give an anlogue signal for bulk volume flow.

An electronic zero-flow reference signal is generated by subtracting two consecutive 
upstream phase measurements, rather than an upstream and a downstream measurement 
This eliminates the need for clamping the vessel to establish zero flow baseline. A
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crystal-controlled internal time-delay is generated to provide a scale factor reference 

signal, allowing the flow induced transit-time delay to read out directly in ml min-i.
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Figure 2.2 Side section and end view drawings o f Transonic flow  probe
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Figure 2.3 Block diagram o f  Transonic flowm eter system

Many ultrasonic flowmeters depend upon a predetermined angle of illumination between 

probe and vessel (flow vector). This measurement is sensitive to alignment and flow 

disturbance, such as secondary and meandering flow induced by bends in the vessel. 

The transonic flow probe solves this problem by sampling the flow twice on a reflective
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acoustic pathway (Fig.2.2). The vector sum of both samples equals the axial 
component of flow. This technique therefore renders a flow measurement essentially 
independent of flow profile and angle of ultrasonic illumination on the vessel.

The design of the flow probe and the technique of wide beam sampling, also allow for a 
non-constrictive flowprobe. As only acoustic contact with the vessel is required 
Transonic flowprobes can be used chronically on pulsating arteries and growing 
vessels.

2.3 Smgery

All experiments were conducted under licence from the Home Office following the 
recommendations set out in The Cruelty to Animals Act, 1876 and The Animals 
(Scientific Procedures) Act, 1986.

2.3.1 Animal preparation and anaesthesia

In the ruminant animal undergoing surgery it is important to consider the large volume 
of the contents of the reticulo-rumen with the continuing production of gas by the 
bacterial flora. This is a serious problem under general anaesthesia as ruminai 
distension reduces lung capacity and impairs ventilation. Since respiration is likely to be 
compromised already by the depressant effects of the anaesthetic, bloat may be fatal. 
Also, regurgitation is always a possibility during anaesthesia and precautions must be 
taken to ensure that rumen contents are not aspirated. It is therefore recommended that 
ruminants undergoing prolonged and difficult abdominal surgery should be starved for 
at least 24 hours prior to admission into the operating theatre as this minimises the 
possibility of regurgitation and bloat during anaesthesia.

On the day of surgery the starved animal's neck was shaved and anaesthesia was 
induced by slow administration of Ig sodium thiopentone (Intraval 5g, RMB Animal 
Health Ltd, Dagenham, UK) into the maternal jugular vein. The ewe was then 
transported onto the operating table and intubated with a cuffed endotracheal tube 
(Portex Ltd; 9.0 mm; 100/161/090) using either a laryngoscope or via 'blind' intubation 
technique with the animal in lateral recumbency. Anaesthesia was maintained by giving 
the ewe 2-3% halothane (Fluothane, ICI Pharmaceuticals, UK) in oxygen to breathe in 
closed circuit with removal of carbon dioxide via soda lime. The gas flows in the 
anaesthetic machine were set to deliver 2-3 L min-i of oxygen. The ewe was then
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allowed to breathe spontaneously and freely without the assistance of a mechanical 
ventilator.

Established anaesthesia was assessed by loss of either the comeal reflex and/or lack of 
response to pinching of the ear lobe. The animal's legs were then secured and its 
abdomen and right flank were shaved. The neck, abdomen and flank were then 
scrubbed with either povidine-iodine antiseptic soap (Betadine antiseptic solution, 
aqueous povidine-iodine; NAPP laboratories, Cambridge) or Hibiscrub Skin cleanser 
(ICI Pharmaceuticals, UK) and washed off with a solution of 2% Hibiscrub in 70% 
industrial methylated spirits (IMS). The scrubbing procedure was repeated 2-3 times 
always working inside the boundaries of the previous scrubbed area. Finally, all 
untreated areas of the animal and local work surfaces were covered with sterile drapes.

2.3.2 Fetal surgery

All surgery was performed under strict aseptic conditions. Surgeons were dressed with 
sterile gowns, hats, gloves and overshoes; all surgical instruments and electrodes were 
sterilized by autoclave. Heat sensitive instruments (eg. catheters) were gassed with y- 
irridiation and flow probes were soaked in cold sterilizer (Novasapa or 2% Hibitane 
70% IMS solution) for 24 hours prior to surgery.

A ca. 10 cm midline incision was made with a scalpel on the maternal abdomen anterior 
to the mammary tissue and about 20 cm posterior to the umbilical scar. Care was taken 
to avoid the mammary vein and also not to penetrate the abdominal cavity. 
Electrocautery (Electrosurgical unit; Eschmann TD311) was then used for further 
incisions and haemostasis. Sterile gauzes were used as abrasives to separate adipose 
tissue from the peritoneum. The abdominal cavity was opened along the linea alba 
taking care not to penetrate intestinal tissue. A trochar was used to perforate the lateral 
wall of the abdominal cavity and the catheters, electrodes and flow transducers required 
were passed through the cannula. The cannula was then removed.

Fetal exposure

Before opening the uterus the number and position of the fetuses were determined. An 
area of the uterus which was poorly vascularized and free of placental cotyledons was
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chosen and a 5 cm incision was made running parallel to any blood vessels. The wound 
and all placental membranes were picked up with Babcock forceps. The chosen fetus, if 
more than one, was then exteriorized as required for implantation of electrodes, catheters 
and flow transducers. Care was taken to avoid uterine tearing, to minimise amniotic 
fluid loss and to avoid umbilical cord occlusion.

Implantation of flow transducers

Ultrasonic flow transducers (2.2.3) were implanted around one femoral artery and one 
carotid artery. The femoral artery pulse was located within the cleft formed by the 
quadriceps and biceps femoris muscles. A 3 cm incision was made in the fetal skin, 
anterior to the abdomen and running parallel to the limb, and the femoral artery was 
exposed by blunt dissection. A flow transducer (Transonic; 2 R or 3R) was implanted 
around the femoral artery with care (Plate 2.1) and secured in place by tying four 
stitches thorough the probe flange into muscle tissue.

A second 5 cm mid-line incision was made in the neck and the carotid artery was located 
within the cleft formed by the sterno-hyoid and sterno-cleidomastoid muscles. A second 
flow transducer (3R or 4R) was then implanted around it.

Catheterization

Catheters (2.2.1) were placed in a carotid artery, a jugular vein, the trachea and in the 
amniotic cavity.

Fetal vascular catheters were inserted via the mid-line incision in the neck. In each case 
the respective vessel was ligated distally and the catheters were inserted via a small hole 
ca. A cm towards the heart. Prior to insertion each catheter was filled with warm 
isotonic (0.9%) saline. After insertion blood was withdrawn to ensure the patency of 
the catheter placement This blood was then flushed back into the circulation slowly.

The tracheal catheter was inserted into the trachea via a small puncture made with a 
needle between two rings of cartilage. The catheter was advanced 3 cm towards the 
lungs and if not secured enough it was tied loosely in place so as not to occlude the
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trachea. Alcorn, Adamson, Lambert, Maloney, Ritchie & Robinson (1977) showed that 

free passage of lung fluid out of the trachea is important for adequate lung development.

Transonic probe

Femoral artery

Femoral nerve

'Femoral vein

Plate 2.1 Photograph showing the implantation o f a 3-R Transonic flow probe around the 
femoral artery. The probe is implanted carefully without damaging the femoral nerve.
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AU catheters were secured to the fetal skin near their respective points of implantation. 
The amniotic catheter was tied in with them.

Implantation of electrodes

Recording electrodes (2.2.2) were implanted in the diaphragm and the parietal dura.

Diaphragm electromyographic (EMG) activity was recorded in the following way. 
Counting from the bottom of the thorax, a 1 cm dorsal incision was made between the 
third and fourth fetal ribs. The lower lobe of the lung was retracted with a moist cotton 
bud exposing the fetal diaphragm. The uninsulated sections of the electrode were then 
sewn into the diaphragm forming a bipolar configuration for recording. A length of 
cable was looped undemeath the ribs to aUow for movement and the ribs and skin were 
closed in two layers.

For ECoG electrode placement a 3 cm incision was made in the skin at the top of the 
skull. The skin was peeled back to reveal the parietal bones and the parieto-occipital 
suture (Fig.2.4). Holes (1mm diameter) were drilled bilaterally approximately 2 cm 
lateral to the mid-line suture and 0.5-1.0 cm anterior to interparietal bone. Any bone 
bleeding was contained by bone wax (Ethicon, USA). The ends of the ECoG electrodes 
(Fig. 2.1) were then inserted through the holes so as to lie in contact with the dura 
mater. They were fixed in position by glueing the neoprene discs into the skull with 
cyanoacrylic adhesive (Radio Spares No. 552-804). The skin around the area was then 
sutured closed and a reference electrode wire sewn into the scalp tissue for earthing.

2.3.3 Carotid chemoreceptor denervation

Carotid chemoreceptor denervation was achieved by bUateral section of the carotid sinus 
nerves. On each side, just below the angle of the jaw, the tissue surrounding the carotid 
body was carefully dissected using optical magnification x4 (Carl Zeiss, West 
Germany).

The carotid sinus nerve was then identified within the triangle formed by the common 
carotid artery, the occipital artery and the glossopharyngeal nerve (Plate 2.2). The 
carotid sinus nerve was then isolated and cut. Carotid denervation was achieved by Dr 
M.A. Hanson (Department of Obstetrics & Gynaecology, University College London).
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b

2mm

Plate 2.2 Photograph and diagram showing the anatomical features within which the carotid sinus 
nerves are found. The trachea lies towards the left o f the photograph.
a) vagus nerve; b) common carotid artery; c) carotid sinus nerves; d) glossopharyngeal nerve; 
e) occipital artery; f) fat; parotid and submandibular glands.
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Figure 2.4 Surgical procedure for placement of ECoG electrodes. 
Diagram shows dorsal view of the fetal skull.

2.3.4 Closing procedures and maternal surgery

After completing fetal surgery the fetal head was eased back into the uterus along with 
sufficient catheter length to alleviate tension caused by pulling and/or fetal movement. 
At this point the antibiotic Gentimycin (80mg/2ml; Cidomycin injectable; Roussel. Rep. 
of Ireland) was added. The uterus was then closed in sections around the catheters, 
electrodes and transducer leads with a continuous suture. Care was taken to sew all 
amniotic membranes. The wound was then oversewn to prevent fluid loss and reduce 
tension that could lead to uterine rupture. All vascular catheters were heparinised (500 
LU.ml in 5ml isotonic saline). The peritoneum was sewn closed with umbilical cotton 
tape (Ethicon, USA) and the skin sutured closed.

Catheters were inserted into a maternal jugular vein and a carotid artery using similar 
methodology to that used in fetal surgery. The maternal flank wound was closed with a
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purse string suture and all closed wounds in the ewe were finally covered with moisture- 
permeable spray dressing (Smith & Nephew Medical Ltd, Hull, UK).

2.3.5 Post-operative care and husbandry

Whilst still under anaesthesia the ewe was returned to her cage. The endotracheal tube 
was removed following the return of the swallowing reflexes and chewing. After 
regaining consciousness (20-40 minutes) the ewes were fed with concentrate pellets, 
hay and water.

Antibiotics were administered to the ewe I.M. (4ml Streptopen; Ig procaine and Ig 
dihydrostreptomycin, Glaxo Ltd), to the fetus I.V. (SOOmg Crystopen; sodium 
benzylpenicillin, Glaxo Ltd) and into the amniotic cavity (3(X)mg Crystopen). Catheters 
were maintained patent by the slow infusion of heparinised saline (501.U.ml*̂  at 0.125 
ml hr^).

2.3.6 Post-mortem procedures

At the end of experiments animals were sacrificed by an overdose of barbiturate 
administered I.V. (20-30 ml; 200mg ml^ Pentobarbitone Sodium, May & Baker Ltd.) 
When dead, the ewe's abdomen was reopened and the experimental fetus plus any other 
fetus removed. The flow transducers were dissected out of the instrumented fetus and 
the placement of the recording electrodes and flow probes verified.
Both the ewe's weight and fetal weights were recorded. The heart and lungs, liver, 
kidneys and adrenal glands were then dissected out of all fetuses, weighed and the data 
recorded. These data are shown in Appendix I.

2.4 Recording equpnait

The ewes and the recording equipment were housed in different areas.separated by 
either panelling or walls containing windows for observation. Holes cut in the panelling 
or walls allowed the passage of appropriate leads.
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The recording equipment is summarised in diagrammatic form in Figure 2.5. Polygraph 
recordings were made using a Gould ES 1000 electrostatic chart recorder. Carotid and 
femoral blood flows were monitored by a Transonic T201 Flowmeter.

Mean and pulsatile blood flows were recorded. Arterial, venous, tracheal and amniotic 
pressures were measured using Transamerica Biomedical pressure transducers. All 
pressures were calibrated before and after an experimental run using a mercury 
sphygmomanometer. Amniotic pressure was used as a baseline and was subtracted 
from all other pressures via a differential amplifier. Heart rate was calculated from the 
carotid blood flow pulse using a rate meter. Diaphragm EMG and ECoG electrode 
signals were channelled through unity gain headstages for noise reduction and were 
amplified using custom built biological amplifiers with filter windows set at 10-100 Hz 
and 5-30 Hz, respectively. The transducers and other catheters lay in a perspex box 
fixed to the side of the sheep cage.

2.5 E q̂jerimental procedures

2.5.1 Induction of acute isocapnic hypoxaemia

Fetal hypoxaemia was achieved by inducing maternal hypoxaemia. A loosely fitting 
transparent polyethylene bag was placed over the ewe’s head through which her inspired 
gases could be manipulated. All the experimental runs were based on a three hour 
protocol. During the first hour of control, air was passed through the bag at a rate of 
30-40 L min k During the second hour fetal hypoxaemia was induced by giving the 
ewe 9% O2  in N2 (18 L min-i air; 22 L min*i N2  and 1.2 L min-  ̂CO2) to breathe. This 
mixture was designed to achieve a fetal arterial fa , 0 2  between 11-16 mmHg. If the fa ,0 2  

in the first blood sample, taken after 15 minutes of hypoxaemia, feU outside this range, 
the experiment was stopped and repeated on a subsequent day. After 60 minutes of 
hypoxaemia the ewe was returned to air for a further hour, again at a rate of 40 L min k 
Fetal blood samples (0.3 ml) were taken from the carotid artery at 15 minute intervals 
throughout the three hour protocol to determine fetal blood gases and pH. These were 
measured, corrected for body temperature (39.5°C), using a blood gas analyser 
(Instrumentation Laboratory 1302).
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Figure 2.5 Diagrammatic representation o f recording equipment showing electrical lead connections.

Some fetuses were used for more than one experiment and consequently were exposed 
to more than one hypoxic episode. It must be stressed however that each fetus was 
subjected to one episode of hypoxia on any one day, allowing 24 hours of recovery 
before the induction of any subsequent hypoxic episodes. Moreover pilot studies 
showed that there were no differences in the magnitude of the responses of any variable 
measured between those obtained during first exposure to a hypoxic episode and those 
obtained during subsequent hypoxic episodes.
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2.5.2 Radioimmunoassay (RIA) techniques

All hormones investigated in this thesis were analysed by RIA by Dr H.H.G. 
McGarrigle, at the Endocrinology Laboratory, Department of Obstetrics & 
Gynaecology, 86-96 Chenies Mews, University College London. The individual RIA 
techniques are outlined in Appendix n.

2.6 Data analysis

2.6.1 Summary of measures

In scientific research data are often collected serially on subjects. When two groups of 
data are being compared a common but inappropriate analysis is to apply separate two 
sample tests at each time point- for example, the Student r-test or the Mann-Whitney U- 
test. To illustrate this approach one can take the response of the femoral circulation to 
acute hypoxaemia in the sheep fetus (Fig.2.6a; see chapter 3).

One can clearly see that there is an increase in femoral vascular resistance [2.6.2] at the 
onset of the hypoxaemic episode. There are however several criticisms which could be 
made. For example, the curve joining the means may not be a good descriptor of a 
typical curve for an individual fetus. Important variations in the shapes and locations of 
curves for different animals may be hidden. In order to overcome this problem and to 
make sure that the mean curve is actually a good representation of the individual 
responses, one recommended method of analysis is the use of Summary o f Measures 
(Mathews, Altman, Campbell & Royston, 1990).

This method was described as early as 1938 when Wishart reported the determination of 
growth rate in nutritional studies of the pig. Since then it has been described several 
times (Oldham, 1962; Rowell & Walters, 1976; Healy, 1981; Yates, 1982; De Klerk, 
1986) although not widely used within scientific research. The method involves two 
stages as described by Matthews and colleagues: 'in the first stage a suitable summary of 
the response of an individual, such as the maximum value, rate of change or an area 
under the curve, is identified and calculated for each subject. In the second stage these 
summary measures are analysed by simple statistical tests as though they were raw 
data.'
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Figure 2.6 a) Changes in femoral vascular resistance (mean+S.E.M; n=10) in the sheep fetus to acute 
isocapnic hypoxaemia; b) Individual responses in femoral vascular resistance to acute hypoxaem ia in ten 
fetal sheep.

To choose pertinent aspects of the overall response, the individual responses of each 
subject are displayed separately in graphical form (Fig.2.6b). It is apparent that changes 
in femoral vascular resistance start at a baseline, rise to a peak during hypoxia, and then 
return to baseline during recovery. More importantly the initial increase in vascular 
resistance occurs within the first ten minutes of the onset of the hypoxic episode. Since 
one of the main aims of the thesis was to determine whether fetal cardiovascular 
responses to hypoxia were reflex in nature the summary measures concentrated on the 
initial aspects of the response to hypoxia. For this reason a summary measure chosen 
was the response at 5 minutes of hypoxia.

More than one summary measures can be constructed for a given response so that 
different aspects of the response may be investigated. There are seldom more than two 
or three interesting aspects of a response curve, and so two or at most three different 
summary measures should complete the analysis of the data. As the principle is to 
reduce a large number of dependent observations to a smaller number of summaries, the 
method would be vitiated if too many summaries are used.

For all serial measurements reported in this thesis the summary measures chosen were 
the same. These were the maximum responses at the end of the normoxic period (60 
minutes of normoxia) and the maximum responses after 5 and 60 minutes of hypoxia.

There are other methods of analysis of serial data, such as multivariate analysis of 
variance (Morrison, 1976) and hierarchical models (Goldstein, 1987). Methods such as 
split plot analysis of variance which ignore the correlations within subjects are generally
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not valid. Most of the work reported in this thesis has been analysed with the use of 
Summary of Measures.

2.6.2 Calculation of vascular resistance

The Poiseuille-Hagen law states that for steady, laminar flow of a newtonian fluid 
through a cylindrical tube, the flow (Q) varies directly with the difference between the 
input pressure (Pi) and the pressure at the output (Po) and the fourth power of the radius 
(r) of the tube, and it varies inversely with the length of the tube (1) and the viscosity of 
the fluid (t|). The full equation is given below:

7t(Pi-Po)r̂
Q =

8 ti1

where Jt/8 is the constant of proportionality

The input pressure in the circulation is taken as the mean arterial pressure (PA)and the 
output pressure as the mean central venous pressure (PV). Vascular resistance in a 
vessel may be calculated by dividing this pressure difference (PA-PV) by the flow that 
this driving pressure achieves.

(Pa-Pv)
R = ________

This is analogous to the concept of electrical resistance (R) which is derived by dividing 
the voltage drop across a wire, i.e. the potential difference (V) by the current that flows 
(I), i.e:

V
R = ------------

I

However, when applying either Poiseuille's law or the hydraulic resistance equation to 
the circulation, several points need to be considered. The flow through the circulation is 
neither steady nor laminar; blood is not a newtonian fluid; and the vessels of the 
circulation, although relatively cylindrical, are not rigid. Vasomotor tone in the 
circulation will affect both the resistance of the vessel and its compliance, or its ability to
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act as a capacitor. Vessel resistance and vessel compliance are jointly described as 
vessel impedance. Furthermore, in calculating vascular resistance it is assumed that the 
relationship between pressure and flow is linear and that its slope extends from zero 
positively.

Many researchers have investigated the linearity of the pressure and flow relationship in 
different circulations in vivo. For example, Berman, Goodlin, Heymann & Rudolph 
(1975) showed that the slope between pressure and flow in the sheep umbilical 
circulation, a relatively passive circulation, was best described by a straight line which 
passed through the origin. Sagawa and Eisner (1975) evaluated baroreflex responses in 
intact and sino-aortic denervated dogs. They reported that in intact animals the P-Q 
curve was only slightly convex to the pressure axis; its linearized slope being 0.55 mm 
Hg ml-* min * and its pressure axis intercept was 44 mmHg. After peripheral denervation 
the slope became 0.96 mm Hg ml-*min-* and the pressure axis intercept was about 3 
mmHg. Because of this observation Sagawa and Eisner (1974) concluded that the 
conventional practice of calculating total peripheral vascular resistance as P/Q and 
evaluating reflex control of it in terms of the changes in that value was appropriate and 
involved only a small error. Finally, even in the fetal pulmonary circulation, a highly 
resistive circulation, the relationship between pressure and flow has been reported to be 
best described by a linear regression (Reid and Thornburg, 1990).

Thus it would seem that the relationship between pressure and flow may be used as an 
index of the resistance of the circulation to flow, as has been done by a number of 
investigators, too numerous to reference. In this way vasomotor tone in specific 
circulations may be expressed in a single figure.

I have used Poiseuille's law to evaluate vascular resistance in this studies as a broad 
index of the degree of vasomotion in the carotid and femoral circulations under normal 
circumstances and under hypoxaemic conditions. Ideally, one would have to calculate 
the impedance to flow, thus incorporating a measure of resistance to flow as well as 
changes in vessel compliance. The latter is impossible to measure in the circulation in 
vivo.

It must be stressed that ̂  changes in calculated vascular resistance shown in this thesis 
are presented together with the actual changes in blood flow  in the same circulations, 
occurring at the same time, for comparison.
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2.6.3 Identification for periods of FBM

FBM were taken to be repeated negative excursions in tracheal pressure occurring with 
concomitant diaphragmatic contractions. The negative excursions in tracheal pressure 
needed to be greater than 2 mmHg and the diaphragmatic contractions greater than 5|iV. 
In addition, these activities needed to occur simultaneously at a frequency >15 per 
minute. Once these criteria had been satisfied, the number of minutes during which 
FBM occurred were expressed as a percentage of time for each hour of the protocol.

2.6.4 Identification of periods of HV- and LV-ECoG

HV- and LV-ECoG activity are cyclical and episodic. Although it is widely accepted 
that HV-ECoG activity is characterized by high amplitude (eg. 40-l(X) mV) low 
frequency (3-12 Hz) waves and LV-ECoG by low amplitude (eg. <25 mV) high 
frequency (10-20 Hz) (see Dawes, Fox, Leduc, Liggins & Richards, 1972) waves, 
further categorisation of these two states and further identification of other intermediate 
states (see McNemey & Szeto, 1990) is at present under discussion. It is also known 
that precise amplitudes vary between preparations and that there is an increase in the 
amplitude of the signal between 120-147 days of gestation.

HV- and LV-ECoG states were therefore determined qualitatively for these series of 
experiments. For any one preparation it was ensured that cycling from HV- to LV- 
ECoG activity occurred by recording over a period of 3-4 hours at a slow chart 
recording speed (1mm sec^). The amplitudes of HV- and LV-ECoG were then 
determined specifically for that preparation. During an experiment the points on the 
trace at which transition from one state to another occurred were determined throughout 
the protocol. The incidence of LV-ECoG was then calculated for each hour and 
expressed as a percentage of time.
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3. THE EFFECT OF CAROTID SINUS NERVE SECTION 
ON THE FETAL CARDIOVASCULAR RESPONSES TO 

ACUTE ISOCAPNIC HYPOXAEMIA

3.1 Inlroduction

The cardiovascular responses of the sheep fetus to acute hypoxaemia are well 
established and have been explained in detail in section 1.4. In brief, the sheep fetus 
mounts a coordinated response during episodes of reduced oxygenation which is 
characterised by a rapid initial bradycardia and a more gradual increase in arterial blood 
pressure (Boddy et al., 1974; Block, Schlafer, Wentworth, Kreitzer & Nathanielsz, 
1990). The CVO undergoes a 'centralization*, being redistributed in favour of the 
cerebral, myocardial and adrenal circulations at the expense of the peripheral vascular 
beds (Cohn et at., 1974; Peeters etal., 1979; Iwamoto and Rudolph, 1985; Yaffe etal., 
1987; Boyle, Hirst, Zerbe, Meschia & Wilkening, 1990). Umbilical and placental blood 
flow is maintained during hypoxaemia (Cohn et al., 1974; Yaffe et al., 1987).

There are several reasons for believing that, at least, the initial bradycardia and the 
abrupt increase in peripheral vascular resistance are reflex in nature. The first is the 
rapidity with which they occur: for example, the bradycardia occurs within one minute 
of inducing fetal hypoxaemia. Secondly, vagotomy (Boddy et a i, 1974) or muscarinic 
blockade (see Martin, 1985) prevent the bradycardia. Finally, in the anaesthetized, 
exteriorised fetus, femoral vasoconstriction is depressed by cutting the sciatic nerve 
(Dawes, Lewis, Milligan, Roach & Talner, 1968).

This chapter reports a study of the afferent limb of these putative reflexes. Given that 
the carotid chemo- and baroreceptors are active and respond to their natural stimuli from 
ca. 90 days gestation (Blanco et a i, 1984,1988) and preliminary evidence suggests that 
the aortic chemoreceptors are also functional in fetal sheep (Blanco, Dawes, Hanson & 
McCooke, 1982), there is reason to believe that the peripheral chemo- and baroreceptors 
might provide the afferent limbs of the reflex responses to hypoxaemia. Although 
attempts have been made to assess the relative contribution of the carotid and the aortic 
chemoreceptors in mediating these responses (Jansen et a i, 1989; see section 1.5.1,
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page 42), to date the effects of just cutting the carotid sinus nerves on these have not 
been investigated.

Ultrasonic flow transducers [2.2.3] were used to measure flow continuously in the 
carotid and femoral arteries, permitting changes that occur at the onset of hypoxaemia to 
be studied in detail. The carotid circulation was chosen to give a broad index of cranial 
blood flow and the femoral circulation to give a broad index of peripheral blood flow. 
Cardiovascular responses to episodes of hypoxaemia were compared between intact 
fetuses and those in which just the carotid sinus nerves had been cut specifically. In 
addition, ECoG activity and FBM were measured in intact and denervated fetuses during 
the protocol to determine whether any effects of denervation resulted in changes in these 
parameters.

The data presented in this chapter have been published (Giussani, Spencer, Moore & 
Hanson, 1990; Giussani, Spencer, Moore, Bennet & Hanson 1992c). The publications 
are included as Appendices HI and IV.

3.2 Methods

3.2.1 Surgical procedures

Twenty six pregnant ewes were surgically prepared under general anaesthesia [2.3]. 
The fetus was partially exteriorised and catheters [2.2.1] were placed in a fetal carotid 
artery, jugular vein and the amniotic cavity. Ultrasonic flow transducers [2.2.3] were 
implanted around the other carotid artery and a femoral artery. The animals were 
divided into two groups: the "denervated" group (12 fetuses) had both carotid sinus 
nerves cut [2.3.3] and the "intact" group (14 fetuses) had these nerves left uncut.

In 7 of the intact fetuses and 6 of the denervated fetuses a tracheal catheter was inserted 
and diaphragm EMG electrodes were implanted to record FBM. In 5 intact and 5 
denervated fetuses a pair of stainless-steel electrodes were implanted bilaterally on the 
parietal dura to measure ECoG [2.3.2]. All catheters were filled with heparinised saline 
and brought out with the leads through the maternal flank. Four days post-operative 
recovery were allowed prior to starting experiments.
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3.2.2 Experimental procedure

In both intact and carotid sinus denervated fetuses all variables were recorded 
continuously [2.4] throughout a three hour protocol. Following a one hour control 
period, fetal hypoxaemia was induced for another hour [2.5.1]. After hypoxaemia the 
ewes were returned to normoxia for a further 60 minutes.

3.2.3 Statistical analysis

Fetal heart rate, perfusion pressure, carotid and femoral vascular resistance, FBM and 
LV-ECoG activity were compared between intact and carotid denervated fetuses during 
normoxia and hypoxaemia. Values were expressed as the mean for each group + S£.M. 
Data was analysed by the use of summary of measures (Matthews et a/., 1990; see 
section 2.6.1, page 65). A paired t-test was used to compare control with hypoxaemia 
conditions in a single group of fetuses. When comparing different groups of fetuses 
exposed to either control or hypoxaemia, an unpaired t-test was used. Significance was 
accepted when P<0.05.

3.3 Results

3.3.1 Blood gases and pH

Blood gas and pH values for intact and denervated fetuses are given in Table 3.1 and 
figure 3.1. During normoxia there were no significant differences in mean values of 
either pH, arterial fa, CO2 or fa, O2 between intact and denervated fetuses. At the onset 
of hypoxaemia mean fa, O2 was reduced from ca. 24 mmHg to ca. 13 mmHg in both 
groups of fetuses (p<0.001). After the period of hypoxaemia mean blood gases 
returned to control levels in both groups of fetuses.

3.3.2 Arterial pressure and perfusion pressure

Mean arterial blood pressure values for the intact and denervated fetuses are shown in 
Fig.3.2. For subsequent analysis, perfusion pressure was concentrated on. Mean 
perfusion pressures in the intact and denervated fetuses during control were 39.2+1.0
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and 40.8+1.9 mmHg, respectively. In intact fetuses perfusion pressure increased 
gradually during hypoxaemia from 39.9+1.3 mmHg to 45.3+2.0 mmHg (P<0.001 for 
pressure in the last minute of normoxia v pressure after 60 minutes of hypoxaemia, 
Table 3.2 and Fig.3.3). In the denervated fetuses the increase in perfusion pressure 
from 41.1+2.0 mmHg (last minute of normoxia) to 44.7+3.1 mmHg (after 60 minutes 
of hypoxaemia) was not significant.

HYPOXIA

pH

p ^ c o ^

P&O^ 20

intact (n=14) 
denervated (n=12)

Time (minutes)

Figure 3.1 Changes in arterial blood gases and pH in intact and denervated fetuses during acute 
hypoxaemia induced by giving the ewe a hypoxic mixture (bar and shaded region) to breathe.

3.3.3 Fetal heart rate

During the control period mean fetal heart rate in intact and denervated fetuses was 
175+4 and 180+4 beats min \  respectively. In the intact fetuses, at the onset of 
hypoxaemia there was a marked initial bradycardia, heart rate falling from 176 + 4  to
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129 ± 5 beats min^ (P<0.001) (Table 3.2 and Fig. 3.3). After the initial drop, heart rate 
returned to control levels. In contrast, bradycardia did not occur in the denervated 
fetuses at the onset of hypoxaemia. Heart rate in the denervated group increased from 
180.4+4.1 beats/min to 191.1+6.8 beats min *^(P<0.05) by the end of the hypoxaemia.

1st hour-NORMOXIA 2nd hour-HYPOXIA 3rd hour-NORMOXIA

intact
denervated

736 ±0.01 732 ±0.01 733±0.01
735 ±0.01 7.35±0.01 7.35±0.01

intact 42.2 ±1.6 41.4 ±1.4 40.0 ±1.6
^ (X > 2 (n im H g ) (jgnervated 43.0 ±1.3 41.4±1.2** 41.3 ±1.4

intact 23.4 ±0.7 13.2+ 0.3 a 22.9 +0.7
P q^ (mmHg)

23.6 ±0.8 13.5 ±0.3» 23.7 ±  1.0

Table 3.1 Blood gases and pH for intact (n=14) and carotid denervated (n=12) fetuses
during the normoxia, hypoxia, normoxia protocol. Values given (mean + S.E.M.) are for each o f  
the experim ental hours.

® p<0.001 control V hypoxaem ia (paired t-test)
*>p<0.05 control V hypoxaem ia (paired t-test)

NORMOXIA EARLY HYPOXIA LATE HYPOXIA

Intact Denervated Intact Denervated Intact Denervated

PeifusicMi pressure (mmHg) 39.9 ±1.3 41.1 ±2.0 41.2 ±1 .9  40.6 ±2 .2 45.3 ± 2 .0 a 44.7±3.1

Fetal heart rate (bpm) 176.1 ±4.3 180.4 ±4.1 128.6 ± 4 .9 »  177.5 ± 6 .2 174.6 ± 9 .2  198.3 ± 6 .8  c

Carotid blood flow (ml/min) 100.4 ±10.2 94.5 ±5 .6 100.0 ±11.2 113.3 ±7.6® 113.1 ±11.1* 105.3 ± 4 .8 '

Carotid resistance (mmHg/ml/min) 0.45 ±0.05 0.45 ±0.03 0.51 ±0.09 0.41 ±0.03 0.44 ±0.04 0.43 ± 0 .03

Femoral blood flow (ml/min) 32.9 ±2 .8  33.4±2.7 14.9 ±2 .6"  33.5 ±2.9 17.4 ± 2 .4  a 27.4 ±3.2®

Femoral resistance (mmHg/ml/min) 1.33 ±0.13 1.35 ±0.20 3.83 ±0.78 b 1.29 ±0.15 3.24±0.46*> 2.14 ± 0 .6 0

Table 3.2 Tabulated results for intact and carotid denervated fetuses. Values shown are mean ±
S.E.M. for the end of normoxia (NORMOXIA), after 5 minutes of hypoxaemia (EARLY HYPOXAEMIA) and 
after 60 minutes of hypoxaemia (LATE HYPOXAEMIA).

®p<0.001
*>p<0.01
Cp<0.05

normoxia v hypoxaemia 
normoxia v hypoxaemia 
normoxia v hypoxaemia

(paired t-test) 
(paired t-test) 
(paired t-test)

3.3.4 Blood flow and vascular resistance

Carotid circulation

Carotid blood flow increased throughout hypoxaemia in both groups of fetuses (Table 
3.2 and Fig.3.2). Carotid vascular resistance was low for both intact and denervated
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fetuses throughout the protocol (Fig.3.3). During the control period mean carotid 
vascular resistances in intact and denervated fetuses were 0.44+0.03 and 0.45+0.03 
mmHg ml-i min'^ respectively. During hypoxaemia carotid resistance did not change 
significantly in either group.

NORMOXIA HYPOXIA NORMOXIA

Intact (n-14) 
Denervated(n-12)

55-1

5 0 -
Arterial blood pressure 

(mmHg) itn rA .

M O -

1 2 0 -

carotid
100

80-1

Blood flow (mlAnin)
60n

4 0 -^
femoral

2 0 -

60 1200 180

Time (minutes)

Figure 3.2 Arterial blood pressure, carotid and femoral blood flows in intact and carotid- 
sinus denervated fetuses during normoxia, hypoxia, normoxia experimental protocol. Values 
shown are mean ±  S£.M  of all values.
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HYPOXIANORMOXIA NORMOXIA

220-1

200 -

160-

140 - iHj

Fetal heart rate 
(beats per minute)

■0— Intact (n-14)
Denervated (n-12)

120 - '

50-1

45-
Perfusion pressure 

(mmHg)

0 .6-1

0.5:

carotid 0 .4 ^

0 .3 -

Vascular resistance 
(mmHg/ml/min) 0 .2 -"

femoral

120 180

Time (minutes)

Figure 3.3. Fetal heart rate, perfusion pressure and vascular resistance in 
intact and carotid-sinus denervated fetuses during normoxia, hypoxia, normoxia 
experimental protocol. Values shown are mean ±  S.E.M of all values.
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Femoral circulation

Mean femoral blood flow for intact and denervated fetuses during control was 32.0+2.9 
and 34.1+2.6 ml min-^ respectively. At the onset of hypoxaemia femoral blood flow 
decreased to 14.9+2.6 ml min-  ̂ (P<0.001) in the intact fetuses and remained low until 
the end of hypoxaemia (Table 3.2 and Fig.3.2). In denervated fetuses such a fall in 
blood flow did not occur at the onset of hypoxaemia although there was a decrease from 
33.4+2.7 ml min-i after 5 minutes of hypoxaemia to 27.4+3.2 ml min-^ by 60 minutes 
of hypoxaemia (P<0.05).

The changes in femoral vascular resistance mirrored the changes in femoral blood flow 
in both groups of fetuses throughout the protocol. During control, femoral vascular 
resistance was higher than carotid resistance (Fig.3.3), being 1.4+0.1 mmHg ml-  ̂min* 
 ̂for intact fetuses and 1.3+0.2 mmHg ml-i min-i for denervated fetuses. At the onset 

of hypoxaemia there was a marked increase in femoral resistance from 1.3+0.1 to 
3.8+0.7 mmHg ml-  ̂min-i (PcO.Ol) in the intact fetuses. After this initial increase, 
resistance declined but still remained above its prehypoxaemic value. In contrast, there 
was no initial increase in femoral resistance in the denervated fetuses (1.35+0.20 mmHg 
ml’i min*i for last minute of normoxia vs 1.29+0.15 mmHg ml-i min-i after 5 minutes 
of hypoxaemia). Femoral resistance tended to increase in late hypoxaemia, although this 
did not reach significance.

3.3.5 ECoG and FBM

There were no differences in the incidence of ECoG state between intact and denervated 
fetuses during normoxia or hypoxaemia (Fig.3.4). The incidence of LV-ECoG during 
control was 62.5+5.5% for intact fetuses and 54.0+2.0% for denervated fetuses.

During hypoxaemia the incidence of LV-ECoG decreased significantly in both groups to 
mean values of 38.0+7.9% (intact) and 36.0+4.2% (denervated) (P<0.05).

There were no significant differences in the incidence of FBM between the two groups 
of fetuses throughout the protocol. During control, FBM occurred 42.59+4.32% of the 
time in intact fetuses and 42.31+6.25% of the time in denervated fetuses. At the onset 
of hypoxaemia the incidence of FBM decreased markedly to 0.85+0.56%and 0% in 
each group respectively (P<0.001).
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NORMOXIA HYPOXIA NORMOXIA

801

%LV ECoG 40 -

%FBM
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I I  Denervated(n=5)

H  Intact(n=7)

I I  Denervated(n=6)

180
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Figure 3.4 Incidence of LV-ECoG and FBM in intact and carotid denervated 
fetuses during normoxia, hypoxia, normoxia experimental protocol.
Values shown are mean + S£.M  of all values.

3.4 Discussion

In this chapter it has been shown that the initial fetal bradycardia and the increase in 
femoral vascular resistance, characteristic of the response of intact fetal sheep to acute 
hypoxaemia, did not occur in carotid denervated fetuses. Whilst there was a gradual 
increase in perfusion pressure in intact fetuses during hypoxaemia, the increase in the 
carotid denervated group did not reach significance. There were no significant 
differences between the two groups of fetuses in the effect of hypoxaemia on carotid 
blood flow and carotid vascular resistance. The incidence of FBM and of LV-ECoG 
was similar in intact and in denervated fetuses throughout the protocol. Thus
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differences between intact and denervated fetuses in cardiovascular reflexes during 
hypoxaemia were not due to perturbations of the electrocortical state.

The mechanism of the initial fetal bradycardia at the onset of hypoxaemia has been a 
matter of debate for some time. Vagotomy (Boddy et at,, 1974) and muscarinic 
blockade (see Martin, 1985) prevent the bradycardia, suggesting that it is a 
parasympathetically-mediated reflex. Further evidence, discussed in Chapter 4, 
suggests that it is a chemoreflex rather than a baroreflex.

Evidence obtained from studies on adult animals indicates that the carotid 
chemoreceptors are responsible for mediating the reflex effects on the heart at the onset 
of hypoxaemia. De Burgh Daly and Scott (1963) reported in dogs that, provided the 
rate and depth of breathing were maintained, specific stimulation of the carotid 
chemoreceptors caused a pronounced bradycardia. They concluded that the primary 
effect of carotid chemoreceptor stimulation was to slow the heart and that under normal 
circumstances this response was partly or wholly masked by secondary mechanisms 
arising from the concomitant increase in respiratory minute volume. In the fetus, FBM 
cease during hypoxaemia. It therefore seems appropriate that carotid chemoreceptor 
stimulation by hypoxaemia will produce a fall in heart rate and not an increase under 
these circumstances. That this reflex is mediated via the carotid chemoreceptors is 
suggested since fetuses in which the carotid sinus nerves were cut did not show the 
response (Table 3.2 and Fig.3.3).

After the bradycardia at the onset of hypoxaemia, fetal heart rate increased towards 
control. This has been widely attributed to a rise in plasma adrenaline concentration. 
Catecholamines may be released from the fetal adrenal gland as a result of both a 
chemoreflex and the direct effect of hypoxaemia on the gland (see Jones, Roebuck, 
Walker & Johnston, 1988). Fetal catecholamines may also be augmented by increased 
maternal catecholamines crossing the placenta (Jones and Robinson, 1975). Plasma 
noradrenaline also rises, both in the mother and the fetus, due to its secretion from 
adrenal and extra-adrenal chromaffin tissue (Jones, Roebuck, Walker, Lagercrantz & 
Johnston, 1987).

During hypoxaemia there was an increase in perfusion pressure in intact fetuses but not 
in denervated fetuses. Increased perfusion pressure during hypoxaemia may be 
produced by peripheral vasoconstriction, a rise in cardiac output, or both. These 
changes may be reflex in origin and/or due to increased levels of humoral agents. Since
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the increase in perfusion pressure was depressed in denervated fetuses, it would seem 
reasonable to conclude that a component of this response is mediated via the carotid 
sinus nerves. The reflex vasoconstriction has been shown to involve an a-adrenergic 
mechanism, as it can be blocked by phenoxybenzamine (Reuss et at., 1982). The small 
increase in perfusion pressure in the denervated fetuses during hypoxaemia may be 
mediated by the aortic chemoreceptors or by release of humoral agents (e.g.: 
catecholamines, see above). Opioids (Llanos, Court, Holbrook, Block, Vega & Parer, 
1983), arginine vasopressin (Iwamoto, Rudolph, Keil & Heymann, 1979) or 
angiotensin II (Iwamoto & Rudolph, 1981) may also be involved.

The vasoconstrictor component of the response was studied by using chronically 
implanted ultrasonic flow transducers to measure carotid and femoral blood flow, as 
opposed to using the radiolabelled microsphere technique (e.g: Reuss et a/., 1982; 
Itskovitz et a/., 1987; Jansen et al.y 1989). If changes in blood flow observed at the 
onset of hypoxaemia are reflex, then one would expect them to occur rapidly. We used 
ultrasonic transducers to permit continuous measurement of blood flow at the time when 
rapid changes may occur. This allows study of the rate of onset of the changes and their 
dependence on chemoreflexes.

A component of the increased femoral vasoconstriction taking place during reductions in 
/»a.02 has already been suggested to be reflex in nature (Dawes et al.y 1968). In that 
study it was shown that, even in chloralose-anaesthetized and exteriorised fetuses, a fall 
in femoral blood flow occurred at the onset of asphyxia. The fall in femoral blood flow 
was not present in fetuses in which the sciatic nerves had been cut, suggesting it to be 
reflexly mediated. In the present study, the large increase in femoral resistance seen in 
intact fetuses during hypoxaemia was not present in the carotid denervated fetuses. This 
confirms that the response is reflex and also suggests that it is mediated via the carotid 
chemoreceptors. Moreover, a recent study by Moore & Hanson (1991) showed that the 
rate of increase in pulmonary vascular resistance occurring during hypoxaemia was 
depressed in sino-aortic denervated fetuses. This implies that the rapid effects on the 
pulmonary and femoral circulations are part of a chemoreflex redistribution of the CVO 
occurring in hypoxaemia.

The increase in femoral resistance in the denervated fetuses during late hypoxaemia may 
also be attributed in part to release of catecholamines as a result of the direct effect of 
hypoxaemia on the adrenal gland. Increased peripheral vasoconstriction in late 
hypoxaemia may also be attributed to increased release of vasoconstrictor humoral
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substances such as A VP (Peréz et a i, 1989) and angiotensin II (Iwamoto and Rudolph, 
1981; see section 1.4.10, page 33).

Cerebral blood flow is known to be increased during hypoxaemia in the sheep fetus 
(Cohn et a/., 1974; Peeters et al.y 1979; Jansen et a i, 1989). In the present study 
carotid blood flow increased in both intact and denervated fetuses during the 
hypoxaemic challenge (Fig 3.2), but carotid vascular resistance did not change in either 
group (Fig.3.3). The increase in blood flow in intact and denervated fetuses was similar 
during hypoxaemia and may be purely the result of the increased perfusion pressure. 
This absence of an apparent decrease in carotid vascular resistance might be due to the 
fact that the carotid arteries supply blood to parts of the head in addition to the cerebral 
circulation. The contribution from changes in flow to cranial muscle and skin cannot be 
assessed from my data and might prevent an increase in cerebral blood flow from being 
seen as an increase in carotid blood flow. Moreover, a redistribution of blood flow 
within the cerebral circulation has also been reported during hypoxaemia; blood flow 
increases to the brainstem whilst that to the choroid plexus and the cerebrum decreases 
(Jensen, Hohmann & Kunzel, 1987). This gives a further complication which may 
prevent an overall fall in cranial vascular resistance from being seen. With these 
reservations, my results are broadly in agreement with those of Heistad, Marcus, 
Ehrhardt & Abboud (1976) in the adult dog, and Miyabe, Jones, Koehler & Traystman 
(1989) in 1-7 day old lambs, who showed that chemodenervation did not abolish the 
decrease in cerebral vascular resistance in hypoxaemia. Changes in carotid blood flow 
during hypoxaemia may thus be mediated through the direct effects of changes in Pa»02 
and ?a,C0 2  on the smooth muscle cells of the arterioles rather than via chemoreflexes. 
Decreases in /*a»02 and increases in fa,C02 have been shown to increase cerebral blood 
flow in the fetus (Lucas, Kirschbaum & Assali, 1966; Purves & James, 1969; Jones, 
Sheldon, Peeters, Makowski & Meschia, 1978).

In summary, this chapter provides evidence to suggest that during hypoxaemia the initial 
bradycardia and the preferential redistribution of combined ventricular output, 
exemplified here by an abrupt increase in femoral vascular resistance, are reflex in 
nature. Furthermore, these responses appear to be initiated via the carotid 
chemoreceptors predominantly. The efferent pathways of these responses are 
investigated in subsequent chapters.
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4.THE EFFECT OF ATROPINE ON THE FETAL 
CARDIOVASCULAR RESPONSES TO HYPOXAEMIA

4.1 Introduction

In the previous chapter it was reported that the bradycardia and the initial 
vasoconstriction which occur at the onset of hypoxaemia are absent in fetuses in which 
the carotid sinus nerves were sectioned. These reflexes are therefore believed to be 
initiated by the carotid chemoreceptors. The efferent pathways of the cardiovascular 
responses of the fetus to hypoxaemia may involve several neural and hormonal 
pathways. This chapter will investigate parasympathetic efferents with particular 
reference to responses of the fetal heart to hypoxaemia. Chapter 5 will investigate 
sympathetic efferents, in particular a-adrenergic pathways to the peripheral circulation.

There is ample evidence to suggest that during hypoxaemia the fetal heart is affected by 
reflex mechanisms involving both major divisions of the autonomic nervous system. 
For example, the bradycardia is prevented by atropine (Berman, Goodlin, Heymann & 
Rudolph, 1976; Cohn, Piasecki & Jackson, 1978; Parer, 1979; Ikenoue, Martin, 
Murata, Ettinger & Lou, 1981) and by vagotomy (Boddy et al., 1974). Also 
administration of P-adrenergic blockers during episodes of hypoxaemia results in an 
exaggerated fall in heart rate (Cohn et a l, 1978; Court et a l, 1983), suggesting 
withdrawal of sympathetic tone.

Vagally mediated inhibitory drive to the fetal heart during hypoxaemia may be may be 
initiated via the carotid, or the aortic chemo- and baroreceptors, or indeed via both sets 
of afferent receptors. That initiated by the carotid chemo- and baroreceptors is apparent 
since carotid denervation abolishes the fall in heart rate at the onset of the hypoxaemic 
challenge (see previous chapter). That the aortic chemo- and baroreceptors may provide 
the origin for increased inhibitory drive to the fetal heart during hypoxaemia has been 
previously suggested by Dawes et al. (1968, 1969), Itskovitz & Rudolph (1982), 
Jansen et al. (1989) and Itskovitz et al. (1991). To date, however, the relative 
contributions of the aortic and carotid chemo- and baroreceptors in mediating increased 
vagal discharge during hypoxaemia have not been assessed.

This study attempted to do this by comparing the effects of muscarinic blockade with the 
effects of carotid denervation alone, and the effects of combined denervation and
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muscarinic blockade. Total muscarinic blockade during hypoxaemia would be expected 
to depress vagal inhibitory discharge mediated by both carotid and aortic receptor 
afferents. This would cause an increase in heart rate due to un opposed P -  
adrenoreceptor acceleratory drive. However, we know that carotid denervation alone 
abolishes the initial bradycardia during hypoxaemia but there is no tachycardia. This 
may be due to either: 1) remaining, opposing inhibitory discharge initiated by the aortic 
chemo- and baroreceptors, or 2) carotid denervation affecting sympathetic acceleratory 
drive as well as abolishing vagal tone initiated by the carotid chemo- and baroreceptors. 
If 1) is true then muscarinic blockade after carotid denervation would be expected to 
produce tachycardia. This possibility was investigated.

In addition to heart rate and arterial pressure responses, vascular flows were monitored 
to observe any effects of atropine on the circulation.

Some of the data presented in this chapter have been published (Giussani, Spencer, 
Moore, Bennet & Hanson,1992c). The publication is included as Appendix IV.

4.2 Methods

4.2.1 Surgical procedures

The animals used in these experiments are the same as those used for chapter 3. Twenty 
six pregnant ewes were surgically prepared under general anaesthesia as explained 
previously [2.3]. The animals were divided into two groups: the "denervated" group 
(12 fetuses) had both carotid sinus nerves cut [2.3.3] and the "intact" group (14 fetuses) 
had these nerves left uncut.

4.2.2 Experimental procedure

All measured variables were recorded [2.4] continuously throughout the three hour 
protocol both in intact and carotid sinus denervated fetuses. Tha animals were subjected 
to one of two protocols.

Protocol 1 Following a one hour control period, fetal hypoxaemia was induced for a 
further hour [2.5.1]. After hypoxaemia the ewes were returned to normoxia for another 
60 minutes.
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Protocol 2 Protocol 1 was repeated after treatment with atropine (Atropine Sulphate, 
Macarthys Ltd). This was administered I.V. as 6x300|ig bolus doses at 15 minute 
intervals throughout the three hours. This regime was designed to cause total 
muscarinic blockade and was modified from the observations of Cohn and colleagues 
(1978) who validated the dose on the basis of inhibition of the heart rate response to 
acetylcholine and of Hanson et al. (1988) who reported that the actions of pilocarpine, 
another muscarinic agonist, were blocked after I.V. administration of 300|ig of atropine.

The fetuses were subjected either to protocol 1 or 2 in a random manner on any one day.

4.2.3 Statistical analysis

The data was analysed as previously described with the use of summary of measures 
(Matthews et a/., 1990). Fetal heart rate, perfusion pressure, carotid and femoral 
vascular resistances were compared between intact and carotid denervated fetuses during 
normoxia and hypoxaemia. Values were expressed as the mean for each group ±  S£.M. 
A paired t-test was used to compare control with hypoxaemia conditions in saline and 
atropine treated fetuses. When comparing atropine v.s. saline treated fetuses exposed to 
either control or hypoxaemia, an unpaired t-test was used. Significance was accepted 
when P<0.05.

4.3 Results

4.3.1 Blood gases and pH

Blood gases and pH in intact and denervated fetuses were similar during normoxia after 
the fetuses had been treated with saline or with atropine (see Table 4.1). During 
hypoxaemia, ?a,02 was reduced from ca. 24 to ca. 13 mmHg both in saline and atropine 
treatment experiments, in intact and denervated fetuses. After atropine pH and ?a,C0 2  

did not change during the hypoxaemia in either intact or denervated fetuses and, after the 
hypoxaemia, all blood gases returned to pre-hypoxaemic values.
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1 St hour-NORMOXIA 2nd hour-HYPOXIA 3rd hour-NORMOXIA
pH / t 0 2 (mmHg) A);(minHg) pH fco 2 (nunHg) foiCmmHg) pH Pco2(mmHg) fO](mmHg)

intact (n=14) 7.36±0.01 422 ±1.6 23.4 ±0.7 
denervated(n=12) 7.35 ±0.01 43.0±1.4 23.6±0.8

7.32±0.01 4 1 .4 ± M  13.2 ±0.3*  
7.35±0.01 41.4±12*> 13.5 ±0.3*

7.33±0.01 40.0 ±1.6 
7.35 ±0.01 41.3 ±1.4

22.9 ±0.7 
23.7 ± 1.0

intact (m=d) 7.36 ±0.01 38.9 ±12 22.0 ±0.8 
Atropine _

denervated (n=5) 7.34±0.01 402 ±1.6 24.4±0.9

7.33±0.01 38.5 ±1.1 12.8 ±0.4* 7.33 ±0.01 37.2 ± 1 2 20.8 ± 1.0

7.33 ±0.01 39.2±1J 13.5 ±0.5* 7.32± 0.02 38.3 ±0.7 25.7 ±1.5

Table 4.1 Blood gas and pH results for intact and carotid denervated fetuses after saline 
or atropine treatment Values given (mean ±  S£.M.) are for each of the experimental hours.

*p<0.001 control v hypoxaemia (paired t-test)
**p<0.05 control v hypoxaemia (paired t-test)

4.3.2 Fetal heart rate

After the first atropine bolus in normoxia, there was an increase in fetal heart rate from 
167.0+9.5 to 181.0+6.6 beats per minute (bpm) in intact fetuses (P<0.05). At the onset 
of hypoxaemia these fetuses showed a further increase in heart rate (Table 4.2 and Fig. 
4.1) as opposed to a rapid bradycardia. Heart rate levels remained elevated throughout 
the duration of the hypoxic challenge (Table 4.2 and Fig. 4.1).

There was no increase in heart rate in the denervated fetuses after the first atropine 
bolus. During hypoxaemia however they showed a pronounced tachycardia; this was in 
contrast to the untreated denervated fetuses in which there was no change in heart rate 
during hypoxaemia (Table 4.2 and Fig. 4.2 ).

4.3.3 Perfusion pressure, blood flows and vascular resistances

Atropine did not alter perfusion pressure, mean carotid blood flow or carotid vascular 
resistance during normoxia or hypoxaemia in either intact or denervated fetuses (Table 
4.2, Figs.4.2 and 4.3). However the large initial drop in femoral blood flow and the 
concomitant increase in femoral resistance seen in intact fetuses were attenuated after 
atropine pre-treatment (Table 4.2 and Fig. 4.1). Femoral vascular responses were not 
altered significantly by atropine in denervated fetuses throughout the protocol (Table 4.2 
and Fig.4.2).
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INTACT DENERVATED

control atropine control atropine

Perfusion pressure 
(mmHg) 39.9 ±1.3 39.2 ±1.6 41.1 ±2.0 39.3 ±0.6

NORMOXIA
Fetal heart rate 

(bpm) 176.02±4.33 188.00 ±1.78 180.42 ±4.10 186.00 ±8.86

Carotid Wood flow 
(ml/min)

100.4 ±10.2 113.4 ±22.7 94.5 ±5.6 105.5 ±  10.1

Femoral blood flow 
(ml/min)

32.9 ±2.8 38.0 ±7.5 33.4 ±2.7 42.2 ±3.3

Perfusimi pressure 
(mmHg) 41.2 ±1.9 41.9 ±1.7 40.6 ±2.2 37.7 ±1.5

EARLY HYPOXIA
Fetal heart rate 

(bpm)
128.57 ±4.87 a 205.00 ±14.58 A 177.50 ±6.17 202.00 ±11.47 B

Carotid Wood flow 
(mlAnin) 100.0±11.2 135.2 ±28.8 113.3 ±7.6C 125.0 ±  12.9

Femoral blood flow 
(mlAnin) 14.9±2.6 ® 29.8±8.5 C 33.5 ±2.9 39.2 ±4.6

Perfusion pressure 
(mmHg) 45.3±2.0« 45.2±1.8 44.7 ±3.1 41.7 ±2.4

LATE HYPOXIA

Fetal heart rate 
(bpm)

174.64±9.19 251.00± 13.82 Be 198.33 ±6.75 « 244.00 ±17.42 «

Carotid Wood flow 
(ml/min)

113.1 ±11.1 * 133.4±24.2 c 105.3 ±4.8  c 108.5 ±4.8

Femoral blood flow 
(mlAnin)

17.4±2.4 * 24.0±4.6 27.4 ±  3.2 c 32.0 ±5.3

Table 4.2. Perfusion pressure, fetal heart rate, carotid blood flow and femoral blood flow results for intact 
and denervated fetuses, after saline and atropine treatment. Values shown are mean ±  SEM for the last 
minute of normoxia (NORMOXIA), 5 minutes of hypoxaemia (EARLY HYPOXAEMIA) and 60 minutes of 
hypoxaemia (LATE HYPOXAEMIA).

^p<0.001
®p<0.02
^p<0.05
®p<0.001
®p<0.05

saline v atropine treated fetus 
saline v atropine treated fetus 
saline v atropine treated fetus 
normoxia v hypoxaemia 
normoxia v hypoxaemia

(unpaired t-test). 
(unpaired t-test). 
(unpaired t-test). 
(paired t-test). 
(paired t-test).

4.4 Discussion

This chapter provides further evidence that the initial fetal bradycardia, characteristic of 
the response of term fetal sheep to acute hypoxaemia is a vagally mediated reflex since it 
is blocked by atropine. In addition atropine produced a tachycardia in carotid denervated 
fetuses and attenuated the increase in femoral vascular resistance in intact fetuses during 
hypoxaemia. These observations are discussed further below.
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NORMOXIA HYPOXIA NORMOXIA

6 X 300ng atropine sulphate bolus

I I i

Fetal heart rate 
(beats per minute)

175

Perfusion pressure 
(mmHg)

carotid

Vascular resistance 0 2 
(mmHg/ml/min)

femoral

250 -

150 -

100  -

M il

Intact fetuses

key:

—o— saline(n=14)
—#— atropine (n-5)

180

Time (m inutes)

Figure 4.1 Fetal heart rate, perfusion pressure and vascular resistance in intact after saline 
and atropine treatment during normoxia, hypoxia, normoxia experimental protocol. Values 
shown are mean ±  S£.M of all values. Note the different scales for carotid and femoral vascular 
resistances.
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NORM OXIA HYPOXIA NORM OXIA

6 I 300ug atropine sulphate bolus

M  M  M

Fetal heart rate 225-
(beats per minute) 200

Perfusion pressure 
(mmHg)

fcarotid oa

mfémoral

* — # #

Denervated fetuses  

key:

—o — saline(n-12) 
—#— atropine(n-5)

Vascular resistance 
(m m Hg/m l/m in) 5

180

Time (m inutes)

Figure 4.2 Fetal heart rate, perfusion pressure and vascular resistance in denervated fetuses after saline 
and atropine treatment during normoxia, hypoxia, normoxia experimental protocol. Values shown are mean + 
S.E.M of all values. Note the different scales for carotid and femoral vascular resistances.
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4.4.1 Heart rate responses

An important component of the initial bradycardia which occurs at the onset of 
hypoxaemia is believed to be a cholinergic reflex (Boddy et a i, 1974; Martin, 1985). It 
has been shown for the human fetal heart in vitro that muscarinic neuro-effector 
transmission can be demonstrated from 10-12 weeks of gestation (see Pappano, 1977). 
Several investigators have shown that atropine will prevent or reverse the initial 
bradycardia during hypoxaemia (Berman et al., 1976; Cohn et a i, 1978; Ikenoue et al, 
1981; Parer, 1979, see Martin, 1985), occlusion of the maternal inferior vena cava (van 
Huisseling, 1990), and even in human labour (Caldeyro-Barcia et al., 1976). These 
observations demonstrate 1) the reflex nature of the initial bradycardia occurring during 
these conditions, and 2) an increased level of cardioaccelerator tone during episodes of 
reduced oxygenation, which is usually obscured by the reflex bradycardia.

There is much additional evidence for increased (3-adrenergic effects on the fetal heart 
during hypoxaemia. Adrenaline and noradrenaline may be released from the fetal 
adrenal medulla by a chemoreflex (Jensen and Hanson, 1989) and by the direct effects 
of hypoxaemia on the gland (Jones & Robinson, 1975). The pre-ejection period of the 
fetal cardiac cycle is shortened during hypoxaemia, in spite of the elevation in diastolic 
blood pressure which should produce the opposite effect. This shortening can be 
prevented by p-adrenergic blockade with propranolol (Evers, DeHann, Jongsma, 
Crevels, Arts & Martin, 1981). In addition p-adrenergic blockade impairs the ability of 
the fetus to withstand hypoxaemia, resulting in an exaggerated fall in heart rate, a 
decrease in cardiac output, and a reduction in myocardial blood flow (Cohn et al., 1978; 
Court et al., 1983).

Further evidence suggests the bradycardia is a chemoreflex rather than a baroreflex. The 
increase in arterial blood pressure during hypoxaemia is slow and gradual, whereas the 
bradycardia is rapid in onset and lasts only a few minutes. Also, arterial pressure does 
not increase in all fetuses during hypoxaemia, while the degree of bradycardia in 
different animals is similar (Walker, Cannata, Dowling, Ritchie & Maloney, 1979). In 
addition, there are three separate studies in which it has been possible to demonstrate 
that the bradycardia can be produced in the absence of a rise in arterial blood pressure: 
this was achieved by brief episodes of fetal hypoxaemia, produced by occluding the 
uterine artery (Parer, Krueger & Harris, 1980); by transection of the spinal cord at Ll- 
L2 (Blanco, Dawes & Walker, 1983); or by pre-treatment with a-adrenergic blocking 
agents (Lewis, Donovan & Platzker, 1980).
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In the present study atropine increased the heart rate in normoxia, suggesting the 
presence of a tonic vagal drive to the heart during normal circumstances. Furthermore, 
in agreement with previous investigations, atropine produced a reversal of the 
bradycardia in intact fetuses during hypoxaemia suggesting an unmasking of P* 
adrenergic acceleratory drive.

Having confirmed that the bradycardia occurring at the onset of hypoxaemia is a vagally- 
mediated reflex, it is of interest to assess the relative contributions of the aortic and 
carotid chemoreceptors in providing the afferents for this response. Several 
investigators (Dawes et a/., 1968; Dawes et al., 1969; Itskovitz & Rudolph, 1982; 
Jansen et at., 1989; Itskovitz et at., 1991) have implicated the aortic chemoreceptors in 
mediating the initial bradycardia at the onset of hypoxaemia. In some of these studies 
aortic denervation was achieved by vagotomy. Section of the cervical vagi interupts 
many other afferent fibres from the heart, lung and great vessels as well as those from 
the aortic chemoreceptors, and also efferent cardio-inhibitory fibres. The fact the 
vagotomy abolished the initial bradycardia seen during hypoxaemia could then be due to 
interuption of either afferent or efferent fibres, and firm conclusions cannot be drawn 
from it.

In a study by Dawes et al. (1969) it was reported that relative hypoxaemia, by giving the 
ewe air instead of 100% 0% to breathe, caused a tachycardia which persisted after carotid 
denervation but was abolished after section of the vagi and after section of the aortic 
nerves, leaving the vagi intact. It was concluded that the heart rate response to 
hypoxaemia was dependent on afferents from the aortic bodies rather than the carotid 
bodies or other vagal afferents. This is a valid conclusion from their study however it 
must be pointed out that the heart rate response they were measuring differs 
considerably from the reflex bradycardia observed during actual hypoxaemia. Why a 
tachycardia was observed during relative hypoxaemia is not clear from their study.

In the studies reported in this chapter it was shown that atropine pretreatment reverses 
the initial bradycardia at the onset of hypoxaemia presumably by revealing un-opposed 
P-adrenergic accelerator tone. However, in untreated carotid denervated fetuses the 
bradycardia is also abolished but without a tachycardia, even by the end of the 
hypoxaemic challenge. That this is because section of the carotid sinus nerves also 
interferes with sympathetic effects on the heart is suggested by the recent observations 
of Jensen & Hanson (1989) who reported that in the sheep fetus section of the carotid
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sinus nerves attenuated plasma catecholamine concentrations during asphyxia. 
However, given that carotid denervated fetuses treated with atropine responded with a 
tachycardia during hypoxaemia, it suggests that some vagal tone was still present in 
these fetuses, which when withdrawn unmasks a virtually un-opposed p-adrenoreceptor 
acceleratory drive. The remaining vagal tone may be initiated via the aortic chemo-and 
baroreceptors whose afferents were left intact.

The data reported in this chapter concerning heart rate responses therefore provide 
strong evidence that during hypoxaemia, increased inhibitory vagal discharge is initiated 
by both the aortic and carotid chemoreceptors.

Central effects of atropine cannot however be ruled out For example, it is known that 
systemic administration of pilocarpine, a cholinergic agonist, produces a transient 
reduction in arterial pressure and heart rate (Brown, Lawson, Jansen, Chemick & 
Taeusch, 1981; Hanson, Moore, Nijhuis & Parkes, 1988). However, the hypotension 
and the bradycardia are short-lived and there is a secondary response which involves an 
increased pressure and a return of heart rate to control levels (Hanson et al.y 1988; 
Szeto and Hinman, 1990). In the studies of Szeto and Hinman (1990), it was reported 
that after administration of methyl-atropine, a quaternary amine which is unable to cross 
the blood-brain barrier, only the initial heart and pressure responses were abolished. 
Moreover, not only was methyl-atropine unable to block the pressor response to 
pilocarpine, it actually revealed a prolonged tachycardia which does not occur after 
administration of pilocarpine alone. Both primary and secondary responses are 
abolished by pretreatment with tertiary amine atropine (one which is able to cross the 
blood-brain barrier). These results therefore suggest that activation of central 
cholinergic receptors produces an increase in heart rate and blood pressure. Thus central 
and peripheral muscarinic receptors result in opposing actions on the fetal cardiovascular 
system.

4.4.2 Circulatory responses

The effects of atropine on the circulation are difficult to explain. Atropine did not affect 
carotid vascular responses in intact or denervated fetuses. However, in intact fetuses the 
initial femoral vasoconstriction seen at the onset of the hypoxaemic challenge, was 
depressed after atropine pretreatment. Atropine pre-treated, intact fetuses did not show a 
fall in femoral blood flow despite showing an increase in perfusion pressure similar to
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that of untreated intact fetuses (see Table 4.2 and Fig. 4.1). Similarly, the delayed fall 
in femoral blood flow seen in denervated fetuses by the end of the hypoxaemic challenge 
was also not present after administration of atropine (Table. 4.2). Since both intact and 
denervated fetuses had increased heart rate during hypoxaemia, it could be argued that 
this would increase cardiac output and in turn increase perfusion pressure without the 
need to vasoconstrict the peripheral circulation. This, however, would be an inefficient 
mechanism of maintaining perfusion pressure. Therefore it may be more plausible to 
attribute these effects of atropine to its action at some other level. For example, previous 
evidence suggests that acetylcholine increases the sensory discharge of the carotid body 
(Eyzaguirre, Baron & Gallego, 1977). Cholinergic blockade may thus affect carotid 
chemoreceptor discharge. Since femoral vasoconstriction at the onset of hypoxaemia is 
dependent on carotid chemoreceptor discharge (see Chapter 3), then atropine treatment 
might be expected to attenuate femoral vasoconstriction. The depressed fall in femoral 
blood flow in late hypoxaemia in denervated fetuses, may similarly be due to atropine 
interfering with reflex catecholamine release via the carotid chemoreceptors.

The possibility of atropine affecting central pathways modulating circulatory responses 
cannot be ruled out As explained on pages 89-90, central cholinergic activity appears to 
be responsible for mediating a pressor response (Szeto and Hinman, 1990). The 
attenuation of a pressor response by atropine at the onset of hypoxaemia might therefore 
be due to perturbation of centrally-mediated cholinergic reflexes.

There is evidence in for the presence of peripheral sympathetic cholinergic vasodilatory 
fibres in the adult cat (see Hilton, 1980). This mechanism provides an important 
component of the cardiovascular responses to stress in the adult. To date there is no 
evidence of such a mechanism operating in the fetus. However if this activity was 
functional in utero, one would expect atropine to oppose this active vasodilatation during 
hypoxaemia, therefore augmenting the increase in femoral vascular resistance during this 
time. In this study atropine attenuated the increase in femoral resistance during 
hypoxaemia providing evidence conflicting with this hypothesis.

In summary, confirming the observations of previous investigators, this chapter 
provides further evidence that the initial fetal bradycardia at the onset of hypoxaemia is 
a vagally-mediated reflex. In addition, it is concluded that increased inhibitory drive to 
the fetal heart at the onset of hypoxaemia is initiated mutually by both the carotid and 
aortic chemoreceptors. Although atropine appears to modify the vascular responses of
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the femoral bed during hypoxaemia, firm conclusions about possible rhechanisms 
mediating these changes cannot be drawn from this study.
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5. THE EFFECT OF a-ADRENERGIC BLOCKADE 
ON THE FETAL CARDIOVASCULAR RESPONSES

TO HYPOXAEMIA

5.1 fiitroduction

It has previously been reported that perfusion pressure is maintained or increased during 
acute episodes of hypoxaemia (Boddy et al., 1974; Block et al., 1990; see page 76). A 
component of increases in perfusion pressure is mediated via increases in peripheral 
vascular resistance. These changes may be reflex in origin and/or due to increased 
levels of plasma humoral vasoconstrictors. This chapter investigates changes in 
peripheral vascular resistance mediated via a-adrenergic mechanisms. The contribution 
of non a-adrenergic vasoconstrictor mechanisms to the maintenance of an increase in 
arterial pressure during hypoxaemia is investigated in chapter 6.

Dawes et al. (1968) reported that a component of the femoral vasoconstriction taking 
place during a reduction in fg , 0 2  is reflex in nature since the fall in femoral blood flow 
was not present in fetuses in which the sciatic nerve had been cut. Furthermore it was 
reported in Chapter 3 that both the increase in femoral vascular resistance and in 
perfusion pressure observed during acute hypoxaemia are attenuated in carotid sinus- 
denervated fetuses. It would therefore seem reasonable to conclude that a component of 
the increase in perfusion pressure observed during hypoxaemia is reflex, mediated via 
carotid chemoreceptor afferents.

There is reason to believe that this reflex vasoconstriction is partly mediated via an a- 
adrenergic efferent mechanism since it is depressed by chemical sympathectomy 
(Iwamoto, Rudolph, Mirkin & Keil, 1983) and a-adrenergic blockade (Lewis, Donovan 
& Platzker, 1980; Reuss et a l, 1982; Paulick, Meyers, Rudolph & Rudolph, 1991). 
Lewis and colleagues (1980) suggested that the increased peripheral vasoconstriction 
observed during hypoxaemia was a-mediated because pretreatment with phentolamine 
prevented the hypertensive response. However, in that study peripheral blood flow 
changes during hypoxaemia after a-blockade were not measured. Although Reuss et a l 
(1982) and Paulick et a/. (1991) came to the same conclusions as Lewis and colleagues, 
by actually monitoring blood flow changes in peripheral organs after a-blockade during 
hypoxaemia, they did so using the labelled microsphere technique. In those studies 
microspheres were injected after a-blocker pre-treatment, 15-25 minutes after the onset 
of the hypoxaemic challenge. In addition to reflex peripheral vasoconstriction, a-
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adrenergic vasoconstriction during hypoxaemia may result from increased plasma 
concentrations of catecholamines, which are themselves chemoreflexly-released (Cohen, 
Piasecki & Jackson, 1982; Johnston, Jones, Lagercrantz, Roebuck & Walker, 1984) 
and due to the direct action of hypoxaemia on the gland (see Jones & Wei, 1985). 
Given that the initial increase in femoral vascular resistance seen during hypoxaemia 
occurs within the first 5-10 minutes of the onset of the challenge (see page 60), it is 
possible that the results reported by Reuss et al. (1982) and Paulick et al. (1991) could 
have been due to blockade of the secondary vasoconstriction mediated via catecholamine 
release. I have now investigated whether the initial femoral vasoconstriction occurring 
at the onset of hypoxaemia, which appears to be initiated by the carotid chemoreceptors, 
is also mediated via an a-adrenergic efferent mechanism.

In addition I have investigated whether there are other components involved in this 
reflex pathway. To the physiologist the simplest reflex arc is one that has an afferent 
pathway relaying information from receptors to the CNS, and an efferent pathway 
conveying commands from the CNS to effectors. However, reflex pathways within the 
CNS may be serial or parallel in nature. Thus whilst different receptors may convey 
information to the brainstem via parallel afferent pathways, the brainstem may send 
information to the effector organs via a common efferent pathway. Alternatively, two 
efferent pathways acting in parallel on the effectors may share a common afferent 
pathway. If the reflex producing femoral vasoconstriction in response to hypoxaemia is 
a simple, serial reflex then de-afferentation or de-efferentation, or both combined, 
should have the same effects. If the carotid chemoreceptors initiate the release of other 
vasoconstrictors which are not a-adrenergic, then the effects of combined carotid 
denervation and a-adrenergic blockade may be different from the effects of a-adrenergic 
blockade alone. This possibility was also investigated.

The data presented in this chapter have been published (Giussani, Spencer, Moore & 
Hanson, 1991a, 1991b; Giussani, Spencer, Moore, Bennet & Hanson, 1992c). The 
publications are included as Appendices IV, V and VI.

5.2 Methods
5.2.1 Surgical procedures

The animals used in these experiments were prepared in the same way as those 
described in chapters 3 and 4.
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5.2.2 Experimental procedure

Both in intact (n=14) and carotid sinus denervated (n=12) fetuses all measured variables 
were recorded [2.4] continuously throughout the protocol. All fetuses were subjected to 
one of two protocols in the same way as in Chapetr 4, page 83. Protocol 2 this time 
however involved repeating protocol 1 after intra-venous administration of phentolamine 
(Rogitine, Ciba; bolus dose 17-23 mg at the start of the experiment followed by an 
infusion of 0.2 mg min’ )̂. The bolus dose was designed to produce complete a - 
adrenergic blockade and was verified by the lack of a pressor response to an I.V. 
injection of 100 mg of phenylephrine (Phenylephrine injection B.P; The Boots 
Company, PLC) 15 minutes after the administration of the a-antagonist. The infusion 
regime was modified from the observations of Langille, Adamson & Jones (1989).

5.2.3 Data analysis

The data was analysed as previously described [3.2.3]. Fetal heart rate, perfusion 
pressure, carotid and femoral vascular resistance were compared between intact and 
carotid denervated fetuses during normoxia and during hypoxaemia in saline infusion 
experiments and experiments involving pretreatment with phentolamine.

5.2.4 Statistical analysis

Values were expressed as the mean for each group ± S.E.M. A paired t-test was used to 
compare normoxia with hypoxaemia conditions in saline and phentolamine treated 
fetuses. When comparing phentolamine vs. saline treated fetuses exposed to either 
normoxia or hypoxaemia, an unpaired t-test was used. Significance was accepted when 
P<0.05.

5.3 Results

The most striking finding of this section was that combined carotid denervation and a- 
blockade prevented fetuses from surviving the hypoxaemic challenge. Conversely, 9 
out of 14 intact fetuses treated with phentolamine survived the hypoxaemia.
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Mean arterial blood gases and pH in intact and denervated fetuses were similar during 
normoxia after the fetuses had been treated with saline or with phentolamine (see Table 
5.1). During hypoxaemia, /*a»02 was reduced from ca. 24 to ca. 13 mmHg both in 
saline and phentolamine treatment experiments, in intact and denervated fetuses. After 
phentolamine pH fell and fa,C02 rose in those fetuses which died during hypoxaemia; 
pH and /*a»C02 were maintained in those fetuses which survived.

1st hour-NORMOXIA 2nd hour-HYPOXIA 3rd hour-NORMOXIA
____________________________pH fc%mmHg) fo,:mmHg) pH fco^mmHg) ô,rmrriHg) P» fcxVmmHg) ^o,(mmHg)

intact (n=14) 7.36 ±0.01 42.2 ±1 .6  23.4 ±0.7 7.32 ±0.01 41.4 ±  1.4 13.2 ±0.3^ 7.33 ±0.01 40.0 ±  1.6 22.9 ±0.7
denervated (0=12)7.35 ±0.01 43.0 ±1.4 23.6 ±0.8 7.35 ±0.01 41.4 ±  1.? 13.5 ±0.3P 7.35 ±0.01 41.3 ±  1.4 23.7 ±  1.0

surv ival(n= 9) 7 .3 4 ± 0 .0 1  42.1 ± 2 .1  2 3 .3 ± 1 .2  7 .29 ± 0 .0 1  4 2 .0 ± 1 3  1 3 .9 ± 0 .4 *  7 .25  ± 0 .0 1  3 9 .2 ±  2 .0  2 2 .5 ±  1.2
P h en to lam in e  d ea th  (n = 5 ) 7 .32  ±  0.01 4 5 .7  ±  1.4 23.2 ±  2 .0  7.13 ±  O .O f 60 .0  ±  3.Œ 12.0 ±  0.4^ -

d en e rv ated  ( n = 1 0 ) 7 .3 3 ± 0.01 44.1 ± 1 .5  23.0 ± 0 .8  7 . 1 2 ± 0 . 0 ^ 6 7 . 0 ± 5 . #  1 3 .2 ± 0 .8 “

Table 5.1 Blood gas and pH results for intact and carotid denervated fetuses 
after saline and phentolamine treatment. Values given (mean + S.E.M.) are for 
each of the experimental hours. Values given for phentolamine treated fetuses which 
died during hypoxaemia are mean ±  SEM of the last blood sample before death.

®p<0.001 control v hypoxaemia (paired t-test)
**p<0.01 control v hypoxaemia (paired t-test)
®p<0.05 control v hypoxaemia (paired t-test)

5.3.1 Intact fetuses which survived hypoxaemia 

Fetal heart rate

During normoxia, there was a sharp increase in heart rate from 165.0±6.8 to 
212.2+12.5 beats/min (P<0.001) after the administration of phentolamine. After this 
initial increase heart rate remained elevated. At the onset of hypoxaemia, the initial 
bradycardia seen in control experiments was reversed after administration of 
phentolamine, as heart rate increased further from 190.56+13.06 bpm (after 5 minutes 
of hypoxaemia) to 236.11+8.20 bpm (after 60 minutes of hypoxaemia) (P<0.01). In 
these animals heart rate remained elevated for the remainder of the hypoxaemic period 
(Fig.5.1).

Perfusion pressure

During normoxia perfusion pressure was similar in saline-treated fetuses and 
phentolamine-treated fetuses. The gradual increase in perfusion pressure seen in saline-
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treated fetuses during hypoxaemia was depressed after phentolamine (Table 5.2 and 
Fig.5.1). Moreover, there was an abrupt decrease in perfusion pressure at the very 
onset of hypoxaemia in phentolamine-treated fetuses, from 38.1+1.2 mmHg (last 
minute of normoxia) to 31.5+2.7 mmHg (after 5 minutes of hypoxaemia).

Blood flow and vascular resistance 

Carotid circulation

Carotid blood flow and carotid vascular resistance were similar during normoxia in 
saline infusion experiments and after treatment with phentolamine. During hypoxaemia 
carotid blood flow increased significantly in saline-treated fetuses from 100.4+10.2 ml 
min-1 (last minute of normoxia) to 113.1+11.1 ml min-i (after 60 minutes of 
hypoxaemia) However, the increase in blood flow after phentolamine treatment from 
123.6+14.5 to 131.3+17.2 ml min-i over this period did not reach significance (Table 
2). There was no change in carotid vascular resistance in saline infusion experiments 
from normoxia to hypoxia, but carotid resistance in phentolamine-treated fetuses 
decreased at the onset of hypoxaemia from 0.34+0.1 mmHg ml-  ̂min-i (last minute of 
normoxia) to 0.27+0.1 mmHg m l'l min-1 (after 5 minutes of hypoxia) (P<0.05) 
(Fig.5.1).

Femoral circulation

Mean femoral blood flows for saline-treated and phentolamine-treated fetuses during 
normoxia were 32.9+2.8 and 34.9+2.7 ml min-^, respectively. At the onset of 
hypoxaemia femoral blood flow decreased to 14.9+2.6 ml min-^(P<0.001) in control 
fetuses and remained low until the end of the hypoxaemia (Table 5.2). In phentolamine 
treated fetuses such a fall in blood flow did not occur at the onset of hypoxaemia, 
although there was a decrease to 24.9+3.4 ml min-  ̂by 60 minutes of hypoxaemia.

The changes in femoral vascular resistance mirrored those in femoral blood flow. At the 
onset of hypoxaemia the sharp increase in resistance from 1.3+0.1 mmHg ml'^ min"^ 
(last minute of normoxia) to 3.8+0.8 mmHg ml'^ min-^ (after 5 minutes of hypoxia) 
(P<0.01) seen in saline infusion experiments was not present after phentolamine (Table 
5.2 and Fig.5.1). Whilst femoral resistance remained elevated throughout the 
hypoxaemia in saline infusion experiments, the increase in resistance after phentolamine
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only reached significance in late hypoxaemia (1.14+0.10 mmHg ml’l niin’l at last 
minute of normoxia v.s. 1.65+0.20 mmHg ml’i min’i after 60 minutes of hypoxia; 
P<0.02).

INTACT DENERVATED

control
(n=14)

phentolamine 
survival(n=9) death(n=5)

control
(n=12)

phentolamine
(n=10)

Perfusicm pressure 
(mmHg) 39.9 ±1.3 38.1 ±1.2 33.7 ± 2.5 C 41.1 ± 2 0 35.8 ±1.9

NORMOXIA
Fetal heait rate 

(bpm)
176.02 ±4.33 189.44 ±4.96 225.00 ±7.74 A 180.42 ±4.10 193.50 ±  1.23

Carotid blood flow 
(mlAnin)

100.4 ±10.2 123.6 ±14.5 83.6 ±14.8 94.5 ±5.6 106.1 ±6.0

Femoral blood flow 
(mlAnin)

32.9 ±28 34.9 ±2.7 24.8 ±4.8 33.4 ± 2 7 37.4 ±  3.4 C

Perfusion pressure 
(mmHg) 41.2±1.9 31.5 ±2.7 Bb 23 .5± 4 .1A c 40.6 ± 2 2 25.3 ±2.2

EARLY
Fetal heart rate 

(bpm)
128.57 ±4.87 • 190.55+13.06 A 168.00 ±21.77 C 177.50 ±6.17 177.8^8.68

HYPOXIA Carotid blood how 
(mlAnin) 100.0±11.2 121.8+10.9 72.2 ±17.6 113.3 ± 7 .6 ' 98.4 + 8.9

Femwal blood flow 
(ml/m in) 14.9 ±2.6 ■ 34 .6 ± 4 .o A 25.6 ±4.4 33.5 ± 2 9 34.7 ±4.7

Perfusion pressure 
(mmHg) 45.3 ± 2 0  « 38.2±1.6C - 44.7 ±3.1 -

LATE
Fetal heart rate 

(l?m)
174.64 ±9.19 236.11 ±8.20 Ab - 198.33 ±6.75 c -

HYPOXIA Carotid blood flow
(ml/min)

113.1 ±11.1" 131.3 ±17.2 - 105.3 ±  4.8 c -

Femoral blood flow 
(ml^min) 17.4 ±24  ■ 24.9 ± 3.4b - 27.4±3.2c -

Table 5.2. Perfusion pressure, fetal heart rate, carotid and femoral blood flow results for intact 
and denervated fetuses, during saline infusion experiments and experiments involving 
pretreatment with phentolamine. Values shown are mean + SEM for the last minute of normoxia, 5 
minutes (EARLY) and 60 minutes (LATE) of hypoxaemia. Comparisons are between mean values at the 
last minute of hypoxaemia and early and late hypoxaemia.

Ap<0.001
®p<0.02
Cp<0.05
«p<0.001
*>p<0.01
<^p<0.05

saline v atropine treated fetus 
saline v atropine treated fetus 
saline v atropine treated fetus 
normoxia v hypoxaemia 
normoxia v hypoxaemia 
normoxia v hypoxaemia

(unpaired t-test). 
(unpaired t-test). 
(unpaired t-test). 
(paired t-test). 
(paired t-test). 
(paired t-test).

5.3.2 Fetuses which did not survive hypoxaemia

There were no differences in any variable measured between intact and denervated 
fetuses which subsequently died in hypoxia during saline infusion in normoxia. 
However, in normoxia with phentolamine infusion, mean perfusion pressure in intact 
fetuses which subsequently died was lower and fetal heart rate higher than during saline 
infusion (Table 5.2). Mean femoral blood flow in denervated fetuses after phentolamine 
was also higher than during saline infusion.
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Figure 5.1 Fetal heart rate, perfusion pressure and vascular resistance in intact fetuses 
after saline and phentolamine treatment during the normoxia, hypoxia, normoxia experimental 
protocol. Values shown are mean ± S.E.M of all values. Note the different scales for carotid and 
femoral vascular resistances.

100



Phentolamine

At the onset of hypoxaemia there were sudden reductions in arterial pressure, heart rate 
and blood flows in intact and denervated fetuses which died (Figure 5.2). These 
variables appeared to compensate during the first stages of the hypoxaemic episode but 
then, after a variable time lapse from the onset of hypoxaemia (mean=37.9±3.1 minutes) 
there was a catastrophic fall in fetal heart rate, perfusion pressure and blood flows 
leading to death (Fig 5.3). Whether arterial blood pressure or heart rate fell frrst could 
not be distinguished from the traces even at faster chart recording speeds.

(mmHg)

100^

(ml/min)

30 seconds

Figure 5.2 Arterial pressure, heart rate and carotid blood flow in an intact fetus (124 days gestational 
age) treated with phentolamine. This fetus died after 35 minutes of hypoxaemia. The raw trace was taken 25 
minutes after the onset of the hypoxaemic challenge.

5.4 Discussion

In this chapter it has been shown that the rapid increase in femoral vascular resistance 
seen in intact fetuses at the onset of hypoxaemia was absent after phentolamine pre
treatment. This femoral vasoconstriction therefore appears to be mediated through an a- 
adrenergic efferent mechanism. All fetuses in which carotid sinus nerve section and a- 
adrenergic blockade was combined died during a hypoxaemic challenge, whereas the 
majority of intact fetuses survived hypoxaemia after phentolamine administration.
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5.4.1 Cardiovascular responses

Phentolamine is a substituted imidazoline which acts as a broad a i  and a 2 -adrenergic 
receptor antagonist. Clinically it is used to counteract hypertension which may arise 
from several dysfunctions, e.g. pheochromocytoma. Intravenous infusion of 
phentolamine in adult humans produces a hypotension and a tachycardia.

Fetal heart rate 
(beats per minute)

NORMOXIA HYPOXIA NORMOXIA

PHENTOLAMINE

INTACT

CAROTID
DENERVATED

60 120

Time (minutes)

Figure 5.3. Individual fetal heart rate responses in intact and denervated fetuses treated with 
phentolamine during the normoxia; hypoxia; normoxia experimental protocol. Solid lines show 
all fetuses which died during hypoxaemia. Dashed lines show intact fetuses which survived the 
hypoxaemic challenge.

In the present chapter administration of phentolamine in intact fetuses during 
normoxaemia did not produce the expected hypotension after a-adrenergic blockade. A 
decrease in blood pressure after phentolamine is most likely to occur as a result of a- 
adrenergic competitive inhibition. In addition, phentolamine has been reported to 
produce an increase in venous capacitance (see Nickerson and Collier, 1975) and may 
also cause vasodilatation due to its direct action on the vascular smooth muscle cells 
(Taylor, Sutherland, MacKenzie, Staunton & Donald, 1965). The lack of an effect of 
phentolamine on arterial blood pressure in the fetuses studied questions the maturity of 
the sympathetic nervous system in them. In agreement with this statement several
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investigators have previously reported a lack of tonic adrenergic activity in fetuses of a 
similar gestational age (Assali et al., 1978; Tabsh et al., 1982; Iwamoto et al., 1983). 
However since phentolamine abolished the increase in femoral vascular resistance in 
intact fetuses during hypoxia, this suggests that the sympathetic activity, although 
possibly immature in terms of tonic activity, may be activated after an appropriate 
stimulus.

The tachycardia after phentolamine treatment can be attributed to blockade of presynaptic 
a-adrenoreceptors (see Langer, 1977). In tissues where the response of the effector 
organ is mediated through P-adrenoreceptors, exposure to a-adrenoreceptor blocking 
agents would be expected to unmask presynaptic p-adrenoreceptor positive feedback 
action which enhances catecholamine release.

In those intact fetuses which survived the hypoxaemic challenge, a-adrenergic blockade 
caused a pronounced decrease in perfusion pressure at the onset of the hypoxaemia 
(Fig.5.1). The abolition of femoral vasoconstriction in these fetuses confirms that this 
reflex pathway is mediated through an a-adienergic efferent mechanism and the lack of 
the pressor response may have contributed to the observed fall in perfusion pressure at 
the onset of the hypoxaemic challenge. This may only be true if cardiac output remained 
unaffected at this time. On the other hand, phentolamine itself may act to decrease 
cardiac output. For example, it is known that a-adrenoreceptor stimulation produces 
positive inotropic effects (Hiramoto, Kushida & Endoh, 1988). Phentolamine would be 
expected to produce a fall in cardiac contractility leading to a fall in stroke volume. 
However since phentolamine is also known to have a positive chronotropic effect, 
whether it acts to increase or decrease cardiac output is not fully understood.

The tachycardia observed at the onset of hypoxaemia may be due to the direct effect of 
the drug on the myocardium (see above) or due to a fetal baroreflex mechanism to 
compensate for hypotension. Reuss et al. (1982) deduced the latter conclusion in a 
similar experiment where they used the a-antagonist phenoxybenzamine. Since 
phenoxybenzamine does not have a direct chronotropic effect, this adds further evidence 
for the possible involvement of a baroreflex at this time.

Increases in peripheral vasoconstriction in intact fetuses after phentolamine treatment late 
in hypoxaemia may be attributed to increased release of humoral vasoconstrictors. For 
example Peréz et al. (1989) reported that pre-treatment of fetuses with a vasopressin Vj 
antagonist attenuated the increase in arterial pressure observed during hypoxaemia. Also
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1981) and neuropeptide Y (Sanhuenza et a/., 1990) into the fetal circulation are known 
to produce an increase in arterial blood pressure.

Although it is known that cerebral blood vessels are richly innervated by sympathetic 
adrenergic fibres (see Heistad & Marcus, 1978), little is known about their function in 
the adult, let alone in the fetus. In Chapter 3 it was reported that carotid denervation had 
no effect on the increase in carotid blood flow observed during hypoxaemia in the sheep 
fetus (page 59). It was therefore concluded that increases in carotid blood flow during 
hypoxaemia may be due to increased perfusion pressure alone, aortic chemoreceptor 
function or due to local metabolite action. In the present chapter, since phentolamine 
had little effect on carotid blood flow and vascular resistance during hypoxaemia, a non
neuronal mechanism for increasing cerebral blood flow during this time is again 
implicated.

Increases in cerebral blood flow in the sheep fetus have also been associated with 
increases in LV-ECoG activity (Richardson, Patrick & Abduljabbar, 1985; Jensen, 
Bamford, Dawes, Hofmeyr & Parkes, 1986) and increases in FBM (Jansen et al., 
1989). In a previous study, it was reported that near term sheep fetuses treated with 
phentolamine showed an increase in the incidence of FBM with a concomitant 
prolongation of LV-ECoG episode duration, both in normoxia and during hypoxaemia 
(Giussani, Moore, Bennet, Spencer & Hanson, 1992d, 1992e; publications included in 
Appendix VII and VIII). Thus it could be argued that a component of increases in 
cerebral blood flow after phentolamine treatment may be secondary to changes in ECoG 
and FBM. This is difficult to resolve as cerebral blood flow is known to be increased in 
hypoxaemia, without treatment with phentolamine (see Cohn et a i, 1974; Peeters et al., 
1979; Iwamoto and Rudolph, 1985; Yaffe et a i, 1987; Boyle et al., 1990). However, 
if the hypothesis were true one would expect phentolamine to also increase cerebral 
blood flow during normoxia, as phentolamine increases the incidence of FBM and LV- 
ECoG episode duration during these circumstances (Giussani et al., 1992e). To date the 
effects of phentolamine on cerebral blood flow distribution have not been investigated in 
the sheep fetus during normoxic conditions. That phentolamine will have an effect on 
cerebral blood flow during normoxia is unlikely since in this study I have reported that 
phentolamine had no effect on carotid blood flow during this time. However, there are 
difficulties in using carotid blood flow as an index of cerebral blood flow. These have 
already been fully discussed on section 3.4, page 81.
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5.4.2 Fetal survival

In acute hypoxaemia the fetus may mount physiological compensatory mechanisms to 
maintain an adequate perfusion to the cerebral, myocardial and adrenal circulations. The 
maintenance or increase in perfusion pressure is due to a rise in total peripheral 
resistance. This was shown to be achieved partly by a carotid chemoreflex in Chapter 3. 
In this chapter a component of the response has been shown to be a-adrenergic.

Removal of afferent and efferent pathways of this reflex arc however will only produce 
similar effects on fetal responses when
a) all the fetal responses to hypoxaemia are reflexly mediated and are blocked by the 
deafferentation, and
b) the efferent components of the reflex are known and can thus be blocked 
pharmacologically. If these conditions are met, then deafferentation, or pharmacological 
blockade, or both together, should produce similar results. In practice, the first 
condition is not fulfilled as we know that a substantial proportion of the cardiovascular 
responses of the fetus are mediated by adrenaline released from the adrenal medulla by 
direct, non-neural, effects of hypoxaemia (Jones & Wei, 1985). However, 
phentolamine will block the a-adrenergic effects both of adrenaline and of sympathetic 
efferents at the peripheral blood vessels. If other vasoconstrictor agents are not 
involved, therefore, one would expect the effects on peripheral vascular resistance of 
combined denervation and a-adrenergic blockade to be similar to that of a-adrenergic 
blockade alone.

In the present study, whilst all fetuses subjected to combined carotid denervation and 
pre-treatment with phentolamine died during hypoxaemia, 9 out of 14 fetuses in which 
the carotid sinus nerves were left intact, but which received the a-blocker, survived 
(Fig.5.3). Since phentolamine is less deleterious to intact fetuses during hypoxaemia 
than to denervated fetuses, theses findings suggests that a component of the 
vasoconstriction during hypoxaemia is due to carotid chemoreflexly-released 
vasoconstrictors which do not act via an a-adrenergic mechanism. Plausible candidates 
are discussed in Chapter 6.

The pattern of cardiovascular collapse was similar in all fetuses which died during the 
hypoxaemic challenge whether they were intact or denervated. The length of time 
during which this pattern occurred was different from fetus to fetus, but in all of them a 
time was reached during which there was a parallel fall in arterial blood pressure and

105



Phentolamine

heart rate, leading to cardiovascular collapse. This phenomenon might be similar to the 
breakdown of physiological circulatory compensation described recently by Block, 
Schlafer, Wentworth, Kreitzer & Nathanielsz (1990).

In summary, this chapter provides evidence to suggest that the initial increase in 
peripheral vascular resistance seen at the onset of hypoxaemia is initiated via a carotid 
chemoreflex with a-adrenergic efferents. Furthermore, fetal survival during 
hypoxaemia is dependent on carotid chemoreflexes and on the release of catecholamines 
from the adrenal medulla. Finally, it is postulated that the carotid chemoreceptors may 
mediate the release of additional humoral vasoconstrictors during hypoxaemia which are 
not a-adrenergic. These have yet to be identified definitively.
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6. ROLE OF AVP IN CARDIOVASCULAR 
CHEMOREFLEX RESPONSES

6.1 Introduction

Current knowledge of the fetal adaptive mechanisms to acute hypoxaemia has sparked 
off much interest in the endocrine components of the response. The final two chapters 
of this thesis investigate the control of fetal vasopressin (AVP) and adrenocortical 
responses to acute hypoxaemia.

Since fetuses with a-adrenergic blockade survive hypoxaemic challenges better than 
fetuses with combined carotid denervation and a-blockade, the carotid chemo- and 
baroreceptors may mediate the release of a vasoconstrictor during hypoxaemia which 
acts on the circulation to increase peripheral vascular resistance via an a-adrenergic- 
independent mechanism. The finding that the rise in arterial blood pressure during 
hypoxaemia is delayed, but not abolished, after a- and p-adrenergic blockade (Brace & 
Cheung, 1987) is consistent with the idea that, in addition to catecholamines, other 
factors may be responsible for the mediation of the cardiovascular response to 
hypoxaemia.

Several non-adrenergic vasoconstrictors including angiotensin (Iwamoto & Rudolph, 
1979; Iwamoto etal.y 1981), neuropeptide Y (Sanhuenza etal.y 1990) and endothelin-1 
(Chatfield, McMurtry, Hall & Abman, 1991) have been implicated in modulating 
cardiovascular responses to acute hypoxaemia in the sheep fetus. However recent 
studies have focussed on the role of vasopressin in mediating these responses. AVP 
circulates in low plasma concentrations in the fetus but its concentration is increased 
greatly in hypoxaemia (Alexander et o/., 1973; Rurak, 1978; Daniel, Stark, Zubrow, 
Fox, Hussain & James, 1983; Picquadio, Brace & Cheung, 1990; Raff, Kane & Wood, 
1991). In addition, increases in fetal plasma vasopressin concentrations, equal to those 
produced by acute hypoxaemia, have been shown to increase fetal blood pressure and 
redistribute the fetal CVO towards the placenta (Iwamoto et al.y 1979; Harper & Rose, 
1988), and administration of a Vi antagonist reverses the rise in systemic arterial 
pressure observed during hypoxaemia (Peréz et a/., 1989).

In contrast to resting plasma concentrations of AVP, resting plasma renin activity and 
plasma angiotensin II concentrations are high in the fetus (Broughton-Pipkin et at. y 
1974). Although renin secretion is increased in the sheep fetus during periods of
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hypoxaemia (Robillard et al., 1981; Wood, Kane & Raff, 1990) and asphyxia (Wood et 
al., 1990), the magnitude of response of the renin-angiotensin system is small compared 
to other constrictor systems. Furthermore, when the responses to hypercapnia and 
hypoxaemia are considered separately, hypercapnia is a more potent stimulus to renin 
secretion than is hypoxaemia (Wood et al., 1990). Thus it appears that the likelihood of 
AVP mediating cardiovascular responses, at least during hypoxaemia, is greater than 
for the renin-angiotensin system.

That a component of AVP release during hypoxaemia may be reflex in nature comes 
from a study in adult dogs, where Hanley, Wilson, Feldman & Traystman, 1988) 
reported that both the increase in neurohypophyseal blood flow and AVP release in 
hypoxaemia were absent after peripheral denervation. Furthermore, it has been shown 
that graded levels of hypoxaemia lead to graded increases in plasma AVP concentrations 
and that further increases in AVP are obtained during hypercapnie hypoxaemia (Raff, 
Shinsako, Keil & Dallman, 1983a). The Pa,0 2 -dependent increases in plasma AVP 
concentration and its augmentation by increases in Pa,cp2 are consistent with the idea of a 
peripheral chemoreceptor-mediated reflex. In addition Share and Levy had shown as 
early as 1966 that carotid chemoreceptor stimulation by deoxygenated blood leads to an 
increase in AVP release in adult dogs.

This chapter therefore tested the hypothesis that fetuses, in which the carotid sinus 
nerves were left intact but which were treated with phentolamine, survived the 
hypoxaemic challenge due to reflex release of AVP, mediated via the carotid chemo- 
and/or baroreceptors. This hypothesis was tested as follows:
1) If carotid denervation prevents AVP release during hypoxaemia, then administering 
exogenous AVP into denervated fetuses, at a rate which would mimic its natural increase 
during acute hypoxaemia, should improve their ability to survive hypoxaemia after 
treatment with phentolamine. This was investigated.
2) If a component of AVP release during hypoxaemia is initiated by the carotid 
chemoreceptors, then carotid denervation should attenuate the increase in plasma AVP 
concentration during hypoxaemia. This was also investigated.

Some of the results reported in this chapter have been previously published in abstract 
form (Giussani, Spencer, Moore, Bennet & Hanson, 1991c; Giussani, McGarrigle, 
Spencer, Moore, Bennet & Hanson, 1992f). These are included as Appendices IX and 
X.
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6.2 Methods

6.2.1 Surgical preparation

Animals used in these experiments were a subset of the fetuses used in Chapter 5. The 
surgical preparation including carotid denervation for some these animals was identical 
to that described in detail in Chapters 3 & 4.

6.2.2 Experimental procedure

Infusion of exogenous AVP

The experiments followed the standard three hour normoxia-hypoxia-normoxia protocol 
[5.2.2]. Acute fetal isocapnic hypoxaemia (/*a.02 reduced from ca. 25 to ca. 14 mmHg) 
was induced by reducing maternal Fi, 0 2  (9% O2  in N2 ; 18 L min'^ air; 22 L min-i N2 ; 1.2 
L min"  ̂CO2 ) without altering pH or carbon dioxide tension . Arterial blood samples 
(0.3 ml) were taken from the fetuses at 15 minute intervals throughout the protocol to 
determine blood gases and pH (Instrumentation Laboratory 1302, measurements 
corrected to 39.5°C).

On a subsequent day, the hypoxia protocol was repeated after intravenous administration 
of either phentolamine (Rogitine, Ciba) or with a combination of phentolamine and AVP 
(Arg*-vasopressin, Sigma, U.K). However, since carotid denervated fetuses treated 
with phentolamine die, without exception, during hypoxaemia (see Chapter 5) the 
control experiment had to be done retrospectively. Thus the phentolamine infusion was 
always given on a subsequent day after the combined phentolamine and AVP infusion.

Infusions of phentolamine alone were administered as before (page 96) as a bolus dose 
of 17-23 mg at the start of the experiment followed by an infusion of 0.2 mg min'^ at a 
rate of 5 ml min-^. When AVP was infused in conjunction with phentolamine it was 
administered at a rate and concentration which would mimic endogenous AVP release 
during acute hypoxaemia (2.0 mU min^ kg^ (a) 5 ml min-  ̂infusion rate; based on 
Iwamoto et al. , 1979). After weighing the fetuses at post mortem, the actual doses 
given were calculated to be between 1.49-1.88 mU min kg
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Plasma AVP measurements

AVP plasma concentrations were measured using an AVP-RIA kit (Mitsubishi Yuka; 
IDS, Tyne & Wear, UK) by Dr H.H.G McGarrigle, at the Endocrinology Laboratory in 
the Department of Obstetrics & Gynaecology, University College London. In order to 
measure fetal AVP plasma concentrations as low as 0.9 pg ml-* (Iwamoto et a i, 1979) a 
highly-sensitive assay was required. The kit is a newly-developed product which makes 
it possible to measure AVP levels in plasma with a minimum sample of just 0.2 pg ml-*. 
The methods for the AVP-RIA are outlined in Appendix H.

Blood samples were collected from the animals using sterile conditions and transferred 
into EDTA polypropylene collection tubes kept on ice. These were centrifuged at O^C at 
2000 X g for 10 minutes. Plasma was removed, aliquoted and stored at -40°C until 
assayed. Plasma AVP concentrations were determined in intact and denervated fetuses 
after the following treatments:

a) Acute hypoxaemia

Carotid blood samples (1.0 ml) were taken at 5 time points during the normoxia- 
hypoxia-normoxia protocol in both intact and denervated fetuses. The samples were 
taken at 30 minute intervals after 45 minutes of normoxia. Two samples were taken in 
hypoxia: one after 15 minutes of hypoxia (early hypoxaemia) and one after 45 minutes 
of hypoxia (late hypoxaemia). This blood sampling regime was designed to avoid 
significant blood loss from the fetal circulation. In pilot studies which involved 
withdrawal of the same volume of blood out of the fetus during three hours of normoxia 
showed that plasma concentrations of AVP did not differ before or after the experiment 
These data are included in Appendix XII.

b) Phentolamine treatment

The above protocol was repeated in intact and denervated fetuses after intravenous 
infusion of phentolamine but this time samples were collected for hormone analysis only 
after 45 minutes of normoxia, after 45 minutes of hypoxia and after 45 minutes of 
recovery. Some intact and carotid denervated fetuses died after phentolamine treatment 
during hypoxaemia. In these animals hormone concentrations during the hypoxaemic 
episode were determined just prior to death.
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c) Combined phentolamine and AVP treatment

Combined phentolamine and AVP treatment was carried out only in carotid denervated 
fetuses. Carotid blood samples were collected in the same way as with phentolamine 
infusion. Some denervated fetuses died even after the combined drug treatment during 
hypoxaemia. In these fetuses the hypoxic blood samples was again taken just prior to 
death.

6.2.3 Statistical analysis

Blood gases and pH (mean+SJE.M) are expressed for the last blood sample in normoxia, 
hypoxia and recovery. Blood gases and pH values given for fetuses which died during 
hypoxaemia are the mean+S£.M. of the last blood sample taken prior to death.

A paired t-test was used to compare normoxic with hypoxic conditions in a single group 
of fetuses. When comparing data obtained from fetuses undergoing different treatments 
an unpaired t-test was used. Significance was accepted when P<0.05.

Some of the data reported in this chapter become subdivided into sub-populations 
containing too few numbers to draw firm conclusion from them. In these cases 
statistical analyses were ommitted and the data were used on a purely descriptive basis.

6.3 Results

6.3.1 Infusion of exogenous AVP

Ten denervated fetuses were treated with phentolamine and 6 denervated fetuses were 
treated with combined phentolamine and AVP. Whilst all fetuses treated with 
phentolamine died during hypoxaemia, 4 out of 6 fetuses treated with combined 
phentolamine and AVP survived the hypoxaemic challenge. Figure 6.1 shows the fetal 
heart rate responses in these preparations, to give an indication of the time course of 
these events.
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Cardiovascular data

The cardiovascular data was compared between three groups of denervated fetuses: 
a) untreated, b) treated with phentolamine and c) treated with combined phentolamine 
and AVP.

Blood gases and pH

Blood gases and pH values for the three groups of fetuses are given in Table 6.1. 
During normoxia there were no significant differences in mean values of either pH or 
fa.COz between untreated fetuses or fetuses treated with either phentolamine or treated 
with both phentolamine and AVP. However appeared higher in fetuses treated 
with combined phentolamine and AVP.

DENERVATED

I NORMOXIA I HYPOXIA NORMOXIA

| a VP & PHENTOLAMINE^

Fetal heart rate 
(bpm)

300 1

200

100

DENERVATED

NORMOXIA HYPOXIA NORMOXIA

300

200

100 -

Time (minutes)

HENTOLAMINE

180

Figure 6.1 Individual heart rate responses in carotid sinus denervated fetuses treated 
with either phentolamine or with combined phentolamine and AVP during the experimental 
protocol.

At the onset of hypoxaemia mean Pa,02 was significantly reduced by ca. 50% in all 
fetuses. All fetuses which died during hypoxaemia, whether after phentolamine or 
combined phentolamine and AVP treatment developed acidaemia and hypercapnia prior 
to death.

Table 6.2 summarises the results for heart rate, perfusion pressure and blood flows in 
treated and untreated denervated fetuses. Figure 6.2 shows the continuous
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cardiovascular data in the 4 denervated fetuses which survived hypoxaemia after 
combined phentolamine and AVP infusion compared with untreated denervated fetuses.

Isthonr-NORMOXIA ^  hou^HYPOXIA 3rd bonr-NORMOXIA

pH feo(mmHg) pH ^c<^nanHg) fo^nmnHg) pH ̂ ct^mmHg) Po2(mmHg)

Untrcaled (n-12) 7J5 + 0.01 43.0+M 23.6 + 0.8 7JÎ + 0.01 4M+1.2 13.5 + OJ* 7J5 + 0.01 41J±1.4 23.7 ±1.0

Carotid phentoUnnne (n l̂O) 733±0j01 43.6±2.2 211 ±&7 7.12±0.04fc 67.0+ 51  ̂13.2±0.8*
Denervated

iorviv«l(p-*) 7.35±a01 46.6H.8 26.3±17 7J1±0.04 47.9 ±0.9 13.8±0.8 732±0.02 471±1.5 23.0±19

*AVP (nm2) 7J2± ao i 453±1.5 27.5 ± 0 J  &97±0.10 78.1 ±119 15.0±0.0

Table 6.1 Blood gases and pH results for untreated carotid denervated fetuses and after treatment with 
phentolamine and combined phentolamine and AVP. Values given are mean+S.E.M for the last minute of 
normoxia, the last minute of hypoxia and the last minute of recovery. Values given for fetuses which died 
during the hypoxaemic challenge are the mean+S.E.M of the last blood sample taken prior to death.

control V hypoxaemia paired t-test a=P<0.001 b=P<0.01 c=P<0.05

Since all denervated fetuses treated with phentolamine alone died at different times 
during the hypoxaemic challenge, the responses of their measured variables cannot be 
averaged throughout the protocol. However cardiovascular data from these fetuses is 
compared with untreated denervated fetuses and fetuses treated with the combined 
(AVP+phentolamine) infusion during the last minute of normoxia and after 10 minutes 
of hypoxaemia, before death (Fig. 6.3).

Fetal heart rate

There were no differences in heart rate between untreated fetuses and drug treated 
fetuses prior to the start of the infusions. Whilst phentolamine caused an increase in 
heart rate after the start of its infusion, a pronounced bradycardia resulted after the 
administration of both phentolamine and AVP (Table 6.2 and Fig. 6.3). This 
bradycardia was however only transient and heart rate levels returned to control values 
within 20 minutes after the onset of the infusion. No significant differences in heart rate 
levels were observed between the three groups of fetuses after the onset of hypoxaemia 
(Fig. 6.3). The fall in heart rate in all denervated fetuses which died during hypoxaemia 
was similar whether treated with phentolamine alone or with combined phentolamine 
and AVP (Fig. 6.1).

Perfusion pressure and vascular resistances

Perfusion pressure, carotid and femoral vascular resistances were similar in treated and 
untreated denervated fetuses prior to the start of the infusions. Whilst phentolamine did
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not affect perfusion pressure or vascular resistances, infusion of AVP and phentolamine 
appeared to produce a vasoconstriction in the carotid and femoral vascular beds resulting 
in an increase in perfusion pressure (Fig. 6.2 and Fig. 6.3). Soon after the onset of 
hypoxaemia, perfusion pressure fell in denervated fetuses treated with phentolamine 
and with combined phentolamine and AVP. Perfusion pressure was maintained, albeit 
at a reduced level, in those fetuses which survived hypoxaemia after combined 
phentolamine and AVP treatment. The changes in vascular resistance in these fetuses 
followed closely the changes in perfusion pressure (Fig. 6.2 and Fig. 6.3). The pattern 
of cardiovascular collapse in the two denervated fetuses which died even after combined 
phentolamine and AVP treatment was similar to that of fetuses treated with phentolamine 
alone.

Carotid Denervated
Untreated Phentolamine Phentolamine&AVP

survival death
(n=12) (n=10) (n=4) (n=2)

Heart rate (bpm) 171.50U3.88 172.50±5.20 175.0±10.0

PRE-INFUSION
Perfusion pressure 

Carotid Mood flow

(mmHg)

(ml/min)

38.6j?.0
99.9jg.8

41.2t3.1
89.847.5

43.0±7.7

115.0+9.0

Femoral Mood flow (ml/min) 34.4j3.6 28.Qt3.3 24.0U6.0

Heart rate (bpm) 201.0Qd8.06B 137.50±15.07 110.0±5.0

POST-INFUSION
Perfusion pressure (mmHg) 37.7^.3 46.«±7.2 52.3±6.3
Carotid Mood flow (ml/min) 105.1±7.8 59.Qt3.8 75.5±3.5

Femoral Mood flow (ml/min) 38.9jg .l 12.8+6.3 1.5+0.5

Heart rate (bpm) 180.42i4.13 193.50dll.23 160.OU6.12 152.15±12.5

Perfusion pressure (mmHg) 41.1:6.0 35.841.9 48.2+5.4 57.0+2.7
NORMOXIA Carotid Mood flow (ml/min) 94.545.6 106.1+6.0 72.3t5.8 112.5±7.5

Femoral Mood flow (ml/min) 33.4j2.7 37.4d3.4 18.Qt5.5 7.(>tl.0

Heart rate (bpm) 177.5046.17 177.8848.67 180.Q±7.90 170.0±20.0

EARLY HYPOXIA
Perfusion pressure 

Carotid Mood flow
(mmHg)

(ml/min)

40.^2.2 
113.3bt7.4 Z

25.3jg.2 Y 
98.4U8.9

40.Qt5.1
94.(U;13.1

41.5±1.8
125.0U3.0

Femoral Mood flow (ml/min) 33.fit2.9 34.7j4.7 23.5±4.7 25.0±10.0

Heart rate (bpm) 198.33j6.75 ^ . 197.50+11.27 -

LATE HYPOXIA
Perfusion pressure 

Carotid Mood flow
(nunHg)

(mlAnin)

44.7j?l 
1 0 5 .^ 8  Z

38.414.4
106.0U3.6

-

Femoral Mood flow (ml/nin) 27.4^.2% - 21.4t5.2 -

Table 6.2 Fetal heart rate, perfusion pressure, and carotid and femoral blood flow results for denervated 
fetuses during control experiments and experiments involving treatment with either phentolamine or with 
combined phentolamine and AVP. Values shown are mean±S.E.M for 5 minutes before (PRE-) and 5 minutes 
after (POST-) drug infusion, the last minute of normoxia, 5 minutes (EARLY) and 60 minutes (LATE) of 
hypoxia.
pre- V post-infusion paired t-test A=P<0.01 B=P<0.05
normoxia v hypoxia paired t-test X=P<0.001 Y= P<0.01 Z=P<0.05
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NORMOXIA HYPOXIA NORMOXIA

240-, DENERVATED
220 -

Contiol (n=12)
After phentolamine & 
AVP(n=4)

200 -

Fetal heart rate 
(beats per minute)

160-

140-

1 2 0 -J

60-1

50-

Perfusion pressure 
(mmHg)

40

30-

1.0 -,

0 .8 -

0.6 -
carotid

0.4 =

0 .2 -

Vascular resistance o.o- 
(mmHg/ml/min)

20 - |

15-

femoral lo -

120 180

Time (minutes)

Figure 6.2 Felal heart rate, perfusion pressure and vascular resistance (mean±SJE.M) in 
denervated fetuses during control experiments and experiments involving combined infusions of 
phentolamine and AVP.
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Fetal heart rate 
(bpm)

250-

200 -

150-

100

50-

0 -

60

Perfusion pressure 
(mmHg)

20

carotid

Vascular resistance 
(mmHg)

femoral

1.0

0.8

0.6

0.4

0.2

0.0

10

8

6

4

2

0

NORMOXIA EARLY HYPOXIA

DENERVATED
□  s«line(n«12) 
g  phentolamine(n= 10) 

phentolamine & AVP(n=6)

Figure 6.3 Fetal heart rate, perfusion pressure and vascular resistance in carotid denervated fetuses after 
saline, phentolamine and combined phentolamine & AVP treatment during normoxia and after 10 minutes of 
hypoxaemia. Values shown are mean±S.E.M of all values.
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6.3.2 Plasma AVP concentrations 

A cute hypoxaemia

Plasma concentrations of AVP were measured in 8 intact and 7 denervated fetuses 
during the experimental protocol. Plasma AVP concentrations were not different 
between intact and carotid denervated fetuses in any of the samples taken throughout the 
experiment (Fig. 6.4). AVP increased gradually during hypoxaemia in both intact and 
denervated fetuses from ca. 2 pg ml ' to maximal levels of ca. 18 pg ml^ by the end of 
hypoxaemia. After hypoxaemia AVP concentrations decreased in both groups of fetuses 
but remained above prehypoxaemic levels after 1 hour of recovery.

HYPOXIA

Vasopressin 2 0 -
(pg/ml) 15

10

5-

0

□ Intact (n=8)
■  Denervated (n=7)

NORMOXIA EARLY LATE RECOVERY

Figure 6.4 Plasma concentrations of AVP in intact and denervated fetuses during the acute 
hypoxia experimental protocol.

normoxia v hypoxia paired t-test *P<0.05

Phentolam ine treatment

Plasma concentrations of AVP were measured in 7 intact and 5 denervated fetuses after 
treatment with phentolamine throughout the experimental protocol. All denervated and 
four of the intact fetuses treated with the a-antagonist died during hypoxaemia. Plasma 
AVP concentrations appeared to reach higher values after phentolamine pretreatment, in 
normoxia and during hypoxaemia, both in intact and denervated fetuses (Table 6.3). 
Plasma AVP concentrations in those intact fetuses which survived the hypoxaemic 
challenge after phentolamine reached higher values than in those intact and denervated 
fetuses treated with phentolamine which did not survive hypoxaemia.
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[AVPJplasma (pg/ml)
Intact Denervated

saline phentolamine saline phentolamine phentolamine & AVP
survival death survival death

(n=8) (n=3) (n=4) (n=7) (n=5) (n=3) (n=2)

NORMOXIA l.Qtp.l 4.1jg.8 5.Qt2.1 13±0.3 6.640.7 156.9+71.8 362.5±65.5

HYPOXIA 173j4.3 2263±65.9 43.5+10.9 13.94-2.9 >79.8* >413.3* >675.0*

RECOVERY 6.0tl.6 19.5t7.2 5.(kl.0 263.3±71.9 -

Table 6 3  Plasma concentrations of AVP in intact and denervated fetuses during control experiments and 
experiments involving pretreatment with phentolamine and combined phentolamine and AVP infusion. 
*Mean values calculated from blood samples which contained a greater concentration of AVP than that 
detected by the assay.

Combined phentolamine and AVP treatment

Plasma AVP concentrations were measured in 5 denervated fetuses which were treated 
with a combined infusion of exogenous AVP and phentolamine during the experimental 
protocol. Whilst three of these fetuses survived the hypoxaemic challenge, two died 
even after re-infusion of vasopressin. Plasma AVP concentrations were increased more 
both in normoxia and during hypoxaemia after combined phentolamine and AVP 
infusion than after phentolamine administration alone (Table 6.3).

6.4 Discussion

The main finding of this study is that, whilst all fetuses in which carotid denervation 
was combined with a-blockade died during hypoxaemia, 4 out of 6 denervated fetuses 
which received both phentolamine and AVP, survived. Exogenously administered AVP 
may have replaced the lost endogenous AVP release due to the carotid denervation. 
Therefore there is a case for arguing that AVP release during hypoxaemia may be 
initiated by the carotid chemo- and baroreceptors. Carotid sinus denervation however 
does not affect the increase in plasma AVP concentrations in response to hypoxaemia. 
The implications of these findings are discussed.

6.4.1 Haemodynamic effects of AVP

The cardiovascular actions of AVP are complex since it is a potent vasoconstrictor but it 
can also act on the heart, decreasing cardiac output and heart rate (see Share, 1988). In
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addition, in some species at least, AVP has been described to act on the CNS to increase 
the sensitivity of the baroreflex (Robinson, 1986; Wang, Ginter & Goetz, 1987). 
Finally, the vasoconstrictor actions of AVP may be modulated via interactions with other 
humoral factors (Ishikawa, Goldberg, Schrier, Aisenbrey & Schrier, 1984; Elijovich, 
Barry, Krakoff & Kirchberger, 1984).

Since AVP was detected both in the neurohypophysis (Alexander, Britton, Forsling, 
Nixon & Ratcliffe, 1973) and in the plasma (Rurak, 1978; Skowsky, Rosemblum & 
Fisher, 1974) of the sheep fetus by midgestation, there has been a growing interest in its 
function in the fetal cardiovascular system. This has been with specific reference to its 
pressor effects since increases in plasma concentrations of AVP have been shown to 
occur in hypotension (Rose, Meis & Morris, 1981; Wood, 1982), haemorrhage 
(Alexander et o/., 1973; Wood et a/., 1989) and hypoxaemia (Alexander et a i, 1973; 
Rurak, 1978; Raff et al., 1991).

The vasoconstrictor actions of AVP were first demonstrated by Oliver and Schafer in 
1895 who reported that an extract of the pituitary increased arterial pressure. This 
hypertensive response was interpreted to be due to arteriolar constriction. Since then it 
has been demonstrated repeatedly that AVP can constrict most vascular beds (see Share, 
1988), with the possible exception of the cerebral vessels (Lassof & Altura, 1980; 
Katusic, Shepherd & Van-houtte, 1984). In the sheep fetus exogenous infusions of 
AVP to achieve constriction in the physiological range produce bradycardia and 
hypertension (Iwamoto et al., 1979).

In the present chapter infusion of vasopressin into the fetal circulation produced a 
bradycardia and an increase in vascular resistance even when administered in 
conjunction with phentolamine. These findings confirm the vasoconstrictor actions and 
cardiac effects of the drug reported in earlier studies. Furthermore, AVP infusion into 
fetal sheep at a rate which would mimic the naturally-occurring rise in plasma AVP 
during hypoxaemia, increased the chance of survival during hypoxaemia even after 
combined carotid denervation and a-blockade. Carptid denervation and a-blockade 
abolishes all peripheral vasoconstriction produced either by carotid chemoreflexes or via 
catecholamine actions on the peripheral blood vessels. The acute compensatory effect of 
exogenously administered AVP during these circumstances must depend primarily on 
the vasoconstrictor function of the hormone since its action to reduce cardiac output 
would only antagonise the maintenance of arterial blood pressure.
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6.4.2 Plasma AVP measurements

That AVP release during hypoxaemia may be mediated via the carotid chemo- and 
baroreceptors could be tested definitively by comparing plasma concentrations of AVP 
attained during hypoxaemia between intact and carotid denervated fetuses.

The results presented here however show that increased plasma AVP concentrations 
during hypoxaemia were not different between intact and denervated fetuses. This 
finding has two implications:
1) Fetuses with combined carotid denervation and a-blockade did not survive 

hypoxaemia because of a lack of AVP release into their circulation, and
2) Vasopressin release during hypoxaemia may be mediated via afferent pathways other 

than via the carotid chemo- and baroreceptors. This is discussed further below.

Given that carotid denervation did not attenuate plasma AVP concentrations during 
hypoxaemia, one would expect superimposed infusions of exogenous AVP into these 
fetuses to augment the concentration of the hormone during this time. In these studies 
plasma concentrations of AVP in denervated fetuses treated with phentolamine reached 
levels of ca. 600 pg ml-̂  during hypoxaemia after AVP treatment compared to maximal 
hypoxaemic levels of ca. 20 pg ml^ in saline treated denervated fetuses. Although AVP 
infusion augmented plasma AVP concentrations, it is likely that the size of this increase 
was due to the action of factors other rather than by the exogenous AVP infusion alone, 
especially since the rate of exogenous AVP infusion was designed to achieve increases 
in plasma concentrations similar to those observed during acute hypoxaemia (see 
Iwamoto et a/., 1979).

One consideration is that plasma concentrations of AVP were increased after 
phentolamine pre-treatment alone. Phentolamine may increase AVP by producing 
hypotension (Rose et al., 1981; Wood, 1989), probably as a result of decreased 
baroreceptor discharge (Bond & Trank, 1972). In addition it is suggested that a - 
adrenergic agonists might inhibit the release of AVP from the posterior pituitary, 
although there is controversy in the literature regarding this hypothesis. For example, 
whilst Kimura, Share, Wang & Crofton (1981) found that noradrenaline injected into 
the lateral ventricle of anaesthetized dogs resulted in decreased AVP release, others have 
reported that noradrenaline stimulates AVP release (Bridges & Thom, 1970; Kuhn, 
1974; Milton & Paterson, 1974; Hoffman, Phillip & Schmid, 1977). In all of these
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latter studies however changes in AVP release were estimated by indirect methods such 
as changes in urine flow or osmolality and changes in electrical activity of 
neurosecretory cells, thus the physiological significance of these results is difficult to 
interpret

In a previous communication (Giussani et a i, 1992d), it was reported that systemically 
administered phentolamine, an a-adrenergic antagonist, may block the inhibitory 
influence of central catecholamines on FBM. In the experiments reported in this chapter 
phentolamine may have produced an increase in AVP release by counteracting the effect 
of catecholamines on the neurohypophysis. This idea is however controversial as 
phenoxybenzamine, another a-adrenergic antagonist, has been reported to prevent an 
increase in AVP in response to haemorrhage (Palier and Linas, 1984).

It is important to note that in the present studies the maximal plasma concentrations of 
AVP obtained in untreated fetuses during hypoxaemia were within the range of those 
obtained by Raff et al. (1991) in response to hypoxaemia, by Wood et al. (1989) in 
response to haemorrhage, and by Wood (1989) in response to hypotension. 
Conversely, earlier reports by Alexander et al. (1972) and Rurak (1978) showed much 
larger increases in plasma AVP levels in response to a similar degree of hypoxaemia. 
These were reported originally in pU ml'* but can be calculated to be, by the criteria of 
Share (1988), to ca. 333-2000 pg ml \  One possible explanation for these differences 
could be, again, the method of plasma AVP analysis. Whereas in the studies reported in 
this thesis, those of Raff et al. and Wood and colleagues, AVP plasma concentrations 
were obtained by RIA, in the studies of Rurak and Alexander and colleagues AVP in 
plasma was determined by bioassay. In the studies of Rurak (1978), for example, urine 
flow rate was used. Such a biological response offers scope for high scatter of data 
about the dose-response line. This variability associated with the dose-response curve 
for a bioassay are intrinsic features of the biological test system used. In contrast, in 
RIA, assuming a sufficiency of antibody, the hormone bound to it will bear a more 
truthful relationship to its original concentration.

Given that:
1) phentolamine produces an increase in plasma AVP concentrations, either via 
hypotension and/or by lifting adrenergic inhibitory influences on AVP release and
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2) carotid denervation does not affect plasma AVP concentrations, it is not surprising 
that exogenous infusions of AVP into phentolamine pre-treated denervated fetuses 
produced such high plasma AVP concentrations as those observed in these studies. 
This suggests that increased fetal survival after combined phentolamine and AVP 
treatment may have been due to the pharmacological levels of AVP achieved at the 
peripheral vasculature. What is fascinating is that, even at such pharmacological levels 
of AVP, arterial pressure still fell in those fetuses which did not survive the hypoxaemia 
after the combined infusion. Furthermore, the extent of the bradycardia and 
vasoconstriction induced by these high levels of AVP appears to be less than that 
induced by hypoxaemia alone. These findings therefore question the role of AVP in 
mediating the fetal cardiovascular responses to hypoxaemia and suggest that the 
maintenance of arterial blood pressure either during hypoxaemia or under normal 
circumstances is primarily due to vasoconstrictor systems other than AVP.

These suggestions are in agreement with those of Picquadio et al. (1990) who reported 
that administration of a Vi-antagonist did not affect the fetal cardiovascular responses to 
hypoxaemia. These findings however contrast those of Peréz et al. (1989) who reported 
that the rise in arterial blood pressure during hypoxaemia in the sheep fetus was partially 
reversed when this AVP antagonist was administered at the mid-point of the hypoxaemic 
period. However, although no statistical analyses were performed, it can be seen in the 
data of Peréz et al. (1989) that, even though the blocker lowered arterial pressure during 
hypoxaemia, at no time was arterial pressure in the blocked fetuses significantly 
different from in the control fetuses. Thus a clear role for AVP in the fetal circulation 
during hypoxaemia is yet to be determined.

6.4.3 Control of vasopressin release

In the adult it is well established that vasopressin release is controlled by two main 
groups of receptors: 1) stretch receptors in the atria of the heart and 2) arterial baro- and 
chemoreceptors (see Share, 1988). Increased cardiac receptor (Bennett, Linden & 
Mary, 1983; Pater, Schultz, Sundet, Mapes & Goetz, 1982; Wilson & Ledsome, 1983) 
or baroreceptor activity (see Clark & Rocha e Silva, 1967; Azis, 1973; Wood, Keil & 
Rudolph, 1984) lead to a decrease in plasma AVP concentration. However, Share and 
Levy had shown as early as 1966 that carotid chemoreceptor stimulation by 
deoxygenated blood produces an increase in AVP release in adult dogs. Thus, in a
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particular stimulation, the overall A VP response will depend on the balance of individual 
inhibitory and excitatory contributions from each of these afferents.

Relatively little attention has been directed to mechano- or chemoreceptor control of A VP 
responses in fetal animals. Although it has been shown that plasma A VP concentrations 
increase in haemorrhage (Wood et al.y 1989), hypoxaemia (Alexander et al.y 1973; 
Rurak, 1978; Agaki et al.y 1990; Raff et al.y 1991) or hypotension (Wood, 1989), little 
is known about the control of these responses. Given that vasopressin responses to 
moderate haemorrhage (Wood et al.y 1989) and to mild hypoxaemia (Rurak, 1978) in 
the sheep fetus were more closely correlated to changes in arterial pH and PO2 than to 
changes in arterial pressure, it was suggested that these changes were mediated via 
chemoreceptor rather than by mechanoreceptor activity. Moreover, it has been shown 
both in the adult dog (Raff et al.y 1983) and in fetal sheep (Raff et al.y 1991) that A VP 
responses to hypoxaemia are augmented by increases in fa.cOz. The fa,0 2 - and pH- 
dependent hormone increases and the augmentation of these relationships by 
hypercapnia are consistent with a chemoreceptor-mediated reflex.

Evidence in the literature however shows discrepancy between ideas on the role of the 
peripheral chemo- and baroreceptors in mediating hormonal responses in fetal animals. 
Although denervation of both the aortic and carotid chemo- and baroreceptors has been 
shown to attenuate the increase in plasma concentrations of A VP in response to vena 
caval obstruction (Wood, 1989), plasma A VP concentrations were not affected either in 
response to hypoxaemia or asphyxia after sino-aortic denervation in fetal sheep (Raff et 
al.y  1991). Similarly, Wood and colleagues (1989) reported that vagotomy did not 
affect plasma A VP concentrations in response to haemorrhage. Conversely, Rurak 
(1978) suggested that A VP levels in response to hypoxaemia were attenuated in fetuses 
in which the vagosympathetic trunks had been cut. Therefore the role of the peripheral 
chemo- and baroreceptors in mediating A VP responses is still a matter of debate.

To date no study however had investigated the contribution of the carotid chemo- and 
baroreceptors alone in mediating AVP responses in the sheep fetus. I felt this was 
important to do since it has been shown that carotid chemoreceptor stimulation alone by 
deoxygenated blood stimulates an increase in plasma AVP levels (Share & Levy, 1966). 
The results reported in the present chapter show that carotid sinus nerve section does not 
affect plasma AVP concentrations in response to acute hypoxaemia in term fetal sheep. 
Thus, it would appear that AVP release during hypoxaemia is not mediated via the 
carotid chemo- and baroreceptors. Since the beginning of these studies, a paper has
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been published which reports that sino-aortic denervation in the sheep fetus does not 
affect plasma concentrations of AVP during hypoxaemia (Raff et al., 1991). The 
findings reported in this Chapter thus support the conclusions of this study.

In addition, the fact that since total peripheral denervation did not affect fetal plasma 
AVP responses to either hypoxaemia, hypercapnia or asphyxia (Raff et al., 1991), 
prompted Wood (1992) to suggest that AVP may be controlled by a 'chemoreceptor' 
located elsewhere, probably within the CNS itself.

There is much evidence for central control of AVP release in the adult. For example, the 
involvement of AVP in the maintenance of fluid and electrolyte balance has been 
recognized for decades (see Vemey, 1947). The signals regulating AVP release from 
the neurohypophysis for these functions involve osmoreceptive mechanisms located 
primarily in the supra-optic nucleus (SON) and paraventricular nucleus (PVN) of the 
hypothalamus (Vemey, 1947; see Bie, 1980). However, in spite of the numerous 
studies on the central osmotic control of AVP release (for review see Robertson, Shelton 
& Anther, 1976; Bie, 1980), specific mechanisms underlying this regulatory function 
remain poorly defined, even in the adult.

AVP release during hypoxaemia may also result from changes in blood flow. For 
example, it is known that neurohypophyseal blood flow is increased during hypoxaemia 
in the adult dog (Hanley, Wilson & Traystman, 1986). That carotid denervation does 
not affect increases in neurohypophyseal blood flow during hypoxaemia has also been 
previously reported for the adult dog (Hanley et al., 1988).

In conclusion:
1) Exogenous AVP administration can improve chances of fetal survival but only at 

levels much higher than those seen normally during hypoxaemia.
2) Carotid sinus nerve section does not abolish the rise in plasma AVP levels observed 

during hypoxaemia.
3) Failure to increase plasma AVP during hypoxaemia is not the reason for poor fetal 

survival after combined denervation and a-adrenergic blockade.
4) AVP release during hypoxaemia may be mediated by factors other than the carotid 

sinus nerves.
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1. ROLE OF THE CAROTID SINUS NERVES IN 
ACTH AND CORTISOL RESPONSES DURING 

HYPOXAEMIA

7.1 Introduction

Although it is well established that plasma ACTH and cortisol concentrations increase in 
response to stress in both the adult and the fetus, the control of these responses is still a 
matter of some debate even in the adult. The aim of this study was to investigate the role 
of the carotid chemo- and baroreceptors in mediating fetal ACTH and cortisol responses 
in acute hypoxaemia.

In term fetal sheep it has been shown that plasma concentrations of ACTH and cortisol 
increase in response to hypoxaemia (Jones, Boddy, Robinson & Ratcliffe, 1975; Akagi 
et at., 1990), haemorrhage (Wood et al., 1989; Wood, 1989) or hypotension (Rose et 
al., 1981). The peripheral chemo- and baroreceptors have been implicated in partly 
mediating these responses, since sino-aortic denervation attenuates the increase in 
ACTH in hypotension (Wood, 1989). Furthermore, two separate studies implicate a 
role for the carotid and not the aortic chemo- and baroreceptors in mediating these 
responses. Wood and colleagues (1989) showed that vagotomy does not affect the 
increase in either ACTH or cortisol in fetal sheep, and Raff, Tzankoff & Fitzgerald 
(1982) showed that in the adult dog, both sino-aortic denervation and carotid 
denervation attenuated the cortisol response to hypoxaemia but aortic denervation did 
not. Whether the carotid chemo- and baroreceptors provide the afferent pathway 
mediating ACTH and cortisol release during acute hypoxaemia had not been previously 
investigated for the sheep fetus.

Although short-term control of glucocorticoid output from the adrenal cortex is widely 
believed to be largely determined by ACTH, a number of situations have been described 
in which adrenal cortisol output and plasma ACTH concentrations are not well correlated 
(Krieger, 1979). Thus it has become apparent that the control of adrenocortical activity 
may depend upon the actions of factors additional to ACTH. One such factor, for 
example, is the innervation of the gland which exerts an important modulating influence 
(Engeland, Byrnes, Pressnell & Gann, 1981; Wood, Schinsako & Dallman, 1982a; 
Wood, Schinsako, Keil, Ramsay & Dallman, 1982b; Edwards, Jones & Bloom, 1986).
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It has been suggested that cortisol may be released in the absence of an increase in 
plasma ACTH via a reflex pathway. First, Edwards and Jones (1987) reported that 
electrical stimulation of the splanchnic nerve in hypophysectomised calves produced an 
increase in plasma cortisol concentration. Secondly, plasma levels of cortisol in 
response to hypotension have been shown to be depressed, although the increase in 
ACTH was not affected, in fetal sheep which had the splanchnic nerves cut bilaterally 
(Myers, Robertshaw & Nathanielsz (1990). Thus a neural component, which may 
partly mediate cortisol release independent of increases in plasma ACTH and/or sensitise 
adrenocortical responses to endogenous ACTH action, is implicated. To our knowledge 
there have been no studies which have examined the possible afferent pathways of this 
reflex response.

Therefore this study investigated whether carotid denervation alone affected the increase 
in ACTH in acute hypoxaemia in term fetal sheep. Furthermore, we examined whether 
carotid denervation dissociated the ACTH and cortisol response to hypoxaemia, as 
might be expected if cortisol release is partly mediated by an ACTH-independent reflex. 
Some of the results reported in this chapter have been previously published in abstract 
(Giussani, McGarrigle, Bennet, Moore, Spencer & Hanson, 1992g; included as 
Appendix XI).

7.2 Methods

7.2.1 Surgical preparation

Sterile surgery was carried out on 16 cross-bred pregnant ewes at 118-125 days 
gestation under general anaesthesia (Ig sodium thiopentone for induction; 2-3% 
halothane in O2  for maintenance). Following partial fetal exteriorization, catheters 
(I.D=1.0; O.D. =2.0 mm, translucent vinyl tubing, Portex Ltd.) were placed in a carotid 
artery and a jugular vein. Both catheters were filled with heparinised saline, brought out 
through the maternal flank and maintained patent post-operatively by the slow infusion 
of heparinised saline (50 I.U. ml-i at 0.125 ml hr^). In 8 fetuses the carotid sinus 
nerves were cut bilaterally. Experiments commenced on the fourth post-operative day. 
During this time antibiotics were administered daily to the ewe I.M. (4ml Streptopen; Ig 
procaine and Ig dihydrostreptomycin, Glaxo Ltd), to the fetus I.V. (SOOmg Crystopen; 
sodium benzylpenicillin, Glaxo Ltd) and into the amniotic cavity (3(X)mg Crystopen).
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7.2.2 Experimental procedure

All experiments were based on the normoxia, hypoxia, normoxia protocol previously 
described. 5 x 1ml carotid blood samples were collected in order to determine ACTH 
and cortisol plasma concentrations at 30 minute intervals after 45 minutes of control. On 
a subsequent day, the protocol was repeated after intravenous administration of 
phentolamine (Rogitine, Ciba; bolus dose 10 mg at the start of the experiment followed 
by infusion of 0.2 mg min"^) but this time blood samples were collected for hormone 
analysis only after 45 minutes of control, after 45 minutes of hypoxia and after 45 
minutes of recovery. Some intact and all carotid denervated fetuses died after 
phentolamine treatment in hypoxaemia. In these animals hormone concentrations during 
the hypoxaemic episode were determined just prior to death.

7.2.3 Collection of plasma for hormone analysis

Blood samples were collected from the animals using sterile conditions and transferred 
into EDTA polypropylene collection tubes kept on ice. These were centrifuged at 0®C at 
2000 X g for 10 minutes. Plasma was removed, aliquoted and stored at -40°C until 
assayed.

During vehicle infusion experiments 6 intact and 6 carotid denervated fetuses had blood 
samples collected for both ACTH and cortisol analysis. In 1 intact and 1 denervated 
fetus blood samples were analysed only for cortisol; in another intact and another 
denervated fetus blood samples were only analysed for ACTH.

During phentolamine treatment ACTH and cortisol were analysed in 6 intact fetuses and 
5 denervated fetuses. Four intact and 3 denervated fetuses had blood samples collected 
for simultaneous measurement of both ACTH and cortisol. In 2 further intact and 2 
further denervated fetuses blood samples were collected for ACTH analysis only.

7.2.4 Hormone analysis

ACTH and cortisol plasma concentrations were analysed by Radio-immuno assay by Dr 
H.H.G McGarrigle, at the Endocrinology laboratory , Department of Obstetrics & 
Gynaecology, University College London. The detailed methods for these procedures 
are included in Appendix II. In brief, plasma ACTH levels were measured using a
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double-antibody r ja  (Diagnostics Products Ltd.,Abingdon). The interassay 
coefficients of variation for three controls (26,94,296 pg ml^ ) in three assay batches 
were 12.9%, 8.2% and 6.7%, respectively. The sensitivity of the assay was 8 pg ml \

The ACTH antiserum used is highly specific for ACTH, with an extremely low 
crossreactivity to other compounds which may be present in the same sample assayed. 
A table of crossreactivity of the antiserum to these compounds is shown included in 
Appendix XIV.

Plasma cortisol concentrations were also measured by RIA using tritium labelled cortisol 
as tracer (see Dame, McGarrigle & Lachelin, 1989). Inter-assay coefficients of 
variation for 3 control plasma pools (16.8,62.4 and 123.7 nmol 10 in 12 assay batches 
were 11.2, 7.4 and 6.8%, respectively. The sensitivity of the assay was 30 pmol litre’* 
tube.

7.2.5 Statistical analysis

Blood gases and pH (mean±S£.M) are expressed for the last blood sample in normoxia, 
hypoxia and recovery, unless otherwise stated, for intact and denervated fetuses. 
Cortisol and ACTH values are the mean+S.E.M for each of the five sampling times 
during the protocol. The ACTH and cortisol responses in fetuses in which only one 
hormone was measured were pooled with those of fetuses in which both hormones were 
measured.

Whilst all denervated fetuses treated with phentolamine died during the hypoxaemic 
episode, 3 out of 6 intact fetuses treated with the antagonist survived. The ACTH and 
cortisol plasma concentrations of the intact fetuses which died were not different from 
those of intact fetuses which survived. These values were therefore grouped for 
statistical analysis. Blood gases, pH and hormone values given for fetuses which died 
during hypoxaemia, whether intact or denervated, are the mean+S.E.M. of the last 
blood sample taken prior to death. A paired t-test was used to compare normoxic with 
hypoxaemic conditions in a single group of fetuses. When comparing data between 
different groups of fetuses, an unpaired t-test was used. Significance was accepted 
when P<0.05.
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7.3 Results

7.3.1 Blood gases and pH

Mean arterial blood gases and pH in intact and denervated fetuses were similar during 
normoxia after vehicle infusion or pretreatment with phentolamine (Table 1). In vehicle 
infusion experiments during hypoxaemia, /*a, 0 2  was reduced both in intact and 
denervated fetuses from ca. 24 to ca, 14 mmHg, without altering /*a,C0 2  or pH. After 
phentolamine treatment during hypoxaemia fa , 0 2  was similarly reduced in all fetuses. 
In those fetuses which died there was a trend for pH to fall and fa,C02 to rise, although 
these results were not always significant due to the small sample size. fa,C02 and pH 
were maintained in those fetuses which survived.

1st hour-NORMOXIA 2nd hour-HYPOXIA 3rd hour-NORMOXIA
pH foo,(mmHg)fO;(mmHg) pH fo)%(mmHg)fo%(mmHg) pH fco,(mmHg) fO;(mmHg)

intact
Control den«v»tcd

(n«8)
(n-8)

7.36 ± 0.09 44.4 ±2.0 22.6 ±0.7 
7.35 ±0.01 44.1 ±2.0 24.3 ±1.2

7.29 ± 0.01* 43.1 ±  0.9 13.5 ± 0.2* 
7.34 ± 0.02 44.0 ±1.2 14.0 ±0.3*

7.36 ±0.01
7.36 ±0.01

43.9 ±2.0 21.9 ±1.1 
43.7 ±1.5 23.4 ±1.4

survival
intact

Phentolamine

7.33 ±0.01 45.9 ±4.0 22.5 ±2.0 

7.32 ± 0.01 ̂  46.4 ± 2.2 23.0 ± 2.6

7.26 ±0.03 45.4 ±3.6 13.5±0.3*> 

7.14 ±0.04® 55.5 ±Z4^ 14.0 ±0.8

7.32 ±0.02 43.3 ±2.3 220 ±1.3

denervated (n=5) 7.35 ±0.01 47.6 ±1.3 22.2 ±1.1 7.15 ±0.06** 71.6 ±7.1** 118 ±0.4* - -

Table 7.1 Blood gas and pH results during control experiments and experiments involving 
pretreatment with phentolamine. Values given (mean+S.E.M) are for the last minute of normoxia, the 
last minute of hypoxaemia and the last minute of recovery. Values given for phentolamine treated fetuses 
which died during hypoxaemia are the mean±S.E.M of the last blood sample before death.

®p<0.01 control V hypoxaemia (paired t-test).
*»p<0.05 control V hypoxaemia (paired t-test).

^p<0.001 saline v phentolamine (unpaired t-test).
®p<0.01 saline v phentolamine (unpaired t-test).
Cp<0.05 saline v phentolamine (unpaired t-test).

7.3.2 Effect of carotid sinus nerve section on ACTH and 
cortisol responses to hypoxaemia

Mean plasma ACTH and cortisol did not differ in intact and denervated fetuses during 
normoxia (Fig.7.1). ACTH increased during early hypoxaemia in both intact and 
denervated fetuses. In late hypoxaemia there was a further increase in ACTH in both 
groups of fetuses albeit at a reduced level in the denervated fetuses. This difference 
however did not reach statistical significance (P<0.057).

Overall, whilst mean cortisol increased in the intact fetuses in early hypoxaemia, this did 
not occur in the denervated fetuses. Carotid sinus nerve section however did not
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prevent a delayed rise in mean plasma cortisol concentrations late in hypoxaemia. Both 
mean ACTH and mean cortisol plasma levels decreased slowly during recovery although 
they did not reach pre-hypoxaemic values by the end of the experiment.

Figure 7.2 shows the individual responses of ACTH and cortisol to acute hypoxaemia in 
all intact (n=6) and denervated (n=6) fetuses in which blood samples were taken for 
analysis of both hormones. The responses of ACTH and cortisol to hypoxaemia were 
highly variable from fetus to fetus, whether intact or denervated, showing a poor 
correlation between the hormones (Fig. 7.3). However, these data shows that the 
cortisol response appears depressed early in hypoxaemia in most of the denervated 
fetuses.
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Figure 7.1 ACTH and cortisol concentrations during hypoxaemia in intact and carotid denervated 
fetuses. Values shown are mean + SEM for normoxia, 15 (EARLY) and 45 (LATE) minutes of 
hypoxaemia, and 15 and 45 minutes of recoveiy . Comparisons are between mean values at the last 
minute of normoxia with early and late hypoxaemia.
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Figure 7 2  Individual ACTH and cortisol responses to acute isocapnic hypoxaemia in intact and 
carotid denervated fetuses.
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In fact, two fetuses (No. 115 and No.86) showed no increase at all after 15 minutes of 
hypoxaemia. Conversely, plasma cortisol levels increased early in hypoxaemia in all 
intact fetuses. In one fetus. No. 105, this early increase reached substantial cortisol 
concentrations.

Plasma concentrations of ACTH increased in intact fetuses both in early and late 
hypoxaemia, reaching high concentrations by 45 minutes of hypoxaemia in all but one 
fetus (No. 105). In 5 out of the 6 denervated fetuses (except for No.84) the 
adrenocorticotropic response appeared depressed. In one fetus (No. 115) ACTH levels 
were hardly detectable, even in late hypoxaemia.
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Figure 7 3  Relationship between plasma concentrations of ACTH and cortisol for intact and carotid 
denervated fetal sheep during the experimental protocol.

7.3.3 Effect of a-adrenergic blockade on ACTH and cortisol 
responses to hypoxaemia

Intact fetuses

Plasma ACTH concentrations were increased after phentolamine treatment during 
normoxia (Fig.7.4a). During hypoxaemia although there was an apparent increase in 
plasma levels of ACTH, this did not reach statistical significance. Plasma cortisol 
concentrations however were increased after phentolamine during hypoxaemia but not 
during normoxia.
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Denervated fetuses

Phentolamine did not affect plasma concentrations of either ACTH or cortisol in fetuses 
in which the carotid sinus nerves had been cut throughout the protocol (Fig.7.4b). 
Plasma concentrations of the hormones continued to remain low in these fetuses even 
prior to death.

7.4 Discussion

This study confirms that the plasma ACTH and cortisol concentrations increase in 
response to acute isocapnic hypoxaemia in term fetal sheep. Furthermore, it shows that 
whilst carotid denervation did not affect the increase in ACTH early in hypoxaemia, 
plasma cortisol concentrations did not increase in these fetuses at this time. Carotid 
denervation therefore appears to dissociate the early ACTH and cortisol responses to 
hypoxaemic episodes in term fetal sheep.

(a)

(b)

ACTH (pgAnl)

NORMOXIA HYPOXIA RECOVERY

2001
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100-
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I I s a l in e  ( n = 8 )

H  phentolam ine (n=7)

DENERVATED 
I I saline (n=8)

phentolam ine (n=S)

Figure 7.4 ACTH and cortisol results for intact (a) and carotid denervated (b) fetuses, during control 
experiments and those involving pretreatment with phentolamine. Values shown are mean + SEM for the 
last minute of normoxia, the last minute of hypoxaemia and the last minute of recovery . Comparisons are 
between mean values at the last minute of normoxia with those of hypoxia and recovery. All denervated 
fetuses treated with phentolamine died during the hypoxaemic episode (t).

Ap<0.01
*p<0.001
*»p<0.01
*-p<0.05

intact V denervated 
saline v phentolamine 
saline v phentolamine 
saline v phentolamine

(unpaired t-test). 
(unpaired t-test). 
(unpaired t-test). 
(unpaired t-test).
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7.4.1 Afferent pathways of the reflex

The afferent pathway of a reflex mechanism which may mediate cortisol release, or 
sensitise the adrenal cortex to ACTH action has not been previously investigated in the 
fetus. In adult animals hypoxaemia and/or hypercapnia stimulates secretion of ACTH 
and cortisol, responses which may be at least partially mediated by the peripheral 
chemoreceptors (Raff, Shinsako, Keil & Dallman, 1983a; Raff, Shinsako, Keil & 
Dallman, 1983b; Raff, Shinsako, & Dallman, 1984). In the studies of Raff and 
colleagues the Pa,0 2 -dependent hormone increase and the augmentation of the response 
by hypercapnia are consistent with a peripheral chemoreceptor-mediated reflex. 
Moreover, Wood et al (1989) reported that ACTH responses to mildly hypotensive 
haemorrhage in fetal sheep were more closely associated with changes in arterial blood 
pH than with changes in mean arterial pressure or central venous pressure. The 
adrenocorticotropic response to mild haemorrhage in fetal sheep may thus be mediated 
by the peripheral chemoreceptors rather than by mechanoreceptors.

Moreover, previous evidence suggests a role for the carotid rather than aortic 
chemoreceptors in principally mediating these responses. Whilst sino-aortic denervation 
attenuates the ACTH response to hypotension (Wood, 1989), vagotomy does not affect 
the increase in ACTH or cortisol in haemorrhage in fetal sheep (Wood et al.y 1989). 
Furthermore studies on adult dogs suggest that whilst aortic denervation does not affect 
cortisol responses to episodes of hypoxaemia, carotid denervation alone attenuates the 
response (Raff et al.y 1982). These findings are in agreement with those presented in 
this report where fetuses in which the carotid sinus nerves were sectioned bilaterally did 
not show an increase in cortisol early in acute hypoxaemia.

The difference in plasma concentrations of cortisol early in hypoxaemia between intact 
and carotid denervated fetuses may be the result of changes in adrenal blood flow. In 
term fetal sheep adrenal blood flow is known to increase during acute hypoxaemia 
(Cohn et al.y 1974; Rudolph, 1985; Jansen et a i ,  1989; Itskovitz et al., 1991) and 
during haemorrhage (Toubas, Silverman, Heymann & Rudolph, 1981). Jansen and 
colleagues (1989) reported that adrenal blood flow during hypoxaemia was attenuated in 
sino-aortic denervated fetal sheep suggesting a role for the peripheral chemoreceptors in 
regulating adrenal blood flow. On the other hand, Itskovitz et a/. (1991) concluded that 
denervation of the peripheral chemoreceptors did not affect the increase in fetal adrenal 
blood flow during hypoxaemia. They suggested that adrenal vascular responses to 
hypoxaemia may be mediated via local mechanisms rather than by chemoreflex
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responses. Thus, whilst past evidence conflicts on a possible role for the arterial 
chemoreceptors in mediating adrenal vascular responses to hypoxaemia, the effect of 
just cutting the carotid sinus nerves on the response has not been investigated.

A similar conclusion was reached by Myers et at. (1990) who reported that section of 
the splanchnic nerve has been shown to regulate adrenal blood flow. Section of the 
splanchnic nerves in both dogs and calves reduces adrenal arterial presentation rate of 
ACTH and venous output of cortisol (Edwards and Jones, 1987; Engeland et a/., 1985).

7.4.2 Efferent pathways of the reflex

Suggestion that the control of adrenocortical secretion is not mediated solely by 
increases in plasma ACTH concentration implies that the control of glucocorticoid 
secretion is multifactorial in nature (Gann, 1979). Several studies report a lack of 
correlation of ACTH with cortisol concentrations in adult and fetal animals (Boddy, 
Jones, Mantell, Ratcliffe & Robinson, 1974; Jones, Boddy & Robinson & Ratcliffe, 
1977; Krieger, 1979; Raff etal., 1981; Wood et al.y 1982). Dissociation of ACTH and 
adrenocortical responses could be explained by the presence of an ACTH-independent 
control mechanism for cortisol release.

Evidence has accumulated to indicate that splanchnic innervation of the adrenal gland 
may play a role in the control of corticosteroid secretion (Engeland et al.y  1981; Wood et 
al.y 1982; Wood et al.y 1982; Dempsher & Gann, 1983; Engeland et al.y  1985; Edwards 
et al.y  1986). For example, innervation of the gland exerts long-term effects on adrenal 
cortical activity (Engeland & Dallman, 1976; Dallman, Engeland & Shinsako, 1976; 
Kleitman & Holzwarth, 1985). Also, Edwards & Jones (1987) reported that whilst 
stimulation of the splanchnic nerve substantially enhanced the adrenal response to 
exogenous ACTH in conscious hypophysectomized calves, section of the splanchnic 
nerve reduced the sensitivity of the steroidogenic response (Edwards & Jones, 1987). 
Reduced adrenocortical sensitivity after splanchnectomy has also been shown in the 
newborn lamb (Edwards et a l.,  1986). These studies suggest the presence of a 
mechanism by which the adrenal cortical sensitivity to ACTH is regulated by a neural 
input via the splanchnic nerves. However, increases in plasma cortisol concentrations 
could also be obtained in hypophysectomized calves even in the absence of exogenous 
infusions of ACTH.
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The data reported in the present study show that carotid denervation affected the increase 
in cortisol release in early hypoxaemia but did not affect the increase in ACTH at this 
time. Thus cortisol release may be mediated in part by a reflex mechanism which is 
independent of an increase in plasma ACTH, having carotid chemoreceptor afferents and 
efferent fibres running in the splanchnic nerves (see Fig.7.5). Carotid denervation did 
not, however, prevent the delayed increase in cortisol in late hypoxaemia. This increase 
may be mediated via an ACTH-dependent mechanism. That bilateral section of the 
splanchnic nerves dissociates the cortisol and ACTH response to hypotension has also 
been recently reported in term fetal sheep (Myers et al., 1990). It is interesting to note 
that, in the ovine fetus, functional innervation of the adrenal gland occurs during the 
final third of gestation (Comline & Silver, 1961; Comline, Silver & Silver, 1965; 
Cheung, 1989), the same gestational period as that of maturing adrenocortical 
responses.

HYPOXIA CNS

Carotid sinus nerve Anterior pituitary

Splanchnic nerve? ACTH
Carotid baro- and 
chemoreceptors

CORTISOL
Adrenal cortex

F igure 7.5 H ypothetical diagrammatic representation o f  several m echanism s by which cortisol may be 
released in response to acute hypoxaemia. Hypoxaemia may simulate the peripheral chem oreceptors and/or 
the CNS and/or the anterior pituitary . Cortisol may then be reflexly-released through ACTH-dependent or 
independent efferent pathways.

It was previously reported (see page 99; Chapter 5) that all fetuses, in which carotid 
denervation and a-adrenergic blockade by phentolamine is combined, die without 
exception in hypoxaemia . It is interesting to note that whilst phentolamine enhances 
cortisol release in intact fetuses, probably by producing hypotension, cortisol did not
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increase in carotid denervated fetuses after phentolamine treatment even under extreme 
conditions such as just prior to death. These studies may therefore highlight the 
importance of the carotid body in mediating reflex adrenocortical responses.

In conclusion, we have shown that carotid sinus nerve section dissociates the early 
cortisol and ACTH responses to acute isocapnic hypoxaemia in term fetal sheep. The 
carotid body may therefore provide the afferent limb of a neural pathway by which 
cortisol may be reflexly released independent of ACTH during acute hypoxaemia. 
However, carotid sinus nerve section may also affect the sensitivity of the adrenal cortex 
to increases in circulating ACTH during hypoxaemia. Distinguishing between these two 
possibilities necessitates conducting further work.
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8. GENERAL DISCUSSION

This thesis examined the role of the carotid chemoreceptors in mediating reflex, 
cardiovascular and endocrine responses during episodes of acute isocapnic hypoxaemia. 
I consider that my most important findings are:

1) The initial bradycardia and the increase in femoral vascular resistance, characteristic 
of the early fetal cardiovascular responses to hypoxaemia, are reflex in nature being 
primarily mediated via the carotid chemoreceptors. The bradycardia is vagally- 
mediated and the femoral vasoconstriction is a-adrenergic.

2) Fetal survival during episodes of hypoxaemia is dependent on these reflexes and on 
the release of catecholamines from the adrenal medulla. However, since combined 
fetal carotid denervation and a-blockade is more deleterious than a-blockade alone, it 
is postulated that the carotid chemoreceptors provide an afferent pathway 
producing release of other humoral vasoconstrictors during hypoxaemia.

3) Increased plasma AVP concentrations during hypoxaemia are not mediated by a 
carotid chemoreflex. The non a-adrenergic vasoconstriction, initiated by the carotid 
chemoreceptors during hypoxaemia, is due to the action of vasoconstrictors other 
than AVP.

4) Finally, carotid sinus nerve section dissociates the early ACTH and cortisol 
responses to acute hypoxaemia. Cortisol release during early hypoxaemia may thus 
be mediated via an ACTH-independent mechanism, possibly involving a carotid 
chemoreflex with efferents in the splanchnic nerves.

Recent interest in the potential function of the peripheral chemoreceptors in utero has 
shown that they play little or no role in the control of FBM (Dawes et al., 1983; Murai, 
Lee, Wallen & Kitterman, 1985; Moore, 1988; Moore et al., 1989). Teleologically, 
since fetal breathing movements play no role in gaseous exchange, this is perhaps not 
surprising. Supply of oxygen and removal of carbon dioxide in the fetus is dependent 
on placental exchange, umbilical blood flow and the distribution of blood to fetal 
organs. As the chemoreceptors respond to changes in Pa,02 and Pa,C02, it is reasonable 
to speculate that they might be involved in controlling the distribution of fetal cardiac 
output. Redistribution of blood flow to preserve oxygen supply to the brain, heart and
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adrenals, achieved via neural and endocrine mechanisms, will increase the ability of the 
fetus to survive a hypoxaemic challenge (see Rudolph, 1984). Chemodenervation might 
be expected to affect this redistribution.

There were several criteria that needed to be fulfilled before proposing that the 
peripheral, in particular the carotid, chemoreceptors have a principal role in mediating 
fetal cardiovascular responses to hypoxaemia. It needed to be established that: 1) the 
responses studied were reflex in nature; 2) these responses were indeed chemoreflexes 
and not baroreflexes; and 3) the afferent receptors mediating these reflexes were 
primarily the carotid and not the aortic chemoreceptors. Points 1 and 2 are discussed in 
detail in sections 3.1 (page 70) and 4.3 (page 89) of the thesis, respectively. That the 
afferent receptors mediating cardiovascular responses of the sheep fetus to hypoxaemia 
are primarily the carotid rather than the aortic chemoreceptors is a question that had not 
formerly been addressed. Several investigators attempted to determine the relative roles 
of the aortic and carotid chemoreceptors in mediating these responses using denervation 
techniques. However the emphasis was on assessing the contribution of the aortic 
rather than the carotid chemoreceptors (see section 1.5.1, page 42). To date the effects 
of just cutting the carotid sinus nerves on the fetal cardiovascular responses to 
hypoxaemia had not been investigated. This was important to determine since the 
carotid chemoreceptors alone have been shown to initiate circulatory, respiratory and 
humoral responses in newborn and adult animals (see section 1.6, page 47).

The results of the investigations reported in this thesis fall into three distinct but related 
areas: 1) the effect of carotid denervation, 2) the effect of pharmacological blockade, and
3) the effect of combined carotid denervation and pharmacological blockade on fetal 
survival. This final chapter relates to these three areas, focusing on pertinent points for 
discussion. In addition, an attempt has been made to summarise diagrammatically the 
carotid chemoreflex processes which are proposed to control the cardiovascular system 
of the late gestation sheep fetus during hypoxaemia. Finally, knowledge of the control 
of fetal respiratory and cardiovascular reflexes in utero is compared.

8.1 Carotid denervation

The late gestation sheep fetus mounts a coordinated response to acute episodes of 
hypoxaemia which optimises oxygen delivery to vital organs at the expense of peripheral
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circulations (see Rudolph, 1984) and minimises oxygen consumption by inhibiting 

breathing and body movements (see Dawes, 1984). Characteristic of the cardiovascular 

responses to acute hypoxaemia are the rapid initial bradycardia, the increase in peripheral 

vascular resistance, seen in these studies as an increase in femoral vascular resistance, 

and the increase in plasma levels of catecholamines. In addition, it is known that a 

plethora of hormonal responses are activated so that, for example, increased plasma 

concentrations of AVP, ACTH and cortisol are obtained (see Hanson, 1988). Although 

these responses to acute hypoxaemia have been described repeatedly in earlier studies, 

more recent investigations have concentrated on the physiological pathways by which 

these responses may be mediated. In the present studies it was observed that section of 

the carotid sinus nerves alone interferes with the both cardiovascular and humoral 

responses during acute hypoxaemia.

8.1.1 Heart rate and femoral vascular resistance

It was reported that the initial bradycardia and the increase in femoral vascular resistance 

were dependent on the presence of the carotid chem oreceptors. The carotid 

chemoreceptors may therefore provide the afferent limb initiating these responses (Fig. 

8.1a).
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F igure 8.1a Flow diagram showing the carotid chemoreceptors providing the afferent pathway by which 
the initial bradycardia and the increase in femoral vascular resistance occurring during hypoxaem ia are 
mediated.

Whilst the functional activity of the carotid chemoreceptors in utero was questioned in 

early investigations (Dawes et a i ,  1968; Biscoe et al., 1969; see section 1.5.1), the
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findings reported in these thesis suggest otherwise. It is postulated that the carotid 
chemoreceptors have a primary role in mediating cardiovascular responses of the sheep 
fetus to hypoxaemia.

Evidence obtained from studies on adult animals similarly indicates that the carotid 
chemoreceptors are responsible for mediating the reflex effects on the heart and the 
peripheral circulation at the onset of hypoxaemia. Bemthal, Greene & Revzin (1951) 
and De Burgh Daly and Scott (1963) reported in dogs that, provided the rate and depth 
of breathing were maintained, stimulation of the carotid chemoreceptors by hypoxaemic 
blood caused a pronounced bradycardia. Both groups of researchers concluded that the 
primary effect of carotid chemoreceptor stimulation was to slow the heart and that under 
normal circumstances this response was partly or wholly masked by secondary 
mechanisms arising from the concomitant increase in respiratory minute volume (see De 
Burgh Daly, 1986). In the spontaneously breathing dog, cardiac accelerator responses 
tended to be associated with increases in ventilation above ca. 200%, and cardio- 
inhibitory ones with increases below 200%, with minimum changes around this value 
(see De Burgh Daly, 1983).

Similarly, the responses of the peripheral vascular beds also seem to be perturbed by 
concomitant changes in respiration. Whilst stimulation of the carotid chemoreceptors in 
spontaneously breathing animals causes hyperventilation and a sustained vasodilatation 
in the peripheral vascular beds (De Burgh Daly and Scott, 1963), an increase in total 
peripheral vascular resistance is obtained when pulmonary ventilation is maintained 
constant (De Burgh Daly and Scott, 1962, 1963). Thus the primary effect of carotid 
chemoreceptor stimulation on the periphery appears to be vasoconstrictor, causing 
vasodilatation only secondary to hyperventilation.

In the fetus, FBM cease during hypoxaemia. It therefore seems appropriate that carotid 
chemoreceptor stimulation by hypoxaemia produces a fall in heart rate and an increase in 
peripheral vascular resistance, and that section of the carotid sinus nerves abolishes both 
responses. Whether artificial ventilation of the lungs in utero (see Blanco, Martin, 
Rankin, Landauer & Phemetton, 1988) alters the cardiac and respiratory relationship 
during episodes of hypoxaemia has not, to date, been assessed and it would be 
interesting to investigate this. The fetal bradycardia and the increase in peripheral 
resistance are often described to be akin to the diving response in the adult (see De 
Burgh Daly, 1986), serving to reduce cardiac output whilst elevating arterial pressure to 
preserve O2 delivery to the cerebral, myocardial and adrenal circulations.
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W hether humoral responses during hypoxaemia such as increases in plasma AVP 

concentration, which also cause bradycardia in the sheep fetus (Iwamoto et al, 1979), 

are affected by increases in artificial pulmonary ventilation has not been previously 

investigated. This is however unlikely since AVP release during hypoxaemia is not 

mediated by carotid chemoreflexes (see Chapter 6).

8.1.2 ACTH and cortisol responses

W hilst short term regulation of glucocorticoid output during hypoxaemia has been 

widely believed to be dependent on plasma increases in ACTH, it was found that carotid 

denervation dissociated the early ACTH and cortisol responses to acute hypoxaemia. 

This finding suggests that the carotid chemoreceptors might provide the afferent 

pathway of an ACTH-independent reflex mediating cortisol release (Fig. 8.1b).
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Coiisol

F igure 8.1b Flow diagram showing the carotid chemoreceptors providing the afferent pathway by which 
cortisol release in response to acute hypoxaemia may be mediated independently o f  increases in plasma 
ACTH.

In an early study by Barterr and Gann (1960) it was reported that carotid denervation led 

to a reduced secretion of aldosterone. The synthesis of aldosterone in the zona 

glom erulosa is dependent on the presence of cortisol. These results are therefore 

consistent with the idea that carotid denervation affects cortisol release. Alternatively, 

carotid denervation may affect the sensitivity of the adrenal cortex to increased
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circulating levels of ACTH. This is however unlikely since in a study carried out in 
adult dogs it was reported that carotid sinus nerve section did not affect adrenal 
sensitivity to ACTH (Gann, 1966). Nevertheless, the problem could be solved by 
investigating the cortisol response to hypoxaemia in hypophysectomized fetuses. If 
plasma cortisol is increased during hypoxaemia, even in the absence of ACTH, the 
reflex pathway may exist to produce cortisol release rather than sensitization of the 
adrenal cortex to ACTH.

Hypophysectomy may be achieved by cauterization of the pituitary stalk and the contents 
of the sella turcica (Edwards and Jones, 1986a). Alternatively, the increase in ACTH 
during hypoxaemia may be abolished via stereotaxically-placed electrolytic lesions of the 
fetal paraventricular nuclei (McDonald and Nathanielsz, 1991).

It could be argued that increases in plasma levels of ACTH in response to hypoxaemia 
may be achieved even after hypophysectomy. For example, reduction in maternal Fi,02 
may lead to an increase in maternal ACTH. However, as it has been reported that 
ACTH does not cross the sheep placenta (Jones, Luther, Ritchie & Worthington, 1975) 
the increase in fetal plasma ACTH concentration is unlikely to be due to elevation of 
maternal plasma ACTH.

The dissociation between plasma concentrations of ACTH and cortisol may have also 
resulted from the effect of the denervation at another level. For example, it is known 
that adrenocorticosteroid synthesis in general is dependent on the presence of 
steroidogenic enzymes such as 3 p-hydroxysteroid dehydrogenase (3P-HSD) which 
allows the conversion of A^-sulfoconjugates to corticoids (see Buster, 1984). In the 
adult this conversion takes place in the adrenal cortex. A lack of cortisol synthesis could 
therefore occur if section of the carotid sinus nerves interferes in some way with a 
pathway mediating the synthesis or release of 3p-HSD. This is however unlikely in the 
fetus since it is well established that the placenta itself is the major source of 3P-HSD in 
utero (Buster and Marshall, 1980). The fetal zone therefore produces its full steroid 
complement by a cooperative interaction with the placenta. There are no known 
mechanisms by which the effects of carotid denervation could be mediated by changes in 
placental 3P-HSD activity.

In addition there is the question of whether the dissociation between ACTH and cortisol 
resulted because the assay did not pick up ACTH but rather related peptide sequences. 
This is particularly important for fragments of ACTH such as a-MSH (melatonin-
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stimulating-hormone) and CLIP (corticotrophin-like intermediate lobe peptide) which are 
produced in the pars intermedia which is only present during fetal life (see Shackleton, 
1984). This is however unlikely since the assay used has been shown to be a highly 
specific assay for ACTH(l-24) showing négligeable crossreactivity with related 
compounds such as a-MSH (1-13; see Appendix XIV). Although there is no available 
report in the literature showing the crossreactivity of the assay with CLIP (18-39), this 
is also unlikely due to the small overlap of common amino acids.

Although an experiment was not conducted to investigate the potential efferent pathway 
by which cortisol may be released due to carotid chemoreceptor stimulation, 
independently of ACTH, it has been reported that section of the splanchnic nerves in the 
sheep fetus also dissociates the ACTH and cortisol response to hypotension (Myers et 
al., 1990). Neural efferent pathways mediating cortisol release may therefore run in the 
splanchnic nerve.

8.2 Pharmacological blockade

In these studies it was reported that whilst the muscarinic antagonist atropine abolished 
the initial bradycardia in response to hypoxaemia, the a-adrenergic antagonist 
phentolamine prevented the increase in femoral vascular resistance at this time. Thus, in 
agreement with other investigators, these studies confirm that efferents to the heart in the 
sheep fetus are cholinergic, probably mediated via the vagus. Efferents to the femoral 
circulation are a-adrenergic (Fig. 8.1c).

The contribution of vasoconstrictors in the regulation of the fetal cardiovascular 
responses under normal circumstances and during hypoxaemia may be assessed by 
pharmacological blockade. For example, the contribution of AVP in producing the fetal 
bradycardia and the increase in arterial pressure during hypoxaemia has been 
investigated using a Vj-receptor antagonist (Peréz et a i, 1989; Picquadio et al., 1990 ; 
see Chapter 6). Similarly, the importance of resting plasma concentrations of 
angiotensin 11 in cardiovascular regulation has been determined by using [sar^], [ala*]- 
angiotensin H, a specific angiotensin n  receptor blocker (Iwamoto and Rudolph, 1979). 
The contribution of either renin or angiotensin n  during hypoxaemia in mediating fetal 
cardiovascular responses during hypoxaemia are however less well known. Several 
investigators have examined the effects of maternal administration of ACE inhibitors 
such as captopril or enalapril, blocking the formation of angiotensin n  from angiotensin 
I, on fetal haemodynamics under normal circumstances (Broughton-Pipkin, Turner &
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Symonds, 1980; see Boutroy, 1988) and during hypoxaemia (Keith, Will & Weir, 

1982). However the effect of administration of such blockers directly into the fetal 

circulation, particularly during hypoxaemia, awaits investigation.
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F ig u r e  8 .1 c  F low  diagram show ing the carotid chem oreflex  having ch olin erg ic  efferents to the heart, a -  
adrenergic efferents to the peripheral circulation and the question  o f  a p o ss ib le  efferen t pathw ay to the  
adrenal cortex m ediated via the splanchnic nerve.

More recently, there has been a growing interest in the direct effects of hypoxaemia on 

the fetal circulation. However the role played by factors such as EDRF and NO are 

currently only being resolved for the adult circulation as discussed in section 1.4.10, 

page 35 (see Liischer and Dohi, 1992 for current review). Specific blockers to NO 
synthesis such as L-NAME (N-co-nitro-L-arginine; see Edwards et at., 1992) may prove a 

useful tool to elucidate the direct contribution of hypoxia to changes in fetal 

haemodynamic responses.

8.3 Combined carotid denervation and a-blockade on 
fetal survival

In this thesis it was reported that section of the carotid sinus nerves or a-adrenergic 

blockade abolished the increase in femoral vascular resistance in response to acute 

hypoxaemia. Thus, this reflex pathway may be envisaged as being a simple serial reflex 

(see Chapter 5, page 9$), since either de-afferentation or de-efferentadon have the same 
effect. If this were true, one would expect that combined carotid denervation and a -  

blockade would have the same effect. However one of the most fascinating findings 

reported was that all fetuses died during hypoxaemia following combined carotid
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denervation and a-blockade, but 9 out of 14 intact fetuses survived the hypoxaemic 

challenge following treatment with the a-antagonist. For this reason it was suggested 

that reflex pathways mediated via the carotid chemoreceptors may be more complicated. 

In order to consider this further, there are two aspects of the maintenance of arterial 

blood pressure which need to be discussed: 1) changes in peripheral vascular resistance, 

and 2) changes in cardiac output.

8.3.1 Changes in peripheral vascular resistance

Increased peripheral vascular resistance during hypoxaem ia may result from 

chemoreflex vasoconstriction, from increased catecholamine release from the adrenal 

medulla (Jones & Wei, 1985), or from release of other humoral vasoconstrictors (see 
Iwamoto, 1992). a-adrenergic blockade will counteract both the vasoconstriction 

mediated by the carotid chemoreflex, since this acts by releasing noradrenaline at the 

effector synapse, and that mediated via adrenal catecholamine release. Since combined 
carotid denervation and a-blockade prevents the fetuses from surviving, it suggests that 

any remaining action of other humoral vasoconstrictors during this time is not sufficient 

to maintain perfusion pressure. One daunting question that arises however is why did 

intact fetuses treated with phentolamine tend to survive the hypoxaemic challenge? One 
would expect them to also die since their reflex vasoconstriction, although intact, and the 
effect of increased plasma catecholamine levels would have also been blocked by the a- 

antagonist. Thus if section of the carotid sinus nerves coupled with a-adrenerg ic  
blockade was more deleterious that a-blockade alone, then it is possible that the carotid 

chemoreceptors mediate reflex release of other vasoconstrictor hormones (Fig. 8. Id ).
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adrenergic vasoconstrictor.
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One potential candidate is arginine vasopressin (AVP) for reasons discussed earlier (see 

section 6.1, page 105). That the carotid chemoreceptors may mediate AVP release 

during hypoxaemia was investigated in two independent ways. First, I opted for a 

'replacement technique'. One would expect that if section of the carotid sinus nerves 

attenuates or abolishes AVP release during hypoxaemia, then exogenous infusion of 

AVP into denervated fetuses, at a rate which would mimic its endogenous release, 
should permit fetal survival after a-adrenergic blockade. This appeared to be true, since 

4 out of 6 fetuses following this treatment survived the hypoxaemic challenge (Fig. 

8 .le).
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F ig u r e  8 . l e  F low  diagram  show ing a potential reflex pathw ay by w hich  A V P release m ay be m ediated via  
the carotid  chem oreceptors during hypoxaem ia.

Alternatively, one could have examined the effect of combining a-adrenergic blockade 

coupled with Vi-blockade on the survival of intact fetuses during hypoxaemia. This 

however is a complicated scenario since some intact fetuses do not survive the 
hypoxaemia after a-adrenergic blockade alone.

A definitive test to investigate whether a component of AVP release during hypoxaemia 

is mediated via the carotid chemoreceptors was to see if plasma AVP concentrations 

were depressed in response to acute hypoxaemia in carotid denervated fetuses. It was 

subsequently found that carotid denervation did not attenuate plasm a AVP 

concentrations during hypoxaemia (see Chapter 6).

Given these results I suggest that survival of intact fetuses after a-blockade must be due 

to actions of humoral factors other than AVP. In agreement with this statement it was 

reported that sino-aortic denervation attenuated the increase in plasma concentrations of
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angiotensin II (Wood et al.y 1990). To date, the effects of carotid sinus nerve section 
alone on plasma angiotensin II levels in response to acute hypoxaemia have not been 
investigated in the sheep fetus.

If A VP release does not contribute to fetal survival after combined carotid denervation 
and a-blockade, then why did fetuses following combined carotid denervation and a- 
blockade survive hypoxaemia after infusions of exogenous A VP? The explanation may 
be that plasma A VP concentrations in these fetuses reached values ca. 20 times greater 
than normally occurring during hypoxaemia. In view of this, it is perhaps not 
surprising that ’pharmacological' vasoconstriction contributed to the maintenance of 
arterial pressure, albeit at a reduced level, during hypoxaemia.

Alternatively, since the control of vasopressin release is multifactorial in nature (see 
section 6.4.3, page 122), it could be argued that during hypoxaemia all of these systems 
are stimulated. Perturbation of one controlling mechanism may thus affect another 
through concomitant facilitation or inhibition (see Palier & Linas, 1984). Thus carotid 
sinus nerve section may indeed attenuate A VP release in response to hypoxaemia but 
this effect may be masked by augmented release of the hormone mediated by some other 
mechanism. For example, Akagi and colleagues (1990) suggested that A VP in the fetal 
circulation may be of placental origin.

That carotid denervation may have long-term effects on other systems is also 
exemplified by the observations of Williams and Hanson (1990). In that study it was 
reported that reflex respiratory responses to alternations in Fi, 0 2  in neonatal lambs were 
abolished by carotid denervation. However, 10-11 days after the denervation a small 
response to Fj , 0 2  alternations was measured. This was interpreted as the possible 
sensitization of the aortic chemoreceptor component of the reflex caused by the carotid 
denervation, as was reported in adult cats (Smith and Mills, 1980).
One perplexing result obtained through the course of these studies was the fact that not 
all intact fetuses survived the hypoxaemic challenge after phentolamine pretreatment 
alone. This finding highlighted the role of increased adrenergic agonists in contributing 
to fetal survival during hypoxaemia. However, it became apparent that whilst some 
intact fetuses managed to survive hypoxaemia after phentolamine, others were more 
susceptible to the effects induced by the a-antagonist. Posteriori analysis of the data 
revealed no differences in any variable measured (sex, body and organ weights and 
cardiovascular parameters) between those intact fetuses treated with phentolamine which 
died and those which survived during the hypoxaemic challenge. The only clue might
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be that plasma A VP concentrations in fetuses which survived hypoxaemia after 
phentolamine appeared to be greater than those which died (see Table 6.3, page 118). 
Why phentolamine had a differential effect on the release of A VP in some fetuses and 
not others is unclear, especially since potential stimulants of A VP such as the level of 
hypoxaemia used and the hypotension produced by phentolamine were similar in fetuses 
which survived and those which died.

8.3.2 Changes in cardiac output

The deleterious effects of phentolamine and of combined carotid denervation and a- 
adrenergic blockade may have also been due to their effects on cardiac output. Four 
factors are usually considered in the control of cardiac output: heart rate, myocardial 
contractility, pre-load and after-load (see Berne & Levy, 1986). Whilst heart rate and 
myocardial contractility are strictly "cardiac factors", dependent on the characteristics of 
cardiac tissue and neurohormonal mechanisms, pre-load and after-load are dependent on 
the characteristics of both the heart and the vascular system. Understanding of the 
regulation of cardiac output has therefore been achieved via an understanding of the 
nature of the coupling between the heart and the vascular system. One method used, for 
example, is by graphical presentation of two simultaneous relationships between cardiac 
output and central venous pressure (see Guyton, Jones & Coleman, 1973). The curve 
defining one of these relationships is known as the "cardiac function curve" and it is an 
expression of the well known Frank-Starling relationship. The second relationship is 
between central venous pressure and cardiac output is the "vascular function curve". 
This latter curve defines the change in central venous pressure which occurs as a 
consequence of a change in cardiac output A typical cardiac function curve is plotted on 
the same coordinates as a normal vascular function curve (Fig. 8.2).

In accordance with the Frank-Starling mechanism, the cardiac function curve reveals that 
a rise in venous pressure (Py) produces an increase in cardiac output. Conversely, the 
vascular function curve describes an inverse relationship between cardiac output and Py, 
so that a rise in cardiac output produces a reduction in Py. The "equilibrium point" of 
such a system is defined by the intersection between the two curves. The coordinates of 
this equilibrium point represent the values of cardiac output and Pv at which the system 
operates.
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Figure 8.2 T ypical vascular and cardiac function curves plotted on  the sam e axes. T he coord inates o f  the 
equilibrium  point, at the intersection o f  these two curves, represent the stable va lu es o f  cardiac output and 
central venous pressure at which the system  tends to operate. (M odified  from Berne & L evy , 1986).

Under normal circumstances factors which may affect changes in Py would produce 

changes in cardiac output, restoring the coupling between the heart and the vasculature 

to equilibrium. However, complications may arise if, for example, cardiac function 
becomes compromised. It could be argued that the effects of phentolamine and of 

combined carotid denervation on the ability of the fetus to survive a hypoxaemic 

challenge are due to perturbations of the functional relationship between cardiac and 

vascular function curves. For example, with decreased peripheral vascular resistance, 

such as that imposed by denervation and phentolamine, the vascular function curve is 

displaced upward. At any given pressure, Py varies inversely with arteriolar tone, all 

other factors remaining constant. The cardiac function curve is also shifted upwards 

because at any given Pv the heart is able to pump more blood against a weaker resistive 

load. Because both curves are shifted upwards, the cardiovascular system will operate at 

a new set equilibrium point (Fig. 8.3).

If we consider the effects of carotid denervation, those of phentolamine and the direct 

effects of hypoxaemia on the vasculature, they all lead to a decrease in peripheral 

vascular resistance. It may be that the superimposed effects of all these factors push the 

vascular function curve up so much that the cardiac output is unable to meet the new 

requirements to establish a new functional equilibrium point. This would be particularly 
apparent if phentolamine affected the heart directly. Given that a-adrenergic stimulation 

produces a positive inotropic effect (Hiramoto, Kushida & Endoh, 1988), pretreatment
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with phentolamine would be expected to decrease ventricular force of contraction. This 

effect would be deleterious in a situation when an increase in cardiac output is required.
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Figure 8J  W ith decreased  peripheral vascular resistance, both the cardiac and vascular function  curves are 
disp laced  upward (red curves).

In a study by Palier and Linas (1984) the inter-relationship of three pressor systems (a- 

adrenergic, A VP and angiotensin II) in the control of arterial blood pressure was 

investigated in the conscious rat. An important aspect of that study was the observation 

that the decrease in mean arterial pressure in animals with all three pressor systems 

inactivated was caused by a decrease in peripheral vascular resistance rather than by a 

decrease in cardiac output. This finding is therefore consistent with the idea that 

inadequate vasoconstriction leading to hypotension may have been the primary cause of 
fetal death after combined carotid denervation and a-adrenergic blockade. Hypotension 

may then produce a fall in cerebral blood flow, affecting autonomic reflexes, and 

coronary blood flow, affecting cardiac function.

It must be emphasised that the relationships between vascular and cardiac function 

curves are hypothetical and although they describe a model by which the actions of 
combined carotid denervation and a-blockade could be envisaged to prevent fetal 

survival during hypoxaemia, this cannot be shown definitively until cardiac and vascular 

functional curves are plotted during the different treatments. Unfortunately, cardiac 

output was not measured in these experiments thus further work is necessary. In
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addition, knowledge of cerebral blood flow and coronary blood flow during these 
circumstances is clearly needed.

8.4 Respiratory and cardiovascular chemoreflexes 
in utero

Whilst in the adult respiratory and cardiovascular reflexes are known to act in concert 
(see De Burgh Daly, 1986), this thesis has reported that in the fetus in hypoxaemia, 
cardiovascular reflex control is dissociated from respiratory reflex control. This section 
will 1) discuss the teleological reasons for this dissociation in utero and 2) speculate on 
the possible site where such a dissociation may take place.

FBM are characterized by being rapid (1-4 Hz), irregular and episodic, occurring mainly in 
conjunction with episodes of LV-ECoG (Boddy et al., 1974). The role of chemoreflexes 
in controlling FBM has been debated for many years. Whereas hypoxia is known to 
stimulate an increase in depth and frequency of breathing in the adult, it causes FBM to 
cease (Boddy et al., 1974; Maloney, Adamson, Brodecky, Dowling & Ritchie, 1975). 
Hypoxic inhibition of FBM has been demonstrated in fetuses as early as 75-95 days 
gestation (Clewlow, Dawes, Johnston & Walker, 1983; Ioffe, Jansen & Chemick, 1987).

Despite a number of investigations there is still no unequivocal explanation of the 
mechanisms involved in the effect of hypoxia on FBM. However, transection or lesion of 
the fetal brain stem suggests the presence of an area rostral to the pons, but caudal to the 
hypothalamus, which is involved in the hypoxic inhibition. Brainstem-transected or 
pontine-lesioned fetuses show FBM during hypoxia (Dawes et a i, 1983; Gluckman & 
Johnston, 1987). In addition, Koos and Matsuda (1990) have suggested that the hypoxic 
inhibition of FBM might be due to an increase in cellular adenosine. During hypoxia the 
reduction in the production of cellular ATP (Koos, Sameshima & Power, 1986) leads to a 
build-up in tissue concentrations of adenosine (Itoh, Oka & Ozasa, 1986). If hypoxic 
inhibition of FBM is mediated via an intra cellular build up of adenosine, then adenosine 
infusion might be expected to inhibit FBM. The findings of Koos and Matsuda (1990) 
support this hypothesis.

The occurrence of FBM under normal circumstances may be determined by a balance 
between numerous excitatory and inhibitory influences acting on the respiratory "centre" in 
the fetal brainstem. Hypoxic inhibition of FBM may then be interpreted as inhibitory
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influences outweighing excitatory ones, masking stimulatory drive from chemoreceptors to 
the respiratory "centre". What initiates this chemoreceptor drive has still not been resolved 
and two schools of thought have developed.

The first school suggests that FBM are not under peripheral chemoreflex control and that 
the fetus senses hypoxia at a site other, or perhaps as well as, the peripheral 
chemoreceptors. That the peripheral chemoreceptors do not mediate FBM is suggested 
since section of either the carotid sinus nerves (Jansen, Ioffe, Russel & Chemick, 1981; 
Giussani et al., 1992e; see Chapter 3, page ), or the vagi (Boddy et al., 1974), or both 
(Moore, 1988) does not to affect the incidence of FBM. Thus neither the aortic or 
carotid chemoreceptors are implicated in controlling FBM.

Two possible locations for a hypothetical hypoxic sensor in the fetus, other than the 
peripheral chemoreceptors, are the brain or the placenta. Dawes et al. (1983), 
Gluckman & Johnston (1987), and Moore (1988) suggested the possibility of a central 
chemoreceptor but their studies did not indicate whether the chemosensor was located at 
the site from which the inhibitory influence originated. Evidence that a maternal or a 
placental factor may be involved was suggested from studies in which an extra-corporeal 
membrane oxygenator (ECMO) was used to maintain the fetal blood gases at normoxic 
or hyperoxic levels while the ewe was given a hypoxic mixture to breathe (see Blanco et 
al., 1988). It was initially reported that maternal hypoxia caused a cessation of FBM 
even when the fetus was not hypoxaemic (Blanco, Bamford, Hawkins & Chen, 1987). 
However more recent investigations using the same technique suggest that inhibition of 
FBM during hypoxia is not mediated by the release of placental inhibitory factors but to 
be a direct consequence of the fall in fetal Pa,02 (Kuipers, Maetzdorf, Keunen, deJong, 
Hanson & Blanco, 1992).

The second school suggests that the peripheral chemoreceptors do exert an influence on 
FBM. This was suggested by Murai, Lee, Wallen & Kitterman (1985), who reported 
that peripheral denervation reduced the incidence of FBM by ca. 10%. In addition, 
Johnston & Gluckman (unpublished observations; see Johnston, 1991) re-examined the 
role of the peripheral chemoreceptors in FBM by a two-stage approach. First, the lateral 
pons was lesioned (Gluckman & Johnston, 1987) and the response to hypoxia was 
tested 4-5 days after surgery. Those fetuses with a stimulatory response to hypoxia 
underwent a second operation in which the peripheral chemoreceptors were denervated. 
After denervation the incidence of FBM during hypoxia was considerably reduced 
compared with that seen before denervation.
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Irrespective of whether the chemoreceptor drive mediating FBM is peripheral or central, 
it is agreed that respiratory reflexes, mediating FBM, are inhibited whereas 
cardiovascular ones, initiating the fetal bradycardia and the redistribution of the CVO 
during hypoxaemia, are not. Thus the presence of a differential gating mechanism 
within the CNS is suggested. A putative site for differential gating would be the nucleus 
tractus solitarius (NTS), the site for the convergence and integration of numerous 
afferents, including those from the peripheral chemoreceptors (see Spyer, 1981; Jordan 
and Spyer, 1986; Spyer, 1990; Paton and Spyer, 1992).

That the NTS integrates cardiovascular information has been proposed from a range of 
neurophysiological evidence obtained from experiments in adult cats. Particular 
attention has been paid to determining the extent and localization of the baroreceptor 
afferent input to the nucleus (see Spyer, 1981; Jordan & Spyer, 1986 for review). It 
has been reported that the dorso-medial NTS is the site of the first synapse in the 
baroreceptor reflex (Seller and Illert, 1969; Mifflin, Spyer & Withington-Wray, 1988) 
while the lateral divisions of the NTS have been shown to contain neurones excited both 
by sinus nerve stimulation and specific stimulation of the carotid baroreceptors (Lipski, 
McAllen & Spyer, 1975). Furthermore, carotid baroreceptors (Donoghue, Felder, 
Jordan & Spyer, 1984) and aortic baroreceptors (Donoghue, Garcia, Jordan & Spyer, 
1982) project to both general areas of the NTS, but important differences in the regional 
innervation from carotid sinus baroreceptors and carotid body chemoreceptors have been 
demonstrated (Donoghue et a/., 1984).

With respect to the role of the NTS in respiratory control, much is known of the role of 
respiratory neurones localized in the ventrolateral subnucleus in the generation of the 
respiratory rhythm (Merrill, 1974; Richter, 1982). Whilst there is evidence indicating 
monosynaptic excitatory connections between myelinated carotid body chemoreceptor 
afferents and inspiratory neurones of the NTS (Kirkwood, Nisimaru & Sears, 1979), 
Donoghue et al. (1984) indicated the absence of an anatomical substrate to mediate such 
influences. Donoghue et al. (1984) suggested that this apparent contradiction may result 
because connections between chemoreceptor afferent and inspiratory neurones may not 
occur at a somatic locus, but inspiratory neurones may have profuse and widely 
distributed dendrites. If this is the case then axodendritic synapses distant from the 
soma could explain both the observations of Kirkwood et al. (1979) and Donoghue and 
colleagues (1984).
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Mechanisms by which differential gating mechanisms might take place within the NTS 

are still being resolved in the adult. However, it is known that other areas within the 
brainstem modulate the integration of cardiorespiratory reflexes by the NTS. For 
example, it has been reported that the parabrachial nucleus (PE N ) has a close 
physiological interaction with the NTS in cardiovascular reflex control (see Felder and 
Mifflin, 1988). In that study it was found that the PEN neurones exert a potent 
postsynaptic influence (both excitatory and inhibitory) on the spontaneous discharge of 
NTS neurones and on carotid sinus afferent inputs to the NTS, whether elicited by 
electrical stimulation of the carotid sinus nerves or by selective baroreceptor stimulation.

Secondly, it has been established since 1963 that electrical stimulation within a restricted 
region within the hypothalamus can suppress baroreceptor reflexes through an action 
within the CNS (Hilton, 1963; Coote, Hilton & Perez-Gonzales, 1979). There are 
indications in the literature that this results from an inhibitory action of hypothalamic 
stimulation on transmission through the NTS (Adair & Manning, 1975; McAllen, 1976). 
However, the precise synaptic action of the hypothalamus exerted at the level of the NTS 

had not been studied until the findings reported by Mifflin, Spyer & Withington-Wray 
(1988). In that study it was indicated, at the intra cellular level, that activation of the 
defence area of the hypothalamus exerted profound influences on neurones located 
within, or in the vicinity of, the NTS. Furthermore, hypothalamic inhibition of neurones 
in the NTS have been reported to be Gaba-mediated in the cat (Jordan , Mifflin & Spyer, 
1988). In the context of the cardiovascular component of the defence response in the 
cat, this influence could explain the central suppression of the baroreceptor reflex, both 
cardiac and vasomotor components, which are characteristic of the response.

Finally, it has recently been reported that activation of the cerebellar posterior vermis 
(uvula) produces marked changes in cardiovascular performance via pathways involving 
the NTS, PEN and the rostral ventrolateral medulla (see Paton and Spyer, 1992). 
Stimulation of the uvula cortex in the rabbit and the cat has been suggested to block the 
baroreceptor reflex via an inhibitory action on neurones within the NTS (Bradley, 
Ghelarducci, Paton & Spyer, 1987; Bradly, Pascoe, Paton & Spyer, 1987; Paton, 
Gilbey & Spyer, 1989; Paton, Silva-Carvalho, Goldsmith & Spyer, 1990).
Thus, although there is much evidence for an interaction between higher centres in the 
brain and the NTS in integrating cardiorespiratory inputs in the adult cat, whether similar 
mechanisms produce a differential gating of cardiorespiratory reflexes in the fetus is not 
known.
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FBM have been shown to be associated with an increase in oxygen consumption (Rurak 
and Gruber, 1983). Teleologically, it is therefore not surprising that FBM do not occur 
in hypoxia since breathing activity would probably be detrimental to the fetus due to 
increased metabolic demands. The mechanism which inhibits FBM and the occurrence 
of fetal bradycardia during hypoxaemia are therefore two examples of adaptation to the 
special needs of fetal life. On the other hand, the facilitation of cardiovascular reflexes 
during hypoxaemia is essential to the redistribution of the CVO, upon which the 
maintenance of oxygenation of the cerebral, myocardial and adrenal circulations 
depends.

8.5 Future work

Future work leading from this thesis falls into two categories:
a) immediate future work, and
b) long-term future work.

Immediate future work includes addressing unanswered questions arising from the 
different studies reported. These, I suggest, fall into three areas of particular interest:

1) Given that survival of intact fetuses after a-blockade is due to the action of 
vasoconstrictors other than A VP, the role of other putative candidates must be 
considered. There is evidence that humoral factors such as angiotensin II (Iwamoto and 
Rudolph, 1981), endothelin-1 (Chatfield etal., 1991), and neuropetide-Y (Sanhuenza et 
al.y 1990) have powerful vasoconstrictor effects on the fetal circulation. Their role 
under circumstances of combined carotid denervation and a-blockade may be 
investigated by: a) measuring their plasma concentrations during hypoxaemia in intact 
and denervated fetuses with and without a-adrenergic blockade, or b) by blocking their 
effects with specific antagonists during hypoxaemia after a-adrenergic blockade, or c) 
by re-infusing them, at rates which would mimic their natural rise in hypoxaemia (if 
known) into fetuses after combined denervation and a-blockade.

2) In order to gain more information about the physiological ’decompensation' of the 
fetal cardiovascular system a number of variables need to be measured. First, we need 
information about cardiac output, regional cerebral blood flow and coronary blood flow 
under fatal conditions. All these may be achieved by injecting labelled microspheres into 
the circulation (see Rudolph and Heymann, 1967). Alternatively, a continuous measure
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of cardiac output may be obtained by implanting a Transonic flow probe around the 
descending aorta, immediately after the point of convergence between the ascending 
aorta and the ductus arteriosus (see Fig. 1.1). Similarly, a continuous measure of 
coronary blood flow can be obtained by implanting a flow probe around the left anterior 
descending coronary artery.

Secondly, we need information about plasma catecholamine concentrations during 
hypoxaemia under conditions of combined carotid denervation and a-blockade. Their 
role may be investigated using the same strategy as in 1). Whereas plasma 
catecholamine concentrations have been investigated under conditions of acute asphyxia 
after carotid denervation (Jensen and Hanson, 1989), the effect of carotid sinus nerve 
section on plasma adrenaline and noradrenaline concentrations has not been investigated 
for the sheep fetus during hypoxaemia. Thus, whether catecholamine release during 
hypoxaemia is mediated via a carotid chemoreflex is still to be determined.

3) Finally, there are some questions to be resolved on the effect of carotid denervation 
on ACTH and cortisol responses to acute hypoxaemia. Carotid denervation dissociates 
the early ACTH and cortisol response to hypoxaemia. Whether this is due to 
perturbation of a pathway by which cortisol is reflexly-released, independent of an 
increase in plasma ACTH, or whether carotid denervation desensitizes the adrenal cortex 
to increased plasma ACTH is still to be investigated. This may be achieved by 
measuring plasma cortisol concentrations during hypoxaemia before and after carotid 
denervation in hypophysectomised fetuses. If cortisol is released via a carotid 
chemoreflex, the efferent pathway of this reflex arc needs to be identified. There is 
evidence to suggest that this may be via the splanchnic nerves (see Chapter 7). If 
cortisol is not released via a carotid chemoreflex and the reflex sensitises the adrenal 
cortex to ACTH, this might be investigated by measuring increases in plasma cortisol 
concentrations in responses to a standard ACTH challenge under various conditions.

Long-term future work refers to generation of future projects arising from the work 
reported in this thesis. Again, I think, there are three routes which the work could take:

1) Acute asphyxia Clinically, asphyxia is a more relevant insult to study since 
reductions in fa , 0 2  (hypoxaemia) in the fetal circulation, are rarely unaccompanied by 
increases in fa,C02 (hypercarbia) and decreases in pHa (arterial acidosis). Having 
necessarily determined the fetal cardiovascular responses to a 'pure' insult such as 
hypoxia (see page 22), it is important to determine the effects of a multi-factorial insult.
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such as asphyxia, on heart rate responses and blood flow redistribution in the sheep 
fetus. There is already evidence that certain fetal cardiovascular responses to 
hypoxaemia are augmented by hypercarbia or acidosis (for example, Raff et a/., 1991; 
Wood et al., 1990). Whether augmented responses of the fetal cardiovascular system to 
asphyxia are mediated via the carotid chemoreceptors is also still to be determined.

2) Chronic hypoxaemia Much information is needed on the processes by which the 
fetus adapts to prolonged hypoxaemia. Currently, it is known that if the hypoxaemia 
persists for more than 8 hours, heart rate (Booking, White, Gagnon & Hansford, 1989), 
blood pressure (Booking, Gagnon, White, Homan, Milne & Richardson, 1988) and the 
incidence of body (Booking, Gagnon, Milne & White, 1988) and breathing movements 
(Koos, Kitanaka, Matsuda, Gilbert & Longo, 1988) return to normoxaemic values even 
though fa.Oz levels remain low. In human pregnancy, prolonged hypoxaemia 
accompanies fetal growth retardation (Nicolaides, Economides & Soothill, 1989) and 
ante-natal hypoxaemia is believed to predispose the fetus to subsequent 
neurodevelopmental handicap arising from 'birth asphyxia' (Dijxhoom et a i, 1987; 
Taylor, 1991). The processes controlling cardiovascular adaptation to prolonged 
hypoxaemia are currently unknown. In addition, whether cardiovascular 'adaptation' 
conveys impaired fetal responses to a subsequent superimposed episode of acute 
hypoxaemia, such as may occur in labour, has not been investigated. For example, if 
cardiovascular reflexes are dampened by prolonged hypoxaemia, a subsequent episode 
of acute hypoxaemia may initiate cardiovascular reflexes of insufficient gain to 
redistribute blood flow to essential circulations.

An animal model by which chronic hypoxaemia is achieved by occlusion of the common 
internal iliac artery of the sheep is currently being developed at University College 
London.

c) High altitude At altitude the inspired PO2 in air is reduced. Studies of the 
cardiovascular responses to acute hypoxaemia of fetuses bom at altitude are scarce. 
High altitude fetal research has been carried out in llama fetuses (see Benavides, Peréz, 
Espinoza, Cabello, Riquelme, Parer & Llanos, 1989), a species which has evolved at 
altitude. Whether cardiovascular responses to acute hypoxaemia in fetal llamas are 
similar to those of lowland fetal sheep which underwent chronic hypoxaemia during 
gestation remains to be investigated.
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8,6 Final conclusions

The work reported in this thesis has shown that the carotid chemoreceptors have a 
principal role in mediating both reflex cardiovascular and humoral responses to acute 
episodes of hypoxaemia in the late gestation sheep fetus. It is suggested that fetal 
survival during hypoxaemia is dependent on the actions of cardiovascular reflexes and 
on the release of catecholamines from the adrenal medulla. The factors by which 
combined carotid denervation and a-adrenergic blockade prevent fetal survival during 
hypoxaemia are still to be identified definitively.
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Appendix I Animal and organ weights kept for some of the fetuses used in these experiments (wet weights)

ANIMAL TAG NUMBERS 53 61 59 62 83 74 84 86 95 93 105 114 116 122 115

Maternal weight (Kg) . - - - - - . . . . - - . 49.7 -

Fetal weight (Kg) 2.8 3.20 2.90 3.20 2.62 3.24 2.70 2.98 3.34 2.68 - 3.09 3.44 2.88 2.66
Sex male male male male female male female male female male female female male female female

Crown-iump lengdi (cm) - - - - - 49.5 50.0 45.0 42.7 41.0 - 50.0 45.0 40.4 43.7

Gestational age @ 
post-mortem (days)

127 128 127 128 127 126 128 130 128 129 130 130 130 130 127

FETAL ORGANS WEIGHTS (g)

Heart - - - 25 23 19 21 20 15 26 19 27 20 23

Lungs - - 83 80 77 105 82 110 66 112 84 60 108 67

Liver - - - 87 57 127 88 142 118 106 120 123 162 108

Kidney 1 - - 12 8 11 11 12 16 16 11 10 10 12 10
Kidney 2 - - 12 8 12 10 12 16 14 11 10 10 11 10
Adrenal 1 - - - 0.12 - 0.16 0.18 0.16 0.1 - - - 0.23 0.20
Adrenal 2 - - - - 0.11 - - 0.17 - 0.12 - - - - 0.21

OTHER INFORMATION

TwinAingleton twin twin twin singleton singleton singl^on twin twin twin singleton singlet!» twin twin singleton singlett»

Intact^Xaervated intact intact intact intact intact denervated denervated denervated denervated dmervated intact intact intact denervated denervated

With phentolamine 
during hypoxaonia

D D S D • D D D D D S S S • D

IS=survived D=died * =died during recovery from surgery
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Appendix II 

RIA techniques

ACTH assay Plasma ACTH levels were measured using a double-antibody 
radioimmunoassay (RIA). All reagents were purchased in kit form from Diagnostics 
Products Ltd., Abingdon. The kit contains rabbit anti-human ACTH antiserum, a set of 
ACTH standards calibrated against the MRC's reference preparation (MRC 74/555 human 
ACTH,i-39 ), 1251 labelled ACTH and a second antibody precipitating mixture of goat anti
rabbit gamma globulin antiserum and dilute polyethylene glycol (PEG) in saline.

Duplicate 100 |xl plasma samples were incubated with 100 |xl of anti -ACTH antiserum 
and 100 |Xl of labelled ACTH for 24 hours. 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, 296 pg ml^ ) in three 
assay batches were 12.9% ,8.2% and 6.7%, respectively. The sensitivity of the assay 
was 8 pg ml

Cortisol Assay Plasma cortisol concentrations were also measured by RIA using 
tritium labelled cortisol as tracer. Duplicate 50 |il plasma samples were mixed with an 
equal volume of sodium carbonate solution (1.7 M, pH=10.5) and extracted with 2.0 ml 
of di-ethyl ether. After freezing the ether was decanted, evaporated and the residue 
reconstituted in 500 (il of phosphate buffered saline (PBS; pH=7.4). Aliquots of 
varying volumes (depending on expected result following pilot studies) were removed, 
made up to 400 |il with PBS and incubated with 16000 dpm (1,2,6,7-3H) cortisol 
(Amersham International) and lOOjil of anti-cortisol antiserum (Steranti Ltd.,St Albans).

Bound and free steroid were separated using dextran-coated charcoal and after 
centrifugation a 500 |il aliquot was removed for measuring radioactive content. 
Recoveries averaged 90%. Inter-assay coefficients of variation for 3 control plasma 
pools (16.8, 62.4 and 123.7 nmol 10 in 12 assay batches were 11.2, 7.4 and 6.8%, 
respectively. The sensitivity of the assay was 30 pmol 1 ^
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AVP assay Plasma arginine vasopressin levels were measured using a double
antibody radioimmunoassay, with reagents supplied as a kit ("Mitsubishi Yuka", 
Mitsubishi Petrochemical Co., Ltd, Japan; distributed in the UK by IDS Ltd., Boldon , 
Tyne and Wear) .The kit comprised anti-8-arginine vasopressin rabbit serum, iodinated 
8-arginine vasopressin ( 8-arginine vasopressin standard, anti-rabbit IgG goat 
serum, phosphate buffer and polyethylene glycol (PEG) solution. The arginine 
vasopressin standard (Lot 701031, supplied by the Peptide Institute, Osaka, Japan.) 
when calibrated against the 1st International Arginine Vasopressin Standard (77/501) 
showed calibration curves close to unity.

Plasma aliquots (0.5 ml ) were mixed with equal volumes of 0.1 N HCL. This mixture 
was applied to Sep Pak CIS cartridges (Waters Associates, Milford, MA., USA) 
mounted on a Super Separator-24 manifold ,with a vacuum facility for developing the 
columns (Amersham International, Aylesbury, UK). The columns were first washed 
with 10 ml of methanol and 10 ml of de-ionised water. The samples were then applied 
to the columns and these were washed with 10 ml of 4% acetic acid. The AVP was 
then eluted by the addition of a further 2.5 ml of methanol and collected in 
polypropylene assay tubes . The methanol was evaporated with a jet of air at 37°C, the 
residue was reconstituted with 1.0 ml of assay buffer. Duplicate aliquots of this buffer 
(volume used depending on expected AVP levels) were transferred to a set of 
polypropylene tubes and made up to 0.3 ml with buffer. 0.1 ml of AVP anti-serum 
were then added to the tubes, vortexed and incubated for 20 hours at 4°C. Further 0.1 
ml of iodinated AVP were then added; the tubes vortexed and incubated at 4°C for a 
further 20 hours. The following day 0.1 ml of the second antibody and 0.4 ml of PEG 
were added and the tubes incubated for 4 hours at 4°C. After this the tubes were 
centrifuged at 2000xg for 30 min, the supernatant decanted and the residue counted for 
radioactive content

Recoveries exceeded 85% . The sensitivity of the assay was 0.063 pg/assay tube.
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Appendix III

[From the Proceedings o f the Physiological Society, 20-21 September 1990 
Journal o f Physiology, 432, 33P, 1990]

Effect of carotid sinus nerve section on the initial cardiovascular response 
to acute isocapnic hypoxia in fetal sheep in utero
B y  D. a .  G iu s s a n i ,  J. A. D. S p e n c e r ,  P. J. M o o r e  and M. A. H a n s o n .  F etal and  
N eonatal Research Oroup, U niversity  o f  R eading , W hiteknights, R ead ing  R G 6 2 A J

Acute hypoxia produces a redistribution of cardiac output in term fetal sheep, 
favouring cerebral and myocardial perfusion at the expense o f flow to the carcass 
(Cohn et al. 1974). We tested the hypothesis that the early component o f this 
response involves a carotid chemoreflex.

Ten fetal sheep at 118-125 days gestation were instrumented under general 
maternal anaesthesia (thiopentone 1 g for induction ; halothane 2%  in O, for 
maintenance). Catheters were inserted into a carotid artery, a jugular vein and the 
amniotic cavity. Bloodflow transducers (Transonic System s Inc., Ithaca) were 
implanted around a femoral artery and the uncannulated carotid artery. In 5 fetuses, 
both carotid sinus nerves were cut. On the fourth postoperative day, fetal isocapnic 
hypoxia (Pg, 13*4±0-4, P co , 37 3 ±  1 2 mmHg, pH 7 3 3 ± 0 0 1  ; values, m ean±s.E.M ., 
n =  10) was induced for 1 h by reducing maternal Pi,o,-

Mean fetal heart rate, perfusion (arterial-venous) pressure, and carotid and 
femoral resistances were not significantly different between the two groups in 
normoxia. W ithin 5 min o f the onset o f hypoxia, the initial bradycardia (Boddy et al. 
1974) seen in the intact fetuses did not occur in the denervated group (Student’s 
unpaired t test, P  <  001). Similarly, the rapid rise in femoral resistance (perfusion 
pressure-r femoral flow) did not occur in the denervated group {P =  0*02). Carotid 
resistance did not change significantly in either group. Perfusion pressure increased 
more slowly in the denervated group.

Our results show that the initial cardiovascular response to acute hypoxia in the 
term sheep fetus has a reflex component. The bradycardia and the increase in femoral 
resistance are hkely to be carotid chemoreflexes, but we cannot exclude the possible 
influence o f carotid baroreceptor denervation on the magnitude o f these responses.

Supported by the Wellcome Trust, SERC and the Nuffield Foundation.
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Appendix IV

AFFERENT AND EFFERENT COMPONENTS OF THE 
CARDIOVASCULAR REFLEX RESPONSES TO ACUTE HYPOXIA IN

TERM FETAL SHEEP

D. A. GIUSSANI, J. A. D. SPENCER, P. J. MOORE, L. BENNET AND M. A.
HANSON

Department of Obstetrics and Gynaecology, University College and Middlesex School 
o f Medicine, 86-96 Chenies Mews, London WCIE 6HX

(Journal of Physiology; In Press)

SUM M ARY

1. We studied the effects of acute isocapnic hypoxia on arterial and central
venous pressures, carotid and femoral blood flows and heart rate in intact and carotid 
denervated fetal sheep between 118-125 days gestation, after pretreatment with either 
saline, atropine or phentolamine. Electrocortical activity (ECoG) and the incidence of 
fetal breathing movements (FBM) were also compared between intact and carotid 
denervated fetuses.

3. There were no significant differences between intact and denervated fetuses 
in any variable measured during normoxia. Soon after the onset of hypoxia a marked 
bradycardia occurred in intact, but not in denervated fetuses. Femoral blood flow fell 
and femoral vascular resistance (perfusion pressure/femoral blood flow) increased in 
intact, but not in denervated fetuses. Carotid blood flow increased in both groups of 
fetuses during hypoxia, but carotid vascular resistance did not change. During 
hypoxia, the incidence of FBM and low voltage ECoG was similarly reduced in both 
groups of fetuses.

4. Atropine produced a rise in fetal heart rate during the control period in intact 
but not in the denervated fetuses. At the onset of hypoxia atropine prevented the initial 
bradycardia seen in intact fetuses. In denervated fetuses a further increase in heart rate 
occurred throughout the hypoxia.
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5. All denervated fetuses treated with phentolamine died during the hypoxic 
challenge, but 9 out of 14 intact fetuses treated with it survived.

6 . In the intact fetuses which survived hypoxia after treatment with 
phentolamine, the increase in arterial blood pressure was smaller and the increase in 
femoral resistance did not occur. In these fetuses a rise in heart rate occurred in 
hypoxia. Carotid vascular resistance decreased during hypoxia after administration of 
phentolamine.

7. Our results indicate that the initial cardiovascular responses of the late 
gestation sheep fetus to hypoxia are reflex, and that the carotid chemoreceptors provide 
the afferent limb of this reflex. The bradycardia is mediated through a muscarinic 
pathway , as it is blocked by atropine. The femoral vasoconstriction is mediated 
through an a-adrenergic mechanism, mediated both neurally by a carotid chemoreflex 
and via catecholamines released directly from the adrenal medulla. Both these 
components are blocked by phentolamine.

8. The differences in survival between intact and denervated fetuses during 
hypoxia after phentolamine suggest that the carotid chemoreflex response to hypoxia 
involves mechanisms in addition to vagal efferents to the heart and a-adrenergic actions 
at peripheral blood vessels. These additional mechanisms are as yet undefined, but 
clearly play an important role in fetal survival during acute episodes of hypoxia.

INTRODUCTION

In term fetal sheep acute episodes of hypoxia produce a bradycardia which is rapid in 
onset but lasts only a few minutes and a gradual increase in arterial blood pressure 
(Boddy, Dawes, Fisher, Pinter & Robinson, 1974; Cohn, Sacks, Heymann & 
Rudolph, 1974; Giussani, Spencer, Moore & Hanson, 1990). The combined 
ventricular output (CVO) of the fetus is redistributed favouring cerebral, myocardial 
and adrenal vascular beds at the expense of the gastrointestinal tract, renal, pulmonary, 
skin and skeletal muscle beds (Cohn et û/., 1974; Peeters, Sheldon, Jones, Makowski 
& Meschia, 1979; Rudolph, 1985; Reuss, Parer, Harris & Krueger, 1982; Yaffe, 
Parer, Block & Llanos, 1987).

Recent interest in the potential function of the peripheral chemoreceptors in utero has 
shown that they play little or no role in the control of FBM (Dawes, Gardner, Johnston 
& Walker, 1983; Murai, Lee, Wallen & Kitterman, 1985; Moore, Parkes, Nijhuis &
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Hanson, 1989). Since FBM play no role in gaseous exchange, this is perhaps not 
surprising. Supply of oxygen and removal of carbon dioxide in the fetus depend on 
placental exchange, umbilical blood flow and the distribution of blood to fetal organs. 
As the chemoreceptors respond to changes in Fa»02 and Fa»C0 2 , it is reasonable to 
speculate that they might be involved in controlling the distribution of fetal cardiac 
output. Redistribution of blood flow to preserve oxygen supply to the brain, heart and 
adrenals will increase the ability of the fetus to survive a hypoxic challenge (see 
Rudolph, 1984). Chemodenervation might be expected to affect this redistribution.

In the sheep fetus, direct recordings have demonstrated that the carotid chemo- and 
baroreceptors are active and respond to their natural stimuli from ca. 90 days gestation 
(Blanco, Dawes, Hanson & McCooke, 1984; Blanco, Dawes, Hanson & McCooke, 
1988). Previous evidence suggests that the aortic chemoreceptors are also functional in 
fetal sheep (Dawes et o/., 1968; Dawes, Duncan, Lewis, Merlet, Owen-Thomas & 
Reeves, 1969; Blanco, Dawes, Hanson & McCooke, 1982). There is, therefore, 
reason to believe that these receptors might provide the afferent limb of the reflex 
response to hypoxia. That the initial cardiovascular responses of the sheep fetus to 
hypoxia are reflex in nature is suggested by the rapidity with which they occur: for 
example, the bradycardia occurs within one minute of inducing fetal hypoxia. 
Secondly, vagotomy (Boddy et a/., 1974) or muscarinic blockade (see Martin, 1985) 
prevents the bradycardia. Finally, in the anaesthetized, exteriorised fetus, femoral 
vasoconstriction is depressed by cutting the sciatic nerve (Dawes, Lewis, Milligan, 
Roach & Talner, 1968). We have investigated both afferent and efferent limbs of these 
responses in more detail.

Some of our results have been previously published in abstract (Giussani et al., 1990; 
Giussani, Spencer, Moore & Hanson, 1991).

METHODS

Surgical preparation

Twenty six pregnant ewes were surgically prepared at 118-125 days gestation (term is 147 days) under 
general anaesthesia (Ig sodium thiopentone for induction; 2-3% halothane in O2 for maintenance). A 
midline lower abdominal incision was made and the fetus partially exteriorised through a uterine 
incision. Catheters (i.d=1.0; o.d=2.0 mm, translucent vinyl tubing, Portex Ltd.) were placed in a fetal 
carotid artery, jugular vein and the amniotic cavity. Ultrasonic blood flow transducers (Transonics Inc., 
Ithaca, NY) were implanted around the other carotid artery and a femoral artery. Carotid 
chemodenervation was performed in 12 fetuses (denervated group). On each side, just below the angle 
of the jaw, the tissue surrounding the carotid body was carefully dissected using optical magnification 
x4. The carotid sinus nerve was identified within the triangle formed by the common carotid artery, 
occipital artery and glossopharyngeal nerve. The carotid sinus nerve was isolated and cut. In the
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"intact" group, comprising 14 fetuses, these nerves left uncut. In 7 of the intact fetuses and 6 of the 
denervated fetuses a tracheal catheter was inserted and diaphragm EMG electrodes were implanted to 
record FBM. In S intact and 5 denervated fetuses a pair of stainless-steel electrodes were implanted 
bilaterally on the parietal dura to measure ECoG. All catheters were filled with heparinised saline and 
brought out with die leads through the maternal flank.

Four days post operative recovery were allowed prior to commencing experiments. During this time 
antibiotics were administered daily to the ewe I.M. (4ml Streptopen; Ig procaine and Ig 
dihydrostreptomycin, Glaxo Ltd), to the fetus I.V. (300mg Crystt^n; sodium benzylpenicillin, Glaxo 
Ltd) and into die amniodc cavity (300m g Crystopen). Catheters were maintained patent by 
continuous infusion of heparinised saline (50 i.u. ml"  ̂ at 0.125 ml hr‘ )̂.

Experimental procedure

Only one experiment was conducted each day. A transparent polyethylene bag was placed over the 
ewe’s head into which known concentraticHis of O2 , N2 and CO2 were passed at a rate of ca. 30 L min" 

Following a one hour control period of breathing air, fetal hypoxia was induced for a further 60 
minutes by giving the ewe 9%  O2 in N2 (18 L min'^ air; 22 L min'l N2 ; 1.2 L min"l CO2 ) to 
breathe. This mixture was designed to reduce fetal arterial Fa,02 to between 11-16 mmHg during the 
hypoxia without altering /*a»C02. Arterial blood samples were taken from the fetus at 15 minute 
intervals throughout the protocol to determine fetal blood gases and pH (Instrumentation Laboratory 
1302, measurements cwrected to 39.5°C). Arterial, venous, tracheal and amniodc pressures, fetal heart 
rate, mean carotid and femoral blood flows, diaphragm electromyographic and electrocortical activity 
were all receded cmtinuously throughout the e?q)eriments on a Gould ES 1(X)0 chart recorder.

On a subsequent day, the protocol was repeated after pre-treatment of the fetuses with one of two drugs. 
In 5 intact and 5 carotid denervated fetuses atropine (Atropine Sulphate, Macarthys Ltd.) was 
administered I.V. as 6 x300 mg bolus doses at 15 minute intervals throughout the protocol. In 14 
intact and 10 denervated fetuses phentolamine was given I.V. (Rogitine, Ciba; bolus dose 10 mg at the 
start of the experiment followed by infusion of 0.2 mg min"^). Cwnplete a-adrenergic blockade was 
verified by the lack of a pressor response to an I.V. injection of 100 mg of phenylephrine 
(Phenylephrine injection B.P; The Boots Company, PLC) 15 minutes after the onset o f the a -  
antagonist infusion.

Measurements and calculations

The incidence of FBM was taken as the number of minutes during each hour when negative excursions 
in tracheal pressure occurred for at least 1 minute with concomitant diaphragmatic contractions 
occurring at a frequency >15 per minute. The incidence of LV-ECOG was also determined for each 
hour.

Statistical analysis

Blood gases and pH, fetal heart rate, perfusion pressure, carotid and femoral vascular resistance were 
compared between intact and carotid denervated fetuses during normoxia and hypoxia, between control 
experiments (saline infusion) and after treatment with either atropine- (x* phentolamine during normoxia 
and hypoxia, both for intact and denervated fetuses. In addition, the incidence of FBM and low voltage 
ECoG was compared between intact and carotid denervated fetuses during ntnmoxia and hypoxia.

Values are expressed as the mean for each group ±  S.E.M. Some of the fetuses treated with 
phentolamine died during hypoxia: blood gas values given for these fetuses during hypoxia are the 
mean + S.E.M. of the last blood sample taken prior to death.

Data was analysed by the summary of measures method (Matthews, Altman, Campbell & Royston, 
1990). A paired t-test was used to compare values for a variable in control and hypoxic conditions in a 
single group of fetuses. When comparing data between different groups of fetuses, an unpaired t-test 
was used. Significance was accepted when P<0.05.
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RESULTS

Blood gases and pH

Mean arterial blood gases and pH in intact and denervated fetuses were similar during 
normoxia whether the fetuses had been treated with atropine, phentolamine or with 
saline (Table 1). During hypoxia, Pa»02 was reduced from ca. 24 to ca. 13 mmHg, in 
saline and drug treatment experiments, whether intact or denervated. After atropine, 
pH and Pa»C02 did not change during the hypoxia in either intact or denervated fetuses 
and all blood gases returned to control values after the hypoxia. After phentolamine, 
pH fell with a concomitant increase in P^,co2 in those fetuses which died during 
hypoxia; whereas pH and Pa»co2 were maintained in those fetuses which survived.

a) Effect of carotid chemodenervation

There were no differences in any variable measured between the intact and the 
denervated group of fetuses prior to hypoxia (Table 2 and Fig.l).

Fetal heart rate and perfusion pressure

At the onset of hypoxia there was a marked initial bradycardia in the intact fetuses. 
After the initial drop, heart rate returned to control levels. In contrast, heart rate did not 
fall in the denervated fetuses but increased by the end of the hypoxic period.

Whilst there was a gradual increase in perfusion pressure in intact fetuses during 
hypoxia, perfusion pressure did not change significantly in denervated fetuses (Table 2 
and Fig.l).

Blood flow and vascular resistance

Carotid circulation. Carotid blood flow increased throughout hypoxia in both groups 
of fetuses (Table 2). Carotid vascular resistance, however, did not change and 
remained low for both intact and denervated fetuses throughout the protocol (Fig.l).

Femoral circulation. At the onset of hypoxia femoral blood flow decreased in the 
intact fetuses and remained low until the end of hypoxia (Table 2). In denervated 
fetuses such a fall in blood flow did not occur at the onset of hypoxia, although there 
was a decrease by the end of the hypoxia. The changes in femoral vascular resistance
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mirrored the changes in femoral blood flow in both groups of fetuses throughout the 
protocol (Fig.l).

Electrocortical activity and Fetal breathing movements

There were no differences in the incidence of low voltage ECoG activity between intact 
(62.5+5.5%) and denervated (54.0+2.0%) fetuses during normoxia. During hypoxia 
the incidence of low voltage ECoG decreased similarly in intact (38.0+7.9%) and 
denervated (36.0+4.2%) groups (P<0.05).

There were no significant differences in the incidence of FBM between the two groups 
of fetuses throughout the protocol. During normoxia, FBM occurred 42.59+4.32% of 
the time in intact fetuses and 42.31+6.25% of the time in denervated fetuses. At the 
onset of hypoxia the incidence of FBM decreased markedly to 0.85+0.56% and 0% in 
each group respectively (P<0.001).

b) Pharmacological blocking agents

Cholinergic blockade

Fetal heart rate. Results for fetal heart rate, perfusion pressure and vascular 
resistance for intact fetuses after atropine treatment are shown in Fig.2a and for 
denervated fetuses in Fig.2b. After the first atropine bolus in normoxia, there was an 
increase in fetal heart rate from 167.0+9.5 to 181.0+6.6 beats per minute (bpm) in 
intact fetuses (P<0.05). At the onset of hypoxia the initial bradycardia seen in fetuses 
after saline infusion was absent after treatment with atropine (Table 2 and Fig.2a). In 
these fetuses heart rate remained elevated throughout the hypoxia.

There was no increase in heart rate in the denervated fetuses after the first atropine 
bolus. During hypoxia however heart rate increased; this was in contrast to the saline 
infused denervated fetuses in which there was no change in heart rate during hypoxia 
(Table 2 and Fig.2b).

Perfusion pressure, blood flows and vascular resistances. Atropine did not alter
perfusion pressure, mean carotid blood flow or carotid vascular resistance during 
normoxia or hypoxia in either intact or denervated fetuses (Table 2, Figs. 2a, 2b). 
However the large initial drop in femoral blood flow and the concomitant increase in
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femoral resistance seen in saline infusion experiments were attenuated after infusion 
with atropine. Femoral vascular responses were not altered significantly by atropine in 
denervated fetuses throughout the protocol.

a~adrenergic blockade

Whilst all denervated fetuses treated with phentolamine died within 45 minutes of the 
onset of hypoxia, 9 out of 14 intact fetuses survived the hypoxic challenge.

Intact fetuses which survived hypoxia

Fetal heart rate and Perfusion pressure During normoxia there was a sharp increase 
in heart rate after the administration of phentolamine (P<0.001). During hypoxia 
phentolamine prevented the initial bradycardia and depressed the gradual increase in 
perfusion pressure seen in saline infusion experiments (Table 2 and Fig. 3).

Blood flows and vascular resistances

Phentolamine did not affect carotid vascular responses significantly during normoxia or 
hypoxia. Conversely, the decrease in femoral blood flow seen in intact fetuses did not 
occur after the administration of phentolamine (Table 2). The changes in femoral 
vascular resistance mirrored those for femoral blood flow (Fig.3).

Fetuses which did not survive hypoxia

There were no differences between intact and denervated fetuses which subsequently 
died in hypoxia during saline infusion in normoxia. However, in normoxia with 
phentolamine infusion, mean perfusion pressure in intact fetuses which subsequently 
died was lower and fetal heart rate higher than during saline infusion (Table 2). Mean 
femoral blood flow in denervated fetuses after phentolamine was also higher than 
during saline infusion.

At the onset of hypoxia fetal heart rate was variable in intact and denervated fetuses 
which died (Fig.4). After a variable time lapse from the onset of hypoxia (37.9+3.1 
minutes) there was a catastrophic fall in fetal heart rate, perfusion pressure and blood 
flows.
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DISC U SSIO N

In these studies the initial fetal bradycardia and the increase in femoral vascular 
resistance, characteristic of the response of intact fetal sheep to hypoxia, did not occur 
after carotid sinus denervation. The bradycardia was also blocked by atropine which is 
consistent with it being mediated by the vagus. Femoral vasoconstriction was blocked 
by phentolamine and thus appears to be mediated by an a-adrenergic mechanism. 
Furthermore, we have shown that all fetuses in which carotid sinus nerve section and 
a-adrenergic blockade were combined died during a hypoxic challenge, whereas the 
majority of intact fetuses survived the hypoxia after phentolamine administration.

Methodology

Previous studies have determined changes in organ blood flow by injecting 
radiolabelled microspheres (Reuss et al.y 1982; Itskovitz and Rudolph, 1982, Itskovitz 
et al.y  1991; Jansen et a/., 1989). Whilst this method allows detailed determination of 
flow in different organs, it does not provide a continuous measure of flow. We studied 
the redistribution of blood flow in response to acute hypoxia with chronically implanted 
ultrasonic flow transducers to measure carotid and femoral blood flows continuously. 
These transducers permit measurement of the rate of changes and thus allow the initial 
fetal haemodynamic responses to hypoxia to be studied in detail.

Afferent and efferent components o f the carotid chemoreflex

Heart rate

The mechanism of the initial fetal bradycardia at the onset of hypoxia has been a matter 
of debate for some time. Vagotomy (Boddy et al., 1974) and muscarinic blockade (see 
Martin, 1985) prevent the bradycardia, suggesting that it is a parasympathetic reflex. 
The evidence that it is a chemoreflex rather than a baroreflex is: a) the increase in arterial 
blood pressure during hypoxia is slow and gradual, whereas the bradycardia is rapid in 
onset and lasts only a few minutes; b) arterial pressure does not increase in all fetuses 
during hypoxia, while the degree of bradycardia in different animals is similar (Walker, 
Cannata, Dowling, Ritchie & Maloney, 1979); c) the bradycardia can be produced in 
the absence of a rise in arterial blood pressure when brief episodes of fetal hypoxia are 
produced by occluding the uterine artery (Parer, Krueger & Harris, 1980), or after 
transection of the spinal cord at L1-L2 (Blanco, Dawes & Walker, 1983), or following 
pre-treatment with a-adrenergic blocking agents (Lewis, Donovan & Platzker, 1980).
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To investigate the role of the arterial chemoreceptors in the responses of fetal sheep to 
hypoxia, Itskovitz and Rudolph (1982) and Itskovitz, LaGamma, Bristow & Rudolph
(1991) stripped the carotid sinus area and cut the aortic and superior laryngeal nerves, 
leaving the vagi intact. They reported that the rise in arterial pressure and the fall in 
fetal heart rate, seen in intact fetuses during hypoxia, were absent in denervated fetuses. 
Jansen, Belik, Ioffe & Chemick (1989) have attempted to to determine the relative roles 
of the carotid and aortic chemoreceptors. They compared the cardiovascular responses 
to hypoxia of intact fetuses with those of fetuses which had been vagotomized, and 
with those of fetuses which had been vagotomized and carotid sinus-denervated. Either 
procedure attenuated the redistribution of blood flow during hypoxia, although the 
effects of combined vagotomy and carotid denervation were greater than those of 
vagotomy alone. These studies involved either complete arterial chemodenervation or 
aortic chemodenervation: to date, the effects of just cutting the carotid sinus nerves in 
the sheep fetus had not been investigated. We felt this was important especially as it 
has been shown recently that carotid denervation alone prevents the respiratory 
response to hypoxia in newborn lambs (Williams & Hanson, 1990). Moreover, in 
some of these studies aortic chemodenervation was achieved by vagotomy. Section of 
the cervical vagi interupts many other afferents from the heart, lung and great vessels as 
well as those from the aortic chemoreceptors, and also efferent cardio-inhibitory fibres. 
The fact that vagotomy abolished the initial bradycardia seen during hypoxia could then 
be due to interuption of either afferent or efferent fibres, and firm conclusions cannot be 
drawn from it.

Dawes et al. (1969) reported that the bradycardia was dependent on afferents from the 
aortic bodies rather than other vagal afferents because changes in heart rate were 
depressed purely by cutting the aortic nerves. This is a valid conclusion from their 
study. There are, however, methodological differences between their study and ours: 
they induced only relative hypoxemia in anaesthetized, partly exteriorized fetal sheep, 
decreasing /*a02 from an elevated level (ca. 38 mmHg) to ca. 30 mmHg. Under these 
conditions they saw a tachycardia at the onset of hypoxia as opposed to a bradycardia.

In the present study atropine increased heart rate in normoxia and prevented the 
bradycardia in intact fetuses during hypoxia confirming blockade of vagal input to the 
heart and unmasking ^-adrenergic stimulation. Since atropine also produced a 
tachycardia in carotid denervated fetuses during hypoxia, it is likely that part of the p- 
adrenergic effect on the heart was due to adrenaline released from the adrenal medulla in
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hypoxia. Central effects of atropine cannot however be ruled out. The pronounced 
increase in heart rate after administration of phentolamine during normoxia can be 
attributed to blockade of presynaptic a-adrenoreceptors, which would be expected to 
enhance transmitter release (see Langer, 1977).

Taking past and present evidence, we therefore conclude that a powerful chemoreflex 
induces a rapid vagally-mediated fall in heart rate at the onset of hypoxia. From our 
study, the extent of the abolition of the bradycardia obtained by carotid sinus nerve 
section alone suggests predominance of the carotid bodies over the aortic bodies in 
providing the afferent pathway for the response.

Perfusion pressure

Increased perfusion pressure during hypoxia may result from peripheral 
vasoconstriction, a rise in cardiac output, or both. These changes may be reflex in 
origin and/or due to increased levels of humoral agents. For example, the peripheral 
vasoconstriction is depressed by chemical sympathectomy (Iwamoto, Rudolph, Mirkin 
& Keil, 1983) and a-adrenergic blockade (Lewis, et a l, 1980; Reuss et a l, 1982; 
Jones and Ritchie, 1983). Also, in the fetus hypoxia is known to stimulate adrenaline 
release from the adrenal medulla by a direct means which does not involve the 
sympathetic efferent innervation of the gland (Jones, Roebuck, Walker, Lagercrantz & 
Johnston, 1987; Jones, Roebuck, Walker & Johnston, 1988, 1989).

Since the increase in perfusion pressure was depressed in denervated fetuses, it would 
appear that a component of this response is mediated via the carotid sinus nerves. Any 
remaining increase in perfusion pressure in the denervated fetuses during hypoxia may 
be mediated by the aortic chemoreceptors or by release of humoral agents (e.g. 
catecholamines). Opioids (Llanos, Court, Holbrook, Block, Vega & Parer, 1983), 
arginine vasopressin (Iwamoto, Rudolph, Keil & Heymann, 1979) or angiotensin II 
(Iwamoto & Rudolph, 1981) may also be involved.

The hypotension occurring at the onset of hypoxia after phentolamine treatment may be 
due to the unmasking of the direct, vasodilatory effect of hypoxia or due to (3- 
adrenergic vasodilatation. At present we cannot distinguish between these possibilities. 
The increase in heart rate observed during this time might therefore be a baroreflex 
mechanism to compensate for the hypotension. Reuss et a l (1982) came to similar 
conclusions from experiments in which they used the a-antagonist phenoxybenzamine.
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Since this drug is not known to have a direct chronotropic effect, unlike phentolamine, 
this is further evidence for the involvement of a baroreflex at this time.

Blood flows and vascular resistances

Carotid circulation. Cerebral blood flow is known to increase during hypoxia in the 
sheep fetus (Cohn et al,, 1974; Peeters et al„ 1979; Jansen et al„ 1989). In the 
present study carotid blood flow rose in both intact and denervated fetuses during the 
hypoxic challenge, but carotid vascular resistance did not change in either group. This 
data suggests that the increase in carotid blood flow was not mediated via the carotid 
chemoreceptors and purely reflected the increase in perfusion pressure. It should be 
noted, however, that the carotid arteries supply parts of the head in addition to the 
cerebral circulation. The contribution from changes in flow to muscle and skin cannot 
be assessed and might prevent an increase in cerebral blood flow from being seen as a 
fall in carotid vascular resistance. Moreover, a redistribution of blood flow within the 
cerebral circulation has also been reported during hypoxia, blood flow increasing to the 
brainstem whilst that to the choroid plexus and the cerebrum decreases (Jensen, 
Hohmann & Kunzel, 1987). This gives a further masking effect which may prevent a 
fall in cranial vascular resistance from being seen. With these reservations, our results 
are broadly in agreement with those of Heistad, Marcus, Ehrhardt & Abboud (1976) in 
the adult dog, and Miyabe, Jones, Koehler & Traystman (1989) in 1-7 day old lambs, 
who showed that chemodenervation did not abolish the rise in cerebral blood flow in 
hypoxia.

Femoral circulation, A  component of the femoral vasoconstriction during reductions in 
Pa.02 has been suggested to be reflex in nature (Dawes et al,, 1968). In that study it 
was shown that, even in chloralose-anaesthetized and exteriorised fetuses, a fall in 
femoral blood flow occurred at the onset of asphyxia; this fall was not present after the 
sciatic nerves had been cut. In the present study, the large increase in femoral 
resistance seen in intact fetuses during hypoxia was absent in the carotid sinus- 
denervated fetuses. This confirms that this response is reflex and is mediated via the 
carotid chemoreceptors. A recent study by Moore & Hanson (1991) showed that the 
rate of increase in pulmonary vascular resistance during hypoxia was depressed in sino- 
aortic denervated fetuses. Hence the rapid effects on the pulmonary and femoral 
circulations appear to be part of the same chemoreflex redistribution of the CVO 
occurring in hypoxia.
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The abolition of femoral vasoconstriction by phentolamine confirms that the efferent 
pathway is mediated through an a-adrenergic mechanism. The increase in femoral 
resistance in denervated fetuses during late hypoxia may be attributed to release of 
catecholamines as a direct result of hypoxia on the adrenal gland. Increased peripheral 
vasoconstriction in late hypoxia both in intact and denervated fetuses may also be 
attributed to increased release of vasoconstrictor humoral agents such as AVP (Peréz, 
Espinoza, Riquelme, Parer & Llanos, 1989) and angiotensin U (Iwamoto & Rudolph, 
1981).

Fetal survival

In acute isocapnic hypoxia the fetus mounts physiological compensatory mechanisms 
which ensure a redistribution of the circulation to maintain an adequate perfusion to the 
cerebral, myocardial and adrenal circulations. The maintenance or increase in perfusion 
pressure is due to a rise in total peripheral resistance. We have shown that this is 
achieved partly by a carotid chemoreflex.

Removal of afferent and efferent pathways of this reflex arc however will only produce 
similar effects on fetal responses when a) gll the fetal responses to hypoxia are reflexly 
mediated and are blocked by the deafferentation, and b) the efferent components of the 
reflex are known and can thus be blocked pharmacologically. If these conditions are 
met, then deafferentation, or pharmacological blockade, or both together, should 
produce similar results. In practice, the first condition is not fulfilled as we know that a 
substantial proportion of the cardiovascular responses of the fetus are mediated by 
adrenaline released from the adrenal medulla by direct, non-neural, effects of hypoxia 
(Jones & Wei, 1985). However, phentolamine will block the a-adrenergic effects both 
of adrenaline and of sympathetic efferents at the peripheral blood vessels. If other 
vasoconstrictor agents are not involved, therefore, we would expect the effects on 
peripheral vascular resistance of combined denervation and a-adrenergic blockade to be 
similar to that of a-adrenergic blockade alone.

In the present study, whilst all fetuses subjected to combined carotid denervation and 
pre-treatment with phentolamine died during hypoxia, 9 out of 14 fetuses in which the 
carotid sinus nerves were left intact, but which received the a-blocker, survived 
(Fig.4). The pattern of cardiovascular collapse was similar in all fetuses which died 
during the hypoxic challenge. The length of time during which this pattern occurred 
was different from fetus to fetus, but in all of them a time was reached during which 
there was a parallel fall in arterial blood pressure and heart rate, leading to 
cardiovascular collapse. This phenomenon might be similar to the breakdown of
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physiological circulatory compensation described recently by Block, Schlafer, 
Wentworth, Kreitzer & Nathanielsz (1990).

This suggests that a component of the vasoconstriction is due to chemoreflexly-released 
vasoconstrictors which do not act via an a-adrenergic mechanism. One plausible 
candidate may be arginine vasopressin (AVP) since its concentration in the fetal 
circulation increases during hypoxia (Rurak, 1978; Daniel, Stark, Zubrow, Fox, 
Husain & James, 1983; Iwamoto e/a/.,1983; Picquadio, Brace & Cheung, 1990; Raff, 
Kane & Wood, 1991), AVP infusion in normoxaemic fetal sheep produces a 
vasoconstriction in the carcass but no significant change in other organs (Iwamoto et 
al.y 1979), and administration of a V% antagonist reverses the rise in systemic arterial 
pressure observed during hypoxia (Peréz et a i, 1989). Our preliminary results show 
that AVP infusion into fetal sheep, at a rate which would mimic the naturally-occurring 
rise in in plasma AVP concentration during hypoxia, permits them to survive acute 
hypoxia even after combined carotid chemodenervation and a-adrenergic blockade 
(Giussani, Spencer, Moore, Bennet & Hanson, 1992). Alternative candidates may be 
renin/angiotensin and neuropeptide-Y. It is known that plasma renin and angiotensin II 
concentrations are high in the fetus compared to the non-pregnant ewe (Broughton- 
Pipkin, Kirkpatrick, Lumbers & Mott, 1974) and are thought to produce a tonic 
vasoconstriction, maintaining umbilical blood flow and gas exchange between the fetal 
and maternal circulations (Iwamoto & Rudolph, 1979). Plasma renin activity increases 
in the sheep fetus in hypoxia and hypercapnia (Robillard, Weitzman, Bummeister & 
Smith, 1981; Wood, Kane & Raff, 1991) and infusion of angiotensin II produces a 
peripheral vasoconstriction (Iwamoto & Rudolph, 1981). Less is known about the 
actions of neuropeptide Y but it has been shown recently that its infusion also produces 
an increase in fetal systemic vascular resistance (Sanhueza, Carrasco, Gaete, 
Parraguez, Riquelme, Daniels & Llanos, 1991).

We conclude that the initial cardiovascular responses to hypoxia in the near term sheep 
fetus have a powerful carotid chemoreflex component. Furthermore, fetal survival 
during hypoxia is dependent on these reflexes and on the release of catecholamines 
from the adrenal medulla. Since combined fetal carotid denervation and a-blockade is 
more deleterious than a-blockade alone during hypoxia, we postulate that the carotid 
chemoreceptors may mediate the release of additional humoral vasoconstrictors during a 
hypoxic challenge. These have yet to be identified definitively.
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1 S t  hour-NORMOXIA 2nd hour-HYPOXIA 3rd hour-NORMOXIA

pH P c a (m m H g )  PC(mmHg) pH P c a (m m H g )  Pc^(mmHg) pH P c a (m m H g )  Pc.(mmHg)

Control
intact  (n=M)  

denervated (n=12)

7.36 i  0.01 4 2 . 2 1 1 . 6  23.4 ± 0 . 7  

7.35 1  0.01 43.0 1  1.4 23.6 i  0.8

7 . 3 2 1 0 . 0 1  4 1 . 4 1  1.4 1 3.2 l  O . f
7 . 3 5 1 0 . 0 1  4 1 . 4 1  l . f  13 .510 .3*

7 . 3 3 1 0 . 0 1  40.0 1  1.6 22.9 1 0.7
7 . 3 5 1 0 . 0 1  4 1 . 3 1  1.4 23.7 i  1.0

A tropine
intact  (n=5) 

denervated (n=5)

7 . 3 6 1 0 . 0 1  3 8 . 9 1 1 .2  2 2 . 0 1 0 . 8

7 . 3 4 1 0 . 0 1  4 0 . 2 1 1 .6  2 4 . 4 1  0.9

7 . 3 3 1 0 . 0 1  3 8 . 5 1  1.1 1 2 . 8 i 0 . ^

7 . 3 3 1 0 . 0 1  3 9 . 2 1  1.3 1 3.5 i  0.5*

7 . 3 3 1 0 . 0 1  3 7 . 2 1  1.2 20.8 i  1.0

7 . 3 2 1 0 . 0 2  3 8 . 3 1 0 . 7  2 5 . 7 1  1.5

P h e n t o l a m i n e

su rv iva l  (n=9) 
intact

d e a th  (n=5)

denervated (n=10)

7 . 3 4 1 0 . 0 1  42.1 1  2.1 23.3 l  1.2

7.32 1 0 . 0 1  4 5 . 7 1  1.4 23.2 i  2.0

7.33 1 0 . 0 1  44.1 1  1.5 23.0 i  0.8

7 . 2 9 1 0 . 0 1  42.0 1  2.3 1 3 . 9 i 0 . ^  

7 . 1 3 1  0.03 60.0 1  3.cf 1 2 .0 1  0.4* 

7 . 1 2 1  0 . 0^  6 7 . 0 1 5 . 5  1 3 . 2 1 0 . 8

7.25 1  0.01 39.2 l  2.0 22.5 i  1.2

Table 1. Blood gases  and pH resul ts  for Intact and chemodenervated fe t use s  
during control experiments and experiments involving pretreatment with either  
atropine or phentolamine. Values given (mean i  s e n )  are for the last  minute of  
each of the experimental hours.
Values given for phentolamine treated fe t uses  which died during hypoxia are the 
mean i  s e n  of the last  blood sample before death.

*p<0.001 normoxia V hypoxia (paired t - t e s t ) .
**p<0.01 normoxia V hypoxia (paired t - t e s t ) .
®p<0.05 normoxia V hypoxia (paired t - t e s t ) .

to
I—*
o I



INTACT DENERVATED

control atropine phentolamine 
survival death

control atropine phentolamine

Perfusion pressure  
(mmHg) 3 9 .9 1  1.3 3 9 .2 1  16 38.1 1  1.2 3 3 .7 i2 .5 C 41.1 i 2 . 0 3 9 .3 1 0 .6 3 5 .8 1 1.9

NORMOXIA
Fetal heart ra te  

(bpm)
1 7 6 .0 2 1 4 .3 3 188.001 1 78 189.44 1 4 .9 6 225.00 1  7.74^ 1 8 0 .4 2 1 4 .1 0 1 8 6 .0 0 1 8 . 8 6 193 .501  1 23

Carotid blood flow 
(m l/m ln)

100 .41  10.2 1 13 .4122 .7 123 6 1  14.5 8 3 .6 1  14.8 94.5 1 5.6 105 .51  lO.I 106.1 1 6 . 0

Femoral blood flow 
(m l/m ln)

32 9 1 2 .8 3 8 .0 1 7 .5 3 4 .9 1 2 .7 2 4 .8 1 4 .8 3 3 4 1 2 .7 4 2 .2 1 3 .3 3 7 . 4 1 3 .^

Perfusion pressure  
(mmHg)

4 1 .2 1  19 4 1 .9 1  17 31 5 l 2  7"k 2 3 .5 1 4 .1 * ' 4 0 .6 1 2  2 3 7 .7 1  1.5 25 3 1 2 .2

EARLY HYPOXIA
Fetal heart ra te  

(bpm)
128.57 14 .6 7 * 205.00 1  1 4.58^ 190 55 ♦ n .oeA 168 .00121  7 7 C 177.50 1 6 .17 202.00 1  11.47* 177.8818.68

Carotid blood flow 
(m l/m ln)

100.0 1  1 1.2 1 3 5 .2 1 2 8  8 1 2 1 8 1  109 7 2 .2 1  17 6 11 3 .3 i7 .^ 12 5 .0 1  12.9 98 4 1 8 . 9

Femoral blood flow 
(m l/m ln)

14.912.6* 29 8 1  8 . ^ 3 4 6 1 4  0* 2 5 .6 1 4 .4 3 3 .5 1 2 .9 3 9 .2 1 4 .6 3 4 .7 1 4 .7

Perfusion pressure  
(mmHg) 4 5 .3 1  2.0“ 4 5 .2 1  1.8 38 2 1  i f - 4 4 .7 1 3 .1 4 1 .7 1 2 .4 -

LATE HYPOXIA
Fetal heart ra te  

(bpm)
174.64 1 9 .1 9 251 0 0 1  13.8^* 236.1 1 18.20*'* - 198.33 1 6  75® 2 4 4 .0 0 1  17 .4^ -

Carotid blood flow 
(m l/m ln)

1 13.1 1  1 1.1* 1 3 3 .4 1 2 4  2® 131.31 17.2 - 105.314.8® 1 0 8 .5 1 4 .8 -

Femoral blood flow 
(m l/m ln)

17 .412 .4* 24.0 1  4.6 24 9 1 3 / ^ - 27.4 1 3 . ^ 3 2 .0 1 5 .3 -

K>

Table 2. Perfusion pressure, fe ta l heart ra te , caro tid  blood flow and fem oral blood 
flow re s u lts  for In tact and chemodenervated fe tu ses , during control experim ents 
and experim ents Involving p re trea tm en t w ith  e ith e r atropine or phentolamine. 
Values shown are meaniSEM for the last m inute of normoxia, 5 m inutes (EARLY) 
and 60 m inutes (LATE) of hypoxia Comparisons are betw een mean values a t the 
la s t m inute of hypoxia and early  and la te  hypoxia.

^p<O.OOI saline  v drug p re trea ted  fe tus (unpaired t- te s t) .
Bp<0 . 0 2  saline V drug p re trea ted  fe tu s  (unpaired t- te s t) .
Cp<0.05 saline V drug p re trea ted  fe tus (unpaired t- te s t) .
•p<O.OOI normoxia V hypoxia (paired t- te s t) .
bp<o.oi normoxia V hypoxia (paired t- te s t) .
ep<0.05 normoxia V hypoxia (paired t - t e s t ) I
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HYPOXIANORMOXIA NORMOXIA

220

200
Fetal heart rate 

(beats per minute) 180
Intact (n= 14) 
Denervated (n=

160

140

120

Perfusion pressure 
(mmHg)

0 .6 -,

0.5-

carotid 0 4 ^

0.3-
Vascular resistance 

(mmHg/ml/min) 0 .2 -*

femoral

60 120 180

Time (minutes)

Figure 1 Fetal heart rate, perfusion pressure and vascular resistance in intact and carotid-sinus denervated 
fetuses during normoxia, hypoxia, normoxia experimental protocol. Values shown are mean + S.E.M of all 
values.
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NORMOXIA HYPOXIA NORMOXIA

6 X 300| ig atropine sulphate bolus

275 1

250 - 

-

Feta l  h ea r t  ra te  
( b e a t s  per m in u t e )  “

175 1

125 -

00  -*

50 -|

45 -

P e r f u s i o n  p r e s s u r e  
(mmHg)

40 -

3 5 -J

0 .5-

ca r o t id

0 .3-

V a s c u l a r  r e s i s t a n c e  o.2-  ̂
( m m H g / m l / m i n )  _

fe m oral

1800 60 120

intact fetuses

key:

—o— sal1ne(n= 14) 
—#— atropine (n=5)

Ti me  ( m i n u t e s )

Figure 2 Fetal heart rate, perfusion pressure and vascular resistance in intact after saline and atropine 
treatment during normoxia, hypoxia, normoxia experimental protocol. Values shown are mean ±  
S.E.M of all values. Note the different scales for carotid and femoral vascular resistances.
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NORMOXIA HYPOXIA NORMOXIA

6 X 300| ig atropine sulphate bolus

M M M
Fetal  h ea r t  ra te  ^25

( b e a t s  per m in u te )  200

1 0 0 ^

P e r f u s i o n  p r e s s u r e  
(mmHg)

c a r o t i d  0.4

V a s c u la r  r e s i s t a n c e  
( m m H g / m l / m i n )

fe m o r a l

D e n e r v a te d  f e t u s e s  

key:

—o— sal ine(n= 12) 
—#—  atropine(n=5)

T i me  ( m i n u t e s )

Figure 3 Fetal heart rate, perfusion pressure and vascular resistance in denervated fetuses after saline and 
atropine treatment during normoxia, hypoxia, normoxia experimental protocol. Values shown are mean ±  
S£.M  of all values. Note the different scales for carotid and femoral vascular resistances.
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KCRNCXIA  HYPOXIA NCPMCXIA

300

200

Fetal  heart  rate  o 
( b e a t s  per m in ut e )

3 0 0 1

200

PHENTOLAMINE '  j

INTACT

CAROTID
DENERVATED

180

Time ( m i n u t e s )

Fi gur e  A  individual  f e ta l  h ea r t  r a t e  r e s po n s e s  in In t ac t  and d ener va t ed  f e t u s e s  t r e a t e d  w i t h  
phento l amine  during the  exper imehta l  protocol .  Dashed l ine s ho ws  i n t ac t  f e t u s e s  t h a t  surv ived  the 
hypoxic chal lenge

Adrenal
medullaHYPOXIA

[catecholamines] plasma |

Femoral
resistance

Heart
rate

cholinergic

carotid sinusCarotid
chemoreceptors Brainnerve

Fi gur e  5 Diagram s umma r i s i ng  the componen t s  of the  r e s pohse  s tudi ed ,  in t e rm s  of  vagal  pradycar di a ,  
neural  and non-neura l  alpha adrehergi c  va so c o n s t r i c t i o n  and an unident i f i ed ,  chemor e f l ex l y  induced 
v a so c o n s t r i c t o r  agent  (?)
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Appendix V

J . Physiol. (1991) Vol. 438. Charing Cross Meeting 10-11 January 1991

56P PROCEEDINGS OF THE PHYSIOLOGICAL SO CIETY

Effect of phentolamine on initial cardiovascular response to isocapnic hypoxia in 
intact and carotid sinus denervated fetal sheep

D.A. Giussani, J.A.D Spencer, P.J. Moore and M.A. Hanson
Department of Obstetrics ct* Gynaecology. University College London, WCIE 6HX

In term  fetal sheep acute isocapnic hypoxia produces an increase in femoral 
vascular resistance, abolished by cutting the carotid sinus nerves (Giussani et al. 
1990). To examine the efferent pathway of this reflex, we studied the effect of 
the alpha-adrenergic antagonist phentolamine (PA) on the response in in tact and 
denervated fetuses.

Twelve fetal sheep (119-126 days gestation) were instrum ented under general 
maternal anaesthesia (1 g thiopentone for induction; 2%  halothane in for 
maintenance). Catheters were placed in a carotid artery, a jugular vein and the 
amniotic cavity. Flow transducers (Transonic. Ithaca) were implanted around 
the other carotid artery and a femoral artery. Six fetuses had the carotid sinus 
nerves cut. On the fourth post operative day fetal isocapnic hypoxia (Pq^ 
13.4 ± 0.4, Pcpz 41.7 ± 2.3, pH 7.31 ±0.01; values 15 min after the onset of 
hypoxia, mean ± S.E.M. n = 12) was induced for 1 h by reducing m aternal P, . 
The following day after giving PA (Rogitine. Ciba; bolus dose 17-23 mg followed 
by infusion of 0.167 mg/min) this protocol was repeated.

In the intact fetuses during normoxia. PA did not affect mean perfusion 
pressure (A-V) or femoral resistance (perfusion pressure/femoral flow). Heart 
rate was higher (Student’s unpaired t test; P  < 0.02) and carotid resistance was 
lower ( f  < 0.001) after PA compared to control. In hypoxia PA abolished the 
increase in femoral resistance and the bradycardia. One in tact animal given PA 
died after the onset of hypoxia. In the denervated fetuses during normoxia. PA 
did not affect femoral or carotid resistance but perfusion pressure was lower 
(P < 0.05) and heart rate higher (P < 0.001 ). After PA, all denervated fetuses died 
within 45 min of hypoxia.

We conclude tha t femoral vasoconstriction during hypoxia is alpha-adrener
gic. Survival of denervated fetuses in hypoxia is impaired by PA, due to blockade 
of catecholamines released from the adrenal gland. Since PA is less deleterious 
to  intact fetuses in hypoxia, the role of other reflex non alpha-adrenergic 
mechanisms must be considered.

Supported by the Wellcome Trust. SERC & the Nuffield Foundation.

REFERENCE

Giussani, D. A., Spencer. J. A. D. Moore, P. J. & Hanson. M A. (1990). J. Physiol. 432. 33P.

216



Appendices
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British Journal o f Obstetrics and Gynaecology 
December 1991, Vol. 98, pp. 1304-1308

B L A IR  BELL R E SE A R C H  SO C IET Y

Papers presented at the meeting in January 1991 at University College 
and Middlesex School of Medicine, London

lar cytoplasm and stroma cells on days LH +5 
and LH +7. Luminal staining was strong on day 
LH 4-9. In Group 2 the lectin was absent from 
the glands but it was present in the stroma. The 
SBA and FNA were present in the glandular 
lumen of group 1 only. UEA stained vascular 
endothelium in both groups. In summary this 
study has shown that during the peri- 
implantation phase, the most critical time of an 
intrauterine pregnancy, the endometrium of 
women with unexplained infertility shows defi
cient production of glycoconjugates in the glan
dular and surface epithelium. A consequence of 
this deficiency is likely to be impairment of blas
tocyst implantation.

Control of fetal cardiovascular response to hypo
xia by D. A. Guissani, J. A. D. Spencer, P. J. 
Moore and M. A. Hanson. Department of 
Obstetrics, University College, London 
WC1E6HX.
Twelve pregnant sheep {119-126 days gestation) 
had instruments inserted under general anaes
thesia. Catheters were placed in a carotid artery, 
a jugular vein and the amniotic cavity. Flow 
transducers (Transonic, Ithaca) were implanted 
around the other carotid artery and a femoral 
artery. Six fetuses had both carotid sinus nerves 
cut (denervated group) and other fetuses were 
left intact. On the fourth post operative day. 
fetal isocapnic hypoxia was induced for one hour 
by a reduction in maternal FiO. (fraction of 
inspired oxygen). On subsequent days this was 
repeated after giving either atropine or phenta- 
lomine. The initial bradycardia and increase in 
femoral resistance, seen within 5 min of the 
onset of hypoxia in the intact group, did not 
occur in the denervated fetuses. The reflex bra
dycardia was abolished by atropine. Phentola
mine infusion to intact fetuses abolished the rise 
in femoral resistance and all phentolamine- 
infused denervated fetuses died during hypoxia. 
We conclude that there is a carotid chemoreflex 
component to the initial bradycardia and 
increase in femoral resistance in response to 
hypoxia. We confirm that this reflex bradycardia 
is by a cholinergic mechanism. Femoral vas
oconstriction during hypoxia is by an alpha- 
adrenergic mechanism. We believe that survival 
of the denervated fetuses during hypoxia was 
impaired by phentolomine due to blockade of 
catecholamine release from the adrenal gland. 
Since phentolamine was less deleterious to intact 
fetuses during hypoxia, other non alpha-adre-

Blair Bell Research Society  1305

nergic reflect mechanisms, such as vasopressin 
or angiotensin release, may be important.

The effect of donor blood hacmatocrit on fetal 
blood rheology after in utero transfusion by C. R. 
Welch, M. W. Rampling and C. H. Rodeck. 
Fetal Medicine Unit, RPMS Institute of Obstet
rics Si Gynaecology, Queen Charlotte's and 
Chelsea Hospital, London W6 OXG.
We have previously demonstrated an exponen
tial increase in fetal whole blood viscosity as hac
matocrit rises during in utero intravascular 
transfusion. We noted a concomitant change in 
fetal plasma proteins. We hypothesize that the 
change in plasma proteins was a result of protein 
quantity in the donor blood. We studied the 
effect of donor haematocrit on the change in 
fetal plasma protein level. The mean rise in 
plasma proteins over transfusion was 5 97 g/T 
(95% Cl 2 09 to 9 84 P = 0-007 n = 25). The 
change in fetal plasma proteins was significantly 
correlated with the donor haematocrit (y =  45 6 
-  0 52x. P = 0 05). We calculated the optimum 
donor hacmatocrit to avoid change in plasma 
protein levels should be around 88% (Cl — 7-84, 
7-43). Donor haematocrits above this level are 
associated with a dilution of fetal plasma pro
teins and would seem ideal in terms of mini
mising hacmorheological changes. However, 
donor haematocrits above 90% are practically 
difficult to transfuse. Fetal whole blood viscosity 
changes with haematocrit and plasma viscosity. 
Plasma viscosity alters with fetal plasma protein 
levels. A large rise in fetal plasma protein level 
at the same time as fetal haematocrit greatly 
increases the whole blood viscosity and may 
explain acute transfusion related fetal 
morbidity.

Laparoscopic ovarian diathermy in the manage
ment of infertility in women with polycystic 
ovaries; results of treatment in 50 cases by N. A. 
Armar and G. C. L. Lachelin. Department of 
Obstetrics & Gynaecology, University College 
and Middlesex School of Medicine. 86-96 Che- 
nies Mews. London WCIE 6HX.
Fifty oligomenorrhoeic women with polycystic 
ovaries, complaining of infertility, refractory to 
medical treatment, underwent laparoscopic 
ovarian diathermy from 3i years to 6 months 
ago. Twenty one were found to have adhesions 
and/or endometriosis. Regular ovulatory cycles 
ensued in 78% and treatment with clomiphene 
was used successfully to induce ovulation in 7 of

217



Appendices

Appendix VII

Phentolamine increases the incidence of fetal breathing movements both in 
normoxia and in hypoxia in term fetal sheep

D.A. Giussani, P J . Moore., L. Bennet, J.A.D. Spenoer and MA. Hanson 
Department of Obatetrica is Oynaecology, 86-96 Cheniea, London WCIE 6 HX

Catecholamines have been implicated in modulating fetal breathing move
ments (FBM), as noradrenaline decreases the incidence of FBM (Murata et al. 
1981). I t has been suggested that a-adrenergic mechanisms may be involved in 
the inhibition of FBM in hypoxia (see Bamford, 1987). We studied the effects 
of systemic administration of the a-antagonist phentolamine on the incidence 
of FBM in normoxia and in hypoxia.

Six fetal sheep (119-125 days gestation; term = 147 days) were chronically 
instrumented under general anaesthesia (1 g thiopentone fbr induction; 2-3 % 
halothane for maintenance). A tracheal catheter and diaphragm EMG elec
trodes were implanted to record FBM. In 5 fetuses electrodes were implanted 
on the parietal dura to measure electrocortical activity (ECoG). On the fourth 
post operative day fetal isocapnic hypoxia (f^g^ 12.96 ±0.27,
44.7 ± 1.4 mmHg, pHa 7.3210.01, mean 1 S.E.M.) was induced for 1 h by 
reducing maternal The next day the protocol was repeated after phen
tolamine (20 mg bolus, then 0.2 mg min * infusion I.V.)

FBM
Hypoxia

LV-ECoG
Hypoxia O  control 

g  phentolamine

• P < 0.05 
unpaired t test

Time
(hours)

Time
(hours)

Fig.l. Effect of phentolamine on FBM and ECToG in normoxia and in hypoxia.

In normoxia phentolamine increased the incidence of FBM (P < 0.05). In 
hypoxia FBM still occurred after phentolamine albeit at a reduced level. 
Phentolamine did not affect the incidence of low voltage (LV) ECoG in 
normoxia or in hypoxia. FBM only occurred in LV-ECoG. These data are 
consistent with the idea that a-adrenergic mechanisms have an inhibitory 
influence on FBM both in normoxia and in hypoxia.

Supported by The Wellcome Trust and SERC .
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PHENTOLAMINE STIMULATES FETAL BREATHING MOVEMENTS
IN TERM FETAL SHEEP

D. A. GIUSSANI, P. J. MOORE, L. BENNET, J. A. D. SPENCER AND M. A.
HANSON

Department o f Obstetrics and Gynaecology, University College London, 86-96 Chenies
Mews, London WCIE 6 HX

(Submitted to Pediatric Research)

A B ST R A C T

The effects of a-adrenergic blockade with phentolamine on fetal breathing movements 
(FBM) and electrocortical activity (ECoG) were measured during normoxia and during 
hypoxia in fetal sheep at 119-125 days gestation (term is 147 days). Phentolamine 
increased the incidence but did not affect the rate or amplitude of FBM movements both 
during normoxia and during hypoxia.. Phentolamine increased the duration of episodes 
of low voltage-ECoG but did not affect their incidence. AU episodes of FBM occurred 
in conjunction with low voltage-ECoG activity during phentolamine and vehicle 
treatment experiments.
We conclude that a-adrenergic mechanisms have an inhibitory influence on FBM both 
during normoxia and during hypoxia.

IN T R O D U C T IO N

Fetal breathing movements (FBM) occur as a natural and essential feature of fetal life. 
They are characterized by being rapid (1-4 Hz), irregular and episodic, occurring mainly 
in conjunction with episodes of low voltage-ECoG (Boddy, Dawes, Fisher, Pinter & 
Robinson, 1974). Whereas hypoxia stimulates an increase in depth and frequency of 
breathing in the adult, it causes FBM to cease (Boddy et al., 1974; Maloney, Adamson, 
Brodecky, Dowling & Ritchie, 1975). Hypoxic inhibition of FBM has been 
demonstrated in fetuses as early as 75-95 days gestation (Clewlow, Dawes, Johnston & 
Walker, 1983; Ioffe, Jansen & Chemick, 1987).
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Despite a number of investigations there is still no unequivocal explanation of the 
mechanisms involved in the effect of hypoxia on FBM. Transection or lesion of the 
fetal brain stem suggests the presence of an area rostral to the pons, but caudal to the 
hypothalamus, which is involved in the hypoxic inhibition (Dawes, Gardner, Johnston 
& Walker, 1983; Gluckman & Johnston, 1987).

Several investigations have implicated catecholamines in modulating FBM both during 
normoxia and during hypoxia but their results conflict. Jones and Ritchie (1978) found 
that noradrenaline had little effect, though adrenaline infusion increased fetal breathing 
whereas Murata, Martin, Miyake, Socol & Druzin (1981) showed that systemic 
administration of noradrenaline led to a decrease in the incidence of FBM. Bamford, 
Dawes & Ward (1986) and Bamford and Hawkins (1990) implicated a role for central 
noradrenergic mechanisms in the facilitation and maintenance of FBM. They reported 
that intravenous administration of the a 2 -adrenoreceptor antagonist idazoxan led to an 
increase both in the incidence of FBM and in the periods of low voltage-ECoG, while 
administration of the a 2 -agonist clonidine led to an immediate arrest of FBM. 
Stimulation of a 2 -adrenoreceptors leads to a decrease in noradrenaline release at the 
axonal terminals of neural catecholamine stores (see Langer, 1977; Starke, 1972) and 
therefore the conclusions of Bamford and co-workers (1986, 1990) suggest a role for 
noradrenergic pathways in stimulating FBM, opposing the earlier conclusions of Murata 
et al. (1981). Recently, Joseph and Walker (1990) reported that increasing the synaptic 
concentration of catecholamines released centrally, either by the intravenous 
administration of disipramine (DMI), an inhibitor of noradrenaline neuronal uptake, or 
by intra-cistemal infusion of 6-hydroxydopamine (6-OHDA), a neurotoxin which 
causes a displacement of neuronal catecholamine stores, led to an increase in fetal 
breathing. This agrees with the concept that catecholamines stimulate fetal breathing.

In view of the current conflict in the literature we have studied the effects of the ai- and 
a 2 -adrenergic antagonist phentolamine on FBM and ECoG activity, both during 
normoxia and during episodes of isocapnic hypoxia.

Some of our results have been previously published in abstract (Giussani, Spencer, 
Moore, Bennet & Hanson, 1992a).
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METHODS

Surgical preparation

Chronically instrumented fetal sheep were prepared as described previously (Giussani, Spencer, Moore, 
Bennet & Hanson, 1992b). In brief, sterile surgery was carried out on 6 cross-bred pregnant ewes at 
118-125 days gestation under general anaesthesia (Ig sodium thiopentone fœ induction; 2-3% halothane 
in 02  for maintenance). Following a midline lower abdominal incision the fetus was partially 
exteriorised through a uterine incision. Teflon-coated stainless-steel electrodes (Cooner Wire Co., 
California; No. A632) were implanted to record diaphragmatic EMG and ECoG. Catheters (I.D=1.0; 
O.D=2.0 mm, translucent vinyl tubing, Portex Ltd.) were placed in the fetal trachea, a carotid artery, a 
jugular vein and the anmiotic cavity. All catheters were filled with heparinised saline and brought out 
with the leads through the materné flank. Catheters were maintained patent by the slow infusion of 
heparinised saline (501.U.ml'^ at 0.125 mlhr’ )̂.
Four days post-operative recovery were allowed prior to starting experiments. During this time 
antibiotics were administered daily to the ewe, to the fetus and into the amniotic cavity.

Experimental procedure

All experiments were based on a three hour protocol. Known concentrations of O2 , N2 and CO2 were
passed at a rate of 30 L min"^ into a transparent polyethylene bag placed over the ewe's head. 
Following a one hour control period of breathing air, isocapnic hypoxia was induced for a further 60 
minutes by changing the gas to 9% O2 in N2 ; 18 L min"i air; 22 L min'^ N2 ; 1.2 L min’ i CO2 . 
During hypoxia fetal /*a»02 was reduced to ca. 13 mmHg without altering Pa^Co2 or pH Arterial blood 
samples were taken from the fetus at 15 minute intervals throughout the protocol to determine fetal 
blood gases and pH (Instrumentation Laboratory 1302, measurements corrected to 39.5°C). On a 
subsequent day, the protocol was repeated after intravenous administration of phentolamine (Rogitine, 
Ciba; bolus dose 10 mg at the start of the experiment followed by infusion of 0.2 mg min’i).

Measurements and calculations

Diaphragm EMG., ECoG and tracheal and amniotic pressures were all recorded continuously at 1 
mmsec'i speed throughout the experiments on a Gould ES 1000 chart recorder. The ECoG signal was 
passed through a 3-10 Hz filter and amplified. The diaphragm EMG signal was filtered through a 30- 
500 Hz band pass, pre-amplified, and integrated. Each record was divided into 1 hour epochs and FBM 
and ECoG variables were quantified and expressed per hour. The incidence of FBM was taken as the 
number of minutes during each hour when negative excursions in tracheal pressure occurred for at least 1 
minute duration with concomitant diaphragmatic contractions occurring at a frequency >15 per minute. 
Breath arnplitude was determined for each episode of FBM from the tracheal pressure deflections by 
calculating the difference between basal pressure and the peak negative pressure. Rate of FBM was 
determined for each FBM episode by calculating the mean number of diaphragmatic contractions 
occurring in a minute. The incidence of low voltage-ECoG (amplitude <25 mV and frequency between 
10-20 Hz; see Dawes, Fox, Leduc, Liggins & Richards, 1972) was also determined for each hour during 
the experimental protocol.

Statistical analysis

Values are expressed as the mean for each group + S.E.M. The mean of all variables measured was 
compared between normoxia and the hypoxic episode using a paired t-test. When comparing saline and 
phentolamine experiments an unpaired t-test was used. Significance was accepted when P<0.05. Some 
of the fetuses treated with phentolamine died during hypoxia: blood gas values given for these fetuses 
during hypoxia are the mean ±  S.E.M. of the last blood sample taken prior to death.
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RESULTS

Blood gases and pH

During hypoxia, Pa»02 was reduced from ca. 24 to ca. 13 mmHg, in saline and drug 
treatment experiments (Table 1). There was a tendency for pH to fall and P3 CO2  to rise 
in those fetuses which died during hypoxia after treatment with phentolamine although 
these results were not always significant due to the small sample size. pH and Pa»C02 
were maintained in those fetuses which survived.

Electrocortical activity and fetal breathing movements

Phentolamine increased the mean duration of low voltage ECoG episodes both during 
normoxia and during hypoxia (Figure 1) although it did not affect the incidence of low 
voltage-ECoG during the experimental protocol.

Phentolamine increased the incidence of FBM (Fig.2) but had no effect on amplitude or 
rate of FBM both during normoxia and hypoxia (Table 2). The mean time for 
phentolamine to cause an effect after its administration was 3.38+0.91 (n=6) minutes. 
AU FBM occurred during LV-ECoG whether during saline infusion experiments or after 
the administration of phentolamine.

We also observed the effects of phentolamine on 6 fetuses which had their carotid sinus 
nerves cut (Giussani et o/., 1992b). It is interesting to note that all the effects of 
phentolamine on ECoG and FBM were similar between intact and carotid denervated 
fetuses. Phentolamine increased the incidence of FBM in denervated fetuses from 
42.3±6.3 to 72.9+1.5% and the mean duration of low voltage-ECoG episodes from 
15.2+1.3 to 31.6+4.1 (P<0.01) minutes during normoxia. All carotid denervated 
fetuses died during hypoxia after phentolamine treatment (Giussani et al., 1992b), 
therefore the effects of phentolamine on FBM and ECoG could not be quantified during 
the hypoxic episode. During this time however there were gasping movements in all 
those fetuses which died after phentolamine treatment. These were characterized by 
having low frequency and very high amplitude (4.1+0.7 breaths per minute (pbm) and 
45.0+6.4 mmHg; mean+S.E.M of 4 animals). These gasping movements occurred in 
conjunction with loss of electrocortical power and are different from the pattern of low
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frequency-high amplitude FBM described by Moore, Nijhuis & Hanson (1989) during 
mild hypoxic episodes. This type of FBM activity (2.9+0.3 bpm and 17.3+2.7 mmHg; 
2.4+0.7 bpm and 14.8+3.5 mmHg; mean + S.E.M for 4 intact and 4 denervated 
fetuses, respectively) was also observed during the course of these experiments, 
particularly between the end of hypoxia and the onset of recovery.

D ISC U SSIO N

In the present paper we have shown that phentolamine increases the incidence of FBM 
but does not affect their amplitude or frequency during normoxia or during hypoxia. 
Phentolamine also increases the duration but not the overall incidence of low voltage 
ECoG episodes. All episodes of FBM occurred in conjunction with low voltage ECoG 
before or after the administration of phentolamine.

Previous studies by Bamford and colleagues (Bamford et al., 1986; 1990) have 
examined the role of central noradrenergic activity as a possible mechanism for hypoxic 
apnoea . They reported that during normoxia systemic administration of the a 2 - 
adrenergic agonist clonidine led to an immediate arrest of fetal breathing and that the 0 .2 - 
adrenergic antagonist idazoxan blocked this effect, although when given alone idazoxan 
had variable effects on breathing (Bamford et al., 1986). From this study they 
concluded that in fetal sheep noradrenaline release is necessary for the maintenance of 
breathing movements during normoxia. A subsequent report by the same investigators 
(Bamford et al., 1990) examined the role of another a 2 -adrenergic antagonist (MSD L- 
657,743; Merck) during hypoxia. It was found that MSD L-657,743 permitted FBM to 
occur during hypoxia. This suggested that hypoxic inhibition of FBM may be achieved 
by stimulating a 2 -adrenergic receptors leading to a decrease in noradrenaline release at 
some synapses (see Langer, 1977; Starke, 1972) and therefore a depression of FBM.

These findings are controversial since in a previous communication, Murata et al. 
(1981) reported noradrenaline to have an inhibitory role in the control of FBM rather 
that a stimulatory one. From the studies of Murata et al (1981) systemic administration 
of phentolamine might be expected to block the effects of noradrenaline and to increase 
the incidence of FBM. The effect of phentolamine on FBM has been reported once 
previously during normoxia (Jones & Ritchie, 1978). In that study however 
phentolamine was administered together with adrenaline and the results were too 
variable to determine a statistically significant response, although the incidence of FBM
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in normoxia appeared to be higher after the fetuses had been treated with the 
combination of drugs. These results are difficult to interpret since adrenaline infusion 
alone leads to an increase in the incidence of FBM. In the present paper we have shown 
that phentolamine administration increases both the incidence of FBM and the duration 
of episodes of low voltage ECoG during normoxia and during hypoxia

The differences between our findings and those of Bamford and colleagues (Bamford et 
al. y 1986,1990) are difficult to explain although there are methodological differences. 
In their study idazoxan was administered centrally whereas in our study phentolamine 
was given intravenously. The difficulties arising firom using different methods of drug 
administration have been previously reviewed (Millhom, 1987). However, since 
phentolamine also increased the incidence of FBM in carotid denervated fetuses its 
effects are more likely to be due to central stimulation.

Recently, clonidine has also been shown to stimulate post synaptic ai -adrenoreceptors 
(Solomon, Brody & Gebhart, 1989) and it may therefore have mixed stimulatory and 
inhibitory effects following its administration. Moreover, evidence from adult studies 
suggests the presence of a-adrenergic receptors which inhibit acetylcholine release from 
parasympathetic neurones (Paton & Vizi; 1969; Kosterlitz, Lydon & Wyatt, 1970). 
Several agonists such as clonidine which possess a high potency at a 2-adrenoreceptors 
inhibiting noradrenaline release from sympathetic neurones also possess a high potency 
at a-receptor inhibiting acetylcholine release from parasympathetic neurones (Werner, 
Starke & Schumann, 1972; Hughes, 1973). Since pilocarpine, a parasympathomimetic 
agent with the muscarinic effects of acetylcholine, stimulates FBM both in normoxia and 
in hypoxia (Hanson, Moore, Nijhuis & Parkes, 1988), the inhibitory effects of 
clonidine may be due to perturbation of this mechanism.

Our results do not agree with those of Joseph and Walker (1990) who showed that 
administration of disipramine (DMI) or 6-hyroxydopamine (6-OHDA) caused an 
increase in the incidence of FBM. Both DMI and 6-OHDA cause an accumulation of 
catecholamines at the central synapses; DMI inhibits the uptake 1 mechanism which 
normally accounts for 75-80% of removal of the transmitter from the synaptic space (see 
Iversen, 1973) and 6-OHDA causes release of transmitter from the vesicular stores in 
axon terminals. Joseph and Walker (1990) suggested that the increased fetal breathing 
which they observed after administration of DMI and 6-OHDA was due an accumulation 
of catecholamines in the synaptic cleft of central neurones. Thus they concluded that 
catecholamines are facilitatory to FBM.
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The differences between our studies and those of Joseph and Walker (1990) may be 
explained due to the effects of DMI and 6-OHDA being biphasic. Their immediate 
action at the nerve terminal may indeed cause an accumulation of catecholamines which 
may produce an initial inhibition of FBM. However, the concentration of 
catecholamines may then rapidly deplete due to their metabolic disposition. It is well 
established that both noradrenaline and adrenaline are inactivated in the circulation by 
their metabolic transformation through the catecho-o-methyltransferase (COMT) and the 
mono-amine-oxidase (MAO) pathways (see Blaschko, 1952; Axelrod, 1963; Kopin, 
1968). This depletion of catecholamines may therefore cause a delayed stimulation of 
FBM. It is possible that Joseph and Walker (1990) did not show the initial inhibition of 
FBM produced by DMI and 6-OHDA since their method of analysis of FBM involved 
grouping of the recording traces into 1 hour epochs. The first phase of the responses, 
occurring 5-15 minutes after administration of the drugs would therefore have been 
masked by the subsequent stimulation.

In the present study FBM were still associated with episodes of low voltage-ECoG after 
phentolamine The effects of phentolamine on FBM may therefore be secondary to 
alteration of ECoG state. It is interesting that phentolamine did not increase the 
incidence of low voltage-ECoG periods per se but caused prolongation of low voltage- 
ECoG episode duration. It is possible that phentolamine disrupts a central oscillator 
mechanism responsible for electrocortical cycling, and that the subsequent period of 
prolonged low voltage ECoG is a reflexion of the time taken to regain co-ordination. 
This hypothesis is similar to the conclusions of Bamford et al. (1986) on the effects of 
clonidine on ECoG activity. In that study clonidine lead to an increased switching 
between ECoG states. This is consistent with the idea of tti- and a 2 -adrenoreceptor 
agonists opposing their actions, since phentolamine caused a decrease in ECoG state 
switching and a prolongation of low-voltage ECoG episode duration.

We conclude that phentolamine increases the incidence of FBM both during normoxia 
and during hypoxia. This is concomitant with an increase in the length of low voltage 
ECoG episode duration. Increased FBM during normoxia may be due to reducing the 
effect of a tonic a-adrenergic inhibitory mechanism. Since phentolamine also increased 
the incidence of FBM during hypoxia, a-adrenergic mechanisms may be involved in the 
mediation of hypoxic apnoea. At the present time however we cannot fully explain the 
differences between our findings and those of Bamford et al. (1986; 1989) and Joseph 
and Walker (1990). Further work is clearly needed to characterise these differences.
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1st hour-NORMOXIA 2nd hour-HYPOXIA 3rd hour-NORMOXIA

pH PcacmrnHg) PC-(mmHg) pH Pccx(mmHg) P c(m m H g) pH P cq (m m H g )  PC(mmHg)

Control intact  (n=6) 7 . 3 5 1 0 . 0 1  45.6 ± 1 . 7  25.2 i  0.9 7 . 3 2 1 0 . 0 1  45.3 l  1.3 13.0 i  0.3^ 7.33 1  0.02 4 3 . 6 1  1.4 24.2 l  1.2

P h e n to la m in e
su rv iv a l  ( n = 4 )  

intact
d e a th  ( n = 2 )

7.33 1  0.01 48.2 ±1. 1  25.8 i  1.7 

7 . 3 3 1 0 . 0 1  4 5 . 0 1 0 . 1  2 2 . 5 1 5.0

7 . 2 7 1 0 . 0 1  48.1 1  1.3 1 4.0 i  0 . ^  

7 . 0 8 i 0 . 0 f  6 3 . 8 1 2 . 2  1 4.5 i  0.5

7 . 2 8 1 0 . 0 2  4 4 . 8 1 1 . 5  22.5 l  1.2

Table 1. Blood gases and pH resul ts  for intact and chemodenervated fe t u se s  
during control experiments and experiments  involving pretreatment with  
phentolamine. Values given (mean i  s e m ) are for each of the experimental  hours. 
Values given for phentolamine treated fe t use s  which died during hypoxia are the 
mean ±  se m  of the last  blood sample before death.

®p<0.001 normoxia V hypoxia (paired t - t e s t ) .  
bp<0.01 normoxia V hypoxia (paired t - t e s t ) .

to
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SALINE PHENTOLAMINE

n o rm ox ia hypoxia r e c o v e ry norm ox ia hypoxia r e c o v e r y

F B M

frequency 
( b r e a th s  p e r  m in)

i n t a c t 55.1 ± 6 . 3 ! 6.5 ±  8 .2b 46 .3  ± 7 . 8 8 6 .9  ±  15.6 2 4 .6  ±  8 .9b 9 0 . 4 ±  1 1.9

amplitude
(mmHg)

in t a c t 4 . 15 1  0 .56 0.88 ± 0 . 5  la 4 .35  ± 0 . 9 5 5 .15  ±  1.42 3.00 ±  1.53 3.31 ± 0 . 1 3

T a b le  2. F requency  and a m p l i tu d e  of FBM and LV-ECoG ep is o d e  d u ra t io n  fo r  
i n t a c t  and c h e m o d e n e rv a te d  f e t u s e s ,  during  c o n t ro l  e x p e r im e n t s  and e x p e r im e n t s  
involving  p r e t r e a t m e n t  w i t h  phen to lam in e .  V a lues  g iven  (m ean  *  sem) a re  fo r  each  
o f  the  e x p e r im e n ta l  hours.
V a lu es  given fo r  i n t a c t  f e t u s e s  p r e a t r e a t e d  w i th  p h e n to la m in e  dur ing  no rm o x ia  
e x c lu d e s  t h o s e  f e t u s e s  w h ich  d ied  dur ing  th e  hypoxic episode.

^p<0 .01  s a l in e  V p h e n to la m in e  p r e t r e a t e d  f e t u s  (u n p a i red  t - t e s t ) .

*p<0.01 no rm ox ia  V hypoxia (p a i re d  t - t e s t ) .
**p<0.05 no rm ox ia  V hypoxia (p a i re d  t - t e s t ) .

to
to
VO I
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ill
□  s a l i n e  
■  p h e n t o l a m i n e

INTACT

Figure 1. incidence of FBM and LV-ECoG In in tac t  f e tu ses  during sa l ine  and 
phentolamine trea tm ent  experiments.

^ < 0 . 0 5  s a l i n e  V phen to lam ine  (unpa ired  t - t e s t ) .

LV-ECoG
(M ean d u r a t i o n  of  40 

e p i s o d e s  in m i n u t e s )

HYPOXIA
□  SA LIN E  

■  PHENTOLAM INE

Time (hours)

Figure 2. Mean duration of LV-ECoG episodes In Intact  f e tu ses  during sa l ine  and 
phentolamine t r ea tm en t  experiments.

'P<0.001 s a l i n e  V phen to lam ine  
'p<0.001 norm oxia  V hypoxia

(unpaired t - te s t ) .  
(paired t - te s t ) .
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REFLEX CARDIOVASCULAR RESPONSES TO ACUTE HYPOXIA IN TERM FETAL SHEEP

D.A. Giussani. J.A.D. Spencer. PJ.Moore. L.Bennet & M.A. Hanson 
Dept Obstetrics & Gynaecology, University College London, London WCIE 6HX, England.

In term fetal sheep episodes of moderate hypoxia produce an increase in femoral resistance, abolished by 
cutting the carotid sinus nerves (Giussani et al., 1990) and by treatment with phentolamine (PA) (Giussani et 
al., 1991). To investigate the complexity of the efferent paüiway of this reflex, we studied the effects of 1) 
combined carotid denervation and a-adrenergic blockade, and 2) administering exogenous arginine- 
vasopressin (AVP) into denervated fetuses treated with PA, on this response.

24 fetal sheep (119-126 days gestation) were chronically instrumented under general anaesthesia (Ig 
thiopentone for induction; 2% halothane in O2 for ,maintenance). Catheters were placed in a carotid artery, a 
jugular vein and the amniotic cavity. Flow probes (Transonic, Ithaca) were implanted around the other carotid 
artery and a femoral artery. In 10 fetuses the carotid sinus nerves were cut bilaterally. On the fourth post
operative day acute fetal isocapnic hypoxia was induced for 1 hour by reducing maternd Fi,02. The following
day after giving phentolamine (Rogitine, Ciba; bolus dose 17-23mg followed by an infusion of 0.2 mg min'

)̂ to intact and denervated fetuses, or the same PA treatment coupled with an infusion of AVP (Pitressin; 5mU 
min'^) into denervated fetuses, the protocol was repeated.

Whilst all denervated fetuses treated with PA died during hypoxia, 9/14 intact fetuses treated with the a-
antagonist survived. Moreover, 5/7 denervated fetuses treated with both PA and AVP survived the hypoxic 
challenge.

We conclude that survival of denervated fetuses in hypoxia is impaired due to blockade of catecholamines 
release from the adrenal gland. Since PA is less deleterious to intact fetuses during hypoxia, the role of other 
reflex non a-adrenergic mechanisms must be considered. Our data suggests that the release of AVP may be 
such a mechanism and that it may contribute to fetal survival during hypoxic challenges.
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Carotid sinus nerve section does not affect plasma vasopressin levels during acute 
isocapnic hypoxia in term fetal sheep
D.A. Giussani, H.H.G. McGarrigle, J.A.D. Spencer, P J . Moore, L. Bennet and M.A. 
Hanson
Dtpt of OhaUirici dk Oynauology, UCMSM, 86-96 Cheniea Mewa, London WCIB 6HX

Acute isocapnic hypoxia produces an increase in femoral vascular resistance 
which is significantly reduced by cutting the carotid sinus nerves (Giussani tl 
al. 1990). We believe th a t a component of this chemorefiex vasoconstriction is 
due to vasoconstrictors which do not act via an a-adrenergic mechanism 
(Giussani el al. 1991). One plausible candidate is arginine vasopressin (AVP) 
since its concentration in the fetal circulation is known to be increased during 
hypoxia (Raff d, al. 1991). We have now measured plasma AVP concentrations 
in in tact and carotid sinus denervated fetuses during acute hypoxia.

Nine fetal sheep (119-125 days gestation; term = 147 days) were surgically 
instrum ented under general anaesthesia (1 g thiopentone for induction; 2-3 % 
halothane for maintenance) to measure carotid and femoral blood flows 
(Giussani el al. 1990), and arterial, venous and amniotic pressures. In four 
fetuses the carotid sinus nerves were cut bilaterally. Following 4-5 days post
operative recovery, fetal isocapnic hypoxia (P».0a reduced from ca 23 to 
13 mmHg) was induced for 1 h by reducing maternal Fj Oj • Fetal arterial blood 
samples were taken for AVP measurements in normoxia, after 15 min (EARLY) 
and 45 min (LATE) of hypoxia, and after 15 and 45 min of recovery (Fig. 1).

H Y P O X IA __
D  In ta c t  (n = 5 )
■  D c n a rv a ia d  ( n a 4 )
#  P cO O S

V « o p r e .s ln  
(pgAnl)

N O R M O X IA  BAR1.Y LATE

Fig. 1. AVP plasma concentration in intact and carotid denervated fetal sheep during 
hypoxia.

Although plasma AVP concentrations increased during hypoxia, the increase 
was not affected by carotid sinus nerve section even though the femoral 
vasoconstriciton and the rise in arterial blood pressure in the carotid 
chemodenervated fetuses were greatly reduced, as in previous observations. 
Thus the carotid chemoreceptors appear not to play a role in the release of 
AVP during hypoxia in fetal sheep. The non a-adrenergic chemorefiex vaso
constriction during hypoxia is due to vasoconstrictors other than AVP. 
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Carotid sinus nerve section affects ACTH and cortisol responses to acute isocapnic 
hypoxia in term fetal sheep

D.A. Giussani, H.H.G. McGarrigle, L. Bennet, P J . Moore, JA .D . Spencer and M.A. 
Hanson
Dept o f Obsteirice dk Oynaecology, UCMSM, 86-96 Cheniea Mewa, London W C IE  6H X

Although it has been shown that plasma ACTH and cortisol increase in haemorrhage 
(Wood el al. 1989), hypoxia (Agaki et al. 1990) and hypotension (Wood, 1989) in fetal 
sheep, little is known about the control of these responses. Vagotomy does not affect 
the increase in ACTTH or cortisol in haemorrhage (Wood et al. 1989); sino-aortic 
denervation attenuates the ACTH but not the cortisol increase in hypotension (Wood, 
1989). We have now tested the hypothesis that deafferentation of the carotid chemo* 
and baroreceptors would affect ACTH and cortisol concentrations during acute 
hypoxia in fetal sheep.

Fourteen fetal sheep (119-125 days gestation; term = 147 days) were chronically 
instrumented under general anaesthesia (1 g thiopentone for induction; 2-3 %  haloth
ane for maintenance) with carotid and jugular catheters. In seven fetuses the carotid 
sinus nerves (CSNs) were cut bilaterally. On the fourth post-operative day fetal 
isocapnic hypoxia (■?*»,o , reduced from ca. 24 to 13 mmHg) was induced for 1 h by 
reducing maternal F^ q . Arterial blood samples were taken for ACTH and cortisol in 
normoxia, after 15 min (Early) and 45 min (Late) of hypoxia, and after 15 and 45 min 
of recovery (Fig. 1).

HYPOXIA

MOHWXlA UU.V late

HYPOXIA □  Intmcl 
■ I D enervated

êP<0 001. unpaired t-tesi 
P<0.05. unpaired l-lesl

NOHMOXIA lAkLT u n

Fig.l. ACTH and cortisol release during hypoxia in intact and carotid denervated 
fetal sheep.

ACTH increased during early hypoxia in both in tact and denervated fetuses 
(P < 0.05), but in late hypoxia its concentration was significantly less in 
denervated fetuses than in in tact fetuses. Whilst cortisol increased in in tact 
fetuses in early hypoxia, this did not occur in denervated fetuses. These data  
suggest th a t cortisol release during hypoxia in fetal sheep is mediated via an 
ACTH-independent mechanism involving the CSNs. However, CSN section 
does not prevent a delayed rise in plasma cortisol in late hypoxia.
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Appendix XII

Plasma AVP concentrations (pg/ml)

Intact

Denervated

Before After

1.20 0.84
1.12 1.20

1.20 1.18
1.13 0.93

Plasma concentrations of AVP in 2 intact and 2 denervated fetuses measured in blood 
samples taken before and after the withdrawal of 5 x 1ml of blood at 30 minute intervals 
during three hours.
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Appendix XIII

An implantable transit time ultrasonic blood flow m eter
B y  R. j .  B a r n e s ,  R. S. C o m lin e ,  A. D o b s o n *  and C. J . D r o s t * .  The Physiological 
Laboratory, Downing Street, Cambridge CB2 3EG and ^Physiology Department, N. YB. 
College of Veterifiary Medicine, Cornell University, Ithaca, N Y  14853, UJ5.A.

The transit time blood flow meter has certain advantages over other cuff-type blood 
flow meters in that the detected signal gives a  direct measurement of the net volume 
flow through the acoustic window of its implanted sensor (Drost. 1078). In contrast, 
the Doppler principle ultrasonic flow meter senses blood velocity, which makes 
volume flow measurements critically dependent on determination of vessel diameter. 
Electromagnetic flow meters require precise fitting to the vessel and can have 
unpredictable drift in both sensitivity and baseline (Dobson, Sellers & McLeod, 1966). 
A transit time flow sensor requires only acoustic contact with the vessel, and a loose 
fit is acceptable. Its stability improves with the duration of the implant as (he probe 
becomes encapsulated, as demonstrated on the carotid artery of the sheep (Drost, 
Thomas & Sellers, 1979) by daily calibration (Dobson et al. 1966). Accuracy is in 
principle independent of flow profile and vessel dimensions, and is insensitive to minor 
misalignment of the vessel within the sensor. The system is suitable for application

-  {b)500 500
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Fig. 1. Blood flow by transit time meter (t.t.) and microspheres, (a) Cranial mexnteric 
artery, supplying the small intestine, caecum, colon and spiral colon. (6) Splenic artery, 
supplying the spleen, abomasum, duodenum, omasum, rumen and reticulum. Conscious 
sheep, O : anaesthetized, +  ; post-mortem zero, x .

to growing vessels, to vessels which collapse or vary in diameter such as veins, and 
even to bundles of vessels.

The performance of probes implanted on branches of the cocliae artery of non- 
pregnant (Fig. 1) and the uterine artery of pregnant sheep has been characterized 
using a microspherc technique (Barnes, (ïomline & Dobson, 1983). The signal received 
from an implanted probe and the eharacteristies of the flow meter were demon
strated.

We thank Transonic Systems Inc., Ithaca, NY for the loan of a flow meter. This work was 
supported by a grant from the A.K.C.
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Appendix XIV

Compound
pg/ml
Added

Apparent ACTH 
Concentration—pg/ml

Percent
Crossreactivity

ACTH (1-24) 2,500 2406 96.3%
1,250 1357 108.6%

[Met5] Enkephalin 50,000 0 ND
[Leu5] Enkephalin 50,000 0 ND
Neurotensin 50,000 0 ND
B Endorphin (human) 50,000 0 ND
Substance P 50,000 0 ND
Somatostatin 50,000 0 ND
Alpha MSH 50,000 109 0.2%

25,000 107 0.4%
12,500 62 0.5%

Table showing the cross-reactivity of the ACTH antiserum to other compounds. Compounds listed as 
ND were below the detection limit of the Double Antibody ACTH assay.
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