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EVOLUTION - A FABLE

The angel said " How could I have once been a man.

See I am non-material and omnipresent."

The man said "How could I have come from an ape.

See I have no tail. "

The ape said "How could I have ever come from a fish.

I climb trees and cannot breathe under water."

The fish said "How could a graceful flashing thing of speed

like me ever have evolved from a shapeless jelly fish."

The jelly fish said "and how could I a material thing have come

from an idea?"

The idea spoke "How could I who am everything come from nothing."

Percy William Crowe
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ABSTRACT

There is much debate concerning the influence of nutrition in uterc on fetal
and neonatal growth and development. Recent epidemiological studies have
suggested that nutritional influences acting during intrauterine and early
postnatal life may have long term consequences for cardiovascular disease.
More specifically, the suggestion has been made that small babies born with a
large placenta are predisposed to hypertension in later life. Thus, there would
appear to be important links between fetal nutrition, and thus growth, and

cardiovascular disease in adult life.

The availability of nutrients is essential for fetal growth. Whilst there is
obviously a relationship between maternal nutrition and nutrient supply to the
fetus, the placenta is another major determinant of nutrient availability. The
metabolic and endocrine interactions that occur between fetus, placenta and

mother have important regulatory effects on fetal growth.

The work described in this thesis was undertaken with the aim of trying to
establish more clearly the mechanisms by which fetal and neonatal nutrition
and growth influence blood pressure development. The role of oxygen
availability to the fetus was studied using two models, anaemia and repeated
acute hyoxaemia. The role of nutrient availability was studied by altering
maternal nutrition in early pregnancy. I have investigated the development of
blood pressure and cardiovascular reflexes in relation to fetal and neonatal
size and growth, placental size, endocrine status, and maternal nutritional
plane.

The results of this work show that there is a link between postnatal blood
pressure and maternal nutritional anaemia during pregnancy, and that there is
also an important association with the rate of postnatal growth. Postnatal
blood pressure may relate to blood pressure development during fetal life. So,
it was interesting to find that mean arterial blood pressure (MAP) follows
distinct trajectories in individual fetuses and fetal chemo- and baroreflexes are
also altered. Chronic fetal hypoxaemia may be an important factor in the
actiology of adult hypertension, however, two weeks of repeated acute
hypoxaemia during late gestation does not affect cardiovascular development
and periconceptual maternal undernutrition does not result in hypoxaemia
during late gestation. Nevertheless, fetal cardiovascular development during
late gestation is perturbed by periconceptual undernutrition, an effect that may
be the result of alterations in placental function.



ABSTRACT

These effects on fetal cardiovascular development in relation tc oxygen,
nutrient supply and maternal nutrition, and their interaction with fetal growth,
have important implications for understanding the processes of cardiovascular

development in health and disease.
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OVERVIEW

This thesis investigates the interaction between fetal and neonatal growth and

blood pressure development.

The Introduction reviews current knowledge of placental structure,
development and growth; and fetal growth and development, particularly
cardiovascular development. The interaction between fetus and placenta is
also discussed. Then, I go on to talk about maternal undernutrition and its
effect on fetal and placental growth and development, and ways of
investigating fetal responses to nutrient deprivation. Penultimately, I discuss
work which suggests that maternal nutrition and its effect on fetal growth and
development are important in the aetiology of disese in later life, before finally
presenting the aims of the work that is discussed in this thesis.

The next chapter is Methods which describes in detail the protocols employed
in the carrying out of the work for this thesis, and the statistical tests
employed in analysing the data generated. The Methods section is detailed and
therefore the methods section in each of the Results chapters is more properly
considered to be experimental design and describes only those aspecrs of the
method peculiar to that particular project.

The Results chapters, of which there are five in all, follow on from each other
as the results of each suggested the next avenue of investigation. Each chapter
gives a detailed description of the results of that particular project and
discusses them in detail.

Finally, the Discussion chapter attempts to sum up and bring together the
conclusions of each of the preceding Results chapters. So, the discussion is
general and gives a clear picture as to the contribution of this thesis to our
current understanding of the subject.

35



36



Chapter 1

INTRODUCTION

37



38



Chapter 1 INTRODUCTION

1.1 GENERAL

The subject of this thesis is the interaction between fetal and neonatal growth
and blood pressure development. Normal fetal growth and development relies
on the ample supply and suitable utilisation of nutrients. In the normal
situation, where there is enough food available and no imposed stress, the
primary source of fetal substrates is the maternal pool. However, before
nutrients can be supplied to the fetus they must first be transported across the
placenta from the maternal circulation. Thus, the placenta forms an interface
between mother and fetus. Therefore, any discussion concerning fetal growth
and development would not be complete without also considering the
placenta. Thus, I shall first describe the formation and early growth and
development of the placenta and embryo. I shall then go on to discuss the
factors that are important for placental and fetal growth and describe the
transport and endocrine functions of the placenta, which are important for
fetal growth and development. The primary interest of this thesis is
cardiovascular development, so I shall then go on to describe normal fetal
cardiovascular development in early and late gestation. I shall not discuss the
development of other systems, e.g., gastrointestinal, renal, etc., as they are
beyond the remit of this thesis. Having thus described our current knowledge
of the factors involved in fetal growth and cardiovascular development, I shall
describe the epidemiological findings in humans that were the reason for the
research carried out and described in this thesis. Finally, the hypotheses and
aims of this thesis will be stated.

1.2 EMBRYONIC AND PLACENTAL DEVELOPMENT AND
STRUCTURE

The information contained within this section is not central to the research that
is the subject of this thesis. Nonetheless, an understanding of placental
development and structure is important for the discussion of possible factors
that may influence events later on in development. Therefore, I did not think it
necessary for an in-depth review of the literature on this subject, and have
chosen to draw information from four texts on placental physiology. Thus,
unless stated otherwise, the information in this section is attributable to
Steven (1975), Johnson & Everitt (1988), Wooding & Flint (1994) and Page
(1993).
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1.21 The Blastocyst

After fertilisation, whilst the conceptus is progressing down the oviduct into
the uterus, it undergoes a series of cell-divisions during which time it derives
essential materials for cleavage from the large volume of oocyte cytoplasm.
On reaching the 16-cell stage it undergoes a process of compaction forming
what is known as a morula. Following this, the morula undergoes further
morphological change making the transition to blastocyst. The blastocyst is
still free-living, i.e. unattached to the uterus, at this time and is bathed in the
secretions of the uterus. In this period, prior to attachment and implantation,
and also whilst invasion is taking place, the conceptus is obviously unable to
derive nutrients from the maternal blood. It therefore derives nutrients from
endogenous reserves, secretions of the genital tract, and exocrine secretions
from uterine glandular tissue and the decidual tissue most adjacent to the

invading conceptus. This is called histiotrophic support.

Inner cell mass

Zona pellucida * ATrophoblast

Figure 1.1. Early embryonic development. The blastocyst.

1.2.2 Attachment

Having entered the uterus the conceptus becomes positioned for implantation.
First the process of attachment takes place. There is species variation in the
time after conception at which attachment takes place. In the rat it takes place

about 5 d post coitus and in man at about 6 d, whereas in the sheep (a species
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where non-invasive implantation takes place - see later) attachment does not
occur until about 16 d. Attachment requires rupture and/or dissolution of the
zona pellucida, uterine 'closure' (development of uterine muscular tone so
bringing the blastocyst and the uterine epithelium close together), and
establishment of physical and chemical contact of the trophoblast (outer cell
mass) with the uterine epithelium. The location of attachment varies from
species to species, though there is evidence that whether monotochous (a
single conceptus in the uterus) or ditochous (a conceptus in each uterine
horn), there are preferred sites of attachment. Ruminants (e.g. sheep/cows)
have distinct areas of projecting aglandular uterine mucosa, known as
caruncles, which are the only sites at which attachment occurs. Intriguingly, it
is almost always half way between the cervix and the uterotubal junction, for
unknown reasons, as no unique characteristics of the caruncles at this site
have been identified. Sheep and cow blastocysts anchor themselves to their
preferred site of attachment by cellular outgrowths of the trophectoderm
(papillae) down into the uterine glands. In polytochous (several conceptuses
in one uterine horn) species there also seem to be preferred sites of attachment
that are normally at evenly spaced sites along the uterine horn. Location and
spacing of attachment is important in minimising physical and nutritional
competition between conceptuses.

1.2.3 Implantation

Once attachment has occurred, implantation of the conceptus takes place. The
maternal uterine epithelium is invaded by cytotrophoblasts (trophoblast cells
leading the invasion process) and there is penetration into the endometrial
stroma. The cytotrophoblasts are also commonly referred to as
trophectoderm. Again, there is variation from species to species as to the type
of implantation that takes place (Fig. 1.2).

1.2.3.i Interdigitation

Simple interdigitation takes place in the pig, where trophectodermal microvilli
and uterine epithelial cells interdigitate, development occurring by an increase
in the area of apposed epithelia and microvilli. There is no syncytial
formation.
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1.2.3.ii  Displacement

Displacement implantation takes place in the mouse, rat and hamster (Fig.
1.2). The trophectoderm delaminates the uterine epithelial cells and
phagocytoses them. The trophectoderm then invades intrusively (see section
1.2.3.iv).

1.2.3.iii  Fusion

In rabbité, the cytotrophoblast cells fuse to form a trophectodermal syncytium
with numerous processes. There is then fetomaternal fusion of the
cytotrophoblast processes with the apposed uterine epithelial cells, and the

trophectodermal syncytium goes on to invade the maternal stroma (Fig. 1.2).

The ruminant trophectoderm is unique in that it characterised by granulated
binucleate cells (BNCs) that are first produced just before implantation.
BNCs migrate and form a flat apposition with a uterine epithelial cell, with
which they then fuse to form a trinucleate cell within the uterine epithelium
(Fig. 1.2). Thus a fetomaternal syncytium is formed. However, in the sheep
and cow, there are large areas of the definitive placenta where no fetomaternal
syncytium is formed and fetomaternal contact is by apposition only. (Thus,
they are sometimes classified as synepitheliochorial as opposed to just
epitheliochorial, see section 1.2.5.1i).

1.2.3.iv  Intrusion

The guinea pig and human are examples of species where implantation is by
intrusion (Fig. 1.2). A trophectodermal syncytium forms at the site of
attachment and protrusions are sent out that penetrate the uterine epithelium
without destroying the uterine cells. It is thought that the fetal trophectoderm
may form tight junctions with the maternal uterine epithelial cells. The entire
conceptus penetrates into the endometrium after which the uterine epithelium
closes over the site of implantation.
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@ Trophectoderm nuclei
Q© Uterine epithelial nuclei
® Decidual cell nuclei
won Zona pellucida

== Basement membrane

el & Dying cell
0 lf olo 0
DISPLACEMENT INTRUSION
rat, mouse rabbit sheep human

Figure 1.2. Classification of the different fetomaternal cellular

interactions at implantation. (From Wooding & Flint, 1994).

1.24 Embryonic membranes

The extra embryonic membranes of vertebrates comprise the yolk sac,
chorion, amnion and allantois. They are formed from the three germ layers of

the embryo - ectoderm, mesoderm and endoderm (see Fig. 1.3).
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The yolk sac is formed initially by enclosure of the yolk within a single
cellular layer of ectoderm (unilaminar yolk sac). Subsequently, migration of a
layer of endoderm forms a bilaminar yolk sac, and then growth of mesoderm

between the ectoderm and endoderm forms a trilaminar yolk sac (Fig. 1.3).

Chorion, amnion and allantois form initially from the mesoderm of the partly
trilaminar yolk sac, which splits to form the exocoelom (Fig. 1.3). The
mesoderm may then develop in association with the endoderm to form the
definitive yolk sac wall, or it may develop in association with the ectoderm to
from the chorion. The chorion (ectoderm + mesoderm) folds and encloses the
embryo in what becomes the fluid-filled amniotic sac. Meanwhile, an
outgrowth of the endoderm from the hindgut region of the developing embryo

forms the allantois (Fig. 1.3).

nner cell mass
Mesoderm

Endoderm

Tnohectoderm or

trophoblast omphalopleur

Tm»iww ompnatoOteof Ci.)

Chonon

Figure 1.3. Development of the basic extraembryonic membranes.
(From Wooding & Flint, 1994).
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1.2.4.i Variations in membrane development

The functional placenta may be of two types, choriovitelline or
chorioallantoic, depending on how much it specialises along the common

scheme of extraembryonic membrane development described above.
Choriovitelline and chorioallantoic placentae

The choriovitelline placenta is homologous to the yolk sac in the eggs of
birds, reptiles and monotremes. Also known as the yolk sac placenta, it is
formed if the yolk sac and chorion come into contact with one another, and
functions transiently in most mammals before the chorioallantoic placenta
takes over. However, in some species (most marsupials) it functions alone
throughout pregnancy, or secondary to the chorioallantoic placenta (e.g. rat,
mouse, rabbit). The chorioallantoic placenta is formed as a result of the
formation of a cavity known as the allantoic cavity (see Fig. 1.3). Man and
other higher primates have a chorioallantoic placenta, although they do have a
choriovitelline placenta that exists early on during embryonic life

1.2.5 Placental classification

As described above, the extent and shape of implantation varies from species
to species, and this results in a variety of different placental morphologies.

1.2.5.i Classification by shape

The simplest classification of the placenta is by shape (Fig. 1.4). The placenta
of man is described as discoid, as is that of the rat, and is characterised by a
single attachment site to the uterine epithelium. Other types of placental
morphologies are: bi-discoid, where there are two attachment sites (e.g.
rhesus monkey); zonary, which looks like a belt around the conceptus (e.g.
cat, dog, elephant); cotyledonary, where attachment is limited to uterine
caruncles, which vary between about 90 and 150 (e.g. sheep, cow); and
diffuse, where attachment occurs at multiple sites (e.g. horse, pig, whale).

The shape of the uterus is also characteristic of a species. Primates, including
man, have a 'simplex' uterus in which the horns are very small. In rats and
rabbits the horns are completely separate, forming what is known as a
'duplex’ uterus. The ruminant placenta is 'bicornuate’, there being partial
fusion of the uterine horns.
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Diffuse placenta

Chorionic villi are distributed over almost
the entire surface of the chorionic sac e.g.
horse, pig, also Cetacea, Lemuroidea,
camel.

Cotyledonary placenta

Chorionic villi are normally restricted to
circular or oval areas of the chorionic sac,
e.g. ruminants. Numbers may vary from
90 or more in cattle and sheep, to 4 or 6 in
deer.

Zonary placenta
Chorionic villi are restricted to an
equatorial girdle, e.g. cat, dog

Incomplete zonary placenta

May resemble the single or double
discoidal condition, but can usually be
distinguished by the presence of central or
marginal effusions of maternal blood e.g.
mink, polar bear.

Discoid placenta

Chorionic villi are arranged in a circular
plate e.g. man, rat, mouse, guinea-pig.
Double discoid

Found in certain monkeys and as an
abnormality in man.
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Figure 1.4. Placental classification by shape (from Steven, 1975).

1.2.5.ii  Classification by structure

Histological structure is a more physiologically relevant form of

classification, as it describes the organisation of the layers at the fetomaternal
interface that separate fetal and maternal blood.
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The different levels of invasion from species to species results in variation in
the proximity between maternal and fetal circulations. Grosser first described
(and categorised) the various degrees of proximity established between the
conceptus and maternal circulations, based on how much integrity the
maternal tissue retains (Fig. 1.5). Placentae that preserve maternal epithelia
and endothelia are described as epitheliochorial (e.g. sheep, pig, cow, horse),
those with maternal endothelium only are known as endotheliochorial (e.g.
dog, cat), and those where the maternal blood comes into direct contact with
the fetal villi are haemochorial. The haemochorial class is further subdivided
according to the number of layers of trophoblast between the maternal blood
and fetal endothelium. Thus, when there is only one such layer the placenta is
classified as haemomonochorial (e.g. man), with two it is haemodichorial
(e.g. rabbit) and with three it is haemotrichorial (e.g. rat).
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Figure 1.5. Schematic representation of the microstructure of the

mature placental interface of various species according to the Grosser
classification (adapted from Steven, 1975 & Johnson & Everitt, 1988).
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Species Shape of
attachment  Grosser classification

Man Discoid Haemomonochorial
Rabbit Discoid Haemodichorial
Rat / mouse Discoid Haemotrichorial
Rhesus monkey  Bi-discoid Haemomonochorial
Dog Zonary Endotheliochorial
Cat Zonary Endotheliochorial
Sheep Cotyledonary Epitheliochorial
Pig Diffuse Epitheliochorial
Cow Cotyledonary Epitheliochorial

. Horse Diffuse Epitheliochorial

Table 1.1. Characteristics of different placental forms in various
species.

1.2.6 Structure of the mature placenta

The placenta is a functional unit once the conceptus is implanted and
development of the embryo and fetal membranes has taken place. The
cytotrophoblast now has contact with maternal tissues and gives rise to
chorionic villi. These penetrate and interdigitate with the maternal endometrial
tissue which also becomes more highly vascularised. Thus, histiotrophic
support is superseded by the more efficient haemotrophic support. This stage
1s reached after about 14-18 days post-conception in human pregnancies,
about 24 days in the sheep, and about 6 days in the rat.

I will describe the placental structure of the human and the sheep. Other than
the structural differences outlined below, it is interesting that the sheep has
two umbilical veins which drain separate portions of the placenta and two
umbilical arteries, unlike the human fetus which has only one umbilical vein
and two umbilical arteries. It is possible that this variation is due to the
different placental morphologies of the two species. A single umbilical vein
would perhaps not be able to drain efficiently the cotyledonary sheep
placenta.
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1.2.6.i The human placenta

The human placenta reaches its final form by the fourth month of pregnancy
(0.45 gestation). It consists of a network of villous trees which originate from
the chorionic plate. These villi contain blood vessels and are anchored to the
basal plate, through which maternal spiral arteries penetrate and venous
openings form. The umbilical arteries and vein divide into secondary and then
tertiary vessels. Paired tertiary arteries and veins devoid of any nerve supply,
and with 3-5 layers of smooth muscle, accompanied by a variable number of
smaller blood vessels, penetrate the chorionic plate and enter the main 200-
400 um stem villus (truncus chorii). The truncus chorii branch into
secondary stem villi with diameters of about 150 um, in which the arteries
and veins transform into arterioles and venules with one or two layers of
smooth muscle. The tertiary stem villi are 80-100 um in diameter and contain
a single arteriole and venule accompanied by about ten capillaries. The tertiary
stem villi divide into 2-5 intermediate villi (rami chorii) which subdivide
further into ramuli chorii. Some of the ramuli chorii terminate on the basal
plate of the cytotrophoblast to form anchoring villi and the rest terminate in
freely suspended branches within the cytotrophoblast forming what are
known as the terminal villi. The arterioles and venules within the stem villi
gradually transform into capillaries as they approach the terminal villi, which
are the exchange site of material between maternal and fetal blood. The mature
placenta contains between 60 and 70 stem villi and their associated villous
trees. Each villous tree is known as a fetal cotyledon. Maternal blood from the
spiral arteries, of which there are about one hundred in all, is ejected into the
central region of each villous tree (fetal cotyledon) and perfuses centrifugally
through the intervillous space. It then drains into the subchorial space
between each villous tree and into some fifty or sixty venous openings in the
basal plate (Fig. 1.6). It is presumed that the direction of maternal and fetal
blood microflows are in a mixed or random relationship to each other.

The basal surface of the placenta has between 10 and 30 slightly raised areas,
known as maternal cotyledons, that are partially separated from each other by
projections of maternal tissue which form the placental septa. Several fetal
cotyledons are associated with each maternal cotyledon and each such unit
forms what is called a placentome.
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Figure 1.6. Structure of the mature human placenta. From Page
(1993).

1.2.6.a The ovine placenta

The sheep placenta is also made up of individual functional units known as
placentomes, which must not be confused with the placentomes of the human
placenta. As described earlier, attachment of the conceptus in the sheep occurs
at specific sites within the uterus known as caruncles. The point where the
chorion attaches to the caruncle specialises into a cotyledon. The placentome
in the sheep is a functional unit consisting of fetal cotyledon and maternal
caruncle. Generally, when referring to the ovine placenta, the terms
placentome and cotyledon are used interchangeably. Strictly, however, as just
described, the cotyledon is only a part of the composite structure that is the
placentome. Most placentomes have a central depression so are convex in
shape. There are, however, variations in shape and size (Vatnick ef ai, 1989)
and some placentomes are flat while others are concave. The sheep placenta

has between 80 and 150 placentomes.

The main features of the mature sheep placenta are established by about 78

days gestation (0.5 gestation, term=147 d). Within the surface of the maternal
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caruncle are depressions known as crypts which interdigitate with fetal
chorionic villi (Fig. 1.7). Between one and three branches of the umbilical
vessels enter the central depression of the cotyledon where they divide and
ramify, sending their terminal branches into the villi. Each villus has a single
central artery that penetrates to its tip and branches to supply an extensive

capillary plexus that lies under the surface of the trophoblast.

Fetal vessels

Fetal villus

Endometrial

Endometrial epithelium

gland

Endometrial
stroma

Uterine vein Myometrium -

external layer

Uterine artery Myometrium

internal layer

Figure 1.7. Vertical section through a mature ovine placentome.
Adapted from Steven (1975) and Johnson & Everitt (1988).

The sheep placenta would appear to have a mixed cross- and counter-current

blood flow system.
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Om 0,

increase *-Coocentration-«-oecreasa

Figure 1.8. Illustration showing the relative efficiencies of concurrent
(top) and countercurrent (bottom) flow systems, due to the directional
relationships of maternal (Qm) and fetal (Qf) blood flows.

Concurrent:- Left: Maternal (Cm) and fetal (Cf) plasma concentration
profiles are shown along the length of the exchange vessel at points a, b
and c on the maternal side of the vessel and the corresponding points a',
b' and ¢' within the lumen of the fetal vessel. Right: The net flux (Jnet)
decrease from point a-a', to point b-b', to point c-c' along the length of
the exchange vessels. Cf increases along the length of the exchange
vessel until the concentration difference that drives the net diffusion

decreases to almost zero.

Countercurrent:- Left: Cm declines along the length of the exchange
vessel and Cf increases. The maternal-fetal concentration difference is
constant along the exchange vessel. Right: J,,et remains uniform along
the length of the capillary.

(From Sibley, 1995)
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1.3 PLACENTAL FUNCTION

It is clear that there is considerable variation between species in terms of the
structure and shape of the placenta, however, its functions are common to all.
The primary role of the placenta is one of transport, of nutrients to, and waste
products away from, the fetus. It also has important endocrine functions that
are essential for maintaining pregnancy, and for the growth and development
of the fetus. These functions are essential for fetal survival. The placenta is
also a metabolic organ, undergoing an array of metabolic activities for both its
own growth and that of the fetus. The placenta is devoid of any nerve supply,
therefore its function is determined by the supply of substrates, and by

hormonal and paracrine action.

1.3.1 Transport functions

Substances that need to be transported across the placenta include respiratory
gases, carbohydrates, lipids, amino-acids, water, electrolytes, proteins,
vitamins and minerals.

1.3.1.i Respiratory gases

Oxygen

Oxygen crosses the placental membranes by diffusion, and there are a number
of factors that determine its transfer.

Vascular geometry is important (Comline & Silver, 1975; Carter, 1989; Boyd
& Kudo, 1994; Doughty & Sibley, 1995) because it determines the relative
directions of fetal and maternal blood flows, which is important for solute
exchange between capillaries. The most efficient system is countercurrent
flow, where, theoretically, 100% transfer is possible. In a concurrent system
only a maximum of 50% transfer is possible, and in a cross-current system
transfer efficiency depends on the number of capillaries that cross each other.

Uterine and umbilical blood flows also affect transplacental transfer of
oxygen (Comline & Silver, 1975; Wilkening et al., 1989; Carter, 1989; Page,
1993; Doughty & Sibley, 1995) and there is a significant correlation between
maternal and fetal placental blood flows, although mismatching of flows is
important in maintaining a PO, gradient (Carter, 1989). Oxygen transfer
across the placenta is not limited by placental permeability, which means that
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it is not diffusion limited, but is to a large part flow limited (Comline &
Silver, 1975; Doughty & Sibley, 1995).

Oxygen binding capacity of maternal and fetal bloods is another factor that
determines placental transfer of oxygen (Battaglia et al., 1969; Comline &
Silver, 1975; Soothill et al., 1988; Carter, 1989; Page, 1993; Rurak, 1994,
Doughty & Sibley, 1995). This dépends on the concentration of haemoglobin
(determined by haematocrit) and haemoglobin affinity for oxygen. There is a
higher concentration of haemoglobin in fetal (ca. 12 g dlI-!) blood than
maternal (ca. 9 g dI-!). However, of more significance is the greater affinity
of fetal haemoglobin for oxygen. This is seen as a shift to the left of the fetal
oxygen dissociation curve (Fig. 1.9). The Bohr effect also facilitates transfer
of oxygen from mother (pH 7.47) to fetus (pH 7.37) (Comline & Silver,
1975; Page, 1993), despite the fact that the affinity of oxygen for
haemoglobin is reduced as the blood becomes more acidic. The pH of the
blood is closely related to PCO,, therefore when placental gas exchange takes
place there is an increase in maternal PCO; and a decrease in fetal PCO,, i.e
pH of fetal blood increases and that of maternal blood decreases, so a double
influence of the Bohr effect.

100
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~ 60 1+
52
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Figure 1.9. Oxygen dissociation curves for fetal and maternal blood in
sheep. UV - umbilical vein, UA - umbilical artery, and V - systemic vein.
(From Rurak, 1994).
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The surface area at the maternofetal interface also determines oxygen
exchange across the placenta (Rurak, 1994). With increasing gestation, as the
oxygen demands of the fetus increase, there is an increase in villous growth
(Wooding & Flint, 1994). Similarly, the surface area and density of
capillaries in the terminal villi increase in response to hypobaric hypoxia
(Reshetnikova et al., 1993), and anaerobic conditions are associated with
increased growth of placental fibroblasts (Wheeler et al., 1995).

The driving force for oxygen diffusion is determined by the difference
between maternal and fetal oxygen partial pressures (PO;) (Comline & Silver,
1975; Rurak, 1994; Doughty & Sibley, 1995). Thus, the rate of diffusion can
be expressed in terms of Fick's equation:

M =D (A/h) APO,

where M is the diffusive flux, i.e. the amount of substance that diffuses
through a layer with area A and thickness h per unit time, and D is the
diffusion coefficient which depends on the diffusion medium and
temperature. APO, is the difference between maternal and fetal circulations in

the partial pressure of the gas.

Finally oxygen consumption by the placenta itself limits transfer to the fetus.
In the sheep, about 40% of the oxygen delivered in the uterine arteries is
consumed by the placenta.

With increasing gestational age there is an increase in the materno-fetal
oxygen transfer across the placenta (Battaglia et al., 1965). This is facilitated
by the increase in uterine blood flow (Mostello et al., 1991).

Carbon dioxide

Transport of carbon dioxide relies on many of the same principles as apply
for oxygen. However, most of the carbon dioxide in the blood is carried as
bicarbonate:

carbonic
CO;+H0 & H,CO; © HCO3- + HY

anhydrase

Therefore, it may cross the placenta in this anionic form. It has been shown,
however, that the amount crossing the placenta in the form of the bicarbonate
ion is insignificant, due to the small concentration difference between
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maternal and fetal circulations and the fact that bicarbonate ion (negatively
charged and lipophobic) has a low permeability across the placental
membranes (Page, 1993; Rurak, 1994). Thus, most diffusion of carbon
dioxide is in the gaseous form. The fetal haemoglobin dissociation curve for
carbon dioxide is to the right of the maternal curve i.e. maternal haemoglobin
has a higher affinity for carbon dioxide than does fetal (Haldane effect),
which augments the transfer from fetus to mother. The placenta also contains
carbonic anhydrase which speeds the conversion of HCO3~ to CO,.

1.3.1.ii  Carbohydrates
Glucose

The main carbohydrate to be transported by the placenta is glucose and this
occurs by a process of facilitated diffusion, by way of membrane transport
proteins (Simmons et al., 1979; Battaglia & Meschia, 1988; Page, 1993;
Doughty & Sibley, 1995). The glucose concentration in maternal blood is
greater than in fetal blood, so transfer can occur without input of energy
because the driving force is the concentration gradient (Battaglia & Meschia,
1988; Doughty & Sibley, 1995). Thus, as well as the transport characteristics
(surface area, direction of blood flow, etc.) of the placenta that were
discussed above in relation to oxygen, transfer of glucose across the placenta
depends on maternal and fetal blood glucose concentrations, which are
determined by the magnitude of the gradient, placental blood flow, and
glucose transporters.

To date, 5 different facilitative glucose transporters have been characterised,
which are GLUT 1 -5, named in order of their cloning (Zhou & Bondy,
1993; Boyd & Kudo, 1994). Uptake and transfer of glucose by the placenta
is mediated by GLUT-1 and GLUT-3 (Zhou & Bondy, 1993; Hay, 1996).
Both GLUT-1 and GLUT-3 increase over the second half of gestation , when
there is also an increase in placental glucose transfer (Hay, 1996), suggesting
that glucose transfer is limited to some extent by transporter number. It is also
interesting to note that elevated maternal IGF-I levels result in altered placental
expression of GLUT-1 (Gluckman, 1995).

Transfer of glucose across the placenta is slower in sheep than in man. This
may be due to differences in placental morphology (Page, 1993), the sheep
having an epitheliochorial placenta and man a haemomonochorial placenta i.e.
the sheep has a greater number of tissue layers between maternal and fetal
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bloodstreams. Insulin does not appear to affect directly glucose transfer
across the placenta (Battaglia & Meschia, 1988; Doughty & Sibley, 1995).

Lactate

Lactate, the second most important carbohydrate supplied to the fetus after
glucose, is produced in large amounts by the placenta (Burd et al., 1975). It
is released into both maternal and fetal circulations, with 65-75% going to the
fetus. Lactate concentrations are greater in fetal than maternal blood which
means that the kinetics governing its transport across the placenta are not just
simple diffusion. Moll et al. (1980) suggested that lactate transport across the
placenta occurs by facilitated diffusion and is coupled with proton transfer.
More recently it has been postulated that there may be a specific lactate carrier

system, but little is known about how it functions. (Fowden, 1994).

Moll et al. (1980) found no effect of placental lactate metabolism on its
transfer across the placenta.

1.3.1.iii  Lipids

Lipids cannot cross the placental barrier, however they are catalysed by
lipoprotein lipase into free fatty acids and glycerol, all of which are lipophilic
molecules and cross the placenta by simple diffusion (Battaglia & Meschia,
1988; Page, 1993). There is only a limited amount of fatty acids transported
across the sheep placenta (Elphick et al., 1979). Generally, those species
whose placentae are relatively impermeable to free fatty acids give birth to
offspring with relatively little body fat (e.g. pig, sheep). But, it does not
necessarily follow that those species whose placentae are relatively more
permeable to fatty acids give birth to comparatively fat offspring. There are
those species that do have newborns with alot of fat (e.g. human, guinea pig)
and some do not (e.g. rat, rabbit). Generally, epitheliochorial placentae are
less permeable to free fatty acids than haemochorial placentae (Battaglia &
Meschia, 1988).Maternal supply is an important source of fatty acids to the

fetus, though in those species studied (sheep, pig, human) there is a
significant degree of fatty acid synthesis by the placenta. (Page, 1993).
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1.3.1.iv  Proteins

The human placenta has a low permeability to proteins, thus they cross at a
very slow rate. They are transported by receptor mediated endocytosis, either
bound to specific receptors in the endocytotic vesicle membrane, or non-
selectively in the fluid within the vesicle (Wooding & Flint, 1994; Page,
1993; Doughty & Sibley, 1995). The most important protein to cross the
placenta from mother to fetus is immunoglobulin G (IgG) which is important
for immunoprotection of the human fetus. Most IgG transport occurs during
the last trimester of pregnancy and at term maternal and fetal concentrations
are roughly equal. (Doughty & Sibley, 1995; Page, 1993).

1.3.1.v Amino acids

The concentration of amino acids is higher in fetal than in maternal plasma
and higher in placental tissues than in either fetal or maternal blood (Doughty
& Sibley, 1995; Page, 1993). This is because they are 'actively' concentrated
in the cytosol of the trophoblast (Hay, 1996). Amino acids are conveyed
across the placenta by active transport using a number of different transport
systems. Thus amino acid transfer across the placenta is affected by blood
flow rates as for other substrates, transporters, energy supply, fetal and
maternal concentrations, and placental metabolism

The transporter proteins are located in the microvillous membrane (Hay
1996). Some are sodium-dependent, e.g. systems A, ASC, Xag, N, B, but
there are others, e.g. systems L and y*¥, that are not (Page, 1993; Hay 1996).
The amino acid transporter proteins are not specific, so any one amino acid
may be carried by a number of different transporters (Boyd & Kudo, 1994),
thus there is competition for transporters. Transporter affinity and capacity
also determine the rate of transfer (Hay, 1996).

The placenta itself requires amino acids for growth. It metabolises amino
acids by oxidation e.g. glutamate, transamination, deamination and protein
synthesis (Page, 1993; Boyd & Kudo, 1994, Hay 1996), both for its own
use and for the fetus.

1.3.1.vi Water

A large proportion of the weight gain by fetus and placenta throughout
gestation is due to the acquisition of water from the mother, the net flux of
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water to the fetus being greater than that of any other substance. However,
little is known of either the route or the forces by which water crosses the
placenta. It is likely that diffusion is the main process, thus osmotic pressure
gradients will provide the force (Boyd & Kudo, 1994; Doughty & Sibley,
1995). Transplacental fluid flow is about 30 ml/day in the late-gestation fetal
sheep (Brace, 1996).

Water is taken up by the fetal placenta from the amniotic fluid also, so-called
intramembranous flow. In the late-gestation fetal sheep it has been estimated
that about 300 ml/day of amniotic fluid is taken up into the fetal blood by this
way. However, nothing is known of the regulatory processes involved. The
fetus also swallows a large amount of amniotic fluid - 1000 ml/day (Brace,
1996).

1.3.1.vii Electrolytes

In the human, fetal plasma concentrations of sodium, potassium, chloride,
calcium, magnesium and phosphate are higher than in maternal blood. Such
concentration gradients may be due to electrical potential differences across
the placenta or to active transport mechanisms. Different views exist,
however, as to the maternofetal potential difference across the placenta, so the
contribution of the fetomaternal ionic concentration gradient to diffusion of
electrolytes is not certain. Evidence does exist for the active transport of
sodium, potassium, calcium, magnesium, phosphate and chloride, though it
is thought that a large proportion of transplacental sodium transfer occurs by
diffusion (Doughty & Sibley, 1995).

1.3.1.viii Vitamins

Transport of the vitamins depends upon whether the vitamin is water soluble
or not. Generally, there is a higher maternal plasma concentration of the water
insoluble vitamins and a higher fetal plasma concentration of those that are
water soluble. Vitamins A, D, E and K are insoluble in water and cross the
placenta by simple diffusion bound to proteins. Of the water soluble vitamins,
vitamin B6, folate and biotin cross by simple diffusion, though folate crosses
in association with specific binding proteins. Transfer of vitamin B6 and
folate is asymmetrical with materno-fetal transfer being higher than in the
opposite direction. B12 is protein bound and is actively transported by
receptor mediated endocytosis involving specialised carrier proteins. Vitamin
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C transfer is by active transport and is probably sodium dependent. (Page,
1993).

1.3.1.ix Minerals

Knowledge regarding the transport of minerals across the placenta is
somewhat limited. Most is known about iron and zinc and very little about the

other trace elements (Page, 1993).

The levels of iron in its ionic form are very low in both maternal and fetal
plasma, most being incorporated in the proteins haemoglobin, myoglobin or
ferritin. In the human plasma iron concentration is higher in fetal than
maternal blood, so transfer across the placenta occurs against an uphill
gradient. Placental uptake occurs by binding to the protein transferrin. First,
the maternal transferrin binds to receptors on the maternal side of the placenta,
the iron is released into the cell, and the transferrrin is recycled to the maternal
plasma (McArdle et al., 1985). The iron may then be compartmentalised
within the placenta itself or be released into the fetal circulation. The materno-
fetal transfer of iron increases with increasing gestational age (Douglas et al.,
1971), though the placental uptake of iron seems to be under intrinsic control
as, in the absence of a fetus iron is not returned to the maternal circulation
(McArdle et al., 1985). The increasing uptake with gestation may be due to a
number of different factors such as increasing numbers of receptors per unit
weight of protein, the increase in placental blood flow, increasing
syncytiotrophoblast surface area and decreasing thickness (Page, 1993).

As with iron, there is an uphill maternal to fetal concentration gradient of zinc
and in its free ionic form it is found in only very small concentrations, most
being bound to proteins and a little to amino acids. Zinc, bound to a-2-
macroglobulin or albumin, may be taken up by the placenta, in a process that
is thought to be dependent on metabolism. Transfer from placenta to fetus is
thought to occur by diffusion (Page, 1993).

Current opinion is that the transport of iodine across the placenta occurs by a
process dependent on metabolism. Selenate, chromate and molybdate anions
have been shown to inhibit sulphate uptake by the placenta in a competitive
fashion, so it is thought that they may be transported by the sulphate transport
system. (Page, 1993).
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1.3.2 Hormonal functions

The placenta synthesises an array of different hormones, proteins and various
growth factors that are important not only for the growth and development of
the placenta itself, but for the maintenance of pregnancy and the growth and
development of the fetus. The definitive physiological functions of many of
these substances are not fully understood, however there is currently much

research being directed at this area of physiology.

1.3.2.i Steroid hormones

Progesterone and the oestrogens are secreted by the placenta, as well as by
various other maternal and fetal organs. There is much inter-species variation
in terms of the time during pregnancy that they are produced and the amounts
produced. (Conley & Mason, 1994).

Progesterone

Progesterone is synthesised from pregnenolone within the cellular
endoplasmic reticulum. It is a 2-step process that involves oxidation and
isomerisation.

Cholesterol -> Pregnenolone -> Progesterone

The actions of progesterone during pregnancy are important from the time that
fertilisation occurs. Promotion of nutritive secretions from glands in the
endometrium before implantation of the conceptus is induced by progesterone
(and the oestrogens), and it is also necessary for keeping the uterus quiescent
and non-contractile during pregnancy. Progesterone is important for the
growth of the mammary glands during pregnancy, and it is thought that it
may be important for protecting the fetus from immunological rejection by the
mother (Page, 1993). Progesterone is also metabolised by the fetal adrenal to
cortisol and aldosterone.

Placental synthesis of progesterone is detectable from as early as 5-6 weeks
gestation in the human (Page, 1993) and is produced in sufficient quantities to
be independent of the ovaries by 50 d GA in the sheep (Wooding & Flint,
1994). The binucleate cells in the materno-fetal syncytium are a site of
progesterone synthesis in the sheep, but it is not known what proportion of
total progesterone output by the placenta they represent. It is thought that the
syncytial plaques may also be an important site of placental progesterone
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production (Wango et al., 1992). Products of arachidonic acid metabolism
(e.g- PGE;) may modulate the synthesis of progesterone in the placenta
(Wango et al., 1992).

Oestrogen

The pathways of placental oestrogen synthesis vary between species. The
precursors to oestrogens in ruminants are pregnenolone and progesterone, in
a pathway that involves the enzymes 170-hydroxylase and C-17, 20-lyase.
Humans, however, lack these enzymes, so produce oestrogens by
aromatisation of androgens secreted by the fetal adrenals (Wooding & Flint,
1994; Conley & Mason, 1994).

SHEEP:  Progesterone -> 17a-hydroxyprogesterone -> oestrogens
HUMAN: Androstenedione -> oestrogens

Oestrogens are important during the pre-implantation period, as they (with
progesterone) influence the secretion of various uterine proteins and
secretions, that are important for the nutrition of the blastocyst. They may,
however, be regarded in general terms as growth hormones for the female
reproductive organs - the fallopian tubes, cervix, vagina, breasts and uterus
being target organs. They are also important mediators of pelvic and cervical
relaxation, and for the induction of myometrial oxytocin receptors.

Oestrogens are synthesised by the placenta from the seventh week of
pregnancy, in the human, and by 9 weeks the placenta is the principal source
of these hormones. (Page, 1993). In the sheep, the rise in cortisol that occurs
towards the end of gestation causes activation of 17a-hydroxylase and C-17,

20-lyase and thus increased oestrogen levels, which are important in the
initiation of parturition.

11-B-hydroxysteroid dehydrogenase
Placental 11-B-hydroxysteroid dehydrogenase (11B-HSD) is of interest in the

context of this thesis because of its implication in the aetiology of
hypertension (Edwards et al., 1993; Oka et al., 1993; Seckl et al., 1995).

11B-HSD catalyses the reversible conversion of cortisol to the inactive

cortisone. (Rats have corticosterone not cortisol). Two forms of the enzyme
have been identified, 113-HSD1 and 11B3-HSD2 (Seckl et al., 1995; Burton
et al., 1996). 113-HSD1 has a capacity for both 11-oxoreductase and 11§-
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dehydrogenase activity, but 113-HSD2 exhibits only 11B-dehydrogenase
activity. 113-HSD2 is thought to be the predominant isoform present in the
placenta, but this is not certain (Burton et al., 1996).

11B-HSD activity is not detectable in human cytotrophoblast cells in vitro
after 4 hours (Shepherd, et al., 1996), but is detectable after 3 days by which
time the.cells have started to form a syncytium (Shepherd & McGarrigle,
personal communication). This finding is supported by Krozowski (1995)
who has identified 11B-HSD only in the syncytiotrophoblasts of the human
placenta. In the rat placenta it has been shown that 113-HSD1 is present in
the basal zone and that its expression does not change significantly in late
gestation. It is also present in the labyrinthine zone, but at barely detectable
levels at 16 d GA (term=21 d), after which it increases dramatically to term.
The expression of 113-HSD2 is present in the basal zone in moderate
amounts and shows a large increase towards term, whereas in the labyrinthine
zone it is present in large quantities and activity falls dramatically towards the
end of gestation (Burton et al., 1996). 11B-HSD expression has not been
localised in the sheep placenta, though it is known to be expressed (Kim et
al., 1995). Its activity does not change significantly between 80 d and 140 d
GA in the sheep (term=147 d), though there is the suggestion that it may
decrease (Burton et al., 1996).

11B-HSD activity is stimulated by oestrogens and inhibited by progesterone
and excess ACTH.

1.3.2.ii Protein hormones

The protein hormones of pregnancy include chorionic gonadotrophin (CG)
and the placental lactogens (PL).

Chorionic gonadotrophins

The chorionic gonadotrophins that have been identified include human
chorionic gonadotrophin (hCG), monkey chorionic gonadotrophin and equine
chorionic gonadotrophin, also known as pregnant mare's serum
gonadotrophin (PMSG).

hCG is a member of the gonadotrophic group of hormones that includes
leutenising hormone (LH), follicle-stimulating hormone (FSH) and thyroid
stimulating hormone (TSH). The rising levels of oestrogens and progesterone
during pregnancy suppress the secretion of LH and FSH, so hCG takes over
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from them. hCG is important for prolonging the life of the corpus luteum
during the first few weeks of pregnancy (and it has also been postulated to
influence sexual differentiation of the male fetus (Conley & Mason, 1994;
Wooding & Flint, 1994). It is secreted by the trophoblast layer of the
developing blastocyst and may be detected from 10 days after conception
(Allen, 1975).

PMSG is not produced by the blastocyst, but by endometrial cups, structures
that are unique to the horse (Allen, 1975; Conley & Mason, 1994).

Placental lactogens

Placental lactogens have been characterised in the human (hPL), in rodents
and in sheep, cattle and goats, and are found in both fetal and maternal
circulations. hPL is synthesised by the trophoblast throughout pregnancy and
released predominantly into the maternal circulation. Its main actions are that
it increases lipolysis and inhibits glucose uptake in the mother, therefore
increasing the supply of glucose to the fetus (Conley & Mason, 1994; Page,
1993). PL levels in the mouse have been found to be influenced by fasting
(Conley & Mason, 1994). Data from the sheep suggests that PL may be a
modulator of fetal growth, by partitioning carbohydrates between mother and
fetus (Oliver et al., 1992). It is interesting that in the human (Page, 1993), the
mouse and in ruminants (Conley & Mason, 1994) PL production shows a
positive correlation with placental tissue mass.

Inhibin and Activin

Recently inhibin and activin have been found to be synthesised in the
placenta, in both the cytotrophoblasts and syncytiotrophoblasts. Most that is
produced is secreted into the maternal circulation and there is an increase
throughout pregnancy, particularly during the third trimester. Inhibin,
together with oestradiol and progesterone, suppresses maternal FSH
secretion, and it is thought that inhibin may be involved in parturition. It has
been suggested that activin may be a signalling protein and growth factor
during embryogenesis. Both inhibin and activin regulate placental synthesis
of gonadotrophin-releasing hormone (GnRH), hCG, progesterone, and
perhaps other hormones too. (France, 1996).
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1.3.2.iii Neurohormones

Most of the hypothalamic peptide hormones are produced by the placenta.
These include GnRH, thyrotrophin-releasing hormone (TRH), somatostatin,
GH-releasing hormone, CRH, and the opioid peptides. They are produced by
the cytotrophoblast cells and are active in the syncytiotrophoblast cells, where
they regulate synthesis of the protein hormones and chorionic ACTH.
(France, 1996).

1.3.2.iv  Growth factors
Insulin-like growth factors
(The IGFs are described in greater detail in section 1.6.2.v).

IGF-I and IGF-II are both synthesised by the placenta as are IGF-IR and
IGF-2R (Page, 1993). IGF-II mRNA can be detected in human
cytotrophoblasts soon after implantation and IGF-I mRNA is detectable in the
placenta in the second trimester (Chard, 1994). IGF-I mRNA has been
shown to be present in the ovine uterus in early pregnancy, mainly in the
stromal cells of the endometrium and the muscle cells of the myometrium.
IGF-II mRNA was found mainly in the caruncles and in the stroma of the
endometrium (Stevenson et al., 1994). Placental growth seems to be
dependent only on IGF-II, and it has recently been shown that IGF-II may
stimulate proliferation and/or metabolism in the ovine placenta by binding to
an, as yet, uncharacterised receptor (Reynolds et al., 1996). IGF-I has also
been seen to accelerate placental structural maturation as well as influencing
the synthesis of human placental lactogen (hPL), oestrogen and progesterone,
and glucose metabolism (Page, 1993).

Other growth factors

Receptors for epidermal growth factor (EGF) and platelet-derived growth
factor (PDGF) have also been identified in the placenta, as has transforming
growth factor B (TGFp) in the bovine placenta (Munson et al., 1996).
Vascular endothelial growth factor (VEGF), which promotes angiogenesis,
has been identified in the human placenta (Anthony et al., 1994). Hepatocyte
growth factor (HGF), also known as hepatopoietin A and Scatter factor, has
been found in significant concentrations in the placenta (Hernandez et al.,
1992). HGF primarily acts on epithelial cells where it has a range of effects,
from enhancement of cell proliferation and cell growth, to stimulation of cell
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migration and motility, promotion of angiogenesis and morphogenesis, to
inhibition of tumour cell growth. 100% of HGF-induced DNA synthesis and
25% of HGF-induced protein synthesis are inhibited by TGFB1, and HGF
and EGF interact in an additive manner (Hernandez et al., 1992). In the rat,
HGF activity in the placenta (when expressed per gram of tissue) has been
shown to increase rapidly up to 9 d GA, after which it levels off (Jin et al.,
1993). HGF is essential for placental organogenesis. It has been
demonstrated in mice that when the HGF gene is disrupted, placentas are
severely impaired with a substantial reduction in the number of labyrinthine
trophoblast cells, and the fetuses die before birth (Uehara et al., 1995).
Furthermore, Uehara et al. (1995) showed in vitro that the growth of
trophoblast cells is stimulated by HGF, and its actions are believed to be
paracrine, because HGF mRNA 1is not expressed in cytotrophoblasts but the
protein c-met, which is a receptor for HGF is found in cytotrophoblasts
(Saito et al., 1995).

The colony stimulating factors (CSF) have been detected in the placenta and
CSF-1 is thought to induce proliferation and differentiation of the trophoblast,
and to regulate macrophages (Robinson et al., 1995; Sharkey et al., 1994).
Kit-ligand (KL) is another cytokine that has been identified in the trophoblast
of both human and mouse and seems to be involved in regulating components
of the immune system (Sharkey et al., 1994). Other cytokines that have been
detected in the placenta include various interleukins (IL) that are essential for
implantation (Robinson et al., 1995) and may be involved in regulating
trophoblast development (Sharkey et al., 1994).

(Growth factors are discussed further in relation to fetal growth in section
1.6.2.vi).

1.3.2.v  Cytokines

The placenta also produces cytokines which are growth factors that regulate
movement within and between cells. They have been suggested to play a role
in the development of the embryo and fetus (Robinson et al., 1995).
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14 PLACENTAL GROWTH RATE

The normal placenta grows and gains in weight throughout gestation, though
the cellular events occurring during this growth and the rate of growth are not
uniform throughout. Over the course of pregnancy in the rat (term 21 days)
its placenta shows three phases of growth, hyperplasia, hyperplasia and
hypertrophy, and hypertrophy alone. Placental growth in the human (term
about 40 weeks - 280 days) has been shown to be similar. Between 25 and
36 weeks gestation it has been demonstrated that hyperplasia is occurring,
then for the last month of pregnancy, after about 36 weeks, placental growth
is by hypertrophy alone (Winick et al., 1967). The most rapid period of
placental growth is during the first half of pregnancy (Fig. 1.10).

Placental growth is not easy to measure, particularly in animals such as the
sheep, which has a cotyledonary placenta. Usually placental size is
determined either at delivery, in humans, or at post-mortem, in experimental
animals, by weighing. Placental growth is assessed by killing animals at
different gestational ages. However, measurements of placental volume have
been made during mid-pregnancy in the human using ultrasound (Howe et
al., 1994). In the sheep measurements of placentome diameter have been
made between 45 d and 141 d GA using ultrasound (Kelly et al., 1987). But,
the technique can only give mean placentome diameter and it does need
further validation.
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Figure 1.10. Ontogeny of fetal (0) and placental (®) growth. Adapted
from Page (1993) - human, and Owens (1995) - sheep.

1.5 FETAL GROWTH RATE

Conversely to the placenta, the period of maximal fetal growth is during the
second half of pregnancy, particularly late gestation (Owens et al., 1995).
(Fig. 1.10)

Technological limitations mean that it is difficult to measure fetal growth in
early gestation, due to the small size of the fetus. In experimental animals fetal
growth has been measured by killing animals at different gestational ages.
The limitation of this method is that longitudinal measurements of growth
within individual animals are obviously not possible. Mellor and Matheson
(1979) developed a technique for measuring fetal growth during late gestation
using what they called a CRL measuring device. This consisted of a nylon
monofilament threaded through a sleeve of transparent polyethylene tubing
which was sealed at one end. The open end of the device was attached at the
rump and the monofilament was tunnelled sub-cutaneously along the spine of
the fetus to the crown where it was secured, ensuring that the nylon thread
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was fully inserted into the tubing, which was then exteriorised through the
ewe's flank. Growth of the fetus caused the nylon to be drawn out of the
polyethylene tube. Measurement of the distance between the end of the sealed
tube and the nylon added to CRL measured at surgery gave the CRL on any
given day. Using this device curves of growth in the fetal sheep between 100
and 140 days gestation were obtained. This technique has also been
implemented more recently to look at the effect of various factors (e.g.
cortisol) on fetal growth during late gestation (Fowden, 1995). Longitudinal
measurements of fetal growth are also available for the human fetus, growth
being assessed by serial ultrasound measurements (Robson & Chang, 1995).
It is possible to measure CRL by ultrasound in the human from 6 weeks
gestation. Recently Anjari et al. (1996) have successfully measured growth of
alpaca fetuses from as early as 33 d GA (term=345 d) using ultrasound.

1.6 DETERMINANTS OF FETAL GROWTH

Nutrient supply, endocrine status, genetic make-up, and various
environmental factors all influence fetal growth. It is difficult to quantify the
extent to which these different factors determine the growth of the fetus,
however it is possible to indicate their relative importances. For example,
without oxygen the fetus would die, therefore oxygen is essential for growth.
However, adrenalectomised fetuses are able to survive (Fowden et al., 1990),
therefore cortisol is not essential for growth and survival of the fetus.
Likewise, thyroidectomised fetuses survive but are growth retarded (Fowden
& Silver, 1995), which suggests that the thyroid hormones are necessary for
normal growth, but are not essential.
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Requirements for Importance
fetal growth

Oxygen T
Glucose T
Lactate T
Fructose T
Amino acids NN)
Lipids T
Insulin ™
Thyroid hormones T
Cortisol T
Growth hormone T
IGFs ™
Other growth factors ™
Genetic T
Maternal size T

Table 1.2. Relative importance of the various factors that determine
fetal growth.

1.6.1 Nutrition

Nutrient supply to the fetus is the major regulator of fetal growth. There are
three different sources from which the fetus may receive nutrients: the
maternal circulation, substances synthesised by the placenta, endogenous
production by the fetal tissues. Under normal circumstances the maternal pool
is the primary source of nutrients for the fetus (Fowden, 1995). The main
nutrients required for fetal growth are oxygen, glucose, lactate, amino acids
and lipids.

1.6.1.i Oxygen

PaO; values in the mother are higher (aorta: 95 mmHg) than those of the fetus
(umbilical vein: 35 mmHg), which facilitates diffusion of oxygen from
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mother to fetus. The rate of oxygen uptake by the placenta is ahout 50%
greater, per gram of tissue, than that of the fetus, which significantly reduces
the amount of oxygen that eventually reaches the fetus (Fowden, 1994 &
1995). Oxygen affinity is higher in the fetal than in the maternal blood and
tissue perfusion is relatively high, so adequate supply of oxygen to the fetal
tissues is ensured. Oxygen consumption by the fetal carcass (skin, bone,
muscle) is highest, about 50% of total oxygen consumption, and the heart,
brain and liver together make up 35-40% of total oxygen consumption, the
heart consuming almost double that of the other two organs on a weight-
specific basis (Fowden, 1994).

1.6.1.ii  Carbohydrates

Glucose and lactate are the major carbohydrates metabolised by the fetus,
though some species (ruminants, pig, horse) also utilise fructose (Fowden,
1994).

Glucose

Glucose is the main substrate for oxidation in utero. Maternal and fetal blood
glucose concentrations and the ratio between the two vary from species to
species. Typical values measured in the sheep are 2.25-3 mmol/l in the
mother and 0.75-1.25 mmol/l in the fetus. The maternal to fetal concentration
gradient means that facilitated diffusion of glucose across the placenta occurs.
As with oxygen, a large amount of the glucose leaving the maternal
circulation is consumed by the placenta, 60-75% of the total uterine glucose
uptake in late gestation (Fowden, 1995). The glucose taken up by the placenta
may either be oxidised or may be used for lipogenesis, glycogenesis and
conversion to lactate, fructose and amino acids, some of which may be
released into the umbilical circulation. The fetus can also produce glucose
endogenously by glucogenesis in the liver and kidneys, though this usually
only occurs in adverse conditions. The carcass utilises most of the glucose
supplied to the fetus, though the brain also consumes fairly large amounts
(15%). (Fowden, 1994 & 1995).

Lactate

The second most important carbohydrate fuel in the fetus is lactate. It is
produced in large quantities by the placenta as a result of the breakdown of
glucose (both maternal and fetal in origin) and fructose (fetal), and is released
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into both maternal and fetal circulations. Its production is affected by fetal,
but not placental, metabolism. There is also endogenous production of lactate
by the fetal tissues at almost double the rate of that produced by the placenta.
Most endogenous lactate is derived from glucose, though some may be
formed from fructose and amino acids. 70% of the lactate consumed by the
fetus is oxidised to CO; and the rest contributes to the fetal carbon pool. A
large proportion (30%) of the lactate taken up by the fetal organs is utilised by
the heart and liver. Although some lactate is produced anaerobically, generally
it does not imply anaerobic metabolism in the fetus. In stressful conditions,
lactate may be a substrate for glucogenesis by the liver (Fowden, 1994 &
1995).

Fructose

Fructose is not an important carbohydrate for metabolism in the fetus. It is
produced at a very low rate from glucose in the placenta of the sheep. Only

very small amounts are oxidised and it may be converted to lactate. (Fowden,
1994).

1.6.1.iii Amino acids

In the fetus amino acids are essential for oxidation, protein accretion, and as a
source of carbon and nitrogen. Concentrations are higher in the fetal than in
the maternal circulation and higher in the placenta than in either, therefore
transport is an active process. The essential amino acids must come from the
mother, whilst non-essential amino acids may be synthesised either by the
placenta or endogenously by the fetus. Therefore, the supply of some amino
acids to the fetus is dependent on placental metabolism as well as tranplacental
transport (Battaglia, 1992; Fowden, 1994 & 1995).

1.6.1.iv  Lipids

Lipids are essential for fetal growth and they may play a minor role in
oxidative metabolism. The source of free fatty acids may be maternal, de novo
synthesis by the feto-placental tissues, or the breakdown of triglycerides and
phospholipids. It is thought that the triglycerides are produced endogenously.
(Fowden, 1994 & 1995).
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1.6.2 Endocrine and paracrine control of fetal growth

Fetal growth involves not only supply of substrates to the fetus, but is a
complex interaction between nutrition and various endocrine and paracrine

regulators.

Growth during childhood is known to be dependent on a wide variety of
hormones, in particular GH and the IGFs, thyroid hormone, insulin,
glucocorticoids, and the sex steroids.. However, the endocrine regulation of
growth in the fetus is much less clearly defined. Maternal hormones that are
involved in the regulation of growth, e.g. GH, thyroid hormones, insulin,
and steroid hormones do not cross the placenta in concentrations that are
enough to influence fetal growth. Therefore, the hormones regulating fetal
growth seem to be contained within the fetus itself. (Fowden, 1995; Han &
Hill, 1994; Han & Fowden, 1994).

1.6.2.i Insulin

Insulin is essential for fetal growth, and is first detected at 11 weeks GA in
the human fetus, 42 d GA in the sheep, and 18 d GA in the rat (Parkes,
1988). The action of insulin in allowing the cellular uptake of glucose and
amino acids in part explains the role of insulin in fetal growth. However, it is
also thought to modulate growth by its actions on the IGFs (the IGFs and
fetal growth are discussed in section 1.6.2.iii). It enhances IGF-I secretion
and at high concentrations can bind to IGF-1R, as well has having an
inhibitory effect on IGFBP-1 production. Thus, it is likely that insulin does
not have a direct effect on fetal growth, but regulates other factors that do.
(Han & Fowden, 1994; Han & Hill, 1994; Bassett, 1995; Milner &
Gluckman, 1996).

1.6.2.ii  Thyroid hormones

The hypothalamic-pituitary-thyroid axis is active from 10 weeks GA in the
human fetus (Milner & Gluckman, 1996), 50 d GA in the sheep and 19 d GA
in the rat (Parkes, 1988). Triiodothyronine (T3), the active form of thyroid
hormone, promotes fetal growth by increasing protein synthesis, and by its
synergistic action with GHRH in the secretion of GH and the IGFs. It has
been suggested that increased thyroxine (T4) levels may cause an increase in
IGF-1 and asymmetrical growth retardation is observed in hypothyroid sheep
(Han & Fowden, 1994). Fetal thyroid function is significantly affected by
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nutrient availability. Reduced substrate supply, e.g. due to maternal
starvation, uterine artery occlusion, etc., leads to a decrease in plasma Ty
concentrations and IUGR (Symonds, 1995).

1.6.2.iii Cortisol

Cortisol concentrations are low (about 10 ng ml') for most of gestation in
fetal sheep, then start to rise gradually 10-15 days before birth (up to about 20
ng ml'), with a final surge 3-5 days before birth (up to about 70 ng ml"')
(Fowden, 1995). Cortisol is maternal and placental in origin, as well as from
the fetal adrenal. Cortisol is thought to be a modulator of fetal growth because
there is a decline in fetal growth concomitant with the rise in cortisol towards
the end of gestation, and adrenalectomised fetuses are heavier than intact
fetuses. However, the mechanisms by which cortisol may affect growth are
not known. Postnatally, cortisol has an antagonistic effect on insulin and
down-regulates IGF gene expression.

Cortisol is known to be involved in the maturation of various organs
perinatally. In the lung it is involved in the manufacture of pulmonary
surfactant (Han & Fowden, 1995; Milner & Gluckman, 1996). In the gut it is
important for villi proliferation and the induction of digestive enzymes
(Fowden, 1995). In the liver it is involved in the maturation of glycogen
synthetase which is needed for the accumulation of hepatic glycogen during
the last trimester, and it also induces 3 receptors and hepatic gluconeogenic
activities, which are important for the supply of glucose to the neonate after
birth (Fowden et al., 1990; Fowden et al., 1992; Fowden et al., 1995;
Fowden, 1995). These effects on tissue maturation may in part be due to the
effects of cortisol on IGF production. In the ovine fetus, liver and adrenal
gene expression of IGF-II is depressed, expression of IGF-I is enhanced in
the liver, and hepatic GH receptor mRNA is increased (Fowden 1995).

1.6.2.iv  Pituitary hormones
Growth hormone

GH is found in the fetal circulation from at least 12 weeks gestation in the
human. It reaches levels of around 100 ng ml"' during mid-gestation, which is
higher than at any other time during life (Han & Fowden, 1994; Milner &
Gluckman, 1996). Until recently it was thought that GH was not a major
determinant of fetal growth. However, it is now thought to be involved in the
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control of fetal growth through its actions on the IGFs. GH deficiency is
accompanied by a decrease in IGF-I levels, and GH is thought to be
responsible for the production of IGFBP-3 during late gestation (Milner &
Gluckman, 1996).

1.6.2.v  Insulin-like growth factors (IGFs)

The IGFs, IGF-I and - II, are polypeptide hormones which structurally and
functionally are similar to insulin. They have both anabolic and mitogenic
effects by which they promote growth. The primary source of IGF-I is the
liver, but all tissues produce both IGF-I and -II. (Gluckman, 1995; Blum &
Gluckman, 1996). Their actions are modulated through IGF-binding proteins
(IGFBP) to which they are bound in the plasma, and of which six have so far
been identified, IGFBP-1 - 6. IGF-II binds specifically to IGFBP-2 and
IGFBP-6, and the other IGFBPs show similar affinity for either IGF-I or -II
(Blum & Gluckman, 1996). The IGFs also have specific cell membrane
receptors, type 1 IGF receptors (IGF-1R) and type 2 IGF receptors (IGF-
2R). IGF-I binds to IGF-1R, and IGF-II can bind to both IGF-1R and -2R.
The IGFs also interact with 2 other receptor types, the so-called 'hybrid
receptor’ and the insulin receptor (Gluckman, 1995). The principal sites of
IGF-I synthesis are muscle and liver, however, all tissues express mRNA for
both IGF-I and -II.

Regulation of the IGFs is complex. The most potent regulator of IGF-I is
growth hormone (GH), though prolactin, TSH, LH (or hCG) and FSH have
also been seen to stimulate IGF-I production. Low doses of oestrogens cause
an increase in plasma IGF-I, whereas pharmacological doses cause a
decrease, except in the uterus where IGF-I expression is stimulated by high
oestrogen doses. The glucocorticoids also have an effect on IGF-I. They do
not affect IGF-I expression, but seem to inhibit its effects. There are a
number of other hormones that influence IGF-I synthesis. Parathyroid
hormone causes an increase in IGF-I concentration in bone, but not in
plasma, and insulin has a permissive effect on GH-stimulated IGF-I
production. platelet-derived growth factor (PDGF), epidermal growth factor
(EGF), transforming growth factor a (TGFa), and basic fibroblast growth
factor (bFGF) stimulate local IGF-I production, whilst TGFp is both
stimulatory and inhibitory. After GH, nutritional status is the second most
important regulator of IGF-I concentration. Both protein and calorie intake

have an influence, and a decrease in intake results in a decrease in IGF-I.

76



Chapter 1 INTRODUCTION

Less is known about the regulation of IGF-II stimulation than about IGF-1.
However, it has been observed that GH causes an increase in brain, skeletal
and cardiac muscle, but not hepatic levels. ACTH and FSH have also been
seen to stimulate IGF-II production (Blum & Gluckman. 1996). Reduced
nutrient intake causes a decrease in IGF-II, but to a lesser degree than IGF-I
(Gluckman, 1995).

It appears that early during fetal development IGF-II is critical for the
regulation of growth, but in later gestation IGF-I is important (Gluckman,
1995). "Knockout" models have provided evidence for the roles played by
the IGFs in fetal growth. Mice that have had the IGF-I gene knocked out by
homologous recombination have severe growth retardation, but growth
retardation does not become evident until 13.5 d GA, supporting the idea that
IGF-I is important for growth only in late gestation. IGF-II knockout mice
display growth retardation (and reduced placental growth) from 11 d GA and
resume a normal growth rate after 18 d GA, which suggests that IGF-II plays
a role in fetal growth early on in gestation but that IGF-I takes over later
(Gluckman, 1995; Milner & Gluckman, 1996). Clearly then the IGFs have a
substantial impact on placental and fetal growth and development, however
their regulation of growth is complex and is not fully understood. The
growth-promoting actions of both IGF-I and -II are thought to be mediated
via the IGF-1R, however it appears that the actions of IGF-II are also
mediated by another as yet unknown receptor type. That IGF-1R is important
in mediating the actions of IGF-I and IGF-II is demonstrated by IGF-1R
knockout mice, which are more growth retarded than IGF-I or IGF-II
knockouts. IGFBP-1 is associated with reduced fetal growth, perhaps
because it reduces the availability of IGF-1. The actions of the IGFs are
somatogenic, anabolic and anti-catabolic, and generally IGF-I is more potent
than IGF-II. Their roles during fetal development are multiple, including the
regulation of embryogenesis, placental growth, fetal and placental
metabolism, and organ growth and differentiation (Gluckman, 1995). The
actions of the IGFs are both paracrine and endocrine.

1.6.2.vi  Other growth factors

Most growth factors act in an autocrine or paracrine fashion, though some
may be endocrine, intracrine or juxtacrine (Han & Fowden, 1994).
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Apart from the IGFs there are a plethora of other growth factors that are
involved in the regulation of fetal growth. Epidermal growth factor (EGF),
transforming growth factor oo (TGFa) and platelet-derived growth factor
(PDGF) are mitogenic in mesenchymal cells, and EGF also has proliferative
effects on epithelia. There are various fibroblast growth factors (FGF), the
most abundant of which is basic FGF. Basic FGF is a potent mitogen in
connective tissue and is extremely angiogenic. TGF[ exists in various
isomeric forms. It inhibits epithelial cell proliferation, but is also involved in
the formation of basal membranes where it causes fibroblasts to increase their
production of fibronectin and collagen. Nerve growth factor (NGF) promotes
axonal growth, differentiation and survival of sympathetic ganglia (Engstrom
& Heat, 1988; Han & Fowden, 1994; Hill & Han, 1996). Together these
factors promote cellular proliferation, differentiation, induction, migration,
aggregation, maintenance, regeneration and apoptosis (programmed cell
death).

1.6.3 Other influences on fetal growth

1.6.3.i Genetic determination

Certainly growth is in some part genetically determined, which is evident
from the fact that within particular species there is a similar birthweight and
similar adult height, e.g. in man birthweight is about 3500 g and adult height
is about 1.7 m. However, there is variation from one individual to another
which is in part genetic variation, but also reflects environmental influences
(Yates, 1988). There is interaction between maternal and paternal genetic
contribution, which is necessary for normal fetal growth. For example, it is
essential that the IGF-II gene is paternal and the IGF-2R gene maternal. Over-
and under-expression of the IGF-II gene result in overgrowth and dwarfism,
respectively (Milner & Gluckman, 1996).

1.6.3.ii Environmental factors
Maternal size

During life in utéro, growth is strongly influenced by the mother, and
paternal genotype is relatively unimportant, so long as expression is normal
(as described above in section 1.6.3.1). After birth, the genetic makeup of the
offspring is more important than environmental influences. The influence of
maternal size was very elegantly demonstrated by the experiments of Walton
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and Hammond in 1938, where they crossed Shire horses with Shetland
ponies. They found that when either a Shire or a Shetland stallion was
crossed with a Shire mare the newborn foals were of similar size and were
quite large. When the mare was a Shetland, again the newborn foals were
similar in size, regardless of whether Shire or Shetland stallion, but were
small (Yates, 1988).

Maternal nutrition

Maternal nutrient intake primarily determines the nutrient supply to the fetus.
It follows, therefore, that if maternal nutrient supply is restricted it will result
in fetal nutrient restriction also. The effect of maternal undernutrition on fetal
growth depends on the specific nutrients that are in short supply, timing,
duration, and severity. The fetus requires 95 kcal (kg.day)', of which 40 are
required for growth and 55 are oxidised (Milner & Gluckman, 1996). The
specific effects of maternal undernutrition on fetal growth are described and
discussed later in this chapter, section 1.7.2.

1.6.3.iii Placenta

The placenta is the interface between mother and fetus, and is thus the route
by which nutrients are supplied to the fetus and waste products removed, as
well as the various endocrine functions it performs that are essential for fetal
growth. I have described in some detail the importance and the influence of
the placenta for fetal growth (section 1.3).

1.7. INTRAUTERINE GROWTH RETARDATION (IJUGR)

There are a variety of different measurements by which fetal growth outcome
is described. In the human infant, commonly used measures include birth
weight, length, head circumference, and body proportions derived therefrom
e.g. ponderal index (weight (kg) x 100 / length (m)3), birth weight to length
ratio. In animals the same measurements may be made, though it is also
possible to kill the animal and record organ weights.

1.71 Categories of IUGR

IUGR has been described by many different terms by different people e.g.
Type 1, Type II; proportionate, disproportionate; chronic fetal distress,
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subacute fetal distress. However, despite the extensive number of different
names that have been used to describe the phenotype and outcome of IUGR,
it is apparent that there are two main types: primary IUGR and secondary
IUGR (Fay & Ellwood. 1993). Fay & Ellwood (1993) reviewed the human
literature between 1977 and 1991 in order to distinguish these twe types of
growth retardation.

1.7.1.i Primary IUGR

Primary IUGR infants are small for gestational age (below the 10th centile)
but with proportional anthropometric measurements for their weights. So they
are symmetrically growth retarded. It was suggested that the cause of IUGR
in these babies is inherent to the fetus (metabolic) as they seem to be well
nourished and generally there is no evidence of asphyxia. It may also be that
they are genetically growth restricted (Fay & Ellwood, 1993). Primary [IUGR
is not associated with increased perinatal morbidity and mortality, though
mental development scores are significantly lower than those of appropriately
grown infants and there is the suggestion that these infants are at greater risk
of spastic cerebral palsy (Fay & Ellwood, 1993; Owens et al., 1995). Up to 4
years of age primary IUGR infants show no evidence of catch-up growth,
remaining smaller and lighter than their appropriately grown counterparts
(Fay & Ellwood, 1993).

1.7.1.ii  Secondary IUGR

Secondary IUGR infants show a pattern of asymmetrical growth. Their birth
weights may be normal, but they are relatively thin (wasted) and long, so
have a low ponderal index. Pregnancies resulting in secondary [IUGR have
been associated with small or abnormal placentae, high resistance umbilical
and uterine artery Doppler waveforms, and hypoxaemia. Fetal distress in
utero is common and there is a high rate of perinatal asphyxia. Secondary
IUGR is associated with higher rates of perinatal morbidity and mortality,
infants appear malnourished, being thin with little subcutaneous fat, and their
livers, spleens, adrenals and thymuses are reduced in size, whilst their brains
are relatively large (Fay & Ellwood, 1993). Infants with secondary IUGR
exhibit catch-up growth, but have higher incidences of mental retardation and
learning disabilities (Fay & Ellwood, 1993).
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1.7.2 Causes of IUGR

Despite this dichotomous classification of body proportionality, the way in
which fetal growth is defined has not been so easy to determine. Pregnancy
outcome is a matter that has always interested man and there have been a large
number of studies carried out in an attempt to improve the prognosis for the
unborn child. McCance & Widdowson (1974) and Osofsky (1975) reviewed
data from the preceding 50 years or so in an attempt to gain insight into the
factors that are important for growth and development of the fetus and child.
Whilst they both concluded that the factors determining growth are complex
and there is much work to be done in unravelling the multifactorial elements
concerned, it was clear that growth retardation depends upon not only the
type of insult, but also on its severity, duration, and the time of exposure
during development.

1.7.2.i Timing of insult

McCance & Widdowson (1974) made the statement that " ..there is a
metabolic clock in every animal which determines when each organ shall
begin and end its growth or its function, how the animal will behave at every
age and when its life is getting near its end". It therefore follows that the
outcome of an interruption in growth and/or function is determined by exactly
when during the development of the animal that interruption occurs. The
effect on an organ or system will be dependent upon the stage of development
of the organ/system. This is defined by what has come to be known as
‘critical’ periods of development.

It has been suggested that primary growth restriction is the result of factors
acting early in gestation, and that secondary growth restriction is a
consequence of events later on in development (Barker, 1994; Owens et al.,
1995).

Studies of human pregnancies (Osofsky, 1975; Stein & Susser, 1975b;
Kramer et al., 1990) are extremely inconsistent. One observation was made
of babies born to mothers who were subjected to near starvation by the
Germans during the siege of Leningrad, which took place during World War
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II from August 1941 to January 1943 (Antonov, 1947). This study showed
no effect of early nutritional deprivation on fetal growth but a decline in birth
weight with undernutrition in late gestation. Similarly, Stein & Susser
(1975b) reported that early nutritional deprivation was not associated with
impaired fetal growth, whereas nutritional deprivation in late gestation
resulted in secondary growth retardation. Contrary to this, however, is the
report that maternal weight gain prior to 28 weeks gestation affects
anthropometric measurements at birth (Osofsky, 1975). To add to the
discrepancies already seen, some studies carried out in the 1940s related
maternal nutritional supplementation during pregnancy to improved fetal
growth whilst others did not (Osofsky, 1975). It may be possible to account
for the disagreements between studies on the basis of geography. Those
studies that saw a benefit from supplementation were carried out in Toronto,
England, Wales and Glasgow, and those that did not were carried out in
Chicago, Philadelphia and Nashville. Another complicating factor is the food
supplements that were used. In the study carried out in England and Wales a
multivitamin milk supplement was used. The study in Chicago gave a protein
supplement, whilst that in Philadelphia split the women into 3 groups, some
receiving vitamin supplement, some protein, and some vitamin and protein.
Another factor which may be significant for all these studies is that the
women recorded their own food intake. Further observations have been
carried out in Santiago, Chile on infants whose mothers were severely
undernourished during pregnancy, resulting in fetal or neonatal death from
malnutrition (Winick, 1969). Severe IUGR resulted, and there was up to a
40% reduction in brain cell number, which was also associated with reduced
head circumference. Kramer (1990) challenged the view that early onset of
growth retardation leads to symmetrical growth retardation, and related
asymmetrical growth retardation to those babies with taller mothers, whose
mothers had severe pregnancy-related hypertension, and to males.

McCance & Widdowson (1974) described studies conducted in neonatal rats
from which it was concluded that undernutrition for a brief period earlier

rather than later, in neonatal life retards growth and also the subsequent rate
of growth, despite unlimited amounts of food later on. Body proportionality
was not affected. Osofsky (1975) agreed with the idea that growth was more
profoundly and irreversibly affected the earlier following birth at which
nutritional deprivation occurred. He also cited studies in pregnant rats which
showed that both protein and caloric restriction resulted in fetal growth
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retardation with decreases in brain weight (brain to body weight ratios were
not given so it is not clear whether growth was symmetrical or not).
Furthermore, and somewhat contrary to the data in neonatal animals, he
described effects of a protein-free diet during pregnancy where the effects on
brain growth were more severe the later in pregnancy deprivation occurred;
presumably body weights were affected similarly.

There are a number of more recent studies in rats (Tanaka et al., 1994; Desai
et al., 1995), guinea pigs (Detmer et al., 1991) and sheep (Creasy et al.,
1972; Owens et al., 1986; Jacobs et al., 1988a; Block et al., 1990; Kamitomo
et al., 1993; Harding & Johnston, 1995; Harding, 1995; Bauer, 1995;
Murotsuki et al., 1996) that describe the effects of substrate deprivation at
certain times during pregnancy on fetal body proportionality (Table 1.3).
DeBarro et al. (1992) restricted maternal nutritional intake in sheep during
early pregnancy by altering grazing stock rates in pastures, and they found
that there was a reduction in fetal growth. They did not specify the type of
growth restriction observed - symmetrical or asymmetrical. Undernutrition in
mid-gestation (food intake regulated to achieve a loss of 8 kg liveweight
between 30 d and 96 d GA) has been reported not to result in growth
restriction (McCrabb er al., 1991). Some workers have investigated the
effects of nutrient deprivation throughout mid and late gestation (Detmer et
al., 1991; Bauer et al., 1995). Detmer et al. (1991), working in the guinea pig
found that uterine artery ligation, which tended to result in decreased CaO;,
produced fetuses that were asymmetrically growth retarded; whilst Bauer et
al. (1995) found that a mid through to late gestation nutritional insult (25% of
the recommended energy and protein requirements) caused growth restriction
which was symmetrical. Nutrient deprivation in late gestation whether in the
sheep (Creasy et al., 1972; Jacobs et al., 1988a; Harding, 1995; Harding &
Johnston, 1995; Murotsuki er al., 1996) or rat (Tanaka et al., 1994), and
whether due to undernutrition (Harding, 1995; Harding & Johnston, 1995),
placental embolization (Creasy et al., 1972; Murotsuki et al., 1996),
hypobaric hypoxaemia (Jacobs et al., 1988a), or uterine artery ligation
(Tanaka et al., 1994) always resulted in asymmetrical growth retardation.
There was however an exception: Block et al. (1990) produced symmetrical
growth retardation in fetuses where placental embolization had been carried
out. This inconsistency, so far as fetal growth is concerned, may arise
because they only embolized for 9 days as opposed to 21 days or more in the
other embolization studies (Creasy et al., 1972; Murotsuki er al., 1996).
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Finally, restricted nutrient supply for the whole of or most of gestation
always caused secondary IUGR, regardless of species or method of nutrient

restriction employed (Table 1.3).

The complexities surrounding the issue of timing are further emphasised by
recent experiments in sheep (Harding & Johnston, 1995; Harding, 1995). It
was found that periconceptual undernutrition caused a slowing of fetal growth
that was not affected by a further nutritional insult in late gestation, although
the added insult in late gestation did produce asymmetrical growth (small
brains, big hearts and kidneys). These findings suggest that the early
nutritional insult increased susceptibility to a second nutritional insult, and
that there may have been an alteration in growth sequence or organ function
(Harding & Johnston, 1995).

It is clear that the timing of a reduction in substrate supply is critical in
influencing fetal body and organ growth. However, there is definitely no
clear cut pattern from which we can say that an insult at a particular time will
result in a particular pattern of fetal and placental growth. Perhaps the
evidence so far is clouded by differences in the duration and severity of
exposure.

1.7.2.ii  Duration/severity

The work described by McCance & Widdowson (1974), showed studies in
pigs where severe prolonged undernutrition in the early postnatal period
resulted in severe asymmetrical growth retardation, whether the diet was one
deficient in energy or protein. Rehabilitation onto a normal diet resulted in
spectacular catch-up growth, though full size was never attained. They also
quote similar results in undernourished rats. Osofsky (1975) cited a study
where the decrease in brain weight was greater the longer the duration of
protein deprivation. Thus, it would appear that the longer the period of stress,
the greater the degree of IUGR, though it is unclear as to whether longer
duration produces symmetrical or asymmetrical growth.

Undernutrition in early pregnancy for 20% of gestation in sheep did not affect
fetal growth in one study (Harding & Johnston, 1995) but caused reduced
growth in another (DeBarro et al., 1992). The discrepancy between these two
studies may be because DeBarro et al. (1992) recorded fetal weight at 90 d
GA, whereas Harding & Johnston (1995) measured fetal body and organ
weights at 125 d GA. Undernutrition for 30% of gestation in the human
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(Stein & Susser, 1975b) did not affect fetal growth. Similarly, in the sheep,
undernutrition for 40% gestation did not produce growth restriction of the
fetus (McCrabb et al., 1991). Nutrient restriction for a period during both mid
and late gestation resulted in primary IUGR when imposed for 20% of
gestation (Bauer et al., 1995) and secondary IUGR when it lasted for 50% of
gestation (Detmer et al., 1991). This pattern is in keeping with the suggestion
that the longer the duration of insult the more severe the outcome. However,
the fact that the 20% duration was in the sheep and the 50% duration in the
guinea pig, means that any differences may be simply due to species
differences rather than duration per se. In late gestation growth retardation
resulted irrespective of duration of insult or species (Table 1.3). Secondary
IUGR resulted in all but one study where the insult lasted for 10% of
gestation (Block et al., 1990). This finding may be related to severity of
insult. Perhaps the degree of hypoxaemia (PaO; about 17 mmHg), produced
for a period of only 9 days, was not sufficient to cause secondary IUGR.
Nutrient deprivation throughout pregnancy always produced growth retarded
fetuses that were asymmetrically growth retarded (where growth pattern was
reported). It seems, therefore, that greater duration of deprivation does indeed
have more profound effects on growth.

1.7.2.iii Type of insult

The particular nutrient that the fetus is deprived of is also an important factor
in determining body and organ growth. McCance and Widdowson (1974)
found that pigs kept on an energy deficient diet were asymmetrically growth
retarded and skinny, whilst protein-deficient animals were also
asymmetrically growth retarded but tended to become fat. Osofsky (1975)
described the decreased brain weight as a consequence of protein deprivation
as being more severe than if diet was purely restricted in calories. He also
described another study where it was found that permanent growth stunting
resulted in offspring when dietary intake was restricted during pregnancy and
especially when protein intake was restricted. He indicated that brain growth
and development is particularly affected by protein deficiency.

During both early and mid gestation, decreased calorific intake has either no
effect on fetal growth (Stein & Susser, 1975b; Harding and Johnston, 1995;
McCrabb et al., 1991) or causes a reduction (DeBarro et al., 1992). Placental
weight was either unaffected (Stein & Susser, 1975b) or increased (Harding
and Johnston, 1995; McCrabb et al., 1991). A mid to late gestational
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deprivation of calories causes primary IUGR (Block et al., 1990) and also
reduced placental weight, but placental to birthweight ratio is. increased.
However, uterine artery ligation over a similar period of gestation which
resulted in decreased CaO. evoked secondary IUGR and reduced placental
growth. But the ratio of placental to fetal weight remained unchanged from
controls (Detmer et al., 1991). Undernutrition in late gestation results in
asymmetrical growth (Stein & Susser, 1975b; Harding & Johnston, 1995;
Harding, 1995) and appears to have little effect on placental growth (Stein &
Susser, 1975b). Oxygen deprivation in late gestation caused either secondary
(Creasy et al., 1972; Murotsuki et al., 1996, Jacobs et al., 1988a; Tanaka et
al., 1994) or primary (Block et al., 1991) growth restriction and placental
weight was reduced also, so placental weight to fetal body weight ratio was
unaffected (Jacobs et al., 1988a; Tanaka et al., 1994). Block et al. (1990)
found that placental weight was reduced, but this is not surprising as they
were embolizing the placenta. Reduced oxygen supply for most of pregnancy
caused growth retardation (Kriiger & Arias-Stella, 1970; Beischer et al.,
1970; Bacon et al., 1984; Jacobs et al., 1988a; Godfrey et al., 1991) but had
varying effects on placental growth, there being either a decrease (Bacon et
al., 1984; Jacobs et al., 1988), so no effect on placental to body weight ratio,
or an increase (Kriiger & Arias-Stella, 1970; Beischer et al., 1970; Godfrey et
al., 1991) such that placental ratio also increased.

The data in Table 1.3 below is drawn from: 2 Stein & Susser, 1975b; b
Harding & Johnston, 1995; ¢ Creasy et al., 1972; Murotsuki et al., 1996; 4
Jacobs et al., 1988a; € Detmer et al., 1991; f Kamitomo et al., 1993; & Desai et
al., 1995; h DeBarro et al., 1992; i Tanaka et al., 1994;i Block et al., 1990;
k Bauer et al., 1995; ! Beischer et al., 1970; Godfrey et al., 1991; ™ Kriiger &
Arias-Stella, 1970; " Bacon et al., 1984; © McCrabb et al., 1991; P Mellor &
Matheson, 1979; Mellor & Murray, 1981; 4 Owens et al., 1986; ¥ Harding,
1995.
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Early Mid Mid and late Late Throughout
IUGR none 2 none ° primary ¥ primary J secondary d4fga
secondary © secondary
abcdir
Growth I le LY
Species human 2 sheep © sheep ¥ human ? human 'm
sheep b guinea pig®¢  rat! rat 8
sheep bedipr sheep d9fa
guinca pig "
PlL : BW o a To — & adi & dn
T T L Tin
la
Duration 30db" 66d ° 244k 60 min
- absolute 3m? 30d¢ 9d!)
10dbr
2144
28d¢
3ma?a
Duration 20 bb 40 ° 20k 021
- % gestn 302 50¢ 10 bdir
20¢
302
Insult ubr}ldcmutrition undernutrition Endemutrition ubndemutrition hypobaric
2 ° or hypoxia
uterine artery  uterine artery 99 P
ligation ligation carunclectomy
i q

embolization  high altitude
jc m

hypobaric anaemia
‘l;nypoxia

Table 1.3. Summary of the growth patterns observed in different
species as a result of various insults.

87



Chapter 1 INTRODUCTION

1.8 THE FETAL CIRCULATION

Having looked at the factors that facilitate and control fetal growth I shall now
go on to look at development of the cardiovascular system, with relation to

the ontogeny of structure, function and control.

1.8.1 Development

Embryonic cardiac growth and development is split into four developmental
periods: precardiogenesis (before 16 days gestation in the human), fusion (21
days gestation in the human), looping (25-30 days gestation in the human)
and septation (after 30 days gestation in the human). Precardiogenesis is
characterised by folding, at the cephalic end of the early embryo, of two
lateral areas of mesoderm, each containing endocardial tubes and cells that
will become the heart. As the endocardial tubes grow closer together, the
cavity that becomes the primitive foregut is formed. Fusion of the endocardial
tubes then occurs and a single tubular heart is formed in what is the fusion
period. Soon after its formation this primitive heart becomes functional, i.e.
starts beating. Following fusion the heart continues to grow and various
changes in shape take place during what is the looping period. The middle of
the tube bulges to the right to form a C-shaped loop which then becomes S-
shaped and is further transformed until the primitive atria are adjacent to the
primitive ventricles, at which time the looping process is complete. The heart
then becomes partitioned by the formation of septa, in what is the septation
period, so that four-chambers are formed. By 55 d GA (human) the heart is
basically formed, and the remainder of gestation is a process of growth and
maturation of the heart. (Thornburg & Morton, 1993 & 1994; Bristow,
1996). There are species differences with regard to heart development,
however the various stages of development are applicable to both avian and
mammalian hearts (Thornburg & Morton, 1994).

Concurrent with the formation of the heart is the development of the
circulatory system. The early embryonic circulation, which is bilaterally
symmetrical, undergoes extensive and complicated rearrangement resulting in
the formation of the mature fetal circulation.

1.8.2 Structure
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The fetal circulation has some structural features which differ from that of the
adult (Fig. 1.11). These are the ductus venosus, foramen ovale, ductus
arteriosus and the umbilical circulation. After birth the ductus venosus,
foramen ovale, ductus arteriosus close and the placenta is removed. It is
these structures that enable the fetal circulation to function as a parallel system
where right and left ventricular outputs mix. This is unlike the adult
circulation where the heart may be regarded as 2 pumps in series supplying

two separate circulatory systems, pulmonary and systemic.
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Figure 1.11. Circulation in the fetus and newborn (from Coustan et ai,
1995).
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1.9 FETAL CARDIOVASCULAR FUNCTION

1.91 Combined ventricular output

As described above, the pulmonary artery and aorta are joined by the ductus
arteriosus. This means that the fetal circulation is not arranged with the right
heart and pulmonary circulation in series to the left heart and systemic
circulation, with left and right ventricular outputs being similar in volume.
Rather, in the fetus, left and right ventricles pump blood into the arterial
circulation in parallel. Thus, the term 'combined ventricular output' (CVO) is
applied in the fetus. CVO in the late-gestation fetal sheep is about 480 ml min-
' kg-! (Jensen & Berger, 1993). Unlike the adult, right and left ventricular
outputs are not equal. The right ventricle ejects 60-65% of CVO, whilst the
left ventricle ejects only 35-40% (Rudolph, 1985).

Actual CVO increases with increasing gestational age, increasing from about
250 ml/min at 80 d GA to about 2000 ml min-! at 140 d GA in the fetal sheep
(Rudolph & Heymann, 1970). This increase is due to the growth of the fetus
which means that there is also an increase in cardiac volume (Thornburg &
Morton, 1994). However, CVO per kg of fetal body weight does not change
significantly with increasing age and weight (Rudolph & Heymann, 1970).

1.9.2 Blood pressure and heart rate

1.9.2.i Early gestation

An organism's blood pressure is lower during fetal life than at any other time
during its existence, its circulation being characterised by the placenta which
is a very low resistance shunt. The normal fetal MAP during late gestation (as
measured in the fetal sheep) is about 45 mmHg (cf. about 100 mmHg in the
adult) (Thornburg & Morton, 1994). The two main components that
determine MAP are combined ventricular output (cardiac output), which is
affected by heart rate and stroke volume, and total peripheral resistance.

In early gestation, prior to autonomic innervation of the heart and vessels and
before the adrenal gland has been formed, blood is pumped around the
system. This suggests that the heart and vessels must be under intrinsic
control. It has been shown by Wagman et al. (1990), in the chick embryo,
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that the Frank-Starling mechanism is particularly important for cardiac
function during the early stages of development. It has also been suggested
that the embryonic heart and vasculature may be responsive to circulating
vasoactive substances, e.g. adrenaline, noradrenaline, serotonin (Nakazawa
et al., 1986; Nakazawa et al., 1995). Embryonic cardiac output is determined
by both heart rate (Nakazawa et al., 1991) and stroke volume (Wagman et al.,
1990), thus alterations in either of these variables as well as vascular
resistance will affect embryonic blood pressure. During the early stages of
embryonic and fetal development there is a large increase in FHR which is
accompanied by a rise in MAP (Fig. 1.13). In the developing rat embryo
Nakazawa et al. (1988) measured an increase in MAP from 0.2 mmHg on
day 11 to about 2.5 mmHg at day 15 of gestation, and an increase in FHR
from about 100 beats min* at 11 days gestation to 200 beats min" at 15 days
gestation. The rise in MAP is not as great as one may perhaps expect, given
the huge increase in FHR and the fact that stroke volume also increases (Hu
& Clark, 1989). This is because, occurring concomitantly, there is a large

decrease in vascular resistance (Hu & Clark, 1989; Nakazawa et al., 1986).

Presumably as long as blood volume (normalised for weight) continues to
increase in the fetus, which is for the first 40% of gestation in the human and
the sheep (Brace, 1993), stroke volume will continue to increase.
Ultrastructure of the myocardium may also affect stroke volume. Early on, in
embryonic life, the myofibrils of the myocardial cells show a marked degree
of disarray (Wagman et al., 1990). With increasing maturity the myofibrils
become more organised, thus it is conceivable that as this is occurring the
force of contractility that the cardiac muscle is able to exert also increases, so
causing an increase in stroke volume. Presumably greater myofibrillar
organisation and contractility may also impart more energy per ml of blood
each heart beat, which would also cause blood pressure to increase. During
early gestation the heart must operate at the bottom of the cardiac function
curve (Fig. 1.12) in order for the Frank-Starling mechanism to function.
However, as the heart grows, wall stress will increase (according to the law
of Laplace:

Sw = 0.5(Pr/h)

where S,, is wall stress, P is transmural pressure, r is the radius, and h is wall

thickness) and pressure will also increase, as described by pressure-volume
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curves (Thornburg & Morton, 1993). These two factors resuit in an upwards

displacement along the cardiac function curve.
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Figure 1.12. Cardiac function curve for fetal sheep. (Adapted from
Thornburg & Morton, 1994).

1.9.2.ii  Late gestation

In this section I shall mention the roles of chemo- and baroreflexes in the
control of cardiovascular function, however I shall discuss them more fully
later on (section 1.10).

Prior to autonomic innervation of the heart, adrenergic and muscarinic
receptors are functional. Autonomic innervation then occurs, with
parasympathetic preceding sympathetic innervation in all species (Teitel &
Hoffman, 1996). In the more mature fetus, once cardiac and vascular
innervation is established, control of the cardiovascular system occurs
through both extrinsic and intrinsic mechanisms. Myocardial sympathetic
nerves are present in the sheep by mid-gestation and in the rabbit by 0.7 of
gestation (Thornburg & Morton, 1993). This illustrates the variation in
development between different species, which is further emphasised by the
different levels of maturity at which offspring are born. Generally, for most
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physiological systems, precocious animals (e.g. guinea pig) tend to be more

mature at birth than altricial animals (e.g. rat).

During late gestation in the fetal sheep the peripheral chemoreceptors have
been found to play a role in the control of FHR (Hanson, 1993). Despite the
fact that they are functioning by 90 days gestation (0.6 gestation) in the fetal
sheep (Blanco et al., 1984) they appear to have little effect on FHR until
about 110 days gestation (0.75 gestation) (Iwamoto et al., 1989). Plasma
catecholamines and other humoral agents such as AVP (Rose et al., 1981;
Martin et al., 1987; Raff et al., 1991; Giussani et al., 1994c), ACTH and
cortisol (Rose et al., 1981; Giussani et al., 1994b), renin (Martin et al., 1987;
Rawashdeh et al., 1988) and atrial natriuretic peptide (ANP) (Lawrence et al.,
1990). are also involved in FHR control. As was mentioned at the beginning
of this section, the main determinants of MAP are cardiac output and total
peripheral resistance, which are under both extrinsic and intrinsic control by
this stage of gestation. Unlike the embryo, stroke volume has little effect on
combined ventricular output in the late gestation fetus, and output is
determined primarily by heart rate. This is because the late gestation fetal heart
operates at the shoulder of the ventricular function curve (Fig. 1.12), thus any
increase in filling pressure, i.e. preload, has little effect on stroke volume
(Thornburg & Morton, 1993). The baroreflex plays an important role in the
maintenance of MAP in the late gestation fetus, as it does in the adult. This
was confirmed in the fetal sheep where, after arterial baroreceptor denervation
there was an increase in arterial pressure variability (Yardley et al., 1983).
Exogenous and endogenous factors acting locally on the blood vessels also
contribute to the control and maintenance of blood pressure. Recently it has
been shown that nitric oxide (NO) contributes to the control of basal
peripheral vascular resistance in the late-gestation fetal sheep (Green et al.,
1996), and endothelin-1 (ET-1) has also been shown to be vasoactive in the
late-gestation ovine fetus (Chatfield et al., 1991).

Late gestation is characterised by a decrease in FHR and an increase in MAP
(Fig. 1.13). The drop in FHR is due to increasing vagal tone acting on the
heart (Walker, 1993) and it is thought that the fall in baroreceptor sensitivity
(see section 1.10.1.1) may also be a contributory factor (Hanson, 1993). The
exact mechanisms responsible for the gestational increase in MAP are not
known, however it is possible that it may in part be due to resetting of the

baroreceptors. There is also an increase in peripheral vascular resistance
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during late gestation, which will drive pressure up. It has been suggested that
vascular resistance rises because vascularity does not increase at the same rate
as the large increase in fetal growth which occurs at this time (Fig. 1.10)
(Hanson, 1993). However, it is also possible that there is an increase in
circulating vasoconstrictor agents and an increase in placental vascular

resistance.
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Figure 1.13. An estimate of the changes in MAP and FHR during
embryonic, fetal and postnatal life. Based on data in the chick and ovine
fetus, from: Hu & Clark (1989); Nakazawa et al. (1988); Kamitomo et
al. (1994); Gagnon et al. (1994); Mostello et al. (1991); Kitanaka et al.
(1989); Walker (1993).

1.9.3 Blood flow

1.9.3.i Umbilical-placental

Between about 60 and 100 d GA in the sheep, the umbilical-placental
circulation receives about 50% of CVO (Rudolph & Heymann, 1970;
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Iwamoto, 1989). After 100d GA, CVO to the placenta decreases to about 40
% (Rudolph & Heymann, 1970; Iwamoto, 1989; Jensen & Berger, 1993). It
has been suggested that this may be due to a decrease in total fetal body

circulatory resistance and perhaps an increase in placental vascular resistance
(Rudolph & Heymann, 1970).

However, despite the proportional decrease in placental blood flow, actual
umbilical-placental flow increases with increasing gestational age in the ovine
fetus. This increase in actual flow is due mainly to a fall in placental vascular
resistance up to 115 d GA, after which it is mainly accounted for by the rise
in arterial pressure (Carter, 1993).

1.9.3.ii  Brain

Only about 2-4% of CVO goes to the brain, and this value does not change
significantly with increasing age in the sheep fetus between 60 d and 140 d
GA (Rudolph & Heymann, 1970). The fraction is greater in the human than
in the sheep, because the brain/body weight ratio of the human is larger
(Jensen & Berger, 1993). Although the fraction of CVO remains fairly
constant over this period of gestation, there is a progressive and considerable
increase in flow from about 3 ml 100g-! min-! to about 130 ml 100g-! min-!
(Rudolph & Heymann, 1970; Iwamoto, 1989).

There are regional differences within the brain both in terms of the amount of
CVO received and flow per 100 g of tissue. The cerebrum receives the
greatest proportion of CVO (2%), but flow is relatively low (about 80
ml/min/100g) compared to the medulla (about 145 ml min-! 100g-!) which
receives only 0.15% of CVO (Jensen & Berger).

1.9.3.iii Myocardial

The proportion of blood flow to the myocardium is 2-4% and does not
change significantly with age, between 60 and 140 d GA in the sheep fetus
(Rudolph & Heymann, 1970). Similarly, myocardial blood flow (170-290
ml/min/kg) does not change significantly, though there is some amount of
variability.

At first sight it may seem odd that myocardial blood supply does not increase.
However, although CVO increases with gestational age (see section 1.9.1)
there is a gestational decrease in heart rate (see section 1.9.2), therefore the
work load on the heart probably remains constant, so myocardial oxygen
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consumption does not increase and there is therefore no need for increased
myocardial blood supply.

1.9.3.iv Pulmonary

As has been described extensively earlier in this chapter (section 1.3.1.1), the
placenta is the site of gaseous exchange in the fetus, as, being in utero, it is
obviously not able to breathe using its lungs. Thus, blood supply to the lungs
is to deliver nutrients for growth. The distribution of CVO to the lungs
remains constant in the fetal sheep between 60 d and 100d GA at about 4%,
then there is a significant rise to about 7% at 140 d GA. Similarly, pulmonary
blood flow is about 38 ml/100g/min in mid-gestation and rises to about 130
ml/100g/min near to term (Rudolph & Heymann, 1970). The increase in
pulmonary blood flow during the last part of gestation is due to decreased
vascular resistance which may be the result of vasculogenesis (Harding,
1994), though increased metabolic activity and local endothelial factors
probably also play a role.

1.9.3.v Liver and ductus venosus

Blood is delivered to the fetal liver via the umbilical vein, hepatic artery and
portal vein. About 90% of the blood supplying the left lobe of the liver comes
from the umbilical vein, and the other 10% is delivered by the hepatic artery.
The right lobe receives 60% of its blood from the umbilical vein , about 35%
from the portal vein and the remaining 5% from the hepatic artery. The
proportion of umbilical venous blood flow that bypasses the liver and shunts
through the ductus venosus to the inferior vena cava varies depending on
species and state, however in the unstressed state it is about 50%. Less than
10% of the blood delivered to the right lobe of the liver via the portal vein is
shunted through the ductus venosus. The ductus venosus, therefore, provides
a bypass of the hepatic circulation and is important in providing sufficient
venous return to the heart (Rudolph, 1985). It is interesting to note that
several mammalian species do not have a ductus venosus, e.g. horse, pig,

and guinea pig (Rudolph, 1996).

1.9.3.vi Renal

The proportion of CVO to the kidneys seems to remain fairly constant (about
2.5%) between 60 d and 140 d GA (Iwamoto et al., 1989; Rudolph &
Heymann, 1970), though there is the suggestion that it may decrease
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(Rudolph & Heymann, 1970). Renal blood flow seems to fall between 60 d
and 100d GA from about 122 ml 100g"' min" to about 85 ml min* 100g",
then there is a rise towards term to about 170 ml 100g" min"' (Rudolph and
Heymann, 1970). Iwamoto et al. (1989) showed a similar pattern of renal
blood flow development. However, the proposed rise in renal flow during

late gestation was not totally convincing in either study.

1.9.3.vii Adrenal

The adrenals receive about 1% of the CVO (Jensen & Berger, 1995), a value
which does not change significantly between 80 d and 100 d GA in the fetal
sheep (Iwamoto et al., 1989). Likewise, adrenal blood flow (about 0.18 ml
min’ kg') seems to remain fairly constant.

1.9.3.viii Gut, skin and skeletal muscle

Initially, in young (60-120 d GA) fetuses, the percentage of CVO to the gut is
quite low, being only about 3%. But, it then increases to about 6%. This is
concomitant with an increase in blood flow from about 30 ml 100g"' min” to
about 60 ml 100g!' min' (Rudolph & Heymann, 1970).

Neither proportion of CVO nor blood flow to the carcass (body with the
viscera, brain and eyes removed, i.e. skin, skeletal muscle and bones) change
significantly with gestational age in the sheep, and are about 20% and 25 ml
min” kg, respectively Rudolph & Heymann, 1970). Similarly, Iwamoto et
al. (1989) found that there was no significant change with gestational age in
the proportion of CVO (about 30%) or blood flow (about 25 ml min" kg™') to
the periphery. They did not define what they meant by the 'periphery’.

Femoral blood flow may be used as an indication of blood flow to the skeletal
muscles. Dawes et al. (1968) demonstrated that between 90 d GA and 130 d
GA flow remains fairly constant at about 5 ml 100g"' min". Then, up to 140 d
GA, there is a decrease to about 2.8 ml 100g"' min”, attributable to an increase
in vascular resistance. It is worth noting that actual femoral blood flow
increases with gestational age. Thus, if vascular resistance is increasing, the
increased flow must be entirely due to the increase in blood pressure that

occurs with increasing gestational age (see section 1.9.2).
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1.10 FETAL CARDIOVASCULAR CONTROL

The fetal cardiovascular system is under both neural and endocrine control,
with both systems acting in concert, exerting their actions on vascular
resistance, and hence blood flow, and on myocardial performance. In this
section I shall consider first the neuronal reflex control of the circulation and

then the endocrine component of cardiovascular control.

1.10.1 ° Reflex

Circulatory function is continually being monitored by regional (peripheral)
and central chemo- and baroreceptors. These receptors, when stimulated,
adjust blood flow through the body by eliciting a number of reflex responses.
Thus, both chemoreflex and baroreflex mechanisms play a role in maintaining

adequate cardiovascular function, as mentioned above.
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Figure 1.14. Illustration of the efferent baro- and chemoreflex
pathways.

1.10.1.i Baroreflex

The principal sites in which the baroreceptors are located are the aortic arch
and in the carotid sinuses. Arterial baroreceptors are nerve endings that are
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stimulated by deformation or strain of the vessel walls in which they are
located. It is incorrect to say that they respond to pressure per se, as they are
not activated by pressure changes in the absence of vascular deformation
(Brown, 1980) i.e. they can be considered to be distortion receptors. There
are two types of baroreceptor sensory nerve endings: type 1 receptors which
contain relatively few thin myelinated fibres which run together for a fairly
long distance before branching into a diffuse plexus, and type 2 receptors
which consist of a single thick myelinated fibre that also runs for quite a
distance before arborising into a number of very fine branches that terminate
in neurofibrillar end plates. Most baroreceptors are connected to A-type
(myelinated) fibres, which have been found to have a conduction velocity of
10-55 m s, though there have also been found to be a few which are
connected to C-type (non-myelinated) fibres that conduct at a velocity of 2 m
s or less (Kirchheim, 1976). Mechanical deformation in the vessel wall
causes mechanical deformation of the receptor generator region which is then
transduced into an electrical signal (Brown, 1980; Kirchheim, 1976).

Afferent impulses from the baroreceptors project to the vasomotor centre
located in the nucleus tractus solitarius (NTS), which is situated in the
medullary region of the brainstem. These afferents reach the brainstem via the
carotid sinus nerves and glossopharyngeal nerves from the carotid
baroreceptors, and via the aortic depressor nerves in the vagus from the aortic
baroreceptors. The transmitter substance in the NTS is unknown, but it may
be L-glutamate (L-GLU). Second-order neurones then project from the NTS
to cardiac preganglionic neurones, and to GABA-containing pacemaker
neurones in a region of the medulla near the nucleus ambiguus (Spyer, 1994)
The efferent limb of the baroreflex consists of vagal parasympathetic
cholinergic fibres to the heart, and sympathetic adrenergic fibres to the heart
and blood vessels. It is thought that the pacemaker neurones project directly
to the sympathetic preganglionic neurones in the intermediolateral cell column
of the spinal cord, possibly using L-glutamate as a transmitter. An increase in
MAP causes enhanced parasympathetic activity resulting in a vagally mediated
decrease in heart rate, and an inhibition of sympathetic activity which has a
negative chronotropic and inotropic effect on the heart as well as causing
vasodilatation of the vessels. These effects of the baroreflex result in a
decrease in MAP.
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Figure 1.15. Illustration of the afferent and efferent limbs of the
baroreflex. (Adapted from: Spyer 1994).

Baroreflex activity has been recorded from 88 days gestation (Blanco et al.,
1988) and thereafter (Maloney et al., 1977; Blanco et al., 1988) in the fetal
lamb. It has been shown that as gestation increases, between 88 d GA and
term in the fetal lamb, there is a reduction in sensitivity of the baroreceptors as
blood pressure increases (Blanco et al., 1988). This is seen as a shift to the
right of the stimulus-response curve relating MAP to baroreceptor discharge
and a decrease in its slope (Fig. 1.16). This resetting of the baroreceptors
maintains their operation within the normal blood pressure range at any age.
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Figure 1.16. Illustration of the baroreflex curve in the late gestation
fetal sheep, showing maturation of the baroreceptors.

1.10.1.ii Chemoreflex

The peripheral chemoreceptors are located in the in the carotid and aortic
bodies. Arterial chemoreceptors detect changes in blood gas tensions,
particularly oxygen, though the response may be modulated by pH and
carbon dioxide. They are stimulated by a fall in PaO, or pH or a rise in
PaCO,. Chemoreceptor tissue is thought to consist of groups of type I cells
enclosed by glial-like type II cells with associated nerve endings. It is
generally accepted that the type I cells are the receptor cells which release
excitatory transmitter substances affecting the associated afferent nerve
terminals (Biscoe & Duchen, 1990).
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Figure 1.17. Schematic diagram of Type I and Type II chemoreceptor
cells from within the carotid body. The electron-dense core vesicles
contain catecholamines. (Adapted from Biscoe & Duchen, 1990).

Afferent fibres from the carotid chemoreceptors run via the carotid sinus
nerve to the vasomotor centre in the NTS where they cause excitation of the
vasoconstrictor centres in the medulla. The aortic afferents run to the NTS in
the aortic branch of the vagus. (Chemoreceptor afferent fibres also run to the
"respiratory centres” in the medulla). The efferent chemoreflex pathway
consists of vagal cholinergic pathways to the heart and a-adrenergic fibres to
the blood vessels. Stimulation of the chemoreceptors, e.g. by hypoxaemia,
results in bradycardia due to increased vagal activity, and vasoconstriction
due to increased sympathetic (o-adrenergic) activity. In the fetus, which is
not breathing, the increase in peripheral resistance outweighs the reduction in
heart rate, so there is an overall rise in blood pressure.

Blanco et al. (1984) recorded chemoreceptor afferent activity in anaesthetised,
exteriorised sheep fetuses between 90 and 143 days gestation. They also
demonstrated that discharge of the fetal chemoreceptors is much lower than in
the adult for a given PaO,, but that they are sensitive to changes in PaO,
within the fetal range. Furthermore, it was demonstrated that the rise in PaO;
that occurs in the first few minutes after birth more or less silences the
chemoreceptors.
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1.10.2 Endocrine

1.10.2.i Catecholamines

Basal resting catecholamine concentrations in the circulation have been found
to be less than 70 pg ml"' in the fetus (Jones & Robinson, 1975), and basal
concentrations remain the same between 85 d and 142 d GA (Comline &
Silver, 1965; Jones & Robinson, 1975). Jones & Robinson (1975) calculated
that the clearance rate of catecholamines is 840 ml min"' in the fetus (cf. 4200
ml min"' for the adult sheep), which gives a secretion rate of 42 pg min,
assuming a resting level of 50 pg ml". Within the adrenal, noradrenaline is the
major catecholamine and adrenaline is found in about one-twentieth the
concentration of noradrenaline, but no more than 30% of the basal resting
catecholamine concentration is contributed by the adrenal medulla (Jones et
al., 1987). Jones et al. (1987) showed that the adrenal supply of
catecholamines is too slow to carry out minute to minute fine-tuning of the
cardiovascular system required to maintain blood pressure and heart rate, thus
an intact sympathetic nervous system is essential. However, Jensen & Lang
(1992) demonstrated that during normoxaemia the peripheral sympathetic
nervous system is not essential for the maintenance of cardiac output and
blood gases, which they suggested is due to a compensatory increase in
adrenaline production by the adrenal medulla.

1.10.2.ii Arginine vasopressin (AVP)

AVP is a potent vasoconstrictor in the fetal circulation, and increases in
circulating plasma levels cause an increase in mean arterial blood pressure.
AVP also causes bradycardia and a redistribution of CVO in favour of the
placenta, heart and brain, at the expense of the gastrointestinal and peripheral
circulations (Iwamoto et al., 1979).

AVP mRNA has been detected in the paraventricular nucleus of the
hypothalamus from as early as 60 d GA in the fetal sheep, expression being
similar in the magnocellular and parvocellular neurones. AVP mRNA levels
within the paraventricular nucleus do not change as gestation progresses,
however expression becomes greater in the magnocellular neurones by 80 d
GA, and by term (147 d) they contain 5 times greater concentrations of AVP
mRNA than the parvocellular neurones (Matthews & Challis, 1995).
Immunoreactive AVP has been measured at 70 d GA in the hypothalamus of
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fetal sheep, and it has been shown that the concentration increases
progressively with age between 70 d and 130 d GA, the increase being
particularly marked between 100d and 130 d GA (70 d: 1 ng mg protein™; 100
d: 2 ng mg protein’'; 9 ng mg protein’') (Currie & Brooks, 1992).

There are 2 subtypes of AVP receptors, V| and V;. The vasoconstrictor
actions of AVP are mediated by vascular V;-receptors, though, in the fetus
they are not critical for the maintenance of blood pressure during normoxia.
The characteristic bradycardia seen in response to AVP is not mediated by
either V- or Vj-receptors (Ervin et al., 1992).

1.10.2.iii Atrial natriuretic peptide (ANP)

ANP is synthesised and secreted by the heart. Its release is induced by atrial
distension, though hormones, e.g. AIl, AVP a-adrenoceptor agonists,
acetylcholine, androgens, glucocorticoids and thyroid hormones may also
cause its release(Smith et al., 1989), as does hyperosmolality (Cheung et al.,
1987). It inhibits renin, aldosterone and AVP release, and induces diuresis,
natriuresis and vasodilatation. These various effects of ANP mean that it
affects cardiovascular homeostasis. Recently, 2 other members of the
natriuretic peptide family have been identified, brain natriuretic peptide (BNP)
and C-type natriuretic peptide (CNP). The natriuretic peptides exert their
effects through specific membrane-bound receptors that are of 2 subtypes,
high-molecular-weight guanylate cyclase-bound (A and B receptors) and low-
molecular-weight nonguanylate cyclase-bound (C) receptors. The former are
thought to mediate most of the effects of the natriuretic peptides, and the C
receptor is thought to be a clearance receptor. (Garcia, 1993).

Fetal plasma concentrations of ANP are more than 5-times greater than
maternal plasma levels (fetal: 265 pg ml", maternal (47 pg ml"), however
urine concentrations are similar for both (about 14 pg ml'). (Cheung et al.,
1987). Furthermore, Cheung et al. (1987) suggested that ANP is either
metabolised or reabsorbed by the fetal kidney. Decreased levels of ANP cause
an initial decrease in arterial blood pressure, followed by a sustained increase,
suggesting involvement of endogenous ANP in the maintenance of arterial
pressure (Cheung, 1991).
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1.10.2.iv ACTH and cortisol

ACTH is secreted by the pituitary corticotroph, whose function is regulated
primarily by the hypothalamic secretion of corticotrophin releasing hormone
(CRH) and AVP. ACTH then stimulates the adrenal cortex to secrete cortisol,
which provides feedback inhibition of ACTH synthesis, both at the level of
the pituitary and at the hypothalamus.

Cortisol produces increases in blood pressure by causing an increase in
vascular resistance, but it is not a direct vasoconstrictor. The mechanisms by
which cortisol affects vascular tone have not been conclusively established,
however there are several mechanisms whereby it may exert its effects.
Cortisol is involved in the synthesis of adrenaline, therefore it may affect
vascular tone through its permissive effect on catecholamine synthesis. It has
also been suggested that it may act in the brain to increase sympathetic
efferent tone (Wood, 1995). Walker & Williams (1992) suggested that
cortisol may affect the action and expression of various biochemical signals in
the vascular wall, e.g. guanylate cyclase, ACE, PGE;, All, and their
associated cell-surface receptors.

CRH mRNA is present in parvocellular fields of the paraventricular nucleus
of the hypothalamus by 60 d GA in the fetal sheep. CRH mRNA increase
progressively from 100 d GA to term (147 d GA) in all regions of the
paraventricular nucleus (Matthews & Challis, 1995). Similarly,
immunoreactive CRH within the hypothalamus increases between 70 d and
130 d GA, with the increase being particularly striking between 100 d and
130 d GA (70 d: 0.2 ng mg protein’, 100 d: 0.4 ng mg protein*, 130 d: 5 ng
mg protein’') (Currie & Brooks, 1992). The concentration of AVP is always
greater than that of CRH, although by 130 d GA the difference is diminished
(Currie & Brooks, 1992). (AVP is discussed in section 1.10.2.ii).

There is a significant increase in ACTH and cortisol during late gestation
(after 125-139 d GA) (Boddy et al., 1975; Rose et al., 1978; Tangalakis et
al., 1992; Matthews, 1995) despite the negative feedback effects of cortisol
on ACTH. It has been suggested that this may be due to increasing pituitary
expression of proopiomelanocortin (POMC) which is the precursor to ACTH,
resetting of the HPA axis, and attenuation by cortico-steroid-binding globulin
(CBG) (Matthews, 1995). Cortisol infusion in the fetal lamb between 100-
120 d GA causes an increase in blood pressure, however at 130 d GA
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increased blood cortisol concentrations did not cause resting blood pressure to
increase (Tangalakis et al., 1992). As a result, they suggested that, prior to
130 d GA cortisol is effective in regulating basal blood pressure levels, but
not in the more mature fetus. The increase in basal arterial blood pressure

during late gestation may, in part, be due to the increasing cortisol levels.

1.10.2.v Angiotensin Il (All)

All is formed from Al in a reaction catalysed by the action of angiotensin-
converting enzyme (ACE). The precursor to Al is angiotensinogen. The
conversion of angiotensinogen to Al is catalysed by renin. Angiotensinogen
is located in the plasma and organs and increases with development, during
late gestation in the sheep and in the first 24 hours after birth in the rat. Renin
is found in the kidney and adrenals of the fetus, and in the kidney it is
developmentally regulated. In the human fetus, biologically active renin cells
are found in the mesonephros at 5-6 weeks GA, where they are loosely
arranged around the afferent glomerular vessels and larger vessels. With
increasing gestational age there is a shift in the distribution of renin from the
entire renal arterial tree to the arcuate and interlobular arteries and then to the
juxtaglomerular apparatus, as seen in the mature animal. ACE, localised in the
endothelium of epithelial cells, and in the fetus is found in early differentiating
proximal tubules and glomerular capillaries, is measurable by 18 d GA in the
fetal rat and its activity increases 2-fold by 24 hours after birth. (Guillery &
Robillard, 1993).

All, the primary biologically active hormone of the renin-angiotensin system
(RAS), is a potent vasoconstrictor of the fetal body, though it does not cause
vasoconstriction of the placental vascular bed because of the counteractive
effects of the vasodilator PGI, (Wood, 1995). The increase in arterial blood
pressure evoked by physiological increases in All is accompanied initially by
bradycardia, which is probably reflexly mediated, then there is a significant
increase in heart rate which may be due to direct actions of All on the heart.
CVO is increased, and there is vasodilatation of the pulmonary and
myocardial vascular beds (Iwamoto & Rudolph, 1981). AIl also regulates
renal water and electrolyte excretion by stimulating the adrenal cortex to
secrete aldosterone (Guillery & Robillard, 1993; Wood, 1995), a
mineralocorticoid that increases Nat reabsorption from and K+ secretion into
the tubule.
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All exerts its effects through specific All receptors that are located in its target
tissue. Two distinct subtypes of the All receptor have been described, All-1
and AlI-2 receptors (Chiu et al., 1989).

1.10.3 Local

1.10.3.i  Nitric oxide (NO)

NO is synthesised from the amino-acid L-arginine, in a reaction catalysed by
the enzyme NO synthase. It exerts its effects by stimulating the membrane-
bound enzyme guanylate cyclase. Thus it is one of the mechanisms involved
in the control of cellular functions. NO release in the cardiovascular system
acts as an adaptive mechanism enabling the vascular endothelium to adapt to
changes in its environment by acting on the vascular smooth muscle to
regulate blood flow and blood pressure (Moncada et al., 1991).

The release of NO is induced by a number of different stimuli, the principal
ones of which appear to be pulsatile flow and shear stress (Moncada et al.,
1991; Busse et al., 1993; Smiesco & Johnson, 1993; Melkumyants et al.,
1995). NO release is also stimulated by hypoxia, and it is dependent on the
presence of extracellular Ca2t (Busse er al., 1993), as the NO synthase that
releases physiologically active NO is Ca2t/calmodulin dependent (Moncada et
al., 1991). Receptor-dependent agonists, e.g. acetylcholine (ACh), ATP,
bradykinin, also enhance endothelial NO release (Busse et al., 1993). Basal
NO release is probably under the influence of one/or several of the above
stimuli, and probably represents one of the simplest and most fundamental
adaptive mechanisms in the cardiovascular system (Moncada et al., 1991;
Busse et al., 1993).

1.10.3.ii Endothelin (ET)

Four different ET isoforms have so far been described, ET-1, ET-2, ET-3,
and vasoactive intestinal contractor (only found in the mouse intestine).
Generally ET is considered to be a potent vasoconstrictor, however it may
also cause vasodilatation. These responses are mediated by different
receptors. To date, 2 subtypes of the ET receptor have been found to exist,
ETa and ETg. Vasoconstriction is mediated by ET 4 receptors located on
smooth muscle cells, and vasodilatation is caused by the release of NO or

PGI,; that are released from endothelial cells via ETp receptors. Masaki,
1993).
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1.10.3.iii Local renin-angiotensin system

Dzau (1984) demonstrated the ability of cultured vascular smooth muscle cells
to produce All. He thus proposed that an intrinsic RAS exists in the vessel

wall and exerts autocrine or paracrine influences on local vascular function.

1.1 INVESTIGATION OF FETAL CARDIOVASCULAR
RESPONSES

In order to investigate the mechanisms involved in the control of the
cardiovascular system it is necessary to stimulate the animal in such a way as
to evoke a cardiovascular response. In the fetus several methods have been
employed. Blood pressure and heart rate responses have been investigated in
response to both fetal (Iwamoto & Rudolph, 1981) and maternal (Mostello et
al., 1991) haemorrhage, and hypotension. The most common method
employed to study fetal cardiovascular responses, however, is the induction

of fetal hypoxaemia.

1.11.1 Hypoxia

In the adult animal, a decrease in the ventilation-perfusion ratio in the lungs
results in a decrease in the partial pressure of O,, i.e. hypoxia, and thus a
decrease in the O, concentration in the blood, i.e. hypoxaemia. The fetus
derives all its oxygen in the blood, thus it is incorrect to refer to hypoxia in
the fetus, rather it is referred to as hypoxaemia.

There are several types of hypoxia. Hypoxic hypoxia refers simply to a
decrease in the arterial partial pressure of O,. Anaemic hypoxia occurs as a
result of reduced oxygen carrying capacity of the blood, which could be due
to reduced haemoglobin synthesis (anaemia), or because of the formation of
methaemoglobin or CO poisoning (functional anaemia). Histoxic hypoxia
occurs when oxygen utilisation is decreased as a result of poisoning e.g. by
cyanide. Stagnant hypoxia occurs as a result of impaired oxygen transport
because of inadequate blood flow and reduced cardiac output, e.g. heart
failure.
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1.11.1.i Acute hypoxaemia

There are a variety of methods whereby acute hypoxaemia is induced in the
fetus.

Artery occlusion

Vessels that may be occluded so as to result in fetal hypoxaemia are the
maternal aorta (Jensen & Hanson, 1995), maternal uterine artery (Ball et al.,
1994), umbilical cord (Giussani et al., 1996a), or fetal abdominal aorta
(Wilkening & Meschia, 1989).

Reduced maternal inspired fraction of O3 (FiO3)
There are 2 methods that have been employed to decrease maternal FiO,.

One involves performing a maternal tracheostomy and chronically implanting
a tracheal tube. Nitrogen is then administered directly into the ewe's trachea
(Kamitomo et al., 1992).

The other method does not involve any surgery, and is achieved by simply
placing a plastic bag over the ewe's head and introducing a tube into the bag
through which the desired composition of gases is administered. This is the
method that was employed in this thesis to achieve fetal hypoxaemia.

1.11.1.ii Chronic hypoxaemia

Chronic fetal hypoxaemia has been produced in a number of different ways.
However, some methods also result in hypercapnia and changes in fetal
haematocrit, which complicate the interpretation of results.

Artery occlusion

This has been done by either ligating one of the uterine arteries (Jansson &
Persson, 1990; Detmer et al., 1991); or by reversible uterine artery occlusion
(Bocking et al., 1988; Bennet & Hanson, 1994; McLellan et al., 1995).
Occlusion of the fetal distal aorta has also been employed to produce chronic
hypoxaemia (Anderson et al., 1986).

Reduced maternal FiO;

In order to produce chronic hypoxaemia maternal FiO, has been decreased by
placing the ewe in an air-tight perspex chamber into which a gas supply is
introduced that can be manipulated as desired (Kamitomo et al., 1993;
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Matsuda et al., 1994). The chamber is large enough for the ewe to eat and

drink, sit and stand, urinate and defecate.
Embolization

Embolization of either the maternal (Creasy et al., 1972) or fetal (Trudinger et
al., 1987; Block et al., 1989; Gagnon et al., 1994) placental vascular bed
results in reduced oxygen delivery to the fetus and hence fetal hypoxaemia.
The hypoxaemia produced by this method becomes progressively more
severe as time goes by, but the hypoxaemia produced is relatively mild (fetal
PaO; of about 16 mmHg).

Carunclectomy

Carunclectomy performed prior to mating reduces the number of sites
available for placentation during pregnancy. Therefore, placental size and
transport capacity are reduced. This has been shown to result in hypoxaemia
(Harding et al., 1985).

Anaemia

Chronic fetal hypoxaemia has also been produced in the fetal sheep by
isovolemic exchange transfusion at regular intervals (every day or every other
day) throughout the study (Davis & Hohimer, 1991; Papparella et al., 1994).

High maternal O; affinity

Hebbel et al. (1980) increased the O; affinity of the blood of pregnant female
rats, so narrowing the Psq difference between mother and fetus. This resulted
in reduced fetal growth presumably due to hypoxaemia.

Reduced maternal plasma volume

During pregnancy there is an increase in maternal plasma volume. When this
volume is prevented from expanding, by daily withdrawal of blood whilst
maintaining the maternal haematocrit, chronic fetal hypoxaemia results (Daniel
et al., 1989).
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1.12 FETAL CARDIOVASCULAR RESPONSES TO
HYPOXAEMIA

1121 Acute hypoxaemia

1.12.1.i Reflex responses

The fetal cardiovascular reflex responses to hypoxaemia have been recently
reviewed by Giussani et al. (1994). It has been found that prior to 110 d GA
acute hypoxaemia causes a rise in heart rate, which is maintained, and a fall in
blood pressure (Iwamoto et al., 1989), but after 110 d GA the response is the
opposite (Iwamoto et al., 1989). There is an initial bradycardia, within 2-3
minutes after the onset of hypoxaemia, and a transitory rise in blood pressure,
the magnitude of each being dependent on the extent to which the blood gases
and pH change.

In the more mature fetus, the initial bradycardia is due to a carotid (not aortic)
chemoreflexly mediated increase in vagal activity, and the peripheral
vasoconstriction is partly due to a carotid chemoreflexly mediated increase in
sympathetic activity operating on the a-adrenergic receptors (Giussani et al.,
1993). Part of the vasoconstriction is also non-reflex in nature and is the
result of elevated levels of circulating hormones (see section 1.12.1.iii). The
decrease in heart rate is thought to be chemoreflexly, rather than baroreflexly,
mediated, because heart rate drops before the increase in pressure.

1.12.1.ii Changes in blood flow

CVO is maintained during acute hypoxaemia (Court et al., 1984; Jensen &
Berger, 1993), but it is redistributed in favour of those organs that are
essential for keeping the fetus alive. There is a decrease in vascular resistance
in the heart, brain and adrenals, such that blood flow to those organs is
increased (Court et al., 1984). At the same time, there is an intense
vasoconstriction of the peripheral arterioles (starting within 5 minutes of the
onset of hypoxaemia), kidneys, gut, spleen, liver, carcass and lungs (Court et
al., 1984), so blood flow to those organs decreases.

Court et al. (1984) observed a decrease in placental vascular resistance,
whereas Jensen & Lang (1992) saw an increase. However, despite the
increase in placental resistance observed by Jensen & Lang (1992), the
percent of cardiac output to the placenta was increased and blood flow
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remained the same. Thus, in response to acute hypoxaemia, there appears to

be a maintenance of blood flow to the placenta.

1.12.1.iii Endocrine responses

There is an increase in the concentration of circulating plasma catecholamines
during acute hypoxaemia due to the direct effects of hypoxaemia on the
adrenal medulla (Cheung, 1989), and through chemoreflexly mediated
sympathetic stimulation of the adrenals (Jensen & Hanson, 1995).

Hypoxaemia also causes an increase in the release of AVP (Iwamoto et al.,
1989; Raff et al., 1991; Giussani et al., 1994), and release is further
augmented by acidaemia (Wood & Chen, 1989; Raff et al., 1991), through
mechanisms that are not mediated by cortisol (Akagi et al., 1990), or by the
peripheral baroreceptors (Wood et al., 1989) or chemoreceptors (Raff et al.,
1991), contrary to the adult animal. It has been shown, however, that
adenosine mediates the release of AVP in response to acute hypoxaemia,
probably through the stimulation of central adenosine receptors in the brain
(Koos et al., 1994).

In the fetus, hypoxaemia is an extremely potent stimulus for the release of
ANP (Cheung & Brace, 1988), with increases in ANP concentration during
hypoxaemia being greater in the immature (110-119 d GA) than mature (130-
135 d GA) fetal lamb (Cheung, 1992). It has been suggested that ANP
release in response to hypoxaemia may be caused by direct effects on the
heart and by the rise in plasma catecholamines (Cheung & Brace, 1988), and
it has been demonstrated that the rise in ANP concentration during
hypoxaemia is modulated by AVP and the autonomic nervous system
(Cheung, 1992). Endothelin also regulates the release of ANP, perhaps by
mediating its release from atrial cardiocytes, though its role during
hypoxaemia is not understood (Cheung, 1994).

The rise in plasma concentrations of cortisol and ACTH during acute
hypoxaemia is by now well established (Boddy et al., 1975; Jackson et al.,
1989; Giussani et al., 1994b). The elevation in ACTH concentration is greater
in young (125-129 d GA) than older (134-147 d GA) fetal sheep, possibly
due to the negative feedback effects of cortisol on ACTH (Akagi et al., 1990).
Cortisol concentrations rise during late gestation (see section 1.10.2.iv). A
functional fetal hypothalamic-pituitary connection is essential for the ACTH
stimulated rises in cortisol in response to hypoxaemia (Ozolins et al., 1992).
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ACTH release is stimulated by acidaemia (Wood, Chen & Bell, 1989; Wood
& Chen, 1989), which suggests that the response is chemoreceptor mediated,
though the relative contributions of central and peripheral chemoreceptors are
unknown. Recently it has been shown that the rise in plasma cortisol
concentration is delayed in response to carotid sinus nerve section, but ACTH
concentration is still increased significantly, suggesting a possible role of the
carotid chemo- and baroreceptors in the release of cortisol (Giussani et al.,
1994b).

All levels increase during acute hypoxaemia concurrently with a rise in
plasma renin concentrations (Broughton-Pipkin et al., 1974), and contribute
to the rise in blood pressure that is observed during hypoxaemia. We may
speculate that impaired development of renal nephrons, such as has been
observed in babies with IUGR (Hinchliffe et al., 1992), may affect the fetal
angiotensin response to hypoxaemia. The arterial chemoreceptors are
involved in mediating the release of renin, which has been demonstrated by
the fact that hypercapnia is a more potent stimulus to renin secretion than
hypoxaemia (Wood, 1995).

Factors acting at the local level are also released in response to hypoxaemia.
Both in vitro and in vivo studies show that NO is released in response to
hypoxaemia (Busse et al., 1993) and it is also released in the fetus (Green et
al., 1996). In response to fetal hypoxaemia, NO is important in regulating the
increase in myocardial blood flow (Reller et al., 1995), carotid blood flow
(Green et al., 1996) and cerebral blood flow (Iwamoto et al., 1992).

113



Chapter 1 INTRODUCTION

cholinergic

o-adrenergic

{Chemoreceptors |—® | BRAINSTEM
A hypothalamus_ =T AVP
ACTHH pituitary

—»| HEART |p-TanP [Peripheral VR [1]{ |
p—— ADRENAL ﬁ
HYPOXIA — medulla - catecholamines
S— cortex F’fcomsm —Tmm
ea
— »| KIDNEY  |=ftrenin »TAll

Y
TNO 8P T[]
PERIPHERAL |
» | VASCULATURE TPGI2
T adenosine

[Placental VR | 1] 4 |

Figure 1.18. Diagram summarising the responses to acute hypoxaemia
of the fetus.

1.12.2 Chronic hypoxaemia

The initial responses to chronic hypoxaemia are as one would expect in
response to acute hypoxaemia, however, subsequently there is a return of
heart rate and blood pressure to baseline levels (Bocking et al., 1988). The
reflex responses to chronic hypoxaemia have not been extensively studied and
are not well understood, however there is information on the pattern of blood
flow and endocrine responses. Redistribution of blood flow to the brain,
heart and adrenals is maintained for at least 48 hours (Bocking et al., 1988)
and there is a sustained increase in ACTH and cortisol for up to 8 hours
(Richardson et al., 1996). Progressive hypoxaemia for up to 10 days is
associated with elevated plasma noradrenaline concentrations (Gagnon et al.,
1994), and when prolonged for up to 21 days there is also an increase in
ACTH and cortisol concentrations in the plasma (Murotsuki et al., 1996b).
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1.13 CARDIOVASCULAR TRANSITIONS AT BIRTH

There are a large number of changes that take place at birth enabling the
newborn to adapt to extrauterine life. To remain within the confines of this
thesis I shall describe only the cardiovascular adjustments that take place.

1.13.1 Circulation

After birth, when the umbilical cord is severed and thus umbilical blood flow
ceases, there is a very large fall in blood flow through the ductus venosus and
gradually within a matter of hours (human) or a few days (sheep) the ductus
venosus becomes functionally closed. However, the ductus venosus is not
physically closed until about 20 days after birth in the human infant. There is
a rapid cessation of blood flow through the foramen ovale secondary to the
decreased pulmonary resistance and large increase in pulmonary blood flow
after the first breaths have been taken. Despite this more or less immediate
functional closure of the foramen ovale, left-to-right shunting can persist for
several days. In fact, anatomical closure of the foramen ovale usually takes
up to a year to occur. The ductus arteriosus becomes functionally shut
shortly after the first breaths of air and is anatomically shut within a few
hours in both sheep and human newborns. Thus, ventilation and
oxygenation, which result in a decrease in pulmonary vascular resistance, and
umbilical cord occlusion, which removes the placenta (a low resistance
vascular shunt) and results in an increase in systemic vascular resistance,
result in the transition from the fetal to the immediate neonatal circulatory
pattern (Teitel, 1988; Walker, 1993). Figure 1.7 shows the circulatory
changes that take place after birth.

1.13.2 Blood pressure and heart rate

The structural changes in the circulation described above are accompanied by
alterations in blood pressure, heart rate and the cardiovascular reflexes.

Removal of the placenta causes a dramatic increase in systemic vascular
resistance. There is also a steep increase in FHR (Fig. 1.8). These two
factors are major contributors to the rise in blood pressure that also occurs
after birth. As the animal matures heart rate decreases until it reaches adult

levels and there is an increase in blood pressure to adult values. (Walker,
1993).
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1.13.3 Cardiovascular reflexes

Similar to the pattern of development seen in the baroreflex during late
gestation, at birth (when there is a large increase in MAP) and during the first
few weeks of postnatal life (when MAP is gradually increasing), the
sensitivity of the baroreceptors decreases and they reset, seen as a shift to the
right of the baroreflex curve and a decrease in its slope (Tomomatsu & Nishi,
1982; Blanco et al., 1988; Segar et al., 1992). At birth, the rise in PaO, and
the decrease in PaCO; silences the chemoreceptors, which reset to their adult
sensitivity over the first few postnatal days (Blanco et al., 1984). This is an
important adaptation for the neonate to make to its new hyper-oxygenated

environment, compared to the in utero environment.

1.14 GROWTH AND DEVELOPMENT /N UTERO. DOES IT
IMPACT ON ADULT HEALTH?

Above I have described normal placental growth and development, and the
growth and cardiovascular development of the normal healthy fetus.
Unfortunately, however, not all fetuses are exposed to an optimum uterine
environment, which means that their growth and development is affected, so
they may be born growth retarded or with other abnormalities. Cerebral
palsy, a tragedy of the newborn period, is the result of perinatal events in
10% of cases, and is highly associated with low birthweight (Cunningham et
al., 1993). Sudden Infant Death Syndrome (SIDS), which is one of the
leading causes of infant mortality between the ages of one and twelve months
in the U.S.A,, killing 1-2 of every 1000 live births, is thought to be the
consequence of abnormal fetal development (Nathanielsz, 1992).

Over the last decade or so, there has been growing interest in the possible
consequences of fetal development on pathological conditions, not only of
newborn infants and children but also of adults. Diseases of particular interest
have been hypertension, coronary heart disease and stroke, non-insulin
dependent diabetes, and chronic bronchitis. Traditionally, these diseases that
have been presumed to be either genetically inherited and/or caused as a result
of adult lifestyle factors.

I would now like to present the evidence in humans, for and against the

notion that events in utero may predispose to disease in later life.
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1.14.1 Evidence in support

1.14.1.i Perinatal nutrition and various diseases in later life

Low birth weight (an indication of reduced fetal growth) is a risk factor for
perinatal morbidity and mortality (Danielian et al., 1992), and in 1967
Gruenwald (1967) made the suggestion that socio-economic factors have a
prominent influence on fetal growth. He made a study of the birth weights of
Japanese children born in the years 1945-46 (early post-war period), 1957-58
and 1963-64. He observed a large increase in birthweights in the 12 years
between 1945-46 and 1957-58 and another increase, albeit smaller, in the 6
years between 1957-58 and 1963-64. This improvement in birth weights may
have been related to better nutrition associated with improving socio-
economic status in the years after the war. Gruenwald (1967) addressed the
question of whether environmental factors affect fetal growth, so he did not
investigate whether improved fetal growth was accompanied by improved
health. However, the subsequent studies of Professor Barker and his group
in Southampton suggest that this may indeed have been the case, as they have
made observations linking various cardiovascular diseases (which I will
discuss below) and non-insulin dependent diabetes with impaired growth
during fetal life and infancy. They have suggested that reduced growth and
development in utero may be the result of maternal nutrition before and
during pregnancy (Barker, 1994). Other workers (McCance et al., 1994;
Lithell et al., 1996) have also associated low birth weight with non-insulin
dependent diabetes. Neurodevelopment (Lucas et al., 1989; Amiel-Tison &
Pettigrew, 1991), schizophrenia (Munk-Jorgansen & Mortensen, 1993) and
retarded social behaviour (Osofsky, 1975) have been associated with a poor
in utero environment and poor nutrition early in life. There have also been
reports suggesting that prenatal factors are important influences for the risk of
breast cancer (Ekbom et al., 1992) and prostate cancer (Ekbom et al., 1996).
Thus, clearly there is support for the idea that the prenatal environment
influences neonatal and adult outcome. I shall now discuss the evidence in
more depth, but, to remain within the confines of this thesis, I shall
concentrate only on the factors relating to cardiovascular events.

1.14.1.ii Perinatal nutrition and cardiovascular disease

Ten years ago, epidemiological findings linked coronary heart disease and
death from stroke with fetal growth and development (Barker & Osmond,
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1986 & 1987; Barker et al., 1989a; Barker, 1990, Barker, 1991). It was
found that infant mortality in 1921-25 was highest in poor rural areas and
some northern industrial towns and, furthermore, that death from ischaemic
heart disease in 1968-78 followed a similar geographic distribution. Nutrition
during early life was implicated as a causative factor, because the people
living in those areas were generally of low socio-economic status. Maternal
mortality (from causes attributable to pregnancy or childbirth, other than
puerperal fever) was also highest in those areas, as a result of the poor
physique and health of mothers, which was again attributed to poor nutrition.
Thus, poor nutrition during pregnancy was suggested to be a risk factor for
hypertension in offspring. Further evidence in support of these findings
emerged as findings in 5654 men born during 1911-30 in Hertfordshire
showed that death rates from ischaemic heart disease were highest in those
men with the lowest birth weights (Barker er al., 1989b; Barker, 1991), and
16000 men and women born in Hertfordshire showed a similar relationship
of cardiovascular disease with birth weight (Osmond et al., 1993). Another
study showed similar findings in children too (Barker et al., 1989c). There
was an inverse relation between systolic blood pressure and birth weight, in a
group of 10 year old children and 36 year old adults.

1.14.1.iii Initiation and amplification

The relationship between blood pressure and birth weight described above
(Barker et al., 1989c) was found to be stronger in adults than children. This
suggests that factors acting both before and after birth are involved in the
aetiology of cardiovascular disease. This was investigated in a study of
children aged 0-10 years who were followed-up at 4 days, 6 months, 1 year
and every year thereafter, and adults aged 36 years, 46-54 years, and 59-71
years (Barker et al., 1993b). In all age groups people with lower birth
weights had higher systolic blood pressure. But, blood pressure was highest
in those people who were small at birth and became heaviest later on, as was
also found to be the case in Swedish men (Leon et al., 1996). A further
finding of the study was that the relation between systolic blood pressure and
birth weight became stronger with increasing age, as evidenced by improved
correlation coefficients. Thus, it appears that high blood pressure is initiated
during intrauterine life, that it is amplified during life after infancy, and that
factors after infancy are also contributory.
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1.14.1.iv An effect mediated by the placenta

Further information came from a group of 449 men and women born in
Preston during 1935-43 and still living in the area (Barker et al., 1990;
Barker, 1990). The same association as had previously been observed
between low birth weight and high blood pressure was found. But, it was
also observed that the highest blood pressure occurred in those people who
were not only small at birth but also had a large placenta. In a study of 8684
women who gave birth in Oxford during 1987-89, Godfrey et al. (1991)
showed that high placental/birth weight ratio was assoctated with low
maternal haemoglobin levels. Maternal anaemia was linked to low socio-
economic status, so probably reflected poor nutrition. Thus, Godfrey et al.
(1991) suggested that maternal anaemia during pregnancy, as a result of poor
nutrition, may have implications for the development of hypertension in
offspring. This was supported by a study carried out in Kingston, Jamaica,
where it was found that there was an inverse relationship between maternal
haemoglobin during pregnancy and children’s mean systolic blood pressure
measured at 10-12 years of age (Godfrey et al., 1994). Children's blood
pressure was also inversely related to maternal triceps skinfold thickness and
weight loss during pregnancy, so further implicating maternal nutrition as a
potential cause for reduced growth in utero. There have been other studies
that have associated decreased placental weight and low birth weight with
maternal nutritional status both prior to (Martyn et al., 1996) and during
pregnancy (Stein & Susser, 1975a & b; Rosso et al., 1992; Godfrey et al.,
1996; Campbell et al., 1996). Thus, it appears that placental size, large or
small, is predictive of adverse outcome. Certainly placental hypertrophy as a
result of severe maternal anaemia is associated with low birth weight
(Beischer et al., 1970). High maternal haemoglobin levels during pregnancy
are also related with poor pregnancy outcome (Garn et al., 1981; Rasmussen
& @ian, 1993), which suggests that anaemia per se is not the cause of
unfavourable neonatal outcome, but that the placenta is an important factor.
This is further borne out by the finding that maternal haemoglobin and ferritin
concentrations at 14 weeks gestation are inversely related to placental volume
measured at 18 weeks gestation (Howe et al., 1995). Furthermore,
haemoglobin concentration is inversely related to the concentration of human
chorionic gonadotrophin (hCG) and human placental lactogen (hPL)
measured at 10 weeks gestation (Wheeler et al., 1994), both of which are
important during embryonic and fetal development (see section 1.3.2.ii).
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Reduced blood flow in the umbilical vein may be the result of increased
placental resistance. It has been found that umbilical vein blood flow at
caesarean section correlates positively with birth weight (Konje et al., 1996),
which suggests that reduced growth in utero may be the consequence of
increased placental resistance. Placentae from IUGR pregnancies associated
with chronic fetal hypoxaemia were found to have abnormal structural
features (Macara et al., 1996). Also, reduced placental volume, surface area,
and number of cotyledons have been observed in placentae from women who
were undernourished during pregnancy and gave birth to growth retarded
babies (Murthy et al., 1976).

1.14.1.v Body proportions

Another study (Barker et al., 1992a) of men and women born in Preston
between 1935 and 1943 has shown that not only is altered placental growth a
risk factor for hypertension, but so are altered body proportions at birth. It
was found that thinness at birth (low ponderal index) and increased head
circumference/length ratio at birth were associated with elevated systolic
blood pressure in adulthood. This pattern of growth, resulting in
asymmetrical growth and wasting is suggestive of factors acting during late
gestation (see section 1.7.1). However, later studies have related small head
circumference and thinness (Barker et al., 1993) or low weight (Stein et al.,
1996) at birth, i.e. symmetrical growth, to death from cardiovascular disease.
Symmetrical growth retardation is associated with events early in gestation
(see section 1.7.1).

1.14.1.vi Effects other than on blood pressure

There are yet more studies linking poor nutrition early in life with low birth
weight and poor development (Prentice et al., 1983; Lucas, 1990; Cogswell
& Yip, 1995) and with high blood pressure (Forrester et al., 1996; Taittonen
et al., 1996). However, added support for the intrauterine origins of
cardiovascular disease comes from findings that nutritional deprivation during
pregnancy results in altered vascular structure that may be associated with
perturbed cardiovascular development in utero. For instance, arterial
compliance in the conduit arteries of the trunk and legs, measured by pulse
wave velocity, has been found to be lower in men and women who were
small at birth and who developed hypertension (Martyn et al., 1994). This is
interesting because of the fact that changes in compliance may be the result of
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altered hemodynamics during fetal life, as demonstrated by findings that
children who had only one umbilical artery in utero have anomalous iliac
compliance (Berry et al., 1976). Altered fetal hemodynamics may also be
implicated in the left ventricular hypertrophy observed in people who had
high systolic blood pressure, low birth weight, and reduced growth rate
during infancy (Vijayakumar et al., 1994; Zureik et al., 1996). Blood
pressure development may also be affected by perturbations of the renin-
angiotensin system. Of interest in this regard is the finding that plasma
angiotensin II levels were elevated in IUGR babies (Kingdom et al., 1993),
and that asymmetrical growth retardation has been associated with decreased
nephron number (Hinchliffe et al., 1992). It may be that asymmetrical [IUGR
babies have abnormal kidneys and perturbed functioning of the renin-
angiotensin system that could perhaps result in abnormal blood pressure
development. Lastly, an association has also been made between low birth
weight and high plasma concentrations of fibrinogen which is involved in the
clotting of blood and is produced by the liver (Barker et al., 1992c), and
small abdominal circumference perhaps reflecting decreased liver growth, and
increased death from coronary heart disease (Barker et al., 1995).

1.14.1.vii Summary of evidence in support

There is a definite association of maternal nutrition during pregnancy with
restricted intrauterine growth and hypertension in later life. There would
appear to be critical periods during pregnancy that determine outcome, but
their timing is as yet uncertain in relation to blood pressure development.
Also, uncertain is the relative contribution of factors acting in early infancy
and adolescence.

1.14.2 Evidence against

1.14.2.i Nutrition in utero is not associated with later blood
pressure

Lucas & Morley (1994) and Morley et al. (1994) challenged the view that
blood pressure in later life is related to fetal nutrition and growth, on the
grounds that, in preterm babies, they could find no association of high blood
pressure with low birth weight, or with extremes of both protein and energy
intake during early life. The babies in their studies were born prematurely at
34 weeks gestation, thus they suggested that if the events associated with
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reduced fetal growth programme for hypertension, then early postnatal
nutrition should be expected to influence later blood pressure. Similarly,
Seidman et al. (1991) found no strong association of birth weight with blood

pressure at 17 years of age in men and women born in Jerusalem.

1.14.2.ii Postnatal factors and blood pressure

The Jerusalem study (Seidman et al., 1991) found that high blood pressure
was more closely related to a high current body weight than to birth weight. It
is possible, however, that their findings were confounded by the age (17
years) at which they chose to study their subjects, because of the growth,
hormonal and blood pressure changes that take place at around that time.
Nonetheless, although Taittonen et al. (1996) found that birth weight was
associated with blood pressure in Swedish children and adolescents between
3 and 18 years old, they also found an association between blood pressure
and other factors such as current age and weight, the duration of breast
feeding, birth rank, and maternal hypertension during pregnancy. Thus, they
suggested that these other pre- and post-natal factors may be important
predictors for future blood pressure, as well as birth weight. Similarly,
Whincup et al. (1991 & 1994) found that whilst birth weight was associated
with adult blood pressure, events during childhood and adult lifestyle factors
were of greater importance. Further studies (Shaper & Elford, 1991;
Wannamethee et al., 1996) are in support of this view. The British Regional
Heart Study showed that long-term cardiovascular outcome is determined by
the geographical location (associated with regional variations in socio-
economic status and nutrition) in which individuals live later in life and not
that in which they are born (Shaper & Elford, 1991). Wannamethee et al.
(1996) showed an association between middle-aged men whose father's
social class was manual and ischaemic heart disease. They suggested that this
may be a reflection of socioeconomic status during childhood.

1.4.2.iii Summary of evidence against

Clearly there are studies that do not support the hypothesis that intrauterine
events determine the risk for cardiovascular disease in later life. Despite this,
however, it seems that there is some agreement that perinatal events may be
important for future blood pressure development.
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1.15 AIMS OF THE WORK REPORTED IN THIS THESIS

The search for the causes of coronary heart disease and the attempt to prevent
disease in the next generation has necessitated investigation into the
observations of Barker and his colleagues (Barker, 1994). Their initial
observations (Barker et al., 1990) suggest that an adverse intrauterine
environment, as the result of poor maternal nutrition, has an impact on fetal
growth and development and is involved in the aetiology of cardiovascular
disease in adult life.

Nutrition is an aspect of welfare that has attracted much attention for many
generations and it is as much an issue today as it has ever been. It is generally
accepted that improved living standards in the Developed World over the past
hundred years or so have had a significant positive effect on nutrition,
particularly of those people in the lower socio-economic classes; but,
malnutrition due to poverty is still a major problem in the Third World.
Undernutrition in women living in industrialised countries is not, however,
uncommon. The fashionable concept of 'thin is beautiful' means that there are
those people who choose to eat insufficiently to achieve this goal. The ideal
shape and weight, as portrayed by womens' magazines, is, for many people,
below their optimum condition. Anorexia nervosa is a growing problem,
particularly in young women of child-bearing age, with a doubling in
incidence over a 10 year period between 1970 and 1980 to 0.64 per 100,000
of the population (Thompson, 1993). Anorexic women who become pregnant
give birth to growth retarded babies, often prematurely (Brown et al., 1981;
Treasure & Russell, 1988). Over-eating and obesity are also a common
problem in today's affluent societies. In the U.S.A. 13.5% of the adult
population are overweight, 37% of these morbidly so. Maternal obesity is
also associated with poor perinatal outcome. There is a proportion of the
population who, whilst they are not undernourished, are malnourished. This
results from an unbalanced diet, high in fat and sugar content.

Ischaemia, coronary heart disease and stroke are the most common causes of
morbidity and mortality in the West. The incidence of coronary heart disease
in Britain in 1994 was 845 people per 100,000 of the population (Dept. of
Health, 1996). Clearly, therefore, it would be a huge benefit to society if the
incidence of these pathologies was decreased. Up to now governments and
health workers have tried to address the problem by urging people to change
their lifestyles by eating a diet lower in salt and fat, reducing alcohol intake,
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not smoking, taking regular exercise, etc. However, if improving the health
and nutrition of women of reproductive age, and therefore the nutrition of the
fetus, produces greater long term benefits, then the implications are
immeasurable. Quality of life for a large proportion of the general populous
would be improved, and the huge amount of money currently spent by both
individuals and governments on drugs, surgery, and both hospital and home
care would be reduced. Clearly then, there is huge potential social and
economic advantage in investigating the 'Barker phenomenon'.

Thus, the overall aim of this thesis was to elucidate the mechanisms involved
in the development of fetal and neonatal blood pressure as a consequence of
growth. My hypothesis was that maternal nutrition during pregnancy,
operating via unknown mechanisms mediated by the placenta, results in
altered fetal cardiovascular development and hypertension postnatally. In
pursuing this question the aims of the study were threefold:

1) To investigate whether or not postnatal hypertension could be induced as a
result of undernutrition in utero, in an animal model.

The general uncertainty surrounding the association of intrauterine events
with hypertension made this a necessary starting point.

As described in Chapter 3, this aim was successfully achieved using the
anaemic rat as a model. However, it was still only possible to speculate on the
mechanisms involved. On the strength of my results, the association of
hypoxaemia with IUGR in the human (Soothill et al., 1986), and the well
documented fact that, in the acute situation, hypoxaemia causes an elevation
in blood pressure (Boddy et al., 1974; Cohn et al., 1974; Hanson, 1993),
hypoxaemia seemed a likely cause.

2) To investigate the possible cause(s) linking maternal nutrition during
pregnancy and blood pressure of the offspring.

Hypoxaemia being the likely cause, I studied the effects of repeated acute
hypoxaemia on fetal cardiovascular development and fetal size. The results
showed that repeated acute hypoxaemia of a moderate degree did not result in
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significantly altered cardiovascular development (Chapter 4). However, it
became clear that fetal blood pressure development may follow different
trajectories, perhaps as a result of effects on the placenta caused by maternal
undernutrition (Chapter 5).

3) To investigate the possible mechanisms involved linking maternal

periconceptual undernutrition and fetal cardiovascular development .

In adressing this aim, I first established that there is a link between
periconceptual maternal undernutrition and cardiovascular development in the
fetus (Chapter 6). These findings were accompanied by alterations in
placental gross structure, so I then went on to investigate more closely the

effects of such an insult on placental gross morphology (Chapter 7).
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2.1 GENERAL INTRODUCTION

Some of the work described in this thesis was carried out in a small animal
model, using the rat, and the remainder was carried out in a large animal

model, where the sheep was the species of choice.

There were several reasons why the rat was my initial choice of species. As
stated in the introduction, my initial aim was to try to reproduce in an animal
model the phenomenon whereby maternal nutrition resulted in hypertension in
the offspring. The first criterion was to choose a species with a short
gestational period and a rapid rate of development. Gestation in the rat is only
21 days, and rats reach sexual maturity quickly, by about 40 days of age.
Another advantage of the rat is that average litter size is 11 pups, so achieving
a reasonable number of observations can be achieved relatively quickly. The
second criterion was that dietary intake could easily be manipulated and
monitored. This is easily achieved in rats, as they can be housed individually.
The final criterion for the study was to choose a species where technology
was available to study blood pressure non-invasively in neonates and adults.
In rats this is possible using a rat tail blood pressure monitor (see section
2.2.3.i). One of the drawbacks of the rat, from the point of view of my
studies, is that the dam eats the placentae at birth, so it is not possible to study
both placentae and pups. However, on balance, the rat seemed the obvious
species to choose.

My findings in the rat (see later, Chapter 3) made it clear that it was necessary
to study development in utero, particularly of blood pressure. Whilst
hemodynamic measurements have successfully been measured in the rat fetus
(Nakazawa et al., 1988; Nakazawa et al., 1985), the technique has not yet
been developed whereby longitudinal recordings can be made. The reason
that fetal measurements are difficult to obtain in rat fetuses is because of their
small size. So, the species of choice needed to be one in which
instrumentation is possible. The sheep, therefore, seemed the obvious species
in which to carry out further investigations. As I mentioned in Chapter 1,
much of the work pertaining to fetal physiology has been done in the sheep,
therefore there is a large literature on the fetal sheep, particularly in late
gestation. Secondly, since it first started to be used in the 1960's, the chronic
sheep preparation has come to be a fairly standard procedure. The sheep also

129



Chapter 2 METHODS

lends itself to research because it is relatively docile and is therefore amenable

to handling, it is not too large, and it tolerates anaesthesia well.

2.2 RATS

2.2.1 General

Sprague Dawley albino rats were used in all the following studies. Dams
were housed singly in plastic cages with stainless-steel mesh lids, which
contained sawdust as a bedding material. They were kept in the animal house
under conditions of constant temperature (20°C) and humidity (55%), and a
fixed 12 hours light/12 hours dark cycle. Food and water were available ad
libitum. Each dam had a number written on her tail in permanent ink for
identification. All dams were about 16 weeks old and had had one successful
pregnancy previously.

For mating, the female and male rats were put in a cage that had a stainless-
steel mesh floor beneath which was a tray. Conception was judged to be the
day on which a vaginal plug was observed in the tray. A vaginal plug is a
mixture of coagulated sperm and cells that is formed after copulation. It
hardens whilst in the vaginal cavity then falls out, though it may remain inside
for up to twelve hours. After plugging the female was removed and placed
back in her cage.

When the pups were born they remained with their mothers until weaning at
21 days of age. Pups were identified by ear-punching.

2.2.2 Diet

Control (C) rats were fed a diet of normal rat chow ad libitum. Rats in the
anaemic (AN) group, also fed ad libitum, were on a low-iron diet which
contained less than 6 p.p.m. iron (Special Diet Services).

2.23 Apparatus

2.2.3.i Indirect rat tail blood pressure monitor

Maternal and neonatal systolic blood pressures were measured using a rat tail
blood pressure monitor (Harvard Apparatus Ltd., Edenbridge, Kent, U.K.).

130



Chapter 2 METHODS

The set up consists of a holding tube in which the rat is placed and restrained

so that it can be connected to the monitor (Fig. 2.1).

Holding tube Forward restraint
Rat placed in here

Air holes
Hinged rear restraint

Tail cuff

T tubi
ygon pressure tubing Photocell cable to monitor

Ball pump Monitor

3-way stopcock

©111
Decay adjust screw

To pressure inlet on monitor — Cable to monitor

Figure 2.1. Diagram showing the set-up for measuring blood pressure

in the rat using an indirect rat tail blood pressure monitor.

The blood pressure measuring device itself is an electronic version of the
traditional sphygmomanometer cuff that is used to determine human blood
pressure indirectly. The rat tail blood pressure monitor consists of an
inflatable latex occlusion cuff that contains a light source and a photo detector.
There are different sizes of cuff and the one with the most appropriate
diameter for the size of rat is selected. The cuff, placed around the base of the
tail of the rat, is inflated using a hand inflation bulb and this causes the blood

flow to become occluded. The photo cell in the cuff detects the flow. A
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pressure transducer in the monitor amplifier, to which the cuff assembly is
connected, converts pressure to an analogue voltage. The blood flow changes
are also converted into a voltage. Thus, both pressure and flow can be
recorded onto a chart recorder which is connected to the amplifier. The cuff is
inflated to a pressure that occludes blood flow and is then allowed to deflate
slowly until blood flow waveforms (which are pulsatile) are observed on the
pulse channel of the recorder. Both cuff pressure and flow are recorded
simultaneously, and the pressure at which flow first appears is considered to
be the systolic blood pressure (Fig. 2.2). It is evident from looking at Figure
2.2a) that there is no absolutely definitive point on the trace where blood flow
first appears which can be said to define SBP, and the point chosen is
dependent upon the experience and consistency of the investigator. This can
therefore contribute to error in evaluation of the pressure. It is important that
the rat is acclimatised to the apparatus prior to pressure measurement so that
its blood pressure is not elevated due to stress. It is also a necessity to keep
the rat still, as any body movement results in movement artefact on the trace
(Fig. 2.2b) and thus makes it impossible to determine systolic blood
pressure.
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a) ‘
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Figure 2.2. Examples of blood pressure recordings made using the rat
tail blood pressure monitor. a) This represents a good pulse pressure
recording (upper part of trace) from which SBP could be detected. The
arrow indicates the the point at which SBP was measured. b) This
trace, however, cannot be used as there is movement artefact making it
impossible to detect the point at which the flow becomes pulsatile and
thus to determine the SBP.

2.2.3.ii Haemoglobin measurement

Haemoglobin levels of the rats were determined using the
cyanmethaemoglobin method (Sigma Diagnostic Kit) which was developed
by Drabkin and Austin (1932). This is a quantitative colourimetric test
involving the conversion of haemoglobin to its cyano-derivative. The
principle of the method is that haemoglobin reacts with Drabkin's reagent
(potassium cyanide, potassium ferricyanide and sodium bicarbonate) and is
converted into methaemoglobin by the action of the ferricyanide. The

methaemoglobin then reacts with cyanide to form cyanmethaemoglobin and
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the absorbance of this derivative at 530-550 nm is proportional to the total
haemoglobin content of the blood.

The concentration of total haemoglobin in blood was calculated from a
standard curve (Fig. 2.3), which was derived each time a new stock of
Drabkin's reagent was made up. The standard curve was generated by
preparing working standards containing known concentrations of
haemoglobin (Sigma, from bovine blood), measuring each of their
absorbencies at 540 nm using a spectrophotometer (Kontron Uvikon 810),
then plotting the absorbance values obtained against haemoglobin

concentration.

Absorbance @ 540nm
o

0{" ] 1 1 1
0 5 10 15 20

Total Haemoglobin (g di-1)

Figure 2.3. Example of a haemoglobin standard curve used to calculate
the concentration of total haemoglobin in rat blood.

224 Experimental protocol

2.24.i Fetal and placental measurements

At 20 days of gestation, just prior to the expected day of birth (21 days), the
pregnant dams were placed in an air-tight perspex box, with an inlet at one
end attached to a gas supply and an outlet at the other end. They were then
killed using 100% CO,. (Home Office Schedule 1).

134



Chapter 2 METHODS

Fetal and maternal body weights and haemoglobin levels, and placental
weight were then recorded. Blood samples for fetal haemoglobin
measurements were collected into capillary tubes after decapitation of the
fetuses, the blood from up to four fetuses being pooled so as to obtain an
adequate volume for the assay. Maternal blood samples were obtained by
puncturing the tail vein and collecting the blood in a heparinised capillary
tube.

In preparation for weighing, the placentac were separated from the fetuses,

membranes were removed, and they were blotted dry.

2.2.4.ii Maternal and neonatal measurements

Both maternal and neonatal blood pressures were recorded using the tail cuff
method. At least three readings were obtained for each animal. Systolic blood
pressure was calculated from the mean of three recordings obtained. When
more than three recordings were made, three were selected at random to
obtain the mean.

Blood samples for haemoglobin measurement were obtained from the tail
vein. This was done by pricking the tail vein and collecting the blood in a
heparinised capillary tube.

2.2.4.iii Organ weights

Neonatal rats were killed in the COj; killing chamber. The heart, lungs, liver
and kidneys were then removed from each animal, blotted dry and weighed.

2.25 Data analysis

2.2.5.i Blood pressure

Blood pressure values for each animal were taken as the mean of three
recordings. The individual means were then pooled for each group, C and
AN, to obtain a group mean.

2.25ii  Weights

The individual body and organ weights for each animal were pooled for each
group and a group mean for the different weights calculated .
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2.1.6 Statistics
In all cases there was considered to be a statistical difference when P < 0.05.

The individual mean SBP recordings for AN and C groups showed a Normal
distribution (Fig. 2.4).
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Figure 2.4. The Normal distribution of mean SBP in C (P < 0.05, 2
test) and AN (P < 0.05, 2 test) groups.

Statistical differences in SBP between AN and C animals in each group could
therefore be analysed using a parametric method. The statistical method used

was Student's unpaired -test.

Statistical differences in the various weights measured betweeen the two

groups were also analysed using Student's unpaired ¢-test.

23 SHEEP

2.3.1 General

The sheep used in Chapters 4, 5 and 6 were a Mule cross, the Scottish half
breed (Border Leicester x Cheviot), and those used in Chapter 7 were Clun
Forest. The advantage of the pure-bred Cluns over the Mules is that there is

less genetic variation.

Mating was time dated so that the conception date, and thus length of
gestation, of all ewes was known. This was achieved by the use of sponges.
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Sponges are progestogen-impregnated pessaries that are inserted
intravaginally for 12-14 days. The ewes are put to the tup about 48 hours
after removal of the sponges. Those ewes that were required to conceive out
of season i.e. July, August, September, were administered a follicle
stimulating hormone, pregnant mare's serum gonadotrophin (PMSG), at the
time of sponge removal. The dose of PMSG injected was 300-750 iu PMSG,
depending on the month of tupping

An ultrasound scan was performed on each ewe at about 60 days of gestation
to identify any that were barren, to confirm gestational age, and to ascertain
the number of fetuses.

Ewes were brought into the animal house at least two days prior to surgery so
that they could acclimatise. They were housed first in a holding pen
(maximum capacity of four adult sheep) then individually in metabolic crates
in rooms of a constant temperature and humidity with a fixed light/dark cycle.
They were fed hay and water ad libitum and were given a daily ration
(approx. 600g) of sheep nuts.

2.3.2 Materials

2.3.2.i Catheters

Both fetal and maternal catheters were made of transparent vinyl tubing
(Portex) with an internal diameter (ID) of 1.0 mm and an outside diameter
(OD) of 2.0 mm. An 18 gauge blunt needle (Sherwood Medical) was inserted
into the distal end of the tubing and the proximal end was bevelled. All
catheters were 1.5m long and were colour coded at each end for identification
(Fig. 2.5). A lockable three-way stopcock was attached to the distal end of
each catheter.

2.3.2.ii Electrodes

EMG electrodes were made of a 90 cm length of Portex transparent vinyl
tubing (ID 1.5 mm, OD 2.1 mm) through which two 1.1m lengths of teflon-
coated multi-stranded stainless steel wire (Cooner Wire Co., U.S.A.) were
threaded, so that there was about 2 cm of wire at the distal end and 18 cm at
the proximal end. Each end of the tubing was sealed by injecting silicone
sealant (RS Ltd.) into it for distance of about 2 cm. At the proximal end a
double knot was tied in each wire 5-6 cm from the end of the tubing, and a
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few millimetres of teflon coating was removed immediately below each knot
(Fig.2.5). A gold pin was soldered onto each of the distal wires. All

electrodes were colour coded at each end.

Cortical (ECoG) electrodes were similar to EMG. electrodes, but had three
wires rather than two, the third wire being an earth. At the proximal end, the
earth wire was knotted and bared in the same way as the wires on the EMG
electrodes. The signal wires, however, had a rubber disc slid onto each of
them, they were double knotted in the same way as the earth wire and all of
the remaining length of wire below the knots was bared and rolled up into a
ball.

EMG electrode ECoG electrode Catheter
o 8 blunt needle
§$‘s silicone sealant H :\\E (colour coded)

teflon-coated multi-stranded
stainless steel wire

vinyl tubing

[~———"""""Vinyl tubing

“
W R
N % N RN
bber disc
i lou
double knot —— ar«lad wire colour
ared wire rolled into a ball

Figure 2.5. Diagram of EMG and ECoG electrodes and a catheter.

2.3.2.iii  Flow probes

Chronically implanted perivascular flow probes (Transonic Systems Inc.,
Ithaca, NY, USA) were used to measure volume flow. Size 2R and 3R
probes were used, with either "U" or "L" reflectors (Fig. 2.7). I found that
sometimes the vessel would slip out of the probe with the "L" reflector,
therefore it was preferable to use a "U" reflector. There was a silicone flange
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attached to the probe body so that the probe could be sutured to the

surrounding tissue for anchorage so as to ensure the minimum of movement.

Calibration of the probes is carried out at the factory using a gravity-fed
constant flow set-up. The fluid used is water at room temperature, which is
circulated through tubing attached to a thin-walled latex tube within a water
bath and around which is positioned the perivascular flow probe for
calibration. The flow profile is always laminar. The calculated flow through
the system is plotted against the flow measured by the probe to obtain a
calibration curve (Fig. 2.6).
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Figure 2.6. Calibration curve for Transonic flow probes.

The point at which the calibration line crosses the y-axis gives the zero offset
of the probe. The slope of the resulting line, which should approximate 1, is
then calculated:

Slope =Fm - Fz
Qc

Prior to surgery, each probe was assembled and placed in water where it was
ensured that the zero offset was within the unadjusted flow error specified by
the factory. If it was not, that probe was not implanted.
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Theory ofoperation

Transonic flow probes consist of a probe body in which are housed two
ultrasonic transducers and to which is attached a fixed acoustic reflector. The
vessel lies between the probe body and the reflector, which is midway

between the two transducers (Fig. 2.7).

A plane wave of ultrasound, emitted from one of the transducers, intersects
the vessel, bounces off the reflector, again intersects the vessel, and is
received by the other transducer where it is converted into an electrical signal.
The flowmeter derives an accurate measure of the 'transit time' it took for the
ultrasonic wave to travel from one transducer to the other. The motion of the
blood flowing through the vessel affects the transit time of the ultrasonic
signal, much as water current affects the speed of a swimmer. This transmit-
receive sequence is repeated alternately in upstream and downstream
directions. The integrated difference in transit time between the upstream and

downstream signals gives the volume flow (rather than the velocity).

. wr
reflector
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Figure 2.7. Schematic views of the perivascular Transonic flow probe

sensor, showing operation and ”U" and ”L” reflector types.

233 Animal preparation and anaesthesia

Ewes were starved 12 hours prior to surgery. Anaesthesia was induced by an
injection of thiopentone sodium (Intraval sodium, Rhone Mérieux Ltd.,
Harlow, Essex, UK; 1.2 g in 12 ml) into the Jugular vein of the ewe, her
neck having been shaved first. The ewe was then placed on her back on the
operating table and was intubated with a cuffed tracheal tube (9.0 mm ID,
Portex) through which 3-4% halothane (Fluothane, ICI, UK) in oxygen

(21/min) was administered. Each leg of the ewe was then secured. Once the
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ewe was completely anaesthetised, which was established by loss of the
corneal reflex, absence of a response to a noxious stimulus such as pinching
the ear lobe, and lack of postural muscle tone in the limbs, halothane delivery
was reduced to 2-3% for maintenance of anaesthesia. Artificial ventilation

was not used unless a ewe did not breathe spontaneously.

Having established stable surgical anaesthesia, the abdomen and one hind leg
were shaved and the skin was scrubbed with Povidine antiseptic solution (BK
Veterinary Products, Bury St. Edmunds, UK) and water and sprayed with a
2% solution of chlorhexidine (Hibitane, ICI Pharmaceuticals, Macclesfield,
Cheshire, England) in IMS. After this, the ewe was draped with a sterile
laparotomy drape, so that all unclean areas were covered, leaving only a
window for the midline incision to be made. All the surgeons' work surfaces
were also covered with sterile drapes.

2.3.4 Fetal instrumentation

Strict aseptic conditions were maintained during surgery, all surgeons'
gowns, instruments, catheters and electrodes having been autoclaved, and
flow probes cold-sterilised in a solution of Novasapa (Willows Francis
Veterinary, Crawley, W.Sussex. England).

A midline skin incision of about 10 cm was made in the maternal abdomen
using a scalpel with the aid of electrocautery, avoiding the mammary veins.
The abdominal cavity was opened along the line of the linea alba, using a pair
of blunt, curved scissors. The uterus was then located, the number of fetuses
confirmed and its/their position ascertained.

Next, the electrodes, catheters and flow probe were inserted into the maternal
abdominal cavity. This was done by pushing a trochar and cannula through
the ewe's peritoneum and abdominal wall, making sure that there was no gut
in the way, so that they exited on the maternal flank. The trochar was
removed, leaving the cannula, and the electrodes etc. were passed through the
cannula. The cannula was then removed.

The fetus could now be exteriorised. The fetal tail was located and, whilst
holding on to it, a 4-5 cm incision was made in the uterus, running parallel to
the uterine vessels and avoiding any placentomes to minimise bleeding.
Babcock forceps were used to hold the edges of the wound and the amniotic
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membranes, helping to reduce tearing of the wound and amniotic fluid loss,

and the fetus was exteriorised.

The fetal hindquarters were exteriorised first and the flow probe was
implanted. An incision was made in the fetal skin over the anticipated position
of the femoral artery. The muscles were then dissected apart by blunt
dissection to expose the femoral artery. The artery was carefully separated
from the femoral vein and nerve and the probe was implanted around it. The
probe was anchored in place by stitching the four comers of its silicone flange
to the surrounding tissue (US 3.0 braided silk suture, size 20 curved round-
bodied needle). The wound was then closed and the cable of the probe
stitched securely to the fetus in two places (US 2.0 braided silk suture, size
16 curved triangular needle) to ensure that the probe was not dislodged.

The fetus was then put back into the uterus and turned around so that the fetal
head could be exteriorised. Great care was taken to ensure that the cable of the
flow probe did not get twisted around the umbilical cord. Once the fetus had
been successfully rotated, the head was exteriorised.

The diaphragm electrode was the first to be implanted, so the front legs were
also exteriorised and the fetus was pulled out until the lower margin of its rib
cage was exposed, care being taken all the time not to occlude the cord. The
diaphragm was exposed on the right hand side by an incision made in the skin
and blunt dissection of the muscle between the third and the fourth most
caudal ribs. The ribs were retracted using Allis tissue forceps. The two signal
wires of the electrode were sewn into the diaphragm as far apart as possible, a
double knot was made and the remaining wire cut, quite close to the knots so
as to minimise abrasion. The ribs were then stitched together and the wound
sutured closed (US 2.0 braided silk suture, size 16 curved triangular needle).
The electrode lead was secured to the body in two separate places. The
amniotic catheter was also secured to the fetus at the second anchor point.

The fetus was manoeuvred back into the uterus until only its forelimbs and
upper body were exteriorised. The ECG electrode was then attached, one of
each of the signal wires being sewn onto either side of the chest at the level of
the heart. The cable was then secured in two places.

This having been done, the fetus was eased further back into the uterus so
that only its head and neck remained exposed. An incision was made to one
side of the trachea and the carotid vein and jugular artery were located by
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blunt dissection. Each vessel was ligated distally (US 2.0 braided silk suture)
and a second ligature tied in a loose loop about 1 cm centrally. A small hole
was cut in the vessel using Vannas scissors and the catheter was inserted. The
catheter were advanced along the inside of the vessel for a distance of about 7
cm. After testing the catheter to make sure that blood could be withdrawn and
that saline could be flushed in, the central ligature was tied down, securing
the catheter in the vessel.

The trachea was located by blunt dissection, a curved haemostat was placed
underneath it to hold it up, and a ligature (US 1 braided silk suture) was tied
loosely around it. A small hole was made in the trachea, between the
cartilaginous discs, using a needle (size 6 half curved triangular) and the
catheter was inserted and advanced for a distance of about 3 cm. The ligature
was then tied around the catheter to secure it in the trachea. The wound was
then closed and the catheters secured together at two points on the neck of the
fetus.

The fetal head was then placed prone and an incision of about 3 cm made in
the skin on the top of the skull to enable ECoG electrode placement. The skin
was peeled back from the skull and the bone was cleared of fascia using a
swab. Bone wax (Ethicon) was used to stem any bleeding of the bone. Holes
were then drilled bilaterally through the skull about 2 cm lateral to the mid-line
suture and about 0.5 cm posterior to bregma. The signal wires of the
electrode (rolled up into a ball) were inserted into the holes to lie on top of the
dura and the rubber discs were pushed down over the holes and glued into
place with cyanoacrylate adhesive (RS Components, Corby, Northhants.,
UK), securing the electrodes within the holes. The head wound was then
glued closed, ensuring that as little glue as possible was exposed on the top of
the head, as it sets hard and is abrasive to the uterus. The earth wire was
sewn into the scalp, as were the two wires of a separate earth electrode. The
two electrodes were then secured firmly at two points on the fetal neck.

The fetal instrumentation was now complete and the fetus was put back in the
uterus in the same position as it was found. The uterus was sutured closed
(US 2.0 braided silk suture, size 16 curved round bodied needle) around the
various catheters and leads, taking care to pick up all the amniotic
membranes. The wound was then oversewn, to ensure that there would be no
leakage of amniotic fluid or rupture of the wound. The catheters and leads
were pulled to ensure adequate length on the exterior, but at the same time
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ensuring that there was enough length remaining inside to allow for
inadvertent pulling and fetal movement. The maternal peritoneum was then
securely closed (umbilical cotton tape, medium curved gallie needle), and the
skin wound closed (US 1 braided silk suture, size 4 straight triangular

needle).

The vascular catheters were heparinised by flushing heparinised saline (1000
iu heparin in 500 ml saline) into them, and antibiotics were administered via
the amniotic catheter: 2 ml gentamicin (80 mg 2ml", Cidomycin, Roussel
Ltd., Uxbridge, England) and 4 ml penicillin G (600 mg made up in 4 ml
saline, Crystapen, Glaxo, Greenford, England). The catheters, electrodes and
flow probe were collected into a plastic bag. The halothane was turned down
to 0.5-1%.

2.3.5 Maternal instrumentation

Maternal instrumentation consisted of anterior metatarsal vein and artery
catheterisation.

The ewe's leg was pulled across her body and secured on the opposite side of
the table so as to expose the lateral aspect of the shaved and cleaned leg. The
area was sprayed once again with Hibitane and draped so that only a small
area around the knee was exposed. A 2-3 cm incision was made and the pedal
vein and artery located by blunt dissection. A trochar and cannula (5 mm OD,
40 cm long) were then inserted into the wound and tunnelled sub-
cutaneously to exit on the upper part of the leg. The trochar was removed, the
arterial and venous catheters were threaded through the cannula, and the
cannula was removed. The vein and artery were catheterised in the same way
as was described for the fetus, and the wound was closed (US 1 braided silk
suture, size 4 straight triangular needle). The catheters were heparinised.

A couple of stitches were put in the leg and flank exit wounds, and the
maternal catheters were secured to the maternal skin in the area of the flank
exit wound. All three of the maternal wounds were sprayed with Terramycin
aerosol spray (Pfizer Ltd., Sandwich, England). An i.m. injection of
Streptopen was given to the ewe.

2.3.6 Post-operative care

The halothane was turned off and the ewe was disconnected from the
anaesthetic machine, though the tracheal tube was not removed yet. Whilst
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still anaesthetised, the ewe was returned to a clean crate. A length of umbilical
tape was sewn into the skin on her back and used to tie up the bag containing
the catheters etc. Once her swallowing reflex had returned the tracheal tube
was removed and the ewe was returned to the animal room. The ewe was
closely observed until she regained consciousness, at which time she was

given sheep nuts, water and hay.

The ewe and fetus were given a five day post-operative recovery period
before experiments began. Over this five day period fetal blood gases were
measured daily and antibiotics were administered (days 1 & 2: Crystapen -
300 mg iv. to ewe, 150 mg i.v. to fetus, 150 mg intra-amniotically;
Gentamicin: 40 mg i.v. to ewe, 40 mg intra-amniotically. Days 3 - §:
Crystapen: 300 mg i.v. to ewe, 150 mg i.v. to fetus, 150 mg intra-
amniotically).

Vascular and tracheal catheters were flushed daily during the five day
recovery period and throughout the time of experimentation with heparinised
saline (5000 1u heparin in 500 ml saline).

2.3.7 Apparatus

2.3.7.i Recording equipment

The recording equipment was situated in a separate, adjoining room to the
ewes. The ewes stood with their tails facing the researcher in the other room
and could be observed through a window in the separating wall. There was
also a hole in the wall through which cables could be passed from the sheep
to the recording equipment.

A specially constructed perspex box for holding the pressure transducers was
attached to the side of the ewe's crate. This box was attached at the estimated
height of the fetal heart, when the ewe was standing.

Arterial, venous, tracheal and amniotic pressures were measured using
pressure transducers and amplifiers (Gould Ltd.; Hainault, Essex, England).
Diaphragm activity, ECoG and ECG signals were measured using Gould
universal amplifiers. Fetal heart rate (FHR) was calculated from the ECG
using a tachometer (Gould Biotach). Mean blood flow was measured using a
flow meter (T201, Transonic Systems Inc., Ithaca, NY, USA). All signals
were taken down to an eight channel chart recorder (Linearcorder F WR3701,
Graphtec UK Ltd.) and, via an eight channel data acquisition system
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(MacLab/8; ADInstruments. Hastings, E. Sussex, England), to a PC (Apple
Macintosh LCIII). Signals were stored on 88 Mb SyQuest cartridges, as well
as paper chart records, for future analysis. Analysis of the raw signals was
carried out using the MacLab software, and the resulting data was put into a

spreadsheet (Microsoft Excel).

Intusion
l | pump Fransonic flow meter
* A
.{‘b ]
Key
O Input
@ Output oldlblo|d|ole]|e
®Pressure Eceqd oia | TP V8P jABP E? HR |=F
transducer * ?? T g
iGould modules

d CLC CLCLGCC

112)3}4]5]61}7]3
MacLab

oGjDia | 1P |VBP[ABP [SCG PR | FF @mw\
Dia | I '
™ J\U W =J'JWJ i\lwb‘ !
ve AAM AN NN
ABP| SIS NN
ECG MJ,.&-J;-%M
% 4\ k::: -
Chart recorder VDU

Figure 2.8. Diagrammatic representation of the sheep recording

equipment.
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2.3.7.ii  Measurement of blood gases and related variables,
glucose and lactate

Blood gases, pH, ion concentrations(Nat, K+, Ca2*) and haematocrit were
measured on a blood gas analyser (BGE; Instrumentation Laboratory Ltd.,
Warrington, Cheshire, England). Fetal values were corrected to 39.5°C and
maternal values to 39°C. A haemoximeter (CO-Oximeter 482; Instrumentation
Laboratory Ltd.) was used to measure haemoglobin, and glucose and lactate
were measured using a glucose-lactate analyser (YSI, 2300 STAT PLUS; YSI,
Farnborough, Hants., England).

2.3.8 Experimental procedures

2.3.8.i Acute isocapnic hypoxaemia

Acute isocapnic hypoxaemia of the fetus was induced by lowering the
maternal inspired oxygen. Maternal inspired gases were manipulated by tying
a clear plastic bag, into was introduced a pipe from a gas supply, over the
ewe's head. The induced hypoxaemia lasted for a period of 1 hour, however
the whole protocol lasted for 3 hours.

During the first hour (control) the ewe breathed air only (44 /min), during the
hour of hypoxia a mixture of air (14 I/min), nitrogen (24 V/min) and carbon
dioxide (1.2 /min), then in the final hour (recovery) she breathed air again as
in the control period. The ewe's inspired gases during the hypoxic period
were designed to decrease the fetal PaO; by about 50% to ca. 13 mmHg,
keeping PaCO; constant. During the course of the 3 hour protocol 5 fetal
arterial blood samples (0.5 ml) for blood gas, glucose and lactate analysis
were taken at 30 min, 70 min, 100 min, 135 min and 165 min (Fig. 2.9).
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CONTROL HYPOXIA
pH 7.326 7.277
PaCO2 (mmHg) 42.3 43.3
PaO2 (mmHg) 25 13
Haematocrit (%) 22 24
HCO3- (mmol I-1) 23.1 19.8
Base excess (mmol I-1) 0.2 2.5
Ca03 (Vol%02) 8.5 4.3
Haemoglobin (g di-1) 7.5 5.6
Sa02 (%) 79.1 39.7
Lactate (mmol I-1) 1.01 5.05
Glucose (mmol I-1) 0.594 0.973
Na+ 140 142
K* 2.8 2.6
Cazt 1.16 0.83

Table 2.1. An example of the blood gas and glucose and lactate changes
that occurred in response to an imposed hypoxic challenge.

Three arterial samples (1.5 ml) were taken at 30 min, 100 min and 165 min
for hormone analysis. These samples were collected into EDTA tubes, spun
at 3000 revs/min in a cool centrifuge (4°C) for 10-15 min and were then
stored in a -20 °C freezer.
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Nz - 24| min-1

CO2- 1.2 1 min-t

Time (min)
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+ blood gases
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Figure 2.9. Schematic representation of the 3-hour acute hypoxia
protocol.
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2.3.8.ii  Fetal monitoring over a 3-week period

Fetuses that were monitored for three weeks were studied for a period of two
hours every other day. During the two hour recordings the ewe was normoxic
and did not have a bag on her head. A fetal and a maternal arterial blood
sample (0.5 ml) were taken for blood gas, glucose and lactate analysis during

the first 15 min of the recording.

2.3.8.iii Assessment of the baroreflex

The baroreflex was assessed by giving the fetus a single i.v. (jugular) bolus
dose (75 - 100 pg) of phenylephrine to elevate blood pressure transiently
(Fig. 2.10).
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Figure 2.10. Part of a trace showing arterial blood pressure and ECG
during the first 12 s after an injection of 75ug phenylephrine into the

jugular vein. There is a pronounced increase in blood pressure and an
increase in R-R interval.
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2.3.9 Post mortem

When the experiments had been completed the ewes were sacrificed by an i.v.
overdose of pentobarbitone (40 ml [8g] Euthatal, Rhdne Mérieux, Harlow,
Essex, UK). There were two post-mortem procedures, one basic and another

extensive.

2.3.9.i Basic post-mortem

When the ewe was confirmed to be dead, her abdomen was opened along the
midline, the uterus opened and the fetus(es) removed. The fetus(es) were
weighed and crown-rump length (CRL) was recorded. The flow probe was
then removed from the instrumented fetus. The heart, lungs, liver and

kidneys were dissected out and weighed.

2.3.9.ii  Extensive post-mortem

The ewe was weighed then the abdominal cavity was opened, as above, and
the uterus was removed by cutting as low down the neck of the uterus as
possible. The uterus and contents were weighed and the singleton fetus was
removed from the uterus via the cervix, by cutting the umbilical cord at the
level of the fetal abdomen. Care was taken not to spill any amniotic fluid out
of the uterus. The fluid was then carefully poured out of the uterus into a
measuring jug so that its volume and weight could be recorded.

The fetus was weighed and CRL, abdominal circumference (AC) and femur
length (FL) recorded. The heart, lungs, liver, kidneys, adrenals, perirenal fat,
spleen, pancreas, thymus, thyroid and brain were dissected out and weighed.
Paired organs were weighed separately.

The uterus was laid out and a sketch of its position and orientation made. The
uterus was then cut open along the midline and through the middle of each
horn, the incision lines being noted on the sketch. Once the uterus was
opened out, a second sketch was made recording the shape of the opened
uterus and the position of the umbilical cord. The length of the cord was
recorded. Each placentome was then individually dissected from the uterus
and its position was recorded on the diagram of the opened uterus. Each
placentome was trimmed of membranes, blotted dry, weighed and the
thickness (using calipers) and diameter (using a ruler) of each was measured
(Fig. 2.11).
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diameter
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Figure 2.11. Illustration showing how placentome diameter and
thickness were measured.

Each placentome was graded A, B, C or D on the basis of gross morphology,
based on the classification system of Vatnick et al (1991) (Fig. 2.12).

SZhse
— -

Figure 2.12. Schematic illustration of the morphological characteristics
used to classify placentomes based on the system of Vatnick et al.
((1991). The black area represents fetal and the white maternal tissue.
Thus, going from A to D the fetal tissue occupies relatively more of the
placentome. Note that in this diagram the diameters and depths are
shown to be relatively similar. In practice, they vary in each of the
cotyledon types.
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2.3.10 Data analysis

2.3.10.i Gestational age, weights and body measurements

The individual values for each animal on a particular day were put into groups

and the mean value for each group on that day was calculated.

2.3.10.ii Arterial blood pressure, heart rate and blood flow

Mean minute values (uF, where p is the mean for a fetus (F) at time t) for
each of the parameters arterial blood pressure, systolic and diastolic blood
pressures, heart rate and blood flow were obtained for each individual fetus,
by collecting the data in 1 min. bins for the whole experiment and averaging
the values in each bin. So an average value was obtained for each consecutive

minute: 1 min, 2 min, 3 min, etc.
Basal values

For protocols that involved acute isocapnic hypoxaemia, individual basal
mean values on any one day (gestational age) were then obtained by
calculating the mean of the average minute values obtained during normoxia at
0, 15, 30 and 45 min:

Individual basal mean for fetus A onday 1, A; = (WAg+ 1A 15+ A3 +
HAgs) /4

In those protocols that involved monitoring during normoxia for two hours,
basal mean was taken as the mean of the average minute values recorded at 0,
15,30, 45, 60, 75, 90, 105 and 120 min

The group basal mean (¥B) for a particular treatment group on that day was
calculated by adding together the basal means of all the animals in that group
on that day:

Group basal mean onday 1, ¥B; =(A1+B;+C, +D; +E|)/5

where animals A, B, C, D and E are the animals in a particular treatment
group.

Values during hypoxia

Individual mean values during hypoxia on any one day (gestational age) were

taken as being the average minute value obtained at the time of interest. Thus,
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the individual mean value at 15 min of hypoxia was the average minute value
at that time:

Individual mean value at 15 min of hypoxia in fetus A, A} = pAss
(15 min is 75 min into the experiment - see Fig. 2.9)

The group mean value during hypoxia (‘¥H) for a particular treatment group
on that day was calculated by adding together the individual means during
hypoxia of all the animals in that group on that day:

Group mean during hypoxia on day 1,
YH =(A; +B; +Cy +D|+E))/5

where animals A, B, C, D and E are all the animals in a particular treatment
group.

2.3.10.iii Vascular resistance

Vascular resistance (R) was calculated using the following equation:
R=(P,-Py)/Q

where P, is arterial pressure, Py is venous pressure, and Q is blood flow. The
above equation is derived from Ohm's law and assumes steady flow. Blood
flow is, of course, pulsatile, but this is the best derivation of flow that can be
calculated with the available information.

2.3.10.iii Blood gases, glucose and lactate

Individual values for each fetus were the absolute values that were measured
at the time of blood sampling. Group means for a specified time on a
particular day (gestational age) were obtained by calculating the mean of the
individual values for all the animals in that particular group at the specified
time, in the same way as is described above for blood pressure, etc.

2.3.10.iv Baroreflex

Individual fetal values of R-R interval and MAP were collected in 2 s bins and
the values in each bin averaged. So, individual average values for each fetus
were obtained at 0, 2, 4, 6 s, etc. The baroreflex for individual animals was
measured by plotting the mean R-R interval measured at 0, 2, 4, 6, 8, 10, 15,
20, 30, 40, 50, 60 s (i.e. while the pressure was rising) against MAP
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measured at the same times. The resulting curve was taken to represent the
baroreflex, and the slope of the steep part of the curve defines the sensitivity
of the baroreflex (Fig. 2.13). The slope of the curve for individual animals
was obtained in this way.
0.6 7

0.5

0.4-

R-R interval (s)

0.3+

0.2 1 v 1 Ll T 1
40 45 50 55 60 65 70

MAP (mmHg)

Figure 2.13. Example of the resulting baroreflex curve, when R-R
interval was plotted against MAP. A line has been fitted to the steep
part of the curve and it is the slope of this line which represents the
sensitivity of the baroreflex.

The group mean at any one time was calculated as the mean of the individual
average values for all the animals in that particular group at the desired time.
Group means were calculated at 0, 2, 4, 6, 8, 10, 15, 20, 30, 40, 50 and 60
s. The group means were then plotted, R-R interval against MAP, to obtain a
baroreflex curve for the whole group (e.g. Fig. 4.4).

2.3.10.v Chemoreflex

The heart rate, femoral vascular resistance, femoral flow and blood pressure
responses to hypoxia were analysed to give a measure of the chemoreflex
response (see section 1.11).
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In order to assess the chemoreflex, basal mean values at 0, 15, 30 and 45 min
were averaged for each animal so as to obtain a single mean basal value for
each animal. This mean basal value was then subtracted from the individual
mean at 5 min hypoxia (65 min into the experiment, see Fig. 2.9) for femoral
flow, femoral vascular resistance and heart rate, and the individual mean at 15
min hypoxia (75 min into the experiment) for MAP. The resultant value for
each animal represented the individual response to hypoxia. The group mean
of this delta value was worked out for each group.

2.3.11 Statistics

In all cases P < 0.05 was considered significant.

2.3.11.i Student's t-test

The r-test can only be used when dealing with data that has come from a
population with a normal distribution. It tests the null hypothesis that data are
a sample from a population with a specific 'hypothesised' mean. Either a one-
tail or a two-tail r-test may be carried out. The difference between one-tail and
two-tail is explained in terms of the alternative hypothesis. If the alternative
hypothesis is that the population mean is not equal to, i.e. is more than or less
than, the hypothesised mean then the test is two-tailed. If, on the other hand,
the alternative hypothesis is that the population mean is greater than the
hypothesised mean, or that the population mean is less than the hypothesised
mean, the test is one-tailed. In addition, the test will be either paired or
unpaired depending on whether the values being tested are intra- or inter-
group, respectively.

I used the r-test to analyse differences between group mean values, e.g. heart
weight, basal blood pressure difference between two groups on a certain day,
the difference between CRL at the start and the end of the study in a particular

group.
2.3.11.ii Analysis of variance (ANOVA)

ANOVA also assumes that the population has a normal distribution. It is a
method of analysing the variability between sets of data.

In order to determine whether or not there was a difference between groups in
developmental trends I used 1-way ANOVA. I did not use 2-way ANOVA
because it is a paired test, and I did not always have the same number of
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observations in each group for a variety of reasons e.g. death of an animal
just before the end of the experimental period, blocked catheter,

malfunctioning flow probe.

I used 1-way ANOVA to analyse trends in MAP, SBP, DBP, FHR, blood
flow, vascular resistance, blood gases, haemoglobin, haematocrit, ion

concentrations, glucose and lactate.

2.3.11.iii Summary measures

Summary measures is a useful method for analysing serial measurements. It
considers the response of each individual within a group, and uses these
individual responses to form a single number that summarises some aspect of
the response of that individual i.e. a summary measure. The summary
measure may be derived in many different ways, and the method chosen will
depend upon the aspect of the individual's response which is of interest. For
example, in this study I was interested in the trend in blood pressure
development in fetuses over a period of time i.e. was there an increase, a
decrease, or no change in pressure? Therefore, I chose to look at the
individual responses in terms of the slope of a straight line fitted to the values
obtained for individual fetuses. Thus, in this case, my summary measure was
slope. This is a useful way of looking at the values because it is descriptive of
the data in a highly relevant way. What better way to look at a linear trend
over time than to describe it as a slope? The individual slopes for the animals
in each treatment group were then pooled and compared using Student's

unpaired z-test.

I also applied this method of analysis when looking at the development of
heart rate, femoral flow and femoral vascular resistance, and when examining
the slope of the baroreflex curve. I did not analyse any of the other variables
using this method of analysis because it was difficult to define a suitable
summary measure and I could not justify fitting a straight line to the data as I
was not convinced that there was a linear change with age, e.g. for the change
in haemoglobin.

2.3.11.iv Linear regression

Linear regression draws a line of best fit through a set of points. It is useful
for describing the relationship between two variables. By determining the
standard deviation of each point from the line of best fit, it is possible to
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calculate the correlation coefficient for the line i.e. the linear association
between the two variables being studied. The correlation coefficient lies
within the range -1 to +1, with a midpoint of zero indicating no linear
correlation. It is not sufficient to assume that because the correlation
coefficient is close to 1 (+ or -) there is a good association, particularly if the
sample size is small. It is therefore necessary to ascertain the probability (P)
of Pearson's correlation coefficient from a set of tables and to determine the ¢
statistic. The former determines whether the correlation is significant or not,
and the latter determines whether the association can indeed be described as

linear.

2.3.11.v  Chi squared (x?) test

The 2 test is a non-parametric method of analysis, i.e. it makes no
assumption about the distribution of a population and can thus be used to test
whether a particular data set comes from the same population distribution as
another.

I used %2 to test whether the SBP values I obtained in my rats were from a
normal population. I also used it to test whether the population distribution of

different placentome types was different between treatment groups (Chapter
7).
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Chapter 3

FETAL AND NEONATAL GROWTH AND
BLOOD PRESSURE DEVELOPMENT :
THE EFFECTS OF ANAEMIA
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Chapter 3 ANAEMIA

3.1 INTRODUCTION

Over the last decade there has been growing interest in the idea that events
which occur in utero may influence blood pressure during adult life (Barker
& Osmond; 1987, Barker et al., 1989) and studies have linked hypertension
in adult life with a higher placental to birth weight ratio i.e. to small babies
with large placentae (Barker et al., 1990). It is not known whether placental
growth directly affects the development of blood pressure, or whether other
factors such as nutrition and oxygen supply are important determinants.
Lucas and Morley (1994) showed that early nutrition in low birthweight
preterm infants did not affect blood pressure measured at 7.5-8 years of age,
which suggests that the relation between the fetus, placenta and the intra-
uterine environment i.e. prenatal factors are important in determining
outcome.

In the human, severe pregnancy anaemia is associated with placental
hypertrophy (Beischer et al., 1970) and maternal anaemia and iron deficiency
during pregnancy result in a high placental to birthweight ratio (Godfrey et
al., 1991), which may subsequently predispose towards high blood pressure.
The increased placental growth is thought to be a compensatory response and
has been attributed to compensation for hypoxia resultant from the anaemia.
The effects of hypoxia on fetal growth have been studied in many species
including the sheep (Robinson et al., 1983; Jacobs et al., 1988a; Kitanaka et
al., 1989; Gagnon et al., 1995), guinea pig (Jansson & Persson, 1991) and
rat (Bruce & Cabral, 1975). The impact on growth is not uniform between
studies, however, in that impaired fetal growth is not always an outcome.
Similarly, the effects of chronic hypoxaemia on blood pressure are varied
between studies. It is therefore clear that the physiological determination of
fetal growth and development is complex and is not clearly understood.
Perhaps even less understood are the implications of fetal growth and
development for adult life

In this study I set out to reproduce the observations of Barker and his
colleagues, namely of altered placental to birth weight ratio and hypertension,
in the anaemic rat. Thus, the aim of the study was to examine the effects of
the induced maternal iron-deficiency anaemia on placental and fetal weight,
postnatal body and organ weight of the pups, and on the development of their
blood pressure post-natally.
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3.2 EXPERIMENTAL DESIGN

Female Sprague-Dawley rats were fed either a low-iron or a normal diet (as
described in section 2.1.2) 3-4 weeks prior to mating. The haemoglobin
levels in those rats on the low-iron diet fell from 17£2 g dl-! to 11 £2 g dlI-!.
After mating the rats were split into three groups, with anaemic (AN) and
control (C) dams in each, and studied as follows:

Group 1- maternal and fetal body weights and haemoglobin levels, fetal organ
weights, and placental weights were recorded (as described in section 2.2.4)
at 20 days of gestation (E20). (AN dams, n=4; C dams, n=4; AN fetuses,
n=47; C fetuses, n=59).

Group 2 - dams were allowed to litter and on postnatal day 20 (P20) systolic
blood pressure was recorded in the conscious mother and pups, as described
in section 2.2.3.i. Mothers and pups were then killed and their body weights
and haemoglobin levels recorded, as well as fetal organ weights. (AN dams,
n=4; C dams, n=6; AN pups, n=18; C pups, n=39).

Group 3 - the dams in this group were also allowed to litter, and maternal and
neonatal systolic blood pressures, haemoglobin levels and body weights were
recorded at P20. Both AN and C pups were weaned at P21 onto normal rat
chow. They were then studied again at P40, when systolic blood pressure,
haemoglobin levels, body and organ weights were measured. (AN dams,
n=8; C dams, n=7; AN pups, n=80; C pups, n=64). After the pups were
weaned at 21 days old, the mothers ceased to be a part of the experiment.
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Female rats put on

low iron/normal diet Mating Birth Weaning
v v v v
[ I | 1 1 1 1

RAYS: .21 ] E20 E21 P20 P21 P40
Group 1 * Group 2
Body weight (M & F) Blood pressure (M & N)
Haemoglobin (M & F) ﬂ’ Haemoglobin (M & N)
Placental weight Body weight (M & N)

Organ weights (N)

Group 3

Blood pressure (M & N)
Haemogiobin (M & N)
Body weight (M & N)
Blood pressure (M & N)
Haemoglobin (M & N) »a
Body weight (M & N)
Organ weights (N)

Figure 3.1. Experimental design, showing the protocol for fetal (F),
neonatal (N) and maternal (M) rats in each of the three groups.

3.3 RESULTS

3.3.1 Haemoglobin

Maternal haemoglobin levels in AN dams (12.5 £ 0.5 g dI-!) were
significantly lower than those of C dams (19.5 £ 0.8 g dI'!) at mating and
throughout the 3 week suckling period.

At all ages studied (E20. P20 and P40), AN fetuses and pups had
significantly lower haemoglobin levels than C. The value obtained for the
mean haemoglobin level of C fetuses and pups lie within the range quoted for
rats at each age (term: 7.4-9.1 g dI'!; neonate: 6.3-9.0 g dI-!; adult: 12-17.5 g
dl-l: Waynforth, 1980), and that for the anaemics falls outside of this range.

AN rats can therefore be considered to be adequately anaemic.

Between P20 and P40 both AN and C pups showed a rise in haemoglobin
levels. The rise was, however, steeper in the AN group, so that by P40
haemoglobin levels in AN animals approached those of C (Fig. 3.2).
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Figure 3.2. Haemoglobin values for C (O) and AN (®) fetuses and
neonates. Values are mean * S.EM. * P < 0.05, *** P < 0.001, AN vs. C.

3.3.2 Placental weight

The placentae of AN rats were significantly lighter than those of C. Placental
to body weight ratio was also significantly lower in AN compared to C (Fig.
3.3). The lower placental to body weight ratio represents a greater decrease of
placental weight than in fetal body weight.
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Figure 3.3. Placental weight and placental : body weight ratio in C (0O)
and AN (m) rats. Values are mean = S.E.M. ** P < 0.005, *** P < 0.001,
AN vs. C.

3.3.3 Body weights

The difference in mean body weights between AN and C rats at all ages was
highly significant with that of C being much greater than that of AN at E20,
P20 and P40 (Fig. 3.4).
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Fig. 3.4. Fetal and neonatal body weights in AN (®) and C (O) rats.
Values are mean * S.EM. *** P < (0.001, AN vs. C.
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However, it is interesting that the percentage increase in body weight between
P20 and P40 was significantly greater in AN than in C animals (Fig. 3.5). In

other words AN pups grew at a greater rate than C after weaning.

500+

* %%

400-
300-
%
200-

1004

Fig. 3.5. Percent increase in body weight from P20 to P40 in C (O) and
AN (=) pups. Values are mean = S.E.M. *** P < (0.001, AN vs. C.

3.34 Organ weights

At P20, AN pups had significantly heavier hearts than C pups, but their lungs
and livers were significantly lighter. AN kidneys were lighter than those of C,
but not significantly so. At P40, AN rats had significantly lighter hearts than
C rats, their livers were still significantly lighter and their kidneys were

significantly lighter. AN lungs were no longer significantly lighter than those
of C. Table 3.1).
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Heart weight (g)
AN

Lung weight (g)
AN

Liver weight (g)
AN

Kidney weight (g)
A

ANAEMIA
P20 P40
0.30 £0.016 0.72 £ 0.025
0.54 £0.018 **x* 0.61 £0.028 *
0.65 £ 0.02 1.16 £ 0.045
0.48 £ 0.020 *** 1.08 £ 0.046
1.96 £0.114 8.38 £ 0.268

1.41 £ 0.039 **x*

0.34 £ 0.54
0.28 £ 0.008

5.52 £ 0.335 ***

0.73 £ 0.026
0.53 £0.032 ***

Table 3.1. Organ weights in C and AN pups at P20 and P40. Values
are mean * S.E.M. * P < 0.01, *** P < 0.001, AN vs. C.

Owing to the significant differences observed in body weight between the two
groups, organ weight expressed as a percentage of body weight is a more
meaningful comparative measure than the absolute weights per se.

When expressed thus, liver, kidney and heart weights were significantly
greater in AN pups at P20 than C, but by P40 only kidney and heart weights
were greater in AN, and lung also. Liver weights were not different between

the two groups by this age.

Liver weight increased significantly between P20 and P40 in both AN and C
animals, and kidney, lung and heart weights decreased significantly in both
groups (Fig. 3.6). The decrease in weight, as a percentage of body weight,
observed in the kidneys and hearts was, however, much steeper in AN pups
than that seen in C. This indicates a lower rate of growth of these two organs
in AN at this time.
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Figure 3.6. Liver, lung, kidney and heart weights expressed as a
percentage of body weight in AN (¢) and C (O0) animals. Values are
mean + s.E.m. P <0.05, *** P <0.001 AN vs. C; f < 0.001, P20 vs.
PAG.

3.3.5 Systolic blood pressure

Evaluation of blood pressure in the rat pups proved to be an extremely
arduous task, being both time-consuming and problematic. As described in
the Methods chapter (in section 2.2.3.1), evaluation of SBP using the tail cuff
required the tail of the rat to remain absolutely still so that a readable pressure
trace could be obtained. It is also a requirement of this method that blood flow
be occluded, thus it is important that the tail cuff selected is the correct size for
the rat. Persuading the pups to keep still was usually not easy, and the
smallest cuff available was not always as perfect a fit as one would have liked
for some of the young 20-day old pups. It is perhaps due to these rather
exacting requirements that I found a degree of intra-animal variation in the

measurement of SBP (Fig. 3.7).
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Figure 3.7. Illustration of intra-animal variation in SBP recordings.
This figure is an example of the different SBP values obtained for
individual pups.

This variation in individual SBP values was the cause of some concern, so it

seemed appropriate to examine variation within litters.

As can be seen in figure 3.8 there was also variation in SBP recordings
between littermates. It was, however, reassuring to find that despite its
variation, generally, the distribution of SBP recordings obtained showed a
bell-shaped Normal distribution.
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Figure 3.8. Illustration of intra-litter variation in SBP recordings. This
figure shows the different SBP values obtained for two litters of rats,
ANG6 and CS5, at 20 and 40 days of age.

The distribution of mean SBP data for C and AN rats was again found to
show a Gaussian distributed at both 20 and 40 days of age (as determined by
%2 test, see section 2.1.6) (Fig. 3.9). This confirmed that the animals came
from a normally distributed population that it was valid to take the mean SBP
for each group when making comparisons between them.
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Figure 3.9. Illustration of intra-group variation in SBP recordings.
This figure shows the distribution in C and AN at both 20 and 40 days
of age. All are normally distributed ()2, P < 0.05).

So, looking now at mean SBP of the animals at P20 and P40 we can see that
AN pups had a lower SBP than C at P20, however, between P20 and P40
there was a dramatic rise in pressure in AN pups and only a slight increase in
C, so by P40 AN pups had a significantly higher SBP than controls (Fig.
3.10).

Maternal SBP was not different between AN (112 £5) and C (118 £ 3) dams
at either E20, P20 or P40.
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Figure 3.10. The change in systolic blood pressure between P20 and
P40 in AN (e) and C (O) pups from group 3. Values are mean + S.E.M.
xP < 0.05, AN vs. C; 1t P < 0.001, P20 vs. P40.

3.4 DISCUSSION

The principal finding of this study was that there is a pronounced postnatal
rise in SBP associated with maternal anaemia during pregnancy, and that this
is preceded by a low SBP before weaning in anaemic pups. The elevated SBP
in the anaemic rats was not associated with a greater placental to body weight
ratio, rather there was an association between the rate of growth postnatally
(Fig. 3.5) and hypertension (Fig. 3.10).

I shall first discuss the possible mechanisms resulting in the low blood
pressure of AN pups before weaning, before going on to discuss the potential
mechanisms involved in their subsequent development of hypertension. I will
then consider the changes seen in organ size and growth and their relation to
the changes observed in blood pressure. Finally, I shall examine the role of
the placenta with respect to growth and cardiovascular function.
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3.4.1 Hypotension

3.4.1.i Cardiac and vascular remodelling

As described above, AN had heavier hearts (Fig. 3.6) and lower systolic
blood pressure (Fig. 3.10) than C at P20. These findings suggest that the
severe anaemia that AN were subjected to in utero and in the immediate post-
natal period resulted in changes in their cardiovascular development. Whilst I
did not investigate the structure of either cardiac or vascular tissue from the
rats in this study, it is likely that this architecture was altered due to a process
of both cardiac and vascular remodelling.

Davis and Hohimer (1991) made late gestation sheep fetuses anaemic by
serial isovolaemic haemorrhage. They found that anaemic fetuses had larger
hearts, greater combined ventricular output and lower mean arterial blood
pressure than control fetuses. Similarly, Mostello et al. (1991) found that the
fetuses in their study, where anaemia was induced in the ewe by repetitive
isovolaemic haemorrhage three to five times a week from 110 to 138 days
gestation, had lower MAP than controls. These findings are comparable to
those which I observed in my rat pups. I did not measure CO in this study,
but on the basis of the above evidence, it was probably increased in my AN
fetuses and pups.

Since mean arterial blood pressure is determined by CO and total peripheral
resistance, it seems reasonable to suppose that any increase of CO in AN
must have been accompanied by a considerable fall in peripheral resistance. It
is well known that patients with chronic severe anaemia have a high CO, low
blood pressure and low systemic vascular resistance (Anand &
Chandrashekhar, 1993). Similar observations have been made in the sheep
(Delpapa et al., 1992; Mostello et al., 1991; Edelstone et al., 1987). The
cardiac hypertrophy in AN was presumably the result of increased CO, which
itself may have been increased in response to a decrease in afterload i.e. low
systemic vascular resistance. Decreased afterload depends upon both
rheological (viscosity) and geometrical (vascular) factors. Fowler and Holmes
(1975) showed in adult dogs made anaemic by exchange transfusion that
there is a significant increase in CO as a result of decreased blood viscosity.
Such a volume overload on the heart would then have resulted in cardiac
remodelling, such as that which has been demonstrated in the anaemic rat
(Olivetti et al., 1989) where it was shown that ventricular hypertrophy is
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accompanied by a significant degree of myocardial capillary proliferation. It
therefore seems that the cardiac hypertrophy observed in AN may have been
the result of increased CO which was in response to decreased afterload.

Severe anaemia also results in decreased blood viscosity, as was mentioned
above in dogs (Fowler and Holmes, 1975) and as has been observed
previously in rats (Olivetti et al., 1993). It is therefore most likely that my AN
rats had decreased blood viscosity. Combining Poiseuille's and Ohm's laws
we see that a decrease in viscosity will result in an increase in flow, which

will in turn result in a decrease in resistance:

R=8.1.1m
T.r4

where R is resistance, | is the length of the vessel, 1 is blood viscosity, and r
is the radius of the vessel. It has been demonstrated in lambs made
chronically hypoxaemic by pulmonary stenosis, that there is no alteration in
vascular hindrance (vascular resistance divided by whole blood viscosity) in
response to chronic hypoxaemia, and that decreased blood flow to non-vital
organs was the consequence of increased whole blood viscosity (Dalinghaus
et al., 1994). However, resistance to flow cannot be considered only in terms
of blood viscosity. We must also take into account the contribution of
vascular geometry.

The cardiovascular system is comprised of not only the heart but the blood
vessels also, and together they form a continuous system of branching hollow
tubes, the parameters of which are defined by the number of vessels forming
the branches and the mass of the vessel wall. Thus, as intimated at the
beginning of this section, alterations in cardiovascular function may involve
changes not only in the heart but of the blood vessels also. Accordingly, it is
likely that there was a degree of vascular as well as cardiac remodelling in
AN. Remodelling of the vascular system involving vasculogenesis at the
periphery would contribute to a decrease in peripheral vascular resistance
because of the approximate parallel arrangement of the capillaries. This is
described by Kirchhoff's law of tubes in parallel:

1 = 1 1 Riot = Rp+Ry+ ...

Riot Ri + Ry + .... -> n
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where Ry is the total resistance; Ri, Rz, etc. is the resistance of individual
tubes (capillaries); and n is the total number of tubes. Thus, an increase in the

number of vessels results in a decrease in total resistance.

Vascular remodelling occurs ordinarily in the normal fetus and neonate
(Langille, 1993). He found that there is a rapid accumulation of elastin and
collagen during the perinatal period in sheep, which may pre-adapt vessels to
the large increases in pressure that occur after birth. He also observed a
strong relationship between blood flow and developmental changes in vessel
diameter during the postnatal period. If there is disturbance during this critical
period when these numerous changes in vascular structure, which are
important for adaptation to adult life, are taking place, the development of
blood pressure would also be affected. In view of the proposed increase of
CO in my AN rats and their low haemoglobin levels, it scems probable that
their vascular development would have been affected, perhaps resulting in the
observed hypotension.

As well as perturbations in normal vascular development, further vascular
remodelling may have taken place secondary to the anaemia. Hypoxia for
three weeks in adult rats caused brain angiogenesis, which was initially due to
microvascular hypertrophy and later on to hyperplasia (Harik et al., 1995).
Dawson & Hudlicka (1993) showed in rats that in response to a long-term
increase in blood flow, instigated by vasodilatation caused by administration
of the nonselective o) adrenoceptor antagonist prazosin, there is increased
capillary growth. They suggested that this angiogenesis was the result of
increased velocity of flow and thus shear stress, which may have led to the
activation of various growth factors. Hudlicka (1991) implicated fibroblast
growth factor (FGF) release, in response to increased endothelial shear
stress, as having a stimulatory effect on capillary growth. More recently
Malek et al. (1993), using endothelial cells cultured in vitro, showed that
increased shear stress caused differential modulation of the mRNA levels of
the two potent growth factors platelet-derived growth factor B (PDGF-B) and
basic FGF. Increased shear stress of differing amounts resulted in varying
increases in mRNA expression of the two growth factors, suggesting that
expression of each peptide growth factor gene is differentially regulated by
fluid shear stress in vascular endothelial cells. Vascular remodelling could
also comprise changes in the number or size of vascular smooth muscle cells.
In their review of cardiovascular remodelling, Struijker-Boudier et al. (1995)
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discuss the concept of "phenotypic modulation”, where tissue structure is
influenced by a modified cellular responsiveness to growth promoters and
inhibitors. Interestingly, they also discuss the fact that flow-associated shear
stress is an important factor in the modulation of vascular smooth muscle cell
phenotype. This may be an important concept with regard to vascular smooth
muscle hypertrophy and hyperplasia; and could be one of the mechanisms
involved in the lower blood pressure of AN. Increased peripheral vascular
density due to angiogenesis would cause there to be a decrease in the

resistance to flow, as described above.

3.4.1.ii Local and endocrine factors

A further contributory factor to the decrease in vascular resistance may have
been caused by nitric oxide (NO) (formerly known as endothelial-derived
relaxing factor - EDRF), a potent vasodilator. Haemoglobin binds NO
(Martin et al., 1986; Jia et al., 1996) and it has been postulated that in chronic
severe anaemia, the low circulating haemoglobin concentration may result in
reduced binding and thus inhibition of NO so leading to increased basal NO
activity and therefore vasodilatation (Anand & Chandrashekhar, 1993). So, in
my study, the anaemia itself may have resulted in peripheral vasodilatation by
this mechanism in AN rats. Also, both increased shear stress at the
endothelium (Melkumyants et al.,, 1995; Smiesco & Johnson, 1993,
Hudlicka, 1991) and hypoxia (Busse et al., 1993; Hudlicka, 1991) have been
shown to stimulate the release of endothelial vasodilator factors such as NO
and prostacyclin.

Atrial natriuretic peptide (ANP) may also be implicated in contributing to the
decreased systolic blood pressure observed in AN. ANP, as well as its
natriuretic and diuretic properties, causes a decrease in blood pressure. It has
been shown (Silberbach et al., 1995) in the chronically anaemic sheep fetus
that circulating levels of ANP are elevated, though they failed to demonstrate
a significant decrease in mean arterial pressure in their study. It is possible
that there was no significant fetal MAP response to ANP, such as is observed
in adults, because of the presence of the low-resistance placental bed which
may dampen changes in pressure. Also, the immature vasculature of the fetus
may respond differently to ANP than that of the post-natal animal. Isolated rat
hearts exposed to hypoxia show a dramatic increase in ANP release, which is
partly mediated by o- and B- adrenergic stimulation, and they also show a

decrease in systolic pressure (Lew & Baertschi, 1988). The concentration of
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ANP in AN may have been elevated during fetal life and after birth and it may
have contributed to the lower blood pressure that was measured at P20.
Unfortunately I did not measure plasma levels of ANP or monitor urine
output.

3.4.2 Hypertension

3.4.2i Growth and blood pressure development

There were further changes in the cardiovascular development of the rats in
my study, as can be seen in figure 3.10. I have already discussed the fact that
SBP was lower in AN at P20, but by P40 it had risen to a higher level than
that observed in C. It is also interesting to note that, although AN pups were
lighter than C at both P20 and P40 (Fig. 3.4), the increase in weight in AN
was greater than that of C between P20 and P40 (Fig. 3.5), which suggests a
greater rate of growth of AN pups at this time. These findings complement
those of Godfrey et al. (1991) where they found that maternal anaemia during
pregnancy was associated with decreased birth weight. In a later study
Godfrey et al. (1994) found that blood pressure in 10-12 year old Jamaican
children was greatest in those children whose mothers were anaemic during
pregnancy. They also found that systolic pressure rose by 0.5 mmHg for
every 1 kg increase in the child's current weight. Findings in the guinea-pig
(Persson & Jansson, 1992) have shown an association of IUGR with
increased blood pressure at 3-4 months of age. Interestingly, although
Persson and Jansson (1992) did not mention it, their IUGR guinea-pigs
showed a 91% increase in weight between birth and 3-4 months of age whilst
controls only increased in weight by 86%, i.e. IUGR pups grew faster than
their normal-sized littermates. In young rats it has been shown that the rise in
blood pressure which occurs normally with age is due predominantly to
increases which occur concomitantly with growth spurts (Schork et al.,
1994). It seems, therefore, that the rate of growth, and not simply body size,
is an important factor influencing the rapid rise in SBP that I saw in AN rats.
This idea is further supported by the findings of Whincup et al. (1989),
whose study of children aged 5-7 years showed that blood pressures were
highest (especially in boys) in those who were of low birth weight and had
gained most weight subsequently. As yet, however, the mechanisms linking
growth and blood pressure are not known.
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Obesity may provide a model for trying to understand the link between
growth and blood pressure development. In man it is well recognised that
there is a relationship between weight gain and the development of essential
hypertension. It has been suggested (Hall, 1994) that extreme weight gain
(obesity) is a very important cause of human essential hypertension, and that
changes in kidney function are a key factor uniting the two. Impaired renal
function is strongly associated with hypertension, and it has been shown in
the dog that obesity results in alterations in kidney function as well as an
increase in blood pressure and alterations in various hemodynamic variables
(Hall, 1994). Maybe the rapid increase in body weight seen in my AN rats
between P20 and P40 resulted in similar perturbations in renal function to

those that occur in obesity.

3.4.2.ii Cardiovascular reflex responses

The developmental differences in blood pressure that are seen in this study, in
response to maternal anaemia during pregnancy may in part be due to changes
in cardiovascular reflex responses. Both chemo- and baroreflexes are known
to be functional in utero from mid to late gestation. In the sheep the
chemoreceptors are functionally active from 80 days (Hanson, 1988) and the
baroreceptors from 85 days (Shinebourne et al., 1972) gestation. However,
prior to this age it is not known whether they operate and little is known of

their development.

The chemoreflex responses to acute hypoxaemia are well established and
include a transient bradycardia, rise in MAP, and redistribution of CO. The
mechanisms involved in this response have been extensively studied
(Iwamoto et al., 1989; Itskovitz et al.,, 1991; Giussani et al., 1994).
However, maintenance of hypoxia beyond an acute insult results in reversal
of the above responses towards normoxaemic levels. The mechanisms
responsible for this adaptation are unknown (Hanson, 1993). In neonatal life
it is known that there is chemoreceptor resetting, i.e. a decrease in sensitivity,
during the first few days after birth, as the receptors adjust their sensitivity
towards the adult range of PaO, and PaCO; (Blanco et al., 1982; Blanco et
al., 1984; Hanson, 1988). It has also been suggested in fetal lambs exposed
to chronic mild hypoxaemia caused by uterine artery occlusion, that efferent
chemoreflex activity appears to be increased (Bennet & Hanson, 1994). This
leads one to speculate that perhaps sustained hypoxaemia, such as may have
occurred as result of the severe anaemia in AN, resulted in an amplification of
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the chemoreflex during fetal life resulting in perturbations of chemoreceptor
resetting in neonatal life and affecting the control of blood pressure.

In normal fetal development there is a rise in MAP during late gestation
(Kitanaka et al., 1989; Daniel et al., 1989; Mostello et al., 1991; Kamitomo et
al., 1994), which is accompanied by a reduction in the gain of the baroreflex
(Blanco et al., 1988). However, as with the chemoreflex, the effects of
chronic hypoxaemia on these adaptive mechanisms are unknown. It is
possible that, as a result of vascular remodelling and a decrease in peripheral
resistance, not to mention the hypoxaemia that can occur in severe anaemia,
the normal development of the baroreflex response is altered. Changes in
vessel wall properties could result in alterations in vessel compliance which
would affect baroreceptor sensitivity. A change in baroreceptor sensitivity
would result in altered blood pressure levels. For instance, it is a well known
fact that in people with high blood pressure, the baroreceptors are reset to
higher pressures.

Baroreflex function may also be affected by changes in the brain. The
spontaneously hypertensive rat (SHR) is a good model for studying the
development of hypertension, as neonatal SHRs are normotensive until about
5 weeks of age. Boone and McMillen (1994) investigated proenkephalin gene
expression in the brains of SHR and Wistar-Kyoto (normotensive) rats at 4
and 14 weeks of age. In the central nervous system, the enkephalin peptides,
which act as synaptic transmitters, are localised in areas involved in
autonomic, cardiovascular and pulmonary regulation. They found that during
the development of hypertension proenkephalin gene expression in the brain
was altered with some regions showing an increase and others a decrease.
Proenkephalin mRNA levels were lower in the nucleus tractus solitarius,
caudal and rostral ventrolateral medulla, and higher in the locus coeruleus,
anterior and lateral hypothalamus of the SHR. They suggested that these
regional variations in proenkephalin mRNA levels may have resulted in a
decrease in arterial baroreceptor activity and an increase in sympathoadrenal
activity, thus resulting in the development of hypertension. It is also
interesting to note that at 4 weeks of age Wistar-Kyoto pups were
significantly heavier than SHRs, but up to the age of 14 weeks they showed
an increase in body weight of only 62% compared to the 73% increase seen in
SHRs. We may speculate that mRNA proenkephalin levels in my AN rats
were also altered in a similar fashion to those of SHR.
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3.4.2.iii Local and endocrine factors

In response to hypotension (Rose et al., 1981; Wood, 1989; Anand et al.,
1993; Friess et al., 1995) and hypoxaemia (Robinson et al., 1983; Giussani
et al., 1994b & c; Murotsuki et al., 1996) there is an increased release of
adrenocorticotrophic hormone (ACTH), cortisol, vasopressin and renin.
Elevated circulating levels of these hormones for a prolonged period, such as
may have been the case in AN, could result in alterations in growth and
development. Cortisol levels are elevated in sheep fetuses that are growth
retarded (Murotsuki et al., 1996; Robinson et al., 1983), suggesting that
cortisol may somehow affect fetal growth. Murotsuki et al. (1996) have
suggested that prolonged hypoxaemia may blunt maturation of the HPA axis
which may contribute to growth restriction in utero. Alterations in HPA
function may also result in changes in blood pressure development.

3.4.2.iv. Hemodynamic changes

Much of the discussion concerning hypotension centred around the idea of
altered hemodynamics. Likewise, in the development of hypertension,
hemodynamic changes may be a contributory factor. The increase in blood
viscosity which would have occurred as the anaemic condition improved,
would result in vasoconstriction (Dalinghaus et al, 1994). Also reversal of
tissue hypoxia as a result of increasing haemoglobin levels would result in a
decrease in NO release from the endothelium (Busse et al., 1993; Hudlicka,
1991) and thus an increase in vascular tone. The elevated haemoglobin level
itself would also mean that there was a further decrease in NO (due to the
binding of NO to haemoglobin) (Martin et al., 1986; Jia et al., 1996).

Alternatively, the increased flow, due to the earlier proposed decrease in
vascular resistance during hypotension, could have caused changes in the
form of the large arteries such as has been observed in babies born with only
a single umbilical artery (Meyer & Lind, 1974; Berry et al., 1976). The
sustained increase in flow may have altered the compliance of the vessels due
to increased strain on the vessel walls.

343 Organ size, growth and function and blood pressure
development

When investigating the link between growth and blood pressure development
it may be important to consider the growth of individual organs as well as
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body size per se. In response to chronic anaemia in the newborn lamb there is
a redistribution of blood flow in favour of the heart, brain and adrenals,
whilst flows to the GI tract, liver, carcass, adrenals, spleen and kidneys do
not change (Bernstein et al., 1988). A similar blood flow pattern is seen in
anaemic pregnant ewes (Edelstone et al., 1987). Somewhat contrary to this
Silberbach et al. (1995) found there to be an increase in renal blood flow in
chronically anaemic fetal lambs. In this study, I found that AN pups had
significantly larger hearts, kidneys and, to a lesser degree, livers, as a
percentage of body weight, than C at P20 and P40 (Fig. 3.6). This suggests
that there may have been a redistribution of blood flow in favour of these
organs, particularly the heart and kidneys, so preserving their growth. Lung
weights were not different between the two groups at P20, but were bigger in
AN at P40 (Fig. 3.6).

3.4.3.i Heart

Increased load on the heart and cardiac remodelling would have contributed to
cardiac hypertrophy (as discussed above).

Between P20 and P40 growth rate of the heart of AN was lower than in C,
although it was still heavier in AN at P40 (Fig. 3.6). This decreased rate of
growth may have been due to the improvement of the anaemic condition over
this 20 day period. Concomitant with the increasing haemoglobin levels,
oxygen supply to the tissues would have increased so CO and thus the energy
demand and work load of the heart would have decreased.

3.4.3.ii  Kidney

The larger kidneys of AN may reflect an increase in erythropoietin
production. Erythropoiesis is triggered by a decrease in PaO; and it has been
demonstrated in the fetal lamb that there is a significant rise in erythropoietin
levels after a moderately severe haemorrhage (Shields et al., 1993).
Erythropoietin levels in the human fetus are elevated in babies that are small
for gestational age (Snijders et al., 1993) and in severely anaemic fetuses of
red blood cell-isoimmunised pregnancies (Thilaganathan et al., 1992). There
is an ontogenetic change in the site of erythropoietin production during fetal
life, starting in the yolk sac then switching to the liver, with a small fraction
being formed in the kidney (Huch & Huch, 1994). Perhaps, due to the

severity of the anaemia, the kidney became a more important site of
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erythropoietin production in my AN rats than it would normally be in fetal
life. Hinchliffe er al. (1992) found that IUGR babies have a decreased
number of nephrons and lighter kidneys than appropriately grown controls.
The cause of IUGR and death in these babies was not, however, disclosed by
the authors so it is impossible to determine whether they are comparable with
IUGR resulting from severe anaemia. Osmotic diuresis in rats has been
suggested to cause an increase in protein content and weight of the kidney in
rats (Ogino et al., 1994), however there is an increase in aldosterone
concentration in anaemic babies (Ville et al., 1994). If aldosterone
concentrations also increase in anaemic rats it is unlikely that my AN rats
were diuretic. Nonetheless, it seems certain that there was some alteration in
kidney function of AN, which probably also affected blood pressure, but
unfortunately it is only possible to speculate as to what these changes may
have been.

Similar to the heart, between P20 and P40 growth rate of the kidneys of AN
was lower than in C, although they were still heavier in AN at P40 (Fig. 3.6).
The increasing haemoglobin concentration over this 20 day period would
have meant that the hypoxic stimulus for erythropoietin production by the
kidney would have decreased. (The kidney is the site of erythropoietin
synthesis in the adult animal). This may have had some impact on the growth
rate of the kidneys. It is interesting, in view of the dramatic increase in blood
pressure seen in AN between P20 and P40 (Fig. 3.10) when haemoglobin
levels were also increasing (Fig. 3.2), that patients suffering from renal
anaemia and severe anaemia who are treated with recombinant human
erythropoietin develop hypertension (Bode-Boger et al., 1992; Eggena et al.,
1991). It may be that high levels of erythropoietin in AN were in part
accountable for the hypertension that developed, as it has been suggested that
erythropoietin affects the balance of the release of various vasodilating
(prostacyclin) and vasoconstricting (prostaglandin Fyy, thromboxane B, and
endothelin-1) substances (Bode-Boger et al., 1992).

3.4.3.iii Liver

The moderate increase of liver weight in AN (Fig. 3.6) may also be due to
increased erythropoiesis and hematopoiesis in response to the anaemia,
particularly during fetal life, since by the end of the first trimester the liver and
spleen are the main sites of hematopoiesis and the liver of erythropoiesis in
the fetus (Huch & Huch, 1994).
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3.4.3.iv Lungs

The heavier lungs and slightly greater rate of lung growth seen in AN (Fig.
3.6) may have been related to the rate of body growth in these rats. As has
already been discussed, AN grew at a faster rate than C. This may be of
relevance so far as lung size and growth go, as it has been observed in the
human that rapidly growing infants expend energy at a higher rate and also
have a higher resting heart rate and respiratory rate than their normally
growing counterparts (Schulze et al., 1993). An elevated respiratory rate may
promote lung growth and may have been the cause of the larger lungs seen in
AN at P40. I did not measure respiratory rate in this study.

344 The relationship between placental weight and birth
weight

The placental barrier plays a major part in determining the transfer of various
substances from the maternal circulation to that of the fetus and vice versa.
This being so, it is obvious that growth and development of the placenta have
important consequences for fetal growth and development. In this study I
measured placental weight and fetal body weight to get an indication of
growth in each. I observed a lower fetal body weight (Fig. 3.4), and a lower
placental weight and placental:body weight ratio (Fig. 3.3) in AN compared
to C. This may not seem unexpected at first as it is generally observed in
normal healthy pregnancies that there is a positive correlation between fetal
and placental size (Calkins, 1937). However, contrary to my findings,
maternal anaemia during pregnancy is strongly associated with placental
hypertrophy and a greater placental:birth weight ratio than in normal
pregnancies (Beischer et al., 1970). So, we must ask why in this case AN
had a lower placental:body weight ratio than C. However, first [ would like to
discuss briefly how useful or valid a measure placental weight is, in terms of
whether it is a reasonable indicator of placental dysfunction.

Certain pathological conditions during pregnancy are associated with either
placental overgrowth (maternal and fetal anaemia, congenital syphilis,
maternal diabetes) or undergrowth (underweight mothers, low pregnancy
weight gain, maternal hypertension), and associations have been made
between placental undergrowth and reduced neonatal growth (Naeye, 1987).
More recently Barker et al. (1990) have shown that babies who are small at
birth and have a large placenta, i.e. a high placental:birth weight ratio, are
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predisposed to developing hypertension in later life. Despite these
connections there seems to be a degree of uncertainty as to the significance of
placental weight as a measure of neonatal outcome. In the clinical setting most
anxiety surrounding the recording of placental weight seems to centre around
the accuracy of measurement, though our lack of understanding of the
relationship between placental and fetal growth also adds to the uncertainty
(Newton, 1993). Does the placenta control the size of the baby or does the
baby control the size of the placenta? Our present understanding of the
interaction that takes place between the two would suggest that there is no
clear cut answer, but rather there is a complex interrelationship between the
two. Endocrine factors, cytokines and various growth factors interact in
precisely timed ways to regulate pregnancy, and placental and fetal growth
and development (Robinson et al., 1995). However, in situations where there
are alterations in the maternal nutritional or hormonal environment, the
balance between fetus and placenta is perturbed, which affects the growth of
both (Robinson et al., 1994). In fact, over 35 years ago it was shown that
abnormally small or large placentae are associated with adverse perinatal
outcome (Little, 1960). On balance then, placental weight is a quantity that is

worth considering in relation to fetal and neonatal growth and development.

Clearly in this study the growth of AN fetuses was impaired (Fig. 3.4). This
may have been a direct result of anaemic hypoxia since it has been shown in
the fetal lamb that chronic hypoxaemia reduces growth (Gagnon et al., 1995;
Kamitomo et al., 1994; Mostello et al., 1991; Block et al., 1989; Jacobs et
al., 1988; Owens et al., 1987). Similarly, in the fetal rat, growth was
impaired in response to increased maternal oxygen affinity (Hebbel et al,
1980). However, contrary to my findings, Hebbel et al. (1980) found an
increase in placental:body weight ratio, as did Godfrey et al. (1991) in
anaemic women. Whilst this increase in the ratio is partly due to reduced fetal
growth, there would also appear to be a contribution from enhanced placental
growth, which may be in response to hypoxia. The finding that the placenta is
larger in women who live at high altitude (Kriiger & Arias-Stella, 1970) and
the observation of Alexander (1964) that surgical reduction in the number of
caruncles resulted in a compensation during pregnancy by an increase in
individual cotyledon weight, supports the idea of there being enhanced
placental growth in response to hypoxia. However, Jackson et al., (1987)
found that placental weight was unchanged in Amerindian women living at
altitude in Bolivia, although placental to birth weight ratio was increased
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because of the reduced birth weight of babies born at altitude. Although they
were not significantly different in weight, Jackson et al. (1987) found that the
histological composition of highland placentae was significantly altered and
oxygen transfer was enhanced by movement of the fetal capillaries to the
periphery of the villi. Similarly, Reshetnikova et al. (1993) found that the
villous membrane was thinner in the terminal villi of human placentae from
altitude, and that there was an increased density of capillaries which seemed
to be vasodilated. Following long-term exposure of guinea pigs to hypoxia,
placentae are found to have an increased number of capillaries of reduced
diameter which display increased branching and coiling, and a reduced
trophoblast thickness which improves placental diffusing capacity and oxygen
transfer (Scheffen et al., 1990). These studies demonstrate that the placenta
can adapt so as to increase diffusion capacity when exposed to hypoxia. No
histology was carried out on the placentae from the rats in my study, but it
seems likely that the placentae from AN animals would have shown structural
differences from C, as well as being lighter. Several studies in both sheep
(Alexander, 1964; Everitt, 1964; Harding et al., 1985; Owens et al., 1987)
and humans (Naeye, 1987) show an association between reduced placental
growth and reduced fetal growth. It is therefore likely that in this study also
the small placentae of AN were linked with the reduction in fetal growth. The
question of cause and effect, however, is one that my study is not able to
address.

3.5 CONCLUSION

The results of the study described in this chapter show that the pronounced
postnatal rise in SBP associated with maternal anaemia during pregnancy has
its origins in utero and, and as such, this work adds support to the
epidemiological findings of Barker et al. (1989). But, I did not find the
elevated SBP of AN rats to be associated with a greater placental:body weight
ratio; instead there was a decrease in placental weight. I did, however, find
that there is an association between the rate of growth and blood pressure.
Growth during fetal life appeared to be slower, judging by the fact that AN
fetuses were lighter than C, and SBP was lower; and postnatally,
hypertension developed in AN pups which showed an greater rate of growth
than C.
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The results of this study highlight several areas of work that need to be
pursued. The possible mechanisms for the observed changes in blood
pressure development as a result of maternal anaemia during pregnancy have
been discussed, but cardiac output and peripheral vascular resistance need to
be measured in the anaemic rat in order to confirm the mechanisms proposed
above. Measurement of fetal blood pressure in this study would have
provided us with valuable information, so it is clear that a study of
development during fetal life. after birth and into adulthood needs to be done.
The cogency of placental size as a marker of blood pressure development
remains unclear, so an in depth study of the placenta e.g. histology, analysis
of various enzymes, hormones and growth factors, would give us a clearer
idea as to the importance of the placenta in blood pressure development.
Lastly, the mechanisms linking growth, both pre-natally and post-natally, and
blood pressure development are far from clear and further work is required if
we are to understand the interaction between the two.

There is an important point that arises from the finding that hypertension was
preceded by a low SBP before weaning in anaemic pups. This is that it is
necessary to follow the development of individuals right through to maturity
in this type of longitudinal study, where one wishes to study the effect of
development during fetal and neonatal life on adult health. Retrospectively
this is perhaps obvious, owing to the enormous physiological changes that
take place in early life. We must be cautious if seeking to extrapolate from the
infant to the adult.
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Figure 3.11. Diagram summarising the possible mechanisms involved

in the development of hypertension as a result of maternal anaemia

during pregnancy.
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41 INTRODUCTION

The results described in Chapter 3 suggest that hypoxaemia during life in

utero may play a major role in the development of hypertension in later life.

The fetal cardiovascular hemodynamic (Thornburg & Morton, 1993) and
reflex (Giussani et al., 1994) responses to a single acute hypoxaemic
challenge in late gestation are now well established (discussed at length in
Chapter 1, section 1.7.2.ii). In response to chronic hypoxaemia (in the
absence of acidaemia) for up to 24 hours it has been demonstrated that there is
a return of heart rate and blood pressure to normoxaemic levels, despite PaO,
levels remaining low (Bocking et al., 1992; Fujimora et al., 1994) (discussed
more fully later on in this chapter, section 4.4.1). The mechanisms
responsible for this adaptation are as yet unknown. Investigations into the
development of heart rate and blood pressure in response to longer periods of
hypoxaemia (weeks) have so far yielded little further insight into the
mechanisms involved, as the results obtained vary from investigator to
investigator (discussed more fully later in this chapter, section 4.4.1). Whilst
there is a growing literature on the effects of chronic hypoxaemia on the fetus,
and there are a number of studies investigating the acute effects of repeated
hypoxaemic/asphyxic insults (lasting seconds or minutes in duration) (Jensen
etal., 1985 & 1987; Giussani et al., 1996a & c), there is, to my knowledge,
no published information regarding the effects of repeated acute hypoxaemia
on the development of the fetus, an insult that could perhaps be regarded as

lying somewhere between acute and chronic hypoxaemia.

A physiological event that may be viewed as repeated acute hypoxia is the
occurrence of contractures. There is little uterine activity during pregnancy,
except for the last 6-18 hours before parturition. However, it is now well
established that there are spontaneously occurring uterine contractions,
known as ‘contractures', that occur throughout pregnancy. These
contractures are of low amplitude (causing only 3-10 mmHg changes in
amniotic pressure) and low frequency (0.5-3/hour) with a duration of 3-15
minutes. Thus, they have a much longer duration and lower amplitude than
the high-frequency, high-amplitude and relatively short duration
‘contractions’ that are associated with labour (Jenkin & Nathanielsz, 1994).
Contractures are linked with a modest increase in intra-amniotic pressure,

decreased uterine blood flow, decreased fetal PaO, and Ca0», and an increase
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in PaCO,, haemoglobin concentration and arterial blood pressure (Llanos et
al., 1988). More recently, measurements taken over a 6-hour period have
shown that the changes in blood gases that occur with uterine contractures are
quite considerable, with variations from 2.5-5.5% in PaO; and 3.6-7.0% in
Sa0, (Woudstra et al., 1995). It is not known how much these physiological
changes in blood gases affect the fetus. Sleep apnoea in adult humans is a
syndrome that also results in repeated reductions in PaO;, and it is associated
with primary hypertension (Tilkian et al., 1976; Kales et al., 1984; Fletcher,
1995). Sleep apnoea has also been observed in pregnant women (Kowall et
al., 1989; Schoenfeld et al., 1989; Sherer et al., 1991), although how
commonly it occurs during pregnancy is unknown. Schoenfeld et al. (1989)
reported acid-base changes in the fetus during maternal apnoeic episodes,
which they suggested were due to compromised fetal oxygen delivery. They
suggested that sleep apnoea during pregnancy may affect fetal growth and
well-being. It is possible therefore that repeated acute hypoxaemia in the fetus
may result in an increase in blood pressure and reduced fetal growth.

Bearing this in mind and in view of growing interest concerning the
implications of intrauterine events for disease in later life, it was my
hypothesis that repeated acute hypoxaemia would cause resetting of the
peripheral chemoreceptors, resulting in a chronic increase in sympathetic tone
and thus vascular resistance, which would in turn cause the baroreceptors to
reset to higher blood pressure levels resulting in chronic hypertension (Fig.
4.1).
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Figure 4.1. Diagram illustrating my hypothesis as to how repeated
acute hypoxaemia may result in fetal hypertension.

The work described in the previous chapter was able to show that intrauterine
events do impact upon future cardiovascular development. However that
study was not able to address the possible mechanisms involved in the
development of blood pressure in utero, primarily because the rat is not a
suitable model in which to do so. The need for further investigation of fetal

cardiovascular development was thus highlighted.

So, the aim of the project described in this chapter was to investigate the
effect of a repeated acute hypoxic insult on the cardiovascular development
and growth of the fetus.

4.2 EXPERIMENTAL DESIGN

4.21 Protocol

The ewes used in this experiment were Mules (see section 2.3.1).

193



Chapter 4 REPEATED ACUTE HYPOXAEMIA

14 fetuses between 105 and 109 days gestation were instrumented, as
described in Chapter 2 (section 2.3.4), with carotid artery, jugular vein and
amniotic catheters, an ECG electrode and a Transonic flow probe around the
femoral artery.

Experiments began after the 5-day recovery period. For 14 days, 7 fetuses
were subjected to a daily 1 hour episode of acute isocapnic hypoxaemia (as
described in section 2.3.8.1) (Hypoxia group, H) and 7 control (C) fetuses
were studied for 3 hours in normoxia. Blood samples were taken at intervals
during each 3 hour experiment for blood gas, glucose and lactate analysis (see
section 2.3.8.i, Fig. 2.9).

4.2.2 Post mortem

At the end of the study a basic post-mortem was carried out, where fetal body
and organ weights were recorded, as described in section 2.3.9.1.

4.2.3 Problems

Unfortunately, there were 3 fetuses (2 H and 1 C) for which it was not
possible to collect data for the whole of the 14-day monitoring period. In one
fetus (92-45) the vascular catheters became blocked on the 11th. experimental
day, so no arterial venous, or blood gas values could be obtained after that.
The second animal (94-14) had to be put down on the 12th. experimental day,
because the ewe went into labour and would have aborted otherwise. In the
third fetus (92-43) the catheters pulled out on the 13th. experimental day, so
the fetus died. Owing to the fact that these experiments are extremely time-
consuming, and since not less than 10 days worth of data had been collected
for each of the animals that were lost, it was decided to include them in the
analysis.

There were also 7 animals in which the perivascular flow probe failed to
work. In 3 animals the flow probes did not work from the beginning of the
experiment (presumably due to poor placement). In 1 animal the ewe bit
through the cable on the fourth experimental day. In the other 3 fetuses, the
vessel slipped out of the probe (determined at post-mortem).
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4.3 RESULTS

In all of the following figures the statistics relating to the symbols in the
figures are explained in the figure legend. Where analysis was by ANOVA or

summary measure, the statistical significance is stated in the text.

431 Mean arterial blood pressure (MAP) and heart rate
(FHR)

Absolute MAP and the increase in MAP were not significantly different
between C and H, with both groups showing a significant increase in MAP
between 115 and 128 d GA (Fig. 4.2). Although SBP and DBP tended to
increase in both groups, the increase was not significant over the 14 days,
and nor was there a significant difference in absolute values between groups.
There was, however, a significant difference in the slightly elevated SBP (P
< 0.05) and DBP (P < 0.05) trajectory of H compared to C (Fig. 4.2). FHR
decreased significantly between 115 and 128 d GA in both C and H fetuses
(Fig. 4.2). Absolute FHR values and the decrease in FHR over the study
period were the same in the two groups (Fig. 4.1). The rate-pressure product,
likewise, was not significantly different between C and H, and it did not
change significantly in either group with increasing gestational age (Fig. 4.2).
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Figure 4.2. Development of MAP, SBP and DBP, FHR, and rate-
pressure product in C (o/0) and H (®/m) fetuses. P < 0.05, 1t P < 0.01,
115 d GA vs. 128 d GA. Values are mean * S.E.M.
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4.3.2. Chemoreflex

The cardiovascular chemoreflex was assessed in H fetuses by looking at the
responses to hypoxaemia of heart rate, femoral blood flow and femoral
vascular resistance, 5 minutes after onset; and the blood pressure response 15
minutes after onset. None of the 4 parameters showed a significant change
from the beginning to the end of the study (Fig. 4.3). The changes in MAP
and FHR were quite variable from day to day. It looked as though there was
an increase in the flow and resistance responses from 114 d GA to 128 d GA,
but there were only 3 animals in which measurements were obtained, so
statistical significance was not reached. Thus, there was no significant change

in the reflex with increasing gestational age.
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Figure 4.3. The developmental change in the bradycardic (5 min),
hypertensive (15 min), femoral flow (5 min) (n=3) and femoral vascular

resistance (5 min) (n=3) responses to hypoxaemia in H fetuses. Values
are mean * S.E.M.
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4.3.3 Baroreflex

Going on to look at the baroreflex, there was a significant (P < 0.01) shift of
the curve to the right between 115 d and 128 d GA in both C and H fetuses
(Fig. 4.4), suggesting that the baroreceptors had reset by 128 days gestation
in both groups. This is not surprising in view of the increase in MAP (Fig.
4.2) that occurred over this period.
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Figure 4.4. Baroreflex curves for C (n = 6) and H (n = 5) fetuses at 115
d GA (A) and 128 d GA (A). Values are mean + S.EM.
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The slope of the barorefiex curve was not significantly different between 115
and 128 d GA within either group, or indeed between groups. But, there was
a tendency for the slope to decrease in both C {P = 0.2) and H (P = 0.2)
between 115 and 128 days gestation (Fig. 4.5).
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g 0.06

<
CL
< 0.04
0)
o 0.02
@

0.00-L-
Control Hypoxia

Figure 4.5. Slope of the steep part of the barorefiex curve in C (n=¢)

and H (n=5) fetuses at 115 d GA (m) and 128 d GA (0). Values are
mean *+ S.E.M.

434 Femoral blood flow and vascular resistance

Unfortunately, I did not obtain flow data for all 14 animals (see section
4.2.3). This was because the flow probes did not work after implantation in
some animals, primarily because the vessel slipped out of the probe. I
addressed this problem by changing to U-type rather than L-type reflectors
(see Fig. 2.6 for illustration of different reflector types).

Femoral flow increased significantly in C (n=4) but there was no significant
change in vascular resistance. In H (n=3), femoral flow seemed to increase
and vascular resistance to decrease, but neither increase nor decrease were
significant. Despite the increase of femoral flow in C, trajectory over the 14
days of the study was similar for both groups. The development of vascular

resistance was also similar (Fig. 4.6).
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Figure 4.6. Femoral flow and femoral vascular resistance in C (O)
(n=4) and H (W) (n=3) fetuses. T P < 0.05, 115 d GA vs. 128 d GA for C.
Values are mean + S.E.M

4.3.5 Fetal growth

Fetal growth was unaffected by repeated acute hypoxaemia, as can be seen
from body and organ measurements taken at post-mortem (Table 4.1). There
was no significant difference in CRL, body, heart, lung or liver weights,
though kidney weights in H were found to be significantly smaller than in C.
However, when expressed as a percentage of body weight, no difference in
organ size was found between the two groups (Table 4.1).
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GA for both groups was the same and they were evenly distributed in terms
of sex and plurality.

CONTROL HYPOXIC
GA (days) 128t 1 128 £ 1
Sex 4M, 3F 4M,3F
Twin/Singleton 3T, 4S 3T, 4S
CRL (cm) 443+ 1.4 485+ 14
Body weight (g) 3345 £ 536 3964 + 251
Heart weight (g) 254+ 2.6 33.2+27
Lung weight (g) 100.3 £ 14.5 1202 £ 7.5
Liver weight (g) 1222 £ 17.1 105.1 £ 8.1
Kidney weight (g) 13.8 £0.5 11.8+0.6 *
Heart % BW 0.71 £ 0.05 0.83 £ 0.04
Lung % BW 271 £0.18 3.05 £ 0.10
Liver % BW _ 3.40 £ 0.30 . 266t0.14
Kidney % BW 0.43 + 0.06 0.31 £0.02

Table 4.1. Gestational age (GA), number of male (M), female (F), twin
(T) and singleton (S) fetuses; actual body, heart, lung, liver and kidney
weights, and heart, lung, liver and kidney weights as a percentage of
body weight (BW), in C and H fetuses. * P < 0.05, C vs. H. Values are
mean * S.E.M

4.3.6 pH, PaCO; and PaO,

Figure 4.7 (left-hand side) shows the trend in mean basal values of pH,
PaCO; and PaO; over the 14 days of the study. There was no significant
increase or decrease over time in any of theses variables. The trends in PaCO,
and pH over the 2 weeks were similar for C and H. PaO;, however,
followed a significantly (P < 0.001) higher trajectory in H animals compared
to C.

202




Chapter 4 REPEATED ACUTE HYPOXAEMIA

I saw no increase or decrease in basal pH, PaCO; or PaO, over time, as
described above, I therefore expressed them as a single mean value (summary
measure) for the whole of the 14 days. In so doing I found that PaCO; and
pH were the same for both groups and PaO; was significantly higher in H
than in C (Fig. 4.7 - right-hand side).
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Figure 4.7. pH, PaCO; and PaQ; values over the 2-week study period
in C (O) and H (W) fetuses (left-hand side), and the mean values for the
whole 14 days in each group (right-hand side). *** P < 0.001, C vs. H.
Values are mean + S.EM.
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4.3.7 Haematocrit and haemoglobin

Haematocrit and haemoglobin values decreased significantly in H fetuses over
the 14 days of the study, and haematocrit values followed a significantly (P <
0.005) lower trajectory throughout than in C (Fig. 4.8). Therz was a
tendency for haematocrit and haemoglobin to decrease in C, but the decrease
was not significant. Despite the significant decrease of haemoglobin levels in
H, the trajectory was not significantly different to that of C.
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Figure 4.8. Haematocrit and haemoglobin values in C (O) and H (H)
fetuses. T P < 0.05, Day 1 vs. Day 14 for H. Values are mean * S.E.M.

4.3.8 Glucose and lactate

Glucose levels were somewhat variable but there was no significant
difference in absolute values between groups, and neither was there any
significant change in glucose levels from the beginning to the end of the study
in either C or H fetuses. Lactate levels looked as though they may have
increased between 114 d and 128 d GA, but the increase was not significant
for either group. Lactate values in H fetuses did, however, follow a

significantly (P < 0.001) higher trajectory than in C over the 14 days (Fig.
4.9)
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Figure 4.9. Blood glucose and lactate levels in C (O0) and H (W) fetuses.
Values are mean *+ S.E.M.

4.3.9 Cations

The concentrations in blood of Na+» K+ and Ca**+ were similar in C and H
and did not change significantly over the 2-week study period. The trajectory
for each was not significantly different between groups either (Fig. 4.10).
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Figure 4.10. Na*, K+ and Ca** concentrations in the blood of C (O)
and H (W) fetuses. Values are mean * S.E.M.

4.4 DISCUSSION

The purpose of this study was to investigate the effects of repeated acute
hypoxaemia on fetal cardiovascular development. I have found that repeated
acute hypoxaemia of this degree and for a duration of 14 days does not have a
significant affect on MAP, FHR, and chemo- and baroreflex development.
Furthermore, fetal growth, other than the kidney, is not affected.
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441 Hypoxaemia, MAP and FHR

There was a progressive increase in MAP and decrease in FHR over the
period of the study (Fig. 4.2), as has previously been observed in the late
gestation fetal sheep (Boddy et al., 1974; Kitanaka et al., 1989; Daniel et al.,
1989; Mostello et al., 1991; Kamitomo et al., 1994; Gagnon et al., 1994;
Murotsuki et al., 1996). The gestational changes of MAP and FHR were the
same in both C and H (Fig. 4.2), suggesting that repeated acute hypoxaemia
of the degree and duration (14 days) employed in this study does not affect
cardiovascular development. However, both SBP and DBP followed a
significantly higher trajectory in H than in C, SBP showing a tendency to
increase (Fig. 4.2). This may reflect increasing contractility in H fetuses,
caused by increased sympathetic tone due to repeated chemoreceptor
activation (see section 4.4.3.i later on in this chapter) in response to the
repeated hypoxaemia. If this were the case, however, one would expect to see
an increase in vascular resistance also. There was no difference between
groups in the development of femoral flow, which tended to increase, and
femoral vascular resistance, which tended to decrease (Fig. 4.6). The
tendency for femoral flow to increase was most probably due to the
increasing size of the fetuses. Seeing as femoral vascular resistance decreased
with increasing gestational age, the increase in MAP must have been due to
increased CVO and/or a rise in vascular resistance in beds other than the
femoral, for both C and H.

Adult studies

No previous investigators have looked at the effects of repeated acute
hypoxaemia on the development of blood pressure in the fetus, but there are
studies in the adult rat. Young male rats, intact and carotid body denervated,
were housed in chambers, in which the gas concentrations could be
manipulated, and they were exposed to episodic hypoxia over 35 days every
30 seconds for 7 hours/day (Fletcher et al., 1992). This pattern of episodic
hypoxia was set up to mimic that seen during obstructive sleep apnoea in
humans. It was found that repeated hypoxia caused an increase in MAP over
the 35 days and that the increase in pressure was chemoreflexly mediated.
Further experiments indicate that peripheral sympathetic nerves play arole in
the chronic increase of pressure in response to acute episodic hypoxia
(Fletcher, 1995). But the role of adrenal hormones in the chronic elevation of
blood pressure in response to acute recurrent hypoxia, and therefore repeated
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acute recurrent increased sympathetic output, remains to be elucidated
(Fletcher et al., 1995). Thus it remains unclear as to the mechanisms whereby
acute increases in blood pressure are translated into a chronic increase. What
is clear, however, is that the rise in blood pressure is gradual, as it was found
that rats exposed to less than 30 days episodic hypoxia showed no significant
increase in MAP (Fletcher et al., 1992). So, coming back to the fetuses in my
study, would a prolongation of the protocol have resulted in an effect on
blood pressure?

Length of exposure

Perhaps repeated acute hypoxaemia for longer than 14 days would have
resulted in hypertension, such as has been observed in the study of Murotsuki
et al. (1996) where they performed repetitive placental embolization for 21
days. The decrease in PaO, for 1 hour daily that I imposed on H fetuses is
not dissimilar to the changes in PaO, and CaO, which are seen in fetuses
where fetal placental embolization is carried out on a daily basis (Gagnon et
al., 1994; Gagnon et al., 1995; Murotsuki et al., 1995; Murotsuki et al.,
1996a; Murotsuki et al., 1996b). In those studies fetuses were injected daily
over a period of 10-21 days with non-radioactive microspheres through the
descending aorta, so as to decrease fetal arterial oxygen content by 30-35% of
the pre-embolization value. Each day when the microspheres were injected,
Ca0; decreased, as was desired, but then there was a partial recovery in fetal
oxygenation. Repeated embolization is not directly comparable to my repeated
acute hypoxaemia challenge, however, because there is a gradual decrease in
basal (pre-embolization) oxygenation levels from the beginning of the study
to the end. Whereas, basal PaO; values in my H fetuses, although not higher
in absolute terms, tracked at a higher level and when expressed as a single
mean for the whole 2-week period, were higher compared to C (Fig. 4.7). In
seeking to make comparisons between repetitive placental embolization and
my repeated acute hypoxia challenge, we must also remember that
embolization results in an increase in umbilical-placental resistance, seen as an
increase in the umbilical artery resistance index (Gagnon et al., 1994,
Murotsuki et al, 1996), but in contrast, hypoxaemia for up to an hour in late
gestation results in an increase in placental blood flow (Bocking et al., 1988;
Rurak et al., 1990). Nonetheless, Gagnon et al. (1994) found that the
maturational changes in MAP and FHR in their fetuses were not affected by
repeated acute embolization over a period of only 10 days. Similarly,
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Trudinger et al. (1987), Block et al. (1989 & 1990) and Carter et al. (1996)
found that MAP and FHR in their fetuses were unaffected by repetitive
embolization for a period of either 8 (Carter et al., 1996) or 9 (Trudinger et
al., 1987; Block et al., 1989 & 1990) days in late gestation. Murotsuki et al.,
(1996a) have found, however, that when embolization is carried out for
longer, for a period of 21 days, MAP is significantly elevated by the end of
the study and FHR is similar to controls. Taking the evidence so far it seems
that the processes leading to alterations in the maturation of MAP and FHR in
response to hypoxaemia evolve over a period of more than 14 days.

Severity

This may be because different causes of hypoxaemia produce varying
severities of hypoxaemia in the fetus (Table 4.2). However, we can see that
similar degrees of hypoxaemia do not necessarily have similar effects on
MAP and FHR, e.g. reduced maternal plasma volume and reduced maternal
FiO, both reduced fetal PaO, to about 17 mmHg, which resulted in increased
MAP and decreased FHR, and decreased FHR without change in MAP,
respectively.

Methods of inducing hypoxaemia

It may be that the method whereby hypoxaemia is produced is also an
important factor in determining cardiovascular adaptation and outcome. As I
have already mentioned, placental embolization produces an increase in
placental resistance, which is contrary to the decrease in placental resistance
that occurs in response to hypoxaemia. There have been a number of studies
investigating the effects of chronic hypoxaemia, using methods other than
repeated embolization, on aspects of fetal development including effects on
MAP and FHR. Davis & Hohimer (1991) made late gestation fetal sheep
hypoxaemic as a result of fetal anaemia, which was induced by daily
haemorrhage of 60-100 ml for 7 days. They found that anaemic fetuses
developed higher FHR and lower MAP than controls. It may be important to
remember that anaemia may also be accompanied by a decrease in blood
viscosity which would affect vascular resistance and hence blood pressure
(the effects of altered viscosity are discussed in some detail in section
3.4.1.i). Fetal sheep made hypoxaemic for 14 days, as a consequence of
reduced maternal FiO,, developed a lower FHR than controls by the end of
the study, but MAP was not significantly different (Kamitomo et al., 1994).
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They also showed a drop in PaCO, from day 3 onwards, although there was
no change in pH. Daniel et al. (1989) induced fetal hypoxaemia for 30 days
(between about 111 and 141 days gestation) in fetal sheep by preventing the
normal expansion of maternal blood volume (20 ml/day) that occurs during
pregnancy. They found that hypoxaemic fetuses failed to show the gestational
increase in blood pressure but that the decrease in FHR was smaller than that
seen in control fetuses. So by the end of their study, hypoxaemic fetuses had
a lower systolic blood pressure and higher FHR than control animals. Fetal
hypoxaemia for 30 days secondary to chronic maternal anaemia, which was
produced by repetitive exchange transfusions such that maternal haematocrit
was reduced to 12%, did not affect the developmental decrease of FHR but
caused less of an increase in MAP, so hypoxaemic fetuses had a lower MAP
than controls by the end of the study (Mostello et al., 1991). It is possible that
there may be placental adaptations to maternal anaemia, such as a decrease in
resistance, that could contribute to the decreased MAP observed by Mostello
et al. (1991) in their fetuses. Fetal guinea pigs developed both a lower MAP
and FHR by 60-64 days gestation after hypoxaemia for 30 days as a result of
uterine artery ligation (Detmer et al., 1991). High altitude hypoxaemia for 90
days (30-120 days gestation) has been shown to cause elevated MAP but no
change of FHR in late gestation fetal sheep (Kamitomo et al., 1992). It may
be important to note that in the study of Kamitomo et al. (1992) the sheep
were studied after they had been transported back down to sea-level, and
hypoxaemia was maintained by the administration of nitrogen through a
maternal tracheal catheter. High altitude is also associated with placental
hypertrophy (Kriiger & Arias-Stella, 1970) which it has been suggested is the
result of structural changes in terms of vascular density and trophoblast
volume (Mayhew, 1991). Sheep fetuses that were hypoxaemic for an even
longer period, as a result of carunclectomy, had lower blood pressures and
higher heart rate than controls (Robinson et al., 1983). These effects of
chronic hypoxaemia on MAP and FHR are summarised in Table 4.2. Clearly
the fetus does not have to be subjected to hypoxaemia for more than 14 days
in order for FHR and MAP to be affected, but the method of induction, is
also an important factor influencing cardiovascular adaptation and function.

Gestational age

Gestational age at exposure is probably also an important factor. It is known
that the cardiovascular responses of the fetal sheep to hypoxaemia before
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about 110 d GA (Iwamoto et al., 1989) are different from those of the fetal
sheep at more than 110 d GA (Iwamoto et al., 1989) (cardiovascular
responses to hypoxaemia are described more fully in section 1.12). This is in
support of the idea first put forward by Widdowson & McCance (1975) of
there being ‘critical periods' during development (discussed in section
1.7.2.1).

Are there any common denominators?

Table 4.2, below, summarises the relationships and complexities discussed
above surrounding the cardiovascular responses to chronic hypoxaemia.

Method Duration GA Pa02 FHR MAP Hct Body
(days) (days) (mmHg) weight
Fetal anaemia @ 7 124-131 14.8 T l d =
Embolization P 8-10  120-134 17-199 & o o el
Reduced FiO, © 14 124-138 17.1 l = T d
Embolization 4 21 109-129  16.5 o T = l
Matemnal anaemia © 30 110-138 22 = l T l
Sﬁ:ﬁg}ﬁﬁ?ﬂ f 30 115145 17 0 l T e
High altitude 8 90 30-120 193 o T T o
Carunclectomy P 140 0-140 16.4 T d T d

Table 4.2. Various methods by which chronic hypoxaemia has been
produced in the fetal sheep, showing the PaO; levels attained and the
effect on MAP, FHR, haematocrit and fetal growth.

Data derived from 2Davis & Hohimer, 1991; ® Trudinger et al., 1987;
Block et al., 1989; Gagnon et al., 1994; Carter et al., 1996; < Kamitomo et
al., 1994; d Murotsuki et al., 1996a; ¢ Mostello et al., 1991; { Daniel et al.,
1989; 8 Kamitomo et al., 1992; h Robinson et al., 1983.
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It is apparent that there are a number of factors acting together in the
determination of fetal cardiovascular development. Perhaps by looking at
blood pressure and heart rate responses individually, a pattern will emerge,
and the influences which are important in determining the pattern of

cardiovascular development will become clearer.

Let us concentrate just on MAP. We find that embolization for 8-10 days and
reduced maternal FiO, for 14 days does not affect the development of MAP.
However, if embolization is extended for 21 days, there is an increase in
MAP. Similarly, as a consequence of high-altitude hypoxaemia for 90 days
MATP is increased. Conversely, severe fetal anaemia, maternal anaemia and
reduced maternal plasma volume all cause fetal MAP to be reduced compared

to controls.

Now if we look at the heart rate responses, we can see that embolization,
regardless of duration, does not affect the development of FHR. FHR
development was also unaffected by maternal anaemia (which did not result in
fetal anaemia) and high altitude hypoxaemia. On the other hand, a reduction in
maternal plasma volume, carunclectomy and fetal anaemia all resulted in
increased FHR compared to controls, whereas reduced maternal FiO, resulted
in decreased FHR.

However, those fetuses in which both MAP and FHR were unaffected also
showed no change in haemoglobin concentrations or body weights compared
to control animals (Trudinger et al., 1987; Gagnon et al., 1994; Carter et al.,
1996). This suggests an interaction between oxygen carrying capacity
(haemoglobin), growth and cardiovascular development. When either oxygen
carrying capacity and/or growth are changed, cardiovascular development is
affected. In my study of repeated acute hypoxaemia, growth (Table 4.1) was
not affected and, although haemoglobin concentration decreased over the 14
days, values were not significantly different between C and H fetuses (Fig.
4.8), so it is perhaps not surprising that neither MAP nor FHR (Fig. 4.2)
development were perturbed.

4.4.2 Growth, MAP and FHR

Growth pattern

Studies in the fetal sheep (Bocking et al., 1986; Bocking et al., 1992;
Matsuda et al., 1992; Matsuda et al., 1994) and fetal goat (Fujimora et al.,
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1994), examining the effects of sustained (8-24 hours) hypoxaemia on
various endocrine, cardiovascular and behavioural responses, show that, in
the absence of acidaemia, all cardiovascular and behavioural variables return
to their baseline values by 24 hours of hypoxaemia. Hormone levels, except
norepinephrine which remains slightly elevated (Fujimora et al., 1994), also
return to pre-hypoxia levels. However, it is known that more persistent
hypoxaemia (for a matter of days or longer) produces redistribution of CVO
(Block et al., 1984; Bernstein et al., 1988; Kamitomo et al., 1993; Iwamoto,
1993; Jensen & Berger, 1993) which results in asymmetrical growth patterns
(Block et al., 1984; Lafeber et al., 1984; Harding et al., 1985; Jacobs et al.,
1988a; Bernstein et al., 1988; Kamitomo et al., 1993; Lueder et al., 1995). In
my fetuses that were exposed to repeated acute hypoxaemia, growth was not
affected (Table 4.1), at least in terms of body weight and organ weights as a
percentage of body weight, similar to the findings of Trudinger et al. (1987)
and Gagnon et al. (1994) in their embolization studies.

Kidney and heart

It may be significant, however, that the absolute kidney weights were
significantly smaller in H than C fetuses. In fact, looking at both the absolute
organ weights and organ weights as a percentage of body weight (Table 4.1),
it may be no coincidence that in H there was a tendency for heart weights to
be more and kidney weights to be less than in C. This follows the pattern of
blood flow distribution that is known to occur in response to hypoxaemia
(Block et al., 1984; Bernstein et al., 1988; Kamitomo et al., 1993; Iwamoto,
1993; Jensen & Berger, 1993) i.e. redistribution in favour of the brain, heart
and adrenals at the expense of the kidneys, lungs, gastro-intestinal tract and
periphery. Does this tendency suggest that there was a redistribution of blood
flow in response to repeated acute hypoxaemia? It is interesting that
asymmetrical IUGR in the human baby has been found to be associated with
a decrease in kidney weight and a reduction in nephron number (Hinchliffe et
al., 1992). In fact, babies that were of normal birthweight but died of SIDS
have also been found to have a reduced number of nephrons (Hinchliffe et
al., 1993). This suggests that renal development may be a more sensitive
marker of adverse uterine conditions than altered growth of the other organs
and total body weight. It raises the possibility that the reduced kidney weight
in PD fetuses was in response to the repeated acute hypoxaemia. Reduced
kidney size, if accompanied by a reduction in nephron number, may mean
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that there is reduced capacity for the kidney secretion of renin, which would
result in perturbation of the renin-angiotensin system and thus blood

pressure.
More sensitive markers of altered growth

A more sensitive method of measuring altered growth rates than just gross
weight, is to measure changes in cellular growth by assessing DNA synthesis
rate in tissues. Gagnon et al., (1995) showed in their chronically hypoxaemic
fetuses that, although fetal body and organ weights were not significantly
affected by 10 days of hypoxaemia, there was a decrease in DNA synthesis
rate in left ventricle and quadriceps muscle. We may speculate that DNA
synthesis rate was altered in my H fetuses and that a prolongation of the study
would have resulted in alterations in both growth and cardiovascular
variables, such as was observed when repeated embolization was continued
for 21 days (Murotsuki et al., 1996).

44.3 Cardiovascular reflexes

It is possible that had I induced a more severe hypoxaemia in my study, MAP
and FHR, as well as growth would have been affected. There are at present
no studies that have examined the effect of repeated severe hypoxaemia or
asphyxia over a period of days on fetal growth and development, however
there are studies on the effects of relatively short repeated acute hypoxaemic
or asphyxic insults repeated every few minutes.

4.4.3.i Chemoreflexes

Jensen et al. (1985 & 1987) investigated the effects of repeated fetal
asphyxia, by occlusion of the maternal abdominal aorta, on cardiovascular
variables. They exposed the fetuses to 11 asphyxic episodes within 33
minutes by occluding for 30, 60 or 90 seconds with recovery between each
occlusion of 150, 120 or 90 seconds, respectively. In response to each
asphyxic episode there was a fall in heart rate which increased when the
duration of the asphyxia was increased. The blood pressure response varied
with the number of asphxial episodes. They also showed that as the duration
of asphyxia increased, and as the mean SaO, decreased, there was an increase
in the plasma concentrations of adrenaline and noradrenaline (Jensen et al.,
1987). This suggests that a longer duration of asphyxia causes increased
sympathetic activation, which is mediated in part by the arterial
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chemoreceptors i.e. there was increased chemoreceptor activity. Similarly,
Mallard et al. (1995) found that 4 episodes of asphyxia of 5 minutes duration
repeated every 30 minutes caused bradycardia during each occlusion. Blood
pressure increased during the first occlusion, but during subsequent
occlusions progressively decreased, which they suggested to be indicative of
increasing sensitisation of the heart to further insults. This asphyxia is a much
more severe insult than that which my fetuses experienced as PaO, was
reduced to almost 0 mmHg, and was accompanied by acidaemia (pH may
decrease to below 7.0). Thus, it is difficult to make comparisons between
asphyxic and moderately hypoxic (such as in my study) insults. However,
there is the suggestion from the studies of Mallard et al. (1995) and Jensen et
al. (1987) that a greater severity of insult causes alterations in reflex control,
at least in the acute situation. Interestingly, in this regard, the human adult
shows a pressor response to hypoxia that is positively correlated with the
frequency and severity of sleep apnoeas per hour of sleep (Hedner et al.,
1992). Giussani et al. (1996) investigated the cardiovascular responses to
repeated, partial umbilical cord occlusions in the fetal sheep, producing only
mild reductions in PaO; (reduced from about 21 to about 16 mmHg). They
did 12 occlusions for a period of 5 minutes each every 15 minutes. In
response to each hypoxic episode there was little change in blood pressure, a
rapid and pronounced fall in heart rate, and a rapid but transient decrease in
femoral blood flow and increase in femoral vascular resistance. The effect of
such an insult as that imposed by Giussani et al. (1996) over a period of
several days or longer has not been studied, but it is interesting that they also
observed a diminution of heart rate and blood flow responses from the first to
the last occlusion. This indicated that there was a modification in the
magnitude and gain of the chemoreflex i.e. there was a blunting of the
response. Thus, it appears that, even in response to a repeated hypoxic insult
where the hypoxaemia induced is moderate rather than severe, the
chemoreceptors adapt.

However, in my study there was no significant attenuation or potentiation in
either the bradycardia, hypertension or vasoconstriction produced in response
to hypoxia over the course of the study, i.e. from first to last hypoxic insult
(Fig. 4.3). This shows that there was no alteration in the chemoreflex, as it
has been shown that the fall in heart rate (Baan et al., 1993) and the increase
in femoral vascular resistance, measured from the increase in femoral flow
(Dawes et al., 1968), are a useful method of investigating maturation of the
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fetal chemoreceptor response. It therefore appears that repeated acute
hypoxaemia did not cause resetting of the chemoreceptors. Bearing in mind
the findings in the acute situation described above, I wonder why there is no
alteration in the chemoreflex of H fetuses. Maybe it is not only the duration
and relative severity (Jensen et al., 1987; Hedner et al., 1992) but also the
frequency of hypoxaemic episodes that is important in determining adaptation
and resetting of the reflex response. It would be interesting to look at
individual fetal MAP trajectories in pregnancies where uterine contractures
had also been recorded, to see if the developmental increase in MAP

correlates with intensity, frequency or duration of contractures.

4.4.3.ii Baroreflex

As there was no difference between H and C fetuses in MAP and FHR, and
there was no change in the chemoreflex of H over time, I was not surprised to
find that the baroreflex was also not different between the two groups (Figs.
4.4. & 4.5). Both groups showed a similar shift of the baroreflex curve
upwards and to the right (Fig. 4.4), and there was no difference between
groups in the gain of the baroreflex either at 114 or 128 days gestation. (Fig.
4.5). Although not significant, there was a tendency for the gain of the reflex
to decrease in both groups from 114 to 128 days gestation, such as one
would expect at this period of development (Blanco et al., 1988).

44.4 Blood gases, haemoglobin, haematocrit, glucose,
lactate, and ion concentrations

The only significant differences in blood composition between C and H
fetuses were in PaO; (Fig. 4.9) and in the changing concentration of lactate
over time (Fig. 4.9). PaO; was higher in H than in C and lactate increased in
H but not in C. It is difficult to know why this should have occurred. Is it a
response to the repeated acute hypoxaemia? Does it reflect differences in
placental function between the 2 groups of sheep?

The higher PaO, of H fetuses may have represented a decrease in oxygen
consumption, which has been shown to occur in fetal sheep that have
decreased growth rates (Fowden & Silver, 1995). Certainly it suggests an
alteration in metabolism. Likewise, the somewhat elevated and increasing
lactate concentration in H may have been due to altered metabolism.
Alternatively, the placental clearance of lactate may have been decreased.
Lactate is produced by the fetus as a result of anaerobic glycolysis. As PaO,
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levels were higher in H than in C, this is an unlikely explanation for the
higher levels of lactate. The placenta provides enough lactate to account for
25% of fetal oxidative metabolism (Burd et al., 1975) and in situations of
inadequate glucose supply the amount of lactate produced may increase. But
again, this seems an unlikely explanation for the higher lactate levels in H, as
their glucose levels were not low. In response to acute hypoxaemia there is an
increase in lactate levels (Comline et al., 1965). It may be that the placenta
was unable to clear all the excess lactate from the fetal circulation after each
hypoxic insult. This could perhaps have occurred if repeated hypoxia affected

the specific lactate carrier system that has been suggested to exist (Fowden,
1994).

The fact that there was no difference between groups in any of the other blood
constituents measured - haemoglobin, haematocrit, glucose and ions - shows
that the repeated acute hypoxaemia did not cause there to be any change in
basal levels in the long-term.

4.5 CONCLUSION

The results of this study show that repeated acute hypoxaemia of a moderate
degree over a period of 2 weeks does not affect fetal MAP (despite the
suggestion that SBP may have increased slightly) or growth in the late
gestation fetal sheep, further emphasising the association of growth with
cardiovascular development. Clearly, the fetus is able to withstand an insult
such as that presented in this study. Thus, my original hypothesis that
repeated acute hypoxaemia would result in perturbations in the development
of cardiovascular reflexes and blood pressure is not confirmed.

It is possible that hypoxaemia of greater severity, or perhaps increased
frequency, would have produced changes in MAP and FHR, as would
perhaps a greater duration of exposure in terms of number of days. However,
whilst there seems to have been no effect of repeated acute hypoxaemia on
cardiovascular development, it may be that the feto-placental unit successfully
adapted to the insult, which may have resulted in alterations in placental
structure and function. Placental adaptation is suggested by the early
epidemiological findings of Barker et al. (1990), where they have found that
babies, within the normal range for birth weight but with large placentae, are
predisposed to hypertension in later life. The blood pressures of the babies at
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birth was not recorded, so it is impossible to say whether those people who
went on to develop cardiovascular disease in later life had significantly altered

blood pressures at birth.

The question that arises from the results of this study is, what factors may
determine the development of MAP in fetal life?
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5.1 INTRODUCTION

The findings of Barker et al. (1990) and the work described in the previous
two chapters of this thesis suggest that the intrauterine environment is
important in determining fetal growth and cardiovascular development.
Decreased fetal growth is associated with the development of hypertension in
adult life (Barker er al., 1990; Campbell et al., 1996; Forrester et al., 1996;
1996; Leon et al., 1996; Taittonen et al., 1996; Zureik et al., 1996; Chapter 3)
and has been found to be related to a variety of maternal influences: height,
weight (Barker, 1994), haematological status (Beischer et al., 1970; Godfrey
etal., 1991 & 1994), smoking (Callan & Witter, 1990), nutrition (Stein &
Susser, 1975a & b; Mellor & Matheson, 1979; Mellor & Murray, 1981;
DeBarro et al., 1992; Godfrey et al., 1994; Harding & Johnston, 1995; Bauer
et al., 1995; Barker, 1996), to mention just a few. It is possible that these
maternal influences result in hypoxaemia and hypercapnia, high lactate levels,
acidosis, hypoglycaemia and disturbed plasma amino acid profiles, such as
have been observed in both human (Economides et al., 1989; Montemagno &
Soothill, 1995) and ovine (Robinson et al., 1983) IUGR fetuses. However,
the pathophysiology of IUGR is still poorly understood and the factors
involved in the development of blood pressure remain to be elucidated.

The results of the previous chapter show that moderate repeated acute
isocapnic hypoxaemia does not affect the development of MAP or FHR, or
have an impact on growth in the late gestation fetal sheep. Thus, taking those
findings into account and bearing in mind the evidence from other studies, the
question arises as to what are the determinants of fetal blood pressure
development. It was therefore the purpose of the work described in this
chapter to examine the data obtained more closely, with particular reference to
fetal cardiovascular development and growth.

5.2 EXPERIMENTAL DESIGN

14 fetuses aged 105-109 days gestation were instrumented with carotid
artery, jugular vein and amniotic catheters, an ECG electrode and a Transonic
flow probe around the femoral artery (see section 2.3.4).

As described in section 4.2, after the 5-day recovery period, fetuses were
studied each day for 14 days and were subjected to either a daily episode of
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acute isocapnic hypoxaemia (n=7) or recordings were made for 3 hours daily
in normoxia (n=7). Blood samples were taken at intervals during each 3 hour
experiment for blood gas, glucose and lactate analysis (see Fig. 2.9, section
2.3.8.1).

Prior to experimentation on the first day (114 d GA) and the last day (128 d
GA), the baroreflex was assessed in each fetus as described in section
2.3.8.iii. After baroreflex assessment, fetal blood pressure, heart rate and
blood flow measurements were allowed to return to basal values before the
experiment (3 hours isocapnic hypoxia or 3 hours normoxia) began.
Pressures, heart rate, femoral blood flow, blood gases, pH, ion
concentrations, haematocrit, haemoglobin, glucose and lactate were measured
as described in section 2.3.7.1i.

After 2 weeks, when all experiments had been completed, ewes were killed
by an overdose of pentobarbitone and a basic post-mortem was carried out
where fetal body and organ weights were recorded, as described in section
2.3.9.1.

5.3 ANIMAL GROUPS

I mentioned in the introduction to this chapter that the findings described here
are the result of reconsideration of the data obtained from the animals in the
last chapter, which describes the effects of repeated acute hypoxaemia. The
fetuses were grouped, irrespective of whether they were C or H, on the basis
of the trajectory that their arterial blood pressure (ABP) development followed
over the 14-day study period (Fig. 5.1). Those fetuses that showed the
increase in ABP expected over this period of gestation (Boddy et al., 1974;
Kitanaka et al., 1989; Daniel et al., 1989; Mostello et al., 1991; Kamitomo et
al., 1994; Gagnon et al., 1994; Murotsuki et al., 1996) I called the "Pressure
Up" (PU) group, and those that showed either no increase or a decrease in
ABP I called the “Pressure Down" (PD) group.
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Figure 5.1. Individual ABP points on each day for C and H fetuses,
through which a regression line was drawn to determine their ABP
trajectories over the 14-day period. This diagram also shows the blood
pressure trajectories of the fetuses in the two groups PU and PD.

223



Chapter 5 PATTERN OF CARDIOVASCULAR DEVELOPMENT

5.4 RESULTS

5.4.1 MAP and FHR

There was a tendency for MAP to decrease from Day 1 to Day 14 in PD
fetuses (P < 0.06, 114 d GA vs. 128 d GA) and a significant increase in PU
fetuses (Fig. 5.2). The upward trend of MAP in PU was significantly
different to the downward trend seen in PD (P < 0.01). Similarly, both
systolic (SBP) and diastolic (DBP) pressures increased significantly over the
14 day period in PU, but neither changed significantly in PD fetuses (Fig.
5.2). The increasing trajectory in PU was significantly different for both
systolic (P < 0.005) and diastolic (P < 0.01) pressures in PU compared to
PD fetuses.

FHR decreased significantly over the course of the study in both groups, and
the decrease over time was the same in both groups (Fig. 5.2). The rate-
pressure product, an indicator of myocardial oxygen consumption (Kitamura
et al., 1972), remained unchanged in PU fetuses throughout the study, but
decreased significantly in PD (Fig. 5.2). Thus, the rate-pressure product
trajectories were significantly different (P < 0.001) between groups.
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Figure 5.2. The trend in basal MAP, SBP and DBP, FHR and rate-
pressure product for PU (0/0) and PD (e/M) fetuses. X P < 0.05, * P <
0.01, ** P < 0.005, PU vs. PD; t P < 0.05, 1t P < 0.01, 115 d GA vs. 128
d GA. Values are mean + S.E.M. (See also Appendix 8).
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54.2 Cardiovascular reflex responses

5.4.2.i Baroreflex

In keeping with the increase in MAP seen in PU, there was a significant (P <
0.05) shift of their baroreflex curve upwards and to the right (Fig. 5.3) over
the 14-day period, i.e. the baroreceptors of this group had reset. The
baroreflex curve of the PD group, on the other hand, showed no shift to the
right. It was, however, displaced upwards, consistent with the fall in FHR.

0.7 Pressure Up

0.6
0.5+

0.4
0.3+

R-R Interval (s)

0.2+

0.1 T T T T 1

0.7 1

Pressure Down

0.6 -
0.5 1
0.4 1

R-R Interval (s)

0.3 -
0.2 1

0.1-

MAP (mmHg)

Figure 5.3. Baroreflex curves for PU (n = 5) and PD (n = 4) fetuses at
115d GA (A) and 128 d GA (A). Values are mean * S.EM.
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There was a tendency (P = 0.07) for the slope of the baroreflex curve to
decrease from 114 d GA to 128 d GA in PU, suggesting a decrease in the
gain of the reflex in this group. But, in PD fetuses the slope at 128 d GA was

similar to that at 114 d GA, suggesting that there was no change in gain (Fig.
5.4).

.04-

R AR H

0.03-

Qoe

.01 -

Figure 5.4. Slope of the steep part of the baroreflex curve in PU and
PD fetuses at 115 d GA (m) and 128 d GA (O). Values are mean =+
S.E.M.

54.2. ii Chemoreflex

The hypertensive response to hypoxaemia was greater in PD fetuses than PU
group (Fig. 5.5). This suggests that the magnitude of the chemoreflex was
greater in PD than in PU fetuses. Furthermore, the response looked as though
it increased over the course of the study in PD fetuses, but the increase was

not significant. In contrast, the level of response did not change in PU (Fig.

5.5).
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Figure 5.5. The increase in MAP over basal levels (AMAP) after 15 min
hypoxia in PU (n=5) (O) and PD (n=6) (m) fetuses at increasing ages
during the study. * P < 0.01, *** P < 0.001, PU vs. PD. Values are
mean * S.E.M.

5.4.3 Femoral flow and femoral vascular resistance

Femoral flow increased to significantly higher levels in PU than PD fetuses,
there being no significant change in flow in PD. The blood flow trend was
significantly different between groups (P < 0.001) (Fig. 5.6). Both groups
showed a decrease in femoral vascular resistance, although the decrease did
not reach significance (PU: P = 0.25; PD: P = 0.10). The downward
trajectory was similar for both PU and PD.
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Figure 5.6. Basal femoral flow and femoral vascular resistance in PU
(0) (n = 4) and PD (@) (n = 3) fetuses. X P < 0.05, * P < 0.01. PU vs. PD.
Values are mean * S.E.M.

5.3.2 Weights

PD fetuses were smaller than PU fetuses, as can be seen by the fact that they
tended (P < 0.07) to have a shorter CRL and they were significantly lighter
(Table 5.1). Heart and kidney weights of PD were significantly less than
those of PU fetuses and there was a tendency for their lungs (P < 0.07) and
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livers (P < 0.15) also to be lighter than those of PU fetuses (Table 5.1).
When organ weights were expressed as a percentage of body weight there
was no significant difference between the two groups for any of the organs

(Table 5.1), indicating that PD fetuses were proportionately smaller than PU

fetuses.

PRESSURE UP PRESSURE DOWN
Hypoxia/Control 4H, 3C 3H, 4C
Sex 4M, 3F 5M, 2F
Twin/Singleton 3T, 4S 3T, 4S
CRL (cm) 484+ 14 444+ 14
Body weight (g) 4000 £ 218 2942 £297 x
Heart weight (g) 34+2 22+2 **
Lung weight (g) 121 £ 8 91+ 13
Liver weight (g) 125+ 12 99t 11
Kidney weight (g) 14+0.3 12+0.7 **
Heart % BW 0.86 £ 0.03 0.76 £ 0.03
Lung % BW 3.03 £0.09 3.02+0.19
Liver % BW 3.1110.19 341 £0.28
Kidney % BW 0.36 £ 0.01 0.43 £ 0.05
GA (days) on Day 1 114+ 1.2 113 £ 1.1
GA (days) on Day 14 129+ 1.5 127 £ 0.6

Table 5.1. Number of hypoxia (H), control (C), male (M), female (F),
twin (T) and singleton (S) fetuses and body weight, CRL, organ
weights, organ weights as a percentage of body weight, and gestational
age (GA) at the start (115 d GA) and end (128 d GA) of the study
period in PU and PD fetuses. * P < 0.05, ** P < 0.005, PU vs. PD.
Values are mean * S.E.M.

It can be seen from Table 5.1 that there was no bias in either group with

regard to exposure to repeated acute hypoxia, sex, plurality, or gestational
age.
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54.4 Blood gases, haematocrit and haemoglobin

Some notable differences in blood composition were observed between the
two groups of fetuses. There was a significant downward trend in total
haemoglobin (P < 0.001), PaO, (P < 0.05), SaO; (P < 0.001), CaO; (P <
0.001) and haematocrit (P < 0.001) in PD fetuses compared to PU fetuses
over the period of the study. From about 122 d GA onwards levels of all four
variables were significantly lower in PD than in PU animals (Fig. 5.7). SaO,
tended to decrease and at 122 d GA and 124 d GA percentage saturation was
significantly lower in PD fetuses. However, by 128 d GA values were the
same as those in PU fetuses (Fig. 5.7). PaCO,, pH and BE, were the same
for both groups and did not change over the course of the study (Fig. 5.7).
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Figure 5.7. Basal levels of total haemoglobin, Pa0Q,, Sa0,, Ca0,,
haematocrit, PaCO;, pH and BE;, in PU (0) and PD (e) fetuses. X P <
0.05, * P < 0.01, ** P < 0.005, *** P < 0.001, PU vs. PD. * P < 0.05, 1t P
< 0.01, 115 d GA vs. 128 d GA. All values are mean * S.EM.

545 lons

The concentrations of Na*, K* and Ca** ions did not change significantly
over the period of the study and there were no significant differences between
the two groups (Fig. 5.8). Likewise, the change in concentration of the three
ions in response to hypoxaemia was the same for both groups (Fig. 5.9).
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Figure 5.8. The concentrations of Nat, Kt and Ca*+ in the blood of

PU (0) and PD (®) fetuses over the 14-day study period. Values are
mean * S.E.M.
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Figure 5.9. The change in blood concentrations of Nat, K+ and Cat+
10 min (left-hand side) and 40 min (right-hand side) after the onset of
hypoxaemia in PU (0) and PD (®) fetuses, over the 14-day study
period. Values are mean * S.E.M.
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5.4.6 Glucose and lactate

Blood glucose concentration tended to slope downwards with increasing
gestational age in PD fetuses, which was significantly different (P < 0.01) to
the trend seen in PU (Fig. 5.10). There was, however, no significant
difference in blood glucose concentration at 128 d GA compared to 114 d GA
within either group. However, when expressed as a single mean value for the
whole 14 days, the concentration was significantly lower in PD than PU
fetuses (Fig. 5.10 bar graph).
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Figure 5.10. Blood glucose and lactate concentrations in PU (0/0) and
PD (e/m) fetuses. The graphs on the left show the trend over the 2-
weeks of the study, and the bar graphs on the right show
concentrations over the 2 weeks expressed as a single mean value. X P <
0.05, PU vs. PD; * P < 0.01, PU vs. PD. Values are mean * S.E.M.

The trend in lactate levels was not significantly different between groups and
there was no significant change in concentration between 115 d and 128 d GA
in either group (Fig. 5.10). But, looking at the concentration of lactate
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expressed as a single mean value for the whole duration of the study, it was
significantly higher in PD fetuses than in PU (Fig. 5.10 bar graph).

5.4.7 Thyroxine (T4)

T4 levels in PD fetuses declined in a manner reminiscent of their haemoglobin
and CaO, levels (Fig. 5.7). T4 levels at 128 d GA were not significantly
different from those at 115 d GA for either group, and neither were levels
between groups significantly different, though by 128 d GA differences
between PU and PD were approaching significance (P < 0.08). Likewise, the
slightly upward trajectory seen in PU was not significantly different to the
slightly downward trajectory in PD, though there was definitely a tendency
for them to differ (P = 0.08) (Fig. 5.11).
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Fig. 5.11. T4 concentrations in PU (0) and PD (®) fetuses, as measured
at 115 d, 122 d, and 128 d GA.

236




Chapter 5 PATTERN OF CARDIOVASCULAR DEVELOPMENT

5.4.8 Relationship of several variables to fetal body weight

Having found that PD fetuses were smaller than PU (Table 5.1) and in view
of the suggested association of blood pressure with growth, it seemed that
some valuable information may be gained by looking at the relationship of
several different variables with body weight. Fetal body weight at post-

mortem was therefore correlated to variables measured on that day (Fig.
5.12).

I found that there was no good correlation of fetal body weight with most of
the variables looked at except for slope of the baroreflex curve and femoral
blood flow. Body weight showed a significant (r=0.666 , P < 0.05) negative
correlation with baroreflex gain (slope), and a significant (r=0.906, P < 0.05)
positive correlation with femoral blood flow (Fig. 5.12).
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5.5 DISCUSSION

The principal finding of this study was that late-gestation fetal sheep fall into
two groups, those that show an increase in blood pressure with advancing
gestational age and those that do not. Furthermore, there were differences
between the 2 groups that extended beyond that seen in blood pressure
development.

551 Cardiovascular development of PU and PD fetuses

5.5.1.i Blood pressure and FHR
PU fetuses

This group of fetuses were identified on the basis of a rise in MAP. It is no
surprise that such fetuses showed a significant increase in MAP over the two
weeks (Fig. 5.2). The increase of MAP and decrease of FHR observed in PU
is expected during this stage of gestation (Boddy et al., 1974; Kitanaka et al.,
1989; Daniel et al., 1989; Mostello et al., 1991; Kamitomo et al., 1994;
Gagnon et al., 1994; Murotsuki et al., 1996a). SBP and DBP increased in
parallel in PU with advancing gestational age (Fig. 5.2), so both contributed
to the increase in MAP. SBP, the maximum pressure reached during the
ejection phase of the cardiac cycle, is determined primarily by cardiac
performance (which is dependent on preload, afterload, heart rate and
contractility) and aortic compliance, and to a lesser degree by total peripheral
resistance. Thus, changes in SBP give us some information as to changes in
these variables. DBP is determined by total peripheral resistance and heart
rate, and is thus able to give us informtion regarding them.

Blood pressure is determined by cardiac output and peripheral vascular
resistance. In PU, the decrease in femoral vascular resistance (Fig. 5.6)
suggests that their increase in MAP must have been due to increased CVO.
Although in PU the rate-pressure product, a correlate of myocardial oxygen
consumption (Kitamura et al., 1972; Jorgensen et al., 1973; Nelson et al.,
1974), did not increase significantly (Fig. 5.2), it did rise a little, which
suggests an increase in CVO. This is supported by the observation in
newborn lambs that myocardial oxygen consumption increases with increased
CO (Fisher, 1989). The fact that heart rate decreased and systolic pressure
increased (Fig. 5.2) suggests that the proposed increase in CVO was due to
increasing contractility of the heart. The increasing pressure and decreasing
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resistance together accounted for the rising femoral blood flow (Fig. 5.6), as
flow is determined by pressure and resistance. However, growth of the fetus
(Dawes et al., 1968; Bendeck & Langille, 1992) and increasing tissue
metabolism, as seen by the increase in oxygen delivery (Bendeck & Langille,

1992), also account for the rise in flow.
PD fetuses

It is interesting that MAP, SBP and DBP did not increase in PD fetuses (Fig.
5.2). From this observation alone it would seem that the cardiovascular
development of PD was not normal, even though FHR decreased as expected
(Boddy et al., 1974; Kitanaka et al., 1989; Daniel et al., 1989; Mostello et al.,
1991; Kamitomo et al., 1994; Gagnon et al., 1994; Murotsuki et al., 1996a).
The decreasing FHR with increasing gestational age would have meant that
the diastolic interval was also increasing, so there would have been increasing
time during which intracellular Ca** could be sequestered. On this basis one
would expect that contractility increased. Rate-pressure product decreased in
PD, suggesting that myocardial oxygen consumption decreased. Therefore,
the proposed increase in contractility must have been negated, in energy
terms, by the decrease in heart rate. Thus, assuming that contractility did
increase, the fact that SBP did not increase in PD but decreased, suggests that
preload must have decreased. The possibilities that arise from this are, either a
decrease in atrial pressure, and/or an increase in ventricular compliance. A
decrease in atrial pressure suggests a decrease in venous return to the heart
i.e. a decrease in central venous pressure. It may be, therefore, that the failure
for MAP to increase in PD fetuses was due to a decrease in central venous
pressure and/or structural alterations in the ventricle walls resulting in

increased compliance.

The pattern of MAP and FHR development seen in PD is not dissimilar to that
observed during a 30 day study in fetal sheep where the ewes were made
anaemic (Mostello et al., 1991) It was found that those fetuses whose
mothers were anaemic had significantly lower MAP than controls and FHR
was not different. The lower MAP, SBP and DBP of PD is also similar to my
findings in the neonatal rat, where anaemic pups had lower SBP than controls
(Chapter 3). This raises the possibility that haematological status was
somehow important, particularly as haemoglobin and haematocrit decreased
in PD (Fig. 5.7). But, Mostello et al. (1991) found that although the ewes in

their study were anaemic, the fetuses were not, in fact they observed a
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tendency for fetal haematocrit to be higher than in controls. However, they
did observe a decrease in fetal PaO, and CaO;, an observation that I also
made in PD fetuses.

In PD fetuses, the decreasing haemoglobin concentration and lower PaO,
together caused CaO, to decrease (Fig. 5.7). Could the significantly lower
and decreasing oxygenation of PD fetuses have caused their lower blood
pressure? There are three mechanisms whereby this is possible. 1) The
decreased CaO; in PD may have resulted in a decrease in fetal oxygen
consumption and hence growth, such as has been observed before in the fetal
sheep (Gu et al., 1985; Mostello et al., 1991; Owens at al., 1987a & b).
Smaller fetal size may explain the lower blood pressure through unknown
mechanisms associating growth and blood pressure. This seems a possibility
because, in fetuses made anaemic by exchange transfusion, growth was
preserved, due to maintained oxygen extraction, thus they were not smaller
than controls. Not only were they of similar size to control fetuses, but MAP
was not significantly decreased either (Papparella et al., 1994). This suggests
that if growth is maintained then blood pressure development remains normal.
(The association of growth with blood pressure is discussed more fully later
in this chapter, section 5.5.3.iii). 2) Alternatively, the lower CaO, (Busse et
al., 1993; Hudlicka, 1991), and lower haemoglobin (Martin et al., 1986; Jia
et al., 1996), of PD fetuses may have caused an increase in the production of
paracrine vasodilators such as NO. 3) Possibly the lower oxygen tension in
PD caused angiogenesis, which would result in decreased resistance and thus
decreased blood pressure (the relation of angiogenesis and blood pressure
was discussed more fully in the previous chapter, section 3.4.1.1).

Looking at the available evidence, the failure for MAP to increase in PD
appears to be due to both decreasing vascular resistance (Fig. 5.6) and
decreasing CVO, as evidenced by the decreasing systolic pressure
(contractility), decreasing heart rate, and decreasing rate-pressure product
(Fig. 5.2). The failure for flow to increase (Fig. 5.6) would have been due to
the decrease in both pressure and vascular resistance.

Further analysis of cardiovascular function and development e.g. assessment
of the cardiovascular reflexes may give a more detailed insight into the

possible causes and mechanisms of the altered MAP development in PD
fetuses.

241



Chapter § PATTERN OF CARDIOVASCULAR DEVELOPMENT

5.5.1.ii Baroreflex

Ordinarily, as MAP increases throughout the last third of gestation there is
resetting of the baroreceptors, observed as a decrease in discharge frequency
for a given pressure, as gestational age increases. This is seen as a shift to the
right of the baroreflex curve and a decrease in its slope (Blanco et al., 1988).
My PD fetuses failed to show either a shift of the baroreflex curve to the right
(Fig. 5.3) or a decrease in slope (Fig. 5.4). This is perhaps not surprising
since there was no rise in their MAP during the study. However, it does
suggest that baroreflex development of PD fetuses was not normal.

Baroreceptor resetting occurs as a result of stretch and activation of the
baroreceptors caused indirectly by an acute or chronic changes in arterial
blood pressure. There are several mechanisms whereby resetting may occur,
including changes in the mechanical properties of the vessel wall (e.g.
decreased compliance), mechanisms involving changes in the extracellular
concentration of ions and activity of NatK+-ATPase, changes in the release
of paracrine (e.g. PGI,, endothelin) and endocrine (e.g. angiotensin II)
factors, and perturbation of higher centres involved in the reflex pathway.

Mechanical factors

The baroreceptors have a three-dimensional structure so they respond to
deformation of the vessel wall in any direction (Kircheim, 1976). Thus, either
an increase or a decrease in diameter of the vessel wall will cause them to be
stimulated.

The perinatal period is characterised by an increase in peripheral blood flow
(Dawes et al., 1968; Bendeck & Langille, 1992), as observed in PU (Fig.
5.7). As mentioned above, this increase is due, in part, to growth of the fetus
(Dawes et al., 1968; Bendeck & Langille, 1992) and increasing tissue
metabolism (Bendeck & Langille, 1992). An increase in blood flow results in
an increase in vessel diameter (Berry et al., 1976). I demonstrated a positive
correlation between fetal body weight and femoral blood flow at 128 d GA
(Fig. 5.12). It can also be seen from this correlation curve that PD fetuses
were the smaller fetuses with lower femoral blood flow rates. Thus, the lower
femoral blood flow of PD fetuses was presumably partly due to their
decreased growth rate, so the diameters of their blood vessels would have
been smaller than PU. Diameter of a vessel will determine tension in the
vessel wall, as described by Laplace's law:
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T=Pr
2

=

where T is the tension in the vessel wall, P is the internal pressure, r is the
radius of the vessel, and h is the thickness of the vessel wall. So an increase
in vessel diameter will result in greater tension in the vessel wall which means
that stretch will be increased, and vice versa. Increasing pressure causes the
diameter of the carotid sinus to increase (Kircheim, 1976), which will also
result in increased flow. Bendeck & Langille (1992) demonstrated a dramatic
increase in blood flow to the cerebral hemispheres and cerebellum between
120 d and 140 d GA. This must mean that there was increased blood flow
through the carotid arteries, as the majority of blood flow to the brain is
supplied via those vessels. So, carotid artery diameter must also increase
causing stretching of the vessel wall and baroreceptor stimulation, which may
result in resetting. This may have been a mechanism for the resetting of the
baroreceptors in PU fetuses. Similarly, the reduced growth of PD is a
possible cause for the failure of baroreceptor resetting to occur in PD between
115 d and 128 d GA, as less stretch would have been imposed on the
baroreceptors. The relationship between growth and resetting of the
baroreflex is demonstrated in my fetuses by the significant inverse correlation
of slope of the baroreflex at 128 d GA with fetal body weight (Fig. 5.12).
This fits well with the fact that gain of the reflex decreases with increasing
GA (Blanco et al., 1988; Wakatsuki et al., 1992), because there is obviously
a strong positive correlation of fetal weight with increasing age. PD fetuses
tended to lie to the left of the graph, i.e. at lower weight and higher gain (Fig.
5.12), which is consistent with failure of baroreceptor resetting to occur.
There is therefore a strong suggestion that vascular growth is an important
mechanism involved in chronic resetting of the fetal baroreflex.

Baroreceptor resetting may also occur as a result of changes in the actual
structural properties of the vessel wall (Landgren, 1952; Andresen, 1984)
e.g. changes in compliance, as well as the changes in shape just described.
Chronic increases in both flow and pressure cause vascular remodelling
(Langille, 1993; Struijker-Boudier et al., 1995). Increased flow is associated
with increased vessel diameter and increased pressure with increased wall
thickness, both occurring as a result of changes in the media of the vessel i.e.
changes in smooth muscle cells (Langille, 1993). Resetting of the baroreflex
that occurs normally during late gestation may, in part, be the result of
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changes in vascular structure that also take place at that time. Ordinarily, in
the fetal sheep there is a mean increase in elastin and collagen content of the
abdominal and thoracic aorta between 120 and 140 d GA (Bendeck &
Langille, 1991). These altered proportions of smooth muscle, elastin and
collagen will result in changes in vascular compliance, and thus baroreceptor
resetting. Failure of blood flow and/or pressure to increase, such as was the
case in PD, will mean that the flow and pressure related changes in vascular
structure do not occur in the normal way, and baroreceptor resetting will
therefore be affected.

Histological analysis would have helped determine whether changes in the
size and structure of the vessels contributed to the differences in baroreflex
function between PU and PD fetuses.

Endocrine factors

Angiotensin II is known to affect resetting of the arterial baroreflex (Ismay et
al., 1979; Lumbers et al., 1979; Campagnole-Santos et al., 1992; Segar et
al., 1994). It has also been shown in the fetal sheep that in response to
hypotension there is an increase in plasma renin activity (Chen & Wood,
1992), which will result in an increase in circulating concentrations of
angiotensin II. Angiotensin II does not act directly on the baroreceptors, but
is thought to exert its effects within the central nervous system resulting in
inhibition of vagal discharge to the heart (Ismay ez al., 1979; Lumbers et al.,
1979; Campagnole-Santos et al., 1992). It has been suggested, however, that
interruption of the baroreflex by angiotensin II is less in the fetus than the
adult (Ismay et al. 1979), and it has been shown more recently that there is no
significant contribution of angiotensin II to resetting of the baroreflex in the
fetus (Segar et al., 1994). This was shown by recording fetal renal
sympathetic nerve activity and heart rate during i.v. administration of the
angiotensin-converting enzyme (ACE) inhibitor enalaprilat to the fetus. It was
found that there was no significant change in either, and there was also no
change in the baroreflex curve midpoint or sensitivity. Segar et al. (1994)
proposed that this may be due to differences between the fetus and the more
mature animal in expression of the angiotensin II receptor subtypes, AT} and
AT, . It therefore seems unlikely that any differences that there may have been
between PU and PD fetuses in circulating angiotensin II levels would have
contributed to the differences seen in their baroreflexes.

244



Chapter 5 PATTERN OF CARDIOVASCULAR DEVELOPMENT

lonic factors

Selective inhibition of the Na+-K+ pump using ouabain, and extracellular
solutions containing no K+ cause an increase in threshold and decrease in
sensitivity of the baroreceptors (Saum et al., 1976). This shows clearly that
alterations in cellular Na+ and K+ gradients affect the functioning of the
baroreceptors, which may alter their resetting. Ca*+ has also been implicated
as having a possible role in the adaptation of baroreceptors (Hamill &
McBride, 1994). Hair cell adaptation is dependent on Ca+* influx, which, it is
thought, may cause adaptation by disconnecting actin from myosin in a model
proposed by Hamill & McBride (1994). I measured blood concentrations of
Na*, K+ and Ca** in my fetuses, but there was no difference between groups
and no significant change with increasing age (Fig. 5.8.). Therefore, ion
balance was probably not a significant factor in the differences seen the
baroreflexes of PU and PD fetuses.

Paracrine factors

Endothelial factors are also implicated in resetting of the baroreceptors. PGI;
has been shown to cause increased activity of the baroreceptors, seen as a
shift of the baroreflex curve to the left, i.e. it suppresses acute baroreceptor
resetting (Chen et al., 1990, Chapleau et al., 1991). This is thought to be due
to increased sensitisation of the baroreceptor nerve endings. It has also been
observed that the carotid sinus of chronically hypertensive rabbits has a
decreased capacity to increase PGI, formation acutely in response to
arachidonic acid, although basal intra-sinus levels of PGI; are higher than in
normotensive controls (Xie et al., 1990). It was speculated that this may be
due to morphological and functional alterations in the endothelial cells, which
are the primary site of PGI; production in response to acute stimuli, as
opposed to smooth muscle cells, whose production of PGI; in response to
acute stimuli is limited. It was further speculated that perhaps the elevated
basal levels of PGI; in hypertensive rabbits were due to vascular hypertrophy
and thus increased wall (smooth muscle cell) mass. So, hypertension in the
adult animal is associated with elevated basal levels but a reduced capacity for
acute production of PGI,, which is thought to sensitise the baroreceptors to
alterations in pressure, thus suppressing acute baroreceptor resetting. It was
not reported whether gain of the reflex was altered by PGI,. These findings
lead to the possibility that basal intra-sinus endothelial production of PGI;
increased in PU fetuses as gestation advanced, in a manner similar to that
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suggested above in hypertensive rabbits, leading to resetting of the baroreflex
between 115 d GA and 128 d GA (Fig. 5.3). In PD fetuses, because their
MAP was lower than PU and did not increase with time, presumably intra-
sinus basal PGI; production was lower than in PU. This idea fits with the
increase in blood flow seen in PU and the decrease in PD (Fig. 5.6), as
factors known to modulate the release of endothelial substances include
mechanical stimuli, such as stretch and shear stress. However, oxygen also
has a modulatory effect on PGI, synthesis, and, in the systemic circulation,
lower oxygen tensions cause an increase in PGI, synthesis (Shaul er al.,
1992). However, PD had lower oxygen levels than PU (Fig. 5.7). Thus, if
basal intra-sinus levels of PGI, were indeed higher in PU fetuses compared
to PD, it may be that increased flow stimulates the release of PGI; to a greater
extent than low levels of oxygen. Unfortunately the oxygen tensions that
Shaul et al. (1992) exposed their arterial segments to were unphysiological
and not representative of fetal oxygenation levels in vivo. They exposed the
vessels to 3 different PO, levels, 680 mmHg, 150 mmHg, and 40 mmHg,
and only at 40 mmHg were mesenteric arterial segments stimulated to produce
PGI;. Fetal PaO; in the umbilical artery is about 20 mmHg (Rurak, 1994),
therefore it is difficult to determine from the results of Shaul et al. (1992)
whether the PaO; differences between PU and PD fetuses (PU: about 26
mmHg; PD: about 22 mmHg) would have had a significant effect on PGI,
synthesis.

Endothelin (ET), also produced locally by the endothelium, is suggested to
suppress baroreceptor activity in adult dogs, particularly at high carotid sinus
pressures (above 100 mmHg), suppression depending on ET concentration
and the duration of exposure (Chapleau et al., 1992). Perhaps ET production
increased in PU fetuses with their increase in blood pressure (Fig. 5.2), but
did not in PD, in which blood pressure did not increase (Fig. 5.2). Fetal
MAP at the age studied here is about 45 mmHg, so this seems an unlikely
mechanism for resetting of the baroreflex in the fetus. Moreover, chronic
hypoxia is associated with an increase in ET 5 and ETg receptor mRNA levels
in the adult rat (Li et al., 1994) and, although systemic ET-1 levels were not
elevated, this suggests increased ET-1 activity. On the strength of this
finding, one would expect ET levels to be higher not lower in PD fetuses
compared to PU, as PD fetuses were comparatively more hypoxaemic (Fig.
5.7).
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Higher centres

Interference of neural pathways in the brainstem involved in the baroreflex
would result in changes in the baroreflex. ANP is thought to be a transmitter
in the NTS, involved in the baroreflex, where together with glutamate it
causes a decrease in both heart rate and blood pressure (for a more detailed
description see section 1.10.1.i, Fig. 1.15). Thus, alterations in circulating
levels of ANP may alter the baroreflex. Hypoxia has been shown to stimulate
the release of ANP (Lew & Baertschi, 1988), therefore it is conceivable that
PD fetuses may have had elevated levels of ANP.

Clearly baroreflex development of PD fetuses was not normal. It is possible
that this could result in long-term effects beyond birth, such as the
development of hypertension.

5.5.1.iii Chemoreflex

The fetal chemoreflex can be assessed by examining the blood pressure
response to hypoxaemia (Dawes et al., 1968; Boddy et al., 1974; Marshall,
1987; Itskovitz et al., 1991).

The typical response to hypoxaemia in the fetus includes rapid bradycardia
and vasoconstriction, and hypertension of slightly later onset. Hypertension
results, in part, from chemoreceptor stimulation which increases sympathetic
efferent activity and causes peripheral vasoconstriction (described more fully
in section 1.12.1). Thus, the change in MAP in response to a hypoxic
challenge, such as is illustrated in figure 5.5, will give some indication as to
chemoreflex function. However, by 15 minutes, the rise in blood pressure is
also caused by catecholamine induced vasoconstriction as a result of hypoxia
induced stimulation of the adrenal medulla (see section 1.12.3). It is therefore
a possibility that the higher blood pressure in PD after 15 minutes of
hypoxaemia was due to greater release of catecholamines from their adrenals
than from those of PU fetuses. Nonetheless, the greater increase in blood
pressure of PD fetuses seen after 15 minutes of hypoxaemia (Fig. 5.5) raises
the possibility that the magnitude of the chemoreflex response was greater in
PD than PU fetuses. Also, the increase in this pressor response to
hypoxaemia with advancing gestational age in PD fetuses (Fig. 5.5) suggests
that there was augmentation of the chemoreflex in PD with time. Bearing in
mind that PD fetuses were hypoxaemic compared to PU (Fig. 5.7), this
finding is comparable with that of Bennet & Hanson (1994) where fetuses
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made chronically hypoxic by uterine artery occlusion displayed enhanced
reflex bradycardia and more pronounced vasoconstriction of the femoral
circulation than controls. Similarly, Boekkooi et al. (1992) concluded that the
fetal chemoreflex response to hypoxaemia (as opposed to hypercapnia) is
accentuated when there is a decreased resting Sa0O;. In the llama fetus at 0.6-
0.7 gestation there is an intense vasoconstriction in response to acute
hypoxaemia, suggesting that the cardiovascular responses to hypoxaemia may
be increased in this species, which is adapted to high altitude hypoxia
(Giussani et al., 1996b). It is interesting with regard to my studies that basal
CaO; was significantly lower in PD fetuses. Recently Prabhakar & Kou
(1994) showed that sympathectomy by chemical means (¢;-adrenergic
antagonist) and by denervation results in potentiation of chemoreceptor
activity in response to 30 minutes of hypoxia. This raises the possibility that
there was reduced sympathetic stimulation of chemoreceptor tissue in the

carotid bodies of PD fetuses. This could perhaps occur if there were a
reduced number of a;-adrenoceptors.

It appears that as well as altered baroreflex functioning, PD fetuses also had
perturbed chemoreflex development, the consequences of which could be
serious. It has been suggested that those infants at high risk for SIDS may
have abnormalities in the postnatal adaptation of their chemoreflexes (Blanco,
1994).

5.5.2 Two different groups of fetuses?

Clearly MAP development in PD fetuses followed a different trajectory to that
of PU fetuses. Clearly also there were other aspects of cardiovascular
development that differed between the two groups. Femoral flow developed
differently in PD fetuses than PU; the baroreflex of PU fetuses reset to higher
pressures and there was a decrease in gain, whereas the baroreflex curve of
PD fetuses did not shift to the right and there was no appreciable change in
the gain; PD fetuses showed a greater hypertensive response to hypoxia than
PU, suggesting augmentation of the chemoreflex in PD. These differences
between the two groups are summarised in Table 5.2 below.
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PU PD
T MAP 1 MAP
! FHR ! FHR
T FF = FF
=VR =VR
Baro: resetting Baro: no resetting
Chemo: maintained Chemo: augmented

Table 5.2. Summary of the differences in cardiovascular development
between PU and PD fetuses. T denotes an increase, ! denotes a
decrease, and = denotes no significant change, over the 2 weeks of the
study.

Thus, PU and PD fetuses were certainly different from each other in terms of
their cardiovascular development. PU fetuses showed the normal
cardiovascular development that is expected at this time of gestation, but PD
fetuses did not. Mounting evidence supporting the idea that altered fetal
development results in long-term changes in physiology (Barker, 1994)
means that PD fetuses may represent a group that are at high risk for disease
in later life. This leads to 2 important questions:

1) Why did MAP fail to increase in PD fetuses?

2) What are the consequences for the mature animal of this abnormal fetal
cardiovascular development?

The results of this study are able to address the first question, and possible
causes and mechanisms will be discussed below. However, the second
question is one that goes beyond the scope of the work presented in this
chapter.

5.5.3 Growth

PD fetuses were smaller than PU fetuses (Table 5.1) which indicates that
there were differences between PU and PD fetuses in terms of growth rate, as
well as those in cardiovascular development described above.
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PD fetuses were proportionately smaller than PU fetuses, which may have
been the result of limited nutrient supply early in intrauterine life. It has been
suggested that nutritional deprivation early in life tends to result in
symmetrical growth retardation, as opposed to asymmetrical growth
retardation, which it is proposed is the result of nutrient deprivation later on in
gestation (discussed fully in section 1.7.1). The history of the ewes used in
this project is not known, so we may only speculate that PD fetuses were
exposed to a period of reduced substrate supply early on in gestation. The
blood composition of the fetuses over the period of the study may, however,
give us further clues as to how and why growth was impaired in PD fetuses.

5.5.3.i Oxygen supply

Haemoglobin and haematocrit levels decreased progressively over the 2-
weeks of the study to levels significantly lower than those seen in PU fetuses
(Fig. 5.7). The reason for this is not obvious, however, it may be that for
some reason PD fetuses responded poorly to the repeated blood sampling, or
they may have had a reduced rate of red cell production. Although the same
amount of blood (7 ml/day) was removed from both groups of fetuses,
because PD fetuses were smaller then PU, the proportion of blood removed
from PD may actually have been greater. It is generally accepted that blood
volume of both the human and the ovine fetus in late gestation is 105-115
ml/kg (Brace, 1993). This being so, PU had a blood volume of about 440 ml
and PD about 319 ml, so the percentage of blood volume removed from each
group on a daily basis was 1.6% and 2.2% respectively. This represents a
38% greater proportion of blood removal from PD daily than PU. It is
possible, therefore, that the progressive anaemia in PD was a direct result of
blood sampling. This seems unlikely, however, as 2.2% is a relatively tiny
volume of blood to remove.

With regard to the reduced growth of PD fetuses, it is interesting that their
lower blood pressure and lower haemoglobin levels are similar to my
previous observations in anaemic rats, presented in Chapter 3, and also to the
findings of Davis & Hohimer (1989) in anaemic fetal sheep. At 20 days of
age my anaemic rat pups were smaller than controls, and had lower systolic
blood pressures. Likewise, the anaemic late gestation sheep fetuses studied
by Davis and Hohimer (1989) also tended to be lighter than controls (and had
a lower MAP). This raises the possibility that reduced oxygen supply as a
direct result of anaemia was the cause of the reduced growth of PD fetuses.
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However, PD showed a progressive decrease in PaO;, SaO; and CaO,, as
well as haemoglobin concentration and haematocrit (Fig. 5.7). SaO, tended to
decrease up to 125 d GA then returned to control levels by 128 d GA (Fig.
5.7). The lower Sa0O; in PD fetuses would have been the result of the lower
Pa0,. Ca0,, the amount of oxygen bound to haemoglobin in the blood, was
lower in PD, which was the result of the lower PaO,, SaO; and haemoglobin
observed in these fetuses. It therefore appears that oxygen availability was
reduced in PD fetuses, and that this was the result of both lower haemoglobin
levels and lower PaO,. The lighter body weight of PD fetuses (Table 5.1)
may be a reflection of their adaptation to this oxygen deficiency by slowing
growth rate in order to decrease oxygen requirement. Such a decrease in
growth has been observed previously in fetal sheep exposed to decreased
oxygen supply during late gestation (Creasy et al., 1972; Jacobs et al., 1988,
Block et al., 1990; Murotsuki et al., 1996a).

Interestingly, Fowden & Silver (1995) found that thyroidectofnised fetuses
had lower haemoglobin levels than intact controls, which they suggested may
reflect an influence of thyroid hormones on haemoglobin synthesis. The
decreasing T4 levels in PD fetuses (Fig. 5.11) were remarkably similar to the
pattern of decline in haemoglobin concentration (Fig. 5.7), so perhaps the
two were related. Fowden & Silver (1995) also found that decreased levels of
thyroid hormones resulted in a decrease in fetal oxygen consumption and
decreased fetal growth. Thus, the decreasing level of T4 in PD may have
accounted not only for their decreasing haemoglobin and oxygen levels (Fig.
5.7), but may also have been growth limiting by reducing oxygen
consumption.

Alternatively, PaO,, SaO; and CaO; in PD may have been lower due to
placental insufficiency. Reduced oxygen levels are seen in fetuses that are
small as a result of carunclectomy (Harding et al., 1985; Robinson et al.,
1983; Owens et al., 1986; Owens et al., 1987a & b), placental embolization
(Creasy et al., 1972; Block et al., 1990; Murotsuki et al., 1996a), and
reduced utero-placental blood flow caused by uterine artery ligation (Detmer
et al., 1991) and uterine artery occlusion (Lang et al., 1993). If placental
function was impaired in PD, however, it is odd that oxygen levels were
similar to those of PU at the beginning of the study. Also, placental
insufficiency does not explain the decrease in haemoglobin levels as,
ordinarily, when oxygen levels are low there is a compensatory increase in
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haemoglobin. Maybe PD fetuses experienced substrate deprivation early in
gestation which altered placental and fetal growth in PD and sensitised the
fetuses to stress later on, so they responded poorly to the blood sampling.
This is feasible as it has been shown in fetal sheep that a periconceptual
nutritional insult resulted in slowed fetal growth during late gestation, and that
when those fetuses were undemourished for 10 days again in late gestation,
fetal growth pattern was more profoundly affected than it was in fetuses that
did not experience an early gestation insult (Harding, 1995; Harding &
Johnston, 1995). It has also been shown that a periconceptual nutritional
insult results in reduced fetal weight and increased placental weight (DeBarro
et al., 1992), suggestive of alterations in placental function. It is a possibility,
therefore, that placental function was indeed impaired in PD, resulting in
slower growth rate and increased susceptibility to adverse stimuli in late
gestation, though it is impossible to tell from the results of this study.

5.5.3.ii Glucose and lactate

Glucose and lactate concentrations did not change significantly between 114 d
and 128 d GA in either PU or PD fetuses (Fig. 5.10). This is consistent with
observations in human fetuses where neither glucose nor lactate levels change
significantly with increasing gestational age (Montemagno & Soothill, 1995).
However, there was a downward trend of glucose concentration in PD
fetuses that was significantly different to the trend seen in PU, and, when
expressed as a mean for the whole 14 days, glucose concentration was
significantly lower in PD (Fig. 5.10). This lower glucose concentration in PD
was accompanied by a higher lactate concentration (Fig. 5.10). These
differences in glucose and lactate levels are not unlike those seen in small
fetuses where carunclectomy was performed prior to pregnancy (Robinson et
al., 1983; Harding et al., 1985; Owens et al., 1987b). Furthermore it is
evident that reduced glucose supply reduces fetal growth, from the almost
50% reduction in fetal growth rate observed within 3 days of the onset of
maternal undernutrition (Mellor & Murray, 1981). On the basis of these
findings, it is likely that reduced glucose supply was partially responsible for
the reduced growth of PD fetuses. In the fetal sheep amino acids are the most
important nutrient for the provision of carbon and energy for tissue accretion
(Fowden, 1995). It is interesting, therefore, that in guinea pigs it was found
that concentrations of the glucose analogue 3H-methylglucose were relatively
normal in IUGR fetuses, whereas concentrations of the amino acid analogue
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14C-aminoisobutyric acid are lower (Jansson & Persson, 1990). It may be
that a reduction in amino acid supply to PD fetuses was also a contributory
factor to their reduced growth. I did not, however, measure levels of any
amino acids, so this is purely speculation.

IUGR in human babies is associated with low glucose levels, low plasma
concentrations of essential amino acids, and high lactate levels (Montemagno
& Soothill, 1995). Raised lactate levels have also been seen in growth
retarded fetal sheep exposed to hypobaric hypoxia during late gestation,
although glucose levels remained unaffected (Jacobs et al., 1988b). It is
difficult to determine exactly why lactate concentration was higher in PD
fetuses than PU. The possibilities are that there was increased placental
production of lactate to be used by the fetus as an alternative substrate to
glucose, increased fetal production of lactic acid from pyruvic acid as a result
of anaerobic glycolysis, or perhaps gluconeogenesis was impaired resulting
in decreased utilisation of lactate. Nonetheless, increased lactate levels are
associated with fetal stress and impaired growth.

5.5.3.iii Growth and blood pressure

Is there an association between the pattern of blood pressure development
seen in PD and their reduced growth?

Blood pressure increases throughout life but it does not increase linearly,
there being certain times during an individual's normal development when
pressure increases at an accelerated rate. During fetal life MAP increases in
late gestation (see section 1.7.2.i) at a time when there is also rapid growth
(see section 1.5). Then, after birth, blood pressure rises dramatically due to
removal of the low resistance placental circulation, and later on there is
another increased rate of rise in blood pressure during adolescence. The
pubertal increase in blood pressure occurs concomitantly with the adolescent
growth spurt. It has been suggested that physical growth during puberty
contributes more to the change in systolic blood pressure than does the stage
of sexual maturation (Vartiainen et al., 1986), and more recently there has
been shown to be a significant positive correlation between the velocity of
weight increase and the increase in blood pressure (Berkey et al., 1991;
Akahoshi et al., 1996). Thus, there is a definite association between blood
pressure development and growth, but whether the two are causally related
and possible mechanisms that may link them are not known.
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It is interesting that the analysis of Berkey et al. (1991) gave some support to
their hypothesis that "adolescents whose pressures are more susceptible to
elevation during stress may be those who subsequently develop hypertension
in adulthood". They described the adolescent growth spurt as a type of
physical stress and using a mathematical model predicted that those boys
whose systolic peak was greatest at 14 years of age (the time of the growth
spurt) would have higher systolic blood pressures when they were 38 years
old . If we now also remember the findings of Harding & Johnston (1995),
where fetal sheep exposed to nutritional deprivation in early gestation were
more profoundly affected by stress in late gestation, the notion that growth
and blood pressure are linked seems viable.

A possible candidate for the link between blood pressure development and
growth is cortisol, as it has effects on both. Increased cortisol concentrations
cause a rise in blood pressure in immature (103-120 d GA) fetal sheep
(Tangalakis et al., 1992), which is probably due to peripheral
vasoconstriction caused by the permissive effects of cortisol on the
catecholamines (see section 1.10.2.1v), and/or due to an increased vascular
responsiveness to All (Tangalakis et al., 1992). Cortisol is also known to
reduce growth postnatally by mechanisms that are as yet not fully understood,
but involve antagonism of the actions of insulin, and down-regulation of
tissue IGF production (Fowden, 1995). Cortisol also has catabolic effects in
most target tissues, providing amino acids for the production of glucose by
the liver.

There are various reasons why fetal cortisol levels may become elevated:

'1) Hypoxaemia. Hypoxaemia causes the adrenal cortex to increase cortisol
output (Jackson et al., 1989) as a consequence of elevated ACTH levels, in
response to both acute (Jackson et al., 1989) and chronic (Murotsuki et al.,
1996b) hypoxaemia. It has also been suggested that the carotid chemo- and
baroreceptors may be involved in the release of cortisol in response to acute
hypoxaemia, and that the carotid sinus nerve modulates sensitivity of the
adrenal cortex to ACTH during acute hypoxaemia (Giussani et al., 1994b).

2) Alterations in the development of the HPA axis. Perturbations in the HPA
axis may affect the cortisol feedback inhibition of ACTH synthesis by causing
changes within the corticotroph, e.g. altered expression of POMC, increased
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CBG synthesis, altered expression of pituitary glucocorticoid receptors
(Matthews et al., 1995).

3) Altered levels of placental steroid conversion. Placental 11-B-HSD
catalyses the conversion of cortisone (rat) and cortisol to inert 11-keto
products, so protecting the fetus from excess maternal glucocorticoid
exposure. Thus, if for some reason placental levels of this enzyme are
decreased, there will be an increased level of circulating cortisol in the fetus.
It has been suggested that a dysfunctional placental glucocorticoid barrier may
be involved in the association between low birth weight and hypertension
(Edwards et al., 1993). (The evidence relating 11-B-HSD to fetal growth

retardation and blood pressure development is discussed in section 7.4.2.ii).

4) Altered progesterone concentrations. Progesterone, synthesised by the
placenta during fetal life (Page, 1993; Wooding & Flint, 1994), is a substrate
for cortisol synthesis. Thus, it is conceivable that if progesterone levels are
elevated cortisol levels may be elevated too. Alterations in placental structure
could perhaps result in altered production of progesterone.

PD fetuses were hypoxaemic compared to PU (Fig. 5.7), so it is possible that
their cortisol levels were elevated. I have also suggested that placental growth
of PD fetuses may have been altered, thus levels of 11-B-HSD and
progesterone may not have been normal either. Unfortunately, I did not
measure cortisol concentrations in these animals and neither did I make any
placental measurements.

5.5 CONCLUSION
The results of this study lead to two conclusions.

1) Blood pressure can follow a different trajectory in different fetuses, and the
pattern of blood pressure development is associated with changes in the
development of the cardiovascular reflexes.

2) There is the suggestion that the pattern of fetal blood pressure development
is related to growth. But, the reasons for deviations from the norm in growth
and blood pressure development are not clear. A strong possibility is that
nutrition affects the balance between fetal and placental growth and
interaction.
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6.1 INTRODUCTION

The work described in the last chapter led to the conclusion that maternal
nutrition may have caused placental insufficiency and thus impaired fetal
growth, which was associated with abnormal cardiovascular development.
This is supported by epidemiological evidence (Barker, 1994 & 1996) that
cardiovascular disease has intrauterine origins associated with poor maternal
nutrition. However, the nutrition-dependent effects on fetal growth and
development are not simple. Timing, duration, severity, and effects on
placental growth, structure and function are important considerations.

The exact time during fetal development at which an insult occurs is important
in terms of outcome. McCance & Widdowson (1974) showed that
subsequent rates and patterns of growth, and the eventual size achieved at
maturity is determined by nutritional plane at particular times during
development. This is because there are ‘critical' periods during an organism's
development (Widdowson McCance, 1975; Lucas, 1990; Harding &
Johnston, 1995), when particular organs and axes are undergoing growth,
differentiation and specialisation, and perturbation during such a period will
result in an altered end-point. Furthermore, such alterations may be
irreversible and may have long-term consequences. This is demonstrated by
the different phenotypic outcomes that result, dependent on when in gestation
stress was encountered. Primary (symmetrical) growth restriction is thought
to be the result of factors acting early in gestation and secondary
(asymmetrical) growth restriction is thought to result from events occurring in
late gestation (Barker, 1994; Owens et al., 1995).

McCance & Widdowson (1974) and Osofsky (1975) both describe studies in
animals illustrating that increased severity and exposure to undernutrition
result in more severe growth retardation, asymmetrical in form. Studies in
humans are, however, less clear-cut. The Dutch Hunger Winter of 1944/1945
(famine conditions taken as 1500 calories/day or less) resulted in significantly
reduced birthweight of offspring exposed during late gestation (Stein &
Susser, 1975a) as did the more severe Leningrad famine (1941-1944), where
a ration of only 300 calories a day was permitted (Antonov, 1942). There
was, however, no clear indication that birtweights were more severely
affected in Leningrad than in Holland. This may be because there is a
minimum maternal body condition, relating to food reserves, below which a
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mother is either unable to conceive at all or to sustain a pregnancy. Placental
growth is also affected by maternal nutritional status, as evidenced by both
increases (DeBarro, 1992; Godfrey et al., 1995) and decreases (Stein &
Susser, 1975a, Dwyer et al., 1992) in placental weight. Both are thought to
represent placental insufficiency.

Fetal and placental growth are related, and impaired fetal growth is associated
with poor developmental outcome (Osofsky, 1975). It was thus my
hypothesis that maternal underutrition would result in alterations in placental
structure and function, such that the transfer of oxygen, glucose and amino
acids to the fetus are impaired, resulting in reduced fetal growth and altered
fetal blood pressure development. The results of the previous chapter
suggested that placental insufficiency, perhaps as a result of maternal
underutrition, results in fetal growth impairment and that the pattern of blood
pressure development is related to growth. The main period of placental
growth and development is during early pregnancy (Winick et al., 1967,
Owens et al., 1995), and a previous study (DeBarro et al., 1992) showed that
periconceptual undernutrition of the ewe resulted in placental hypertrophy and
fetal growth retardation. The aim of this study was, therefore, to investigate
the effect of nutritional plane in early pregnancy on fetal growth and
cardiovascular development, and on placental size and gross morphology.

MATERNAL UNDERNUTRITION

!

PLACENTA
altered structure and function

102

Jd glucose

PERICONCEPTUAL I

J amino acids

FETUS

2

<> altered cardiovascular
‘1’ growth development

Figure 6.1. Hypothesis suggesting that periconceptual maternal
undernutrition results in perturbed fetal cardiovascular
development.
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6.2 EXPERIMENTAL DESIGN

6.2.1 Ewes

Ewes were all from the same flock of Mule crosses - Border Leicester x
Cheviot. Only those animals of similar frame size were enrolled in the study.
They were divided into two groups, Heavy (HE) and Light (LI), on the basis
of liveweight and body score at mating. Low weight and score were taken to
be an indication of poor nutrition, the ewes having been routinely screened
for disease and certified by a veterinary surgeon as being healthy. Body
weight and condition score in sheep are reliable and widely used measures of
nutritional status, and are used routinely in good flock management in
agricultural practice (Russel, 1991). The ideal situation for this study would
have been one where ewes of the same weight and body score were selected,
then significant weight loss induced in those ewes designated as LI prior to
mating, such that at mating they had significantly lower BWs and BCSs than
HE ewes. In order to be able to control nutritional intake closely to achieve
such an end needs ewes to be housed individually and fed a known quantity
each day. Unfortunately, at the time this experiment was carried out, access to
such facilities was not available. The ewes were weighed at mating then at 30,
60 and 90 days of gestation, and blood samples were taken at 0, 30 and 60
days gestation. Only singleton-bearing ewes were included in the study.

6.2.2 Fetal instrumentation

6 HE and 6 LI ewes were randomly selected and their fetuses instrumented at
103-106 days gestation with arterial, venous and amniotic catheters and an
ECG electrode. Crown-rump length (CRL), abdominal circumference (AC)
and femur length were also recorded during surgery.

6.2.3 Experimental protocol

After a 5-day recovery period, the fetuses were monitored until about 129
days gestation. On the first and the last study days fetal cardiovascular
reflexes were measured. The chemoreflex was studied by exposing the fetus
to an acute isocapnic hypoxic challenge for 1 hour ( as described in section
2.3.8.1), and the baroreflex was assessed by elevation of blood pressure after
a bolus i.v. injection of phenylephrine (as described in section 2.3.8.iii).
Fetal and maternal blood gases, blood glucose and lactate levels were
measured daily.
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6.2.4 Post mortem

At about 129 days gestation an extensive post-mortem was carried out (as
described in section 2.3.9.ii). Fetal and maternal body weight; fetal CRL, AC
and femur length; and fetal organ weights were recorded. Individual
placentome weight, depth, diameter and morphology (see section 2.3.9.ii and
Fig. 2.11) were also recorded.

6.2.5 Problems

Unfortunately, out of the 12 fetuses included in this project, only 6 retained
fully functioning flow probes. Therefore, I have only been able to present
data relating to blood flow and vascular resistance for those 6 animals (Fig.
6.7). Of the 6 flow probes that did not remain patent, 2 failed to work from
the very beginning after implantation, in 1 animal the vessel slipped out of the
probe, in 2 animals the ewes bit through the leads, and in 1 other animal the
probe ceased functioning properly for an unknown reason.

6.3 RESULTS

The statistics relating to the symbols in each of the graphs below are
described in the figure legend. For those trends that were analysed by
ANOVA, the statistical significance is stated in the text.

6.3.1 Maternal weight

Body weight at mating was significantly different between the 2 groups of
ewes (Fig. 6.2), HE ewes being some 10 kg heavier than LI ewes. Over the
course of gestation, HE ewes showed a slight significant increase in weight,
whilst LI ewes steadily increased in weight such that at 129 d GA they were
much more heavy than they were at mating (Fig. 6.2). The increase in body
weight was greater in LI than HE ewes, so by the end of the study there was
no significant difference in body weight between the two groups of ewes
(Fig. 6.2). The weight trajectories of the 2 groups of ewes follow a similar
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pattern to those reported by DeBarro et al. (1992) in their experiment where
the nutritional intake of ewes was manipulated such that they either received
food ad lib or intake was reduced.
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Figure 6.2. Mean body weights of HE (O) and LI (m) ewes. *** P <

0.001, HE vs. LI; t P < 0.05, 't P < 0.001, 112 d GA vs. 129 d GA.
Values are mean + S.E.M.

6.3.2 Cardiovascular variables

6.3.2.i MAP. SBP and DBP, FHR, and rate-pressure product

MAP in LI fetuses followed a significantly (P < 0.05) different trajectory to
that of HE fetuses (Fig. 6.3). MAP tended to be higher in LI fetuses, but
there was no significant difference in absolute values at any age between the 2
groups. It is notable, though, that HE fetuses showed the increase in MAP (P
= 0.12, 112 d GA vs. 129 d GA) that is expected during this period of
gestation, whereas LI fetuses showed no increase in MAP (Fig. 6.3). Thus,
the development of MAP was different between HE and LI fetuses.

The pattern of development of SBP was similar to that of MAP. There was an
upward trajectory of SBP in HE but not in LI. The differences in these
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trajectories were significantly different (P < 0.05) between the two groups
(Fig. 6.3). Also, SBP in HE fetuses tended to rise, but there was no rise in
LI fetuses. DBP did not change significantly over the course of the study in
either group, and there was no significant difference in SBP between groups
(Fig. 6.3).

The pattern of FHR development, i.e. its trajectory, was not significantly
different between the 2 groups of fetuses (Fig. 6.3). It decreased significantly
in both groups between 112 d GA and 129 d GA (Fig. 6.3).

The rate-pressure product tended (P = 0.08) to decrease in HE animals, but
there was no significant change in LI fetuses between 112 d and 129 d GA
(Fig. 6.3). There was no significant difference between the 2 groups in terms
of pattern of development.
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Figure 6.3. MAP, SBP and DBP, FHR and rate-pressure product in
HE (0) and LI (@) fetuses over the course of the study. t P < 0.05,112 d
vs. 129 d. Values are mean * S.E.M. (See also Appendix 8).
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6.3.2.ii Cardiovascular reflexes
Baroreflex

The baroreflex curves for HE and LI fetuses are shown in figure 6.4.
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Figure 6.4. Baroreflex curves for HE and LI fetuses at 112 d GA (A)
and 129 d GA (A). Values are mean (S.E.M. not included for clarity).

In HE animals, the slope of the steep portion of the baroreflex curve tended
(P =0.15) to decrease between 112 d and 129 d GA. But, in LI fetuses there
was no such tendency (Fig. 6.5). So, the gain of the reflex decreased in HE
fetuses but not in LI fetuses. It is worth noting, also, that the gain of the
baroreflex in LI fetuses at both ages was similar to that seen in HE fetuses at
129 d GA (Fig. 6.5).
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Figure 6.5. Slope of the steep part of the baroreflex curve in HE and LI
fetuses at 112 d (m) and 129 d (83) GA. Values are mean + SEM.

Chemoreflex

There was no significant change in the bradycardic response to hypoxia
between 112 d and 129 d GA in HE fetuses, whereas in LI fetuses there was
a tendency (P = 0.09) for the response to increase (Fig. 6.6). Although the
magnitude of the hypertensive response to hypoxia increased between 112
days and 129 days gestation in both HE and LI fetuses, the increase only
reached statistical significance in PD (Fig. 6.6).
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Figure 6.6. The bradycardic (5 min after the onset of hypoxia) and
hypertensive (15 min after the onset of hypoxia) responses to
hypoxaemia in HE and LI fetuses at 112 d (m) and 129 d (O) GA. +P <
0.05, 112 d vs. 129 d. Values are mean + S.E.M.

6.3.2.//# Femoral flow and femoral vascular resistance

Femoral flow rose in both groups of fetuses between 112 d and 129 d GA,
but the increase was not significant in either group. The somewhat steeper
trajectory in HE fetuses was, however significantly {P <0.05) different to
that of LI fetuses (Fig. 6.7). There was no significant change in vascular
resistance with increasing gestational age in either group, and nor was there a

significant difference between groups (Fig. 6.7).
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Figure 6.7. Femoral blood flow and femoral vascular resistance in PU
(o) (n=3) and PD (®) (n=3) fetuses. Values are mean * S.E.M.

6.3.3 Endocrine levels

Blood removal for hormone analysis was limited to 3 samples over the course

of the study, at 112 d, 118 d and 129 d GA, so as to avoid the fetuses
becoming anaemic.

6.3.3.i Catecholamines

The concentration of adrenaline was higher in HE than in LI fetuses at 112 d
GA, but there was no difference thereafter. Noradrenaline concentrations
were the same in both groups throughout the study (Fig. 6.8). Concentrations
did not change significantly between 112 d and 129 d GA in either group.
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Figure 6.8. Fetal adrenaline and noradrenaline concentrations over the
3 weeks of the study in HE (o) and LI (@) fetuses. * P < 0.05, HE vs. LI.
Values are mean * S.E.M.

6.3.3.ii  Cortisol

Cortisol concentrations were the same in LI and HE at 112 d and 118 d GA.
At 129 d GA mean cortisol concentration rose dramatically in LI, whereas that
of PU rose only very slightly (Fig. 6.9). The increase at 129 d GA was not,
however, significant in either group. It is interesting that there was a large
degree of variability in cortisol concentrations between LI animals at 129 d
GA, which was not the case for HE fetuses.

270



Chapter 6 PERICONCEPTUAL UNDERNUTRITION

140~
120
100
80 -
60 4

40 I

Cortisol (nmol 1)

204

0 T T
110 115 120 125 130
GA (days)

Figure 6.9. Cortisol concentration over the course of the study in HE
(o) and LI () fetuses. Values are mean * S.E.M.

6.3.4 Blood gases, haemoglobin, glucose and lactate

PaO, appeared to decrease over the course of the study in both HE and LI
fetuses, but the decrease was not significant in either group. There was no
difference between groups (Fig. 6.10).

Similarly, lactate appeared to increase over the 3 weeks in both groups. The
increase was not significant in HE fetuses, but was approaching significance

(P = 0.06) in LI fetuses. There was no difference between groups (Fig.
6.10).

PaCO,, haemoglobin, pH, and glucose concentrations did not change

significantly with increasing gestational age, and there were no significant
differences between groups (Fig. 6.10).
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Figure 6.10. PaO;, PaCO,, pH, haemoglobin, glucose and lactate in

HE (o) and LI (@) fetuses over the course of the study. Values are mean
+ S.E.M.
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6.3.5 Fetal size

6.3.5.i Weights and lengths

LI fetuses were significantly lighter than HE fetuses (Table 6.1) The absolute
organ weights per se were similar for both groups, except for the kidneys
which were significantly lighter in LI fetuses than in HE (Table 6.1).
Expressed as a percentage of body weight, so as to take account of the
difference in BW between the two groups, it was interesting that not only
were the kidneys smaller in LI fetuses, but their brains were larger than those
of HE. It may be worth noting also, that, although it was not significant, the
livers of LI fetuses tended to be smaller than HE (Table 6.1).

CRL, AC and femur length were not significantly different between LI and
HE fetuses at 112 d GA (Fig.6.11), though at 129 d GA AC was
significantly greater in HE fetuses, whilst CRL and femur length were similar
(Table 6.1, Fig. 6.11).
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HEAVY LIGHT
Gestational age GA at start 111 £ 0.2 112+ 04
GA atend 129+ 1.2 129 + 0.7
Absolute weights  Body weight (g) 4117 £ 100 3783+ 124 *
Brain weight (g) 40+1.1 449 + 0.8
Heart weight (g) 271207 249+ 10
Lung weight (g) 1128+ 438 98.8 + 4.8
Liver weight (g) 1264 £ 9.7 1102 +59
Kidney weight (g) 146+ 09 114+ 0.6 **
Adrenal weight (g) 0.19 £ 0.01 0.17 £ 0.02
Perirenal fat weight (g) 194+ 1.1 222+ 6.5
Pancreas weight (g) 32104 34106
Spleen weight (g) 9.7+08 70x 0.6
Thymus weight (g) 123+ 13 9708
Thyroid weight (g) 1.0+ 0.1 1.0+ 0.1
Proportional organ Brain ¢ BW 1.08 £ 0.03 121005 *
weights Heart ¢ BW 0.66 £ 0.01 0.66 + 0.02
Lung % BW 277 £0.15 2.61 + 0.08
Liver % BW 3.05 £0.20 293 +£0.16
Kidney % BW 0.36 £ 0.02 031+002 =
Adrenal % BW 0.005 £ 0.0001 0.005 £ 0.0001
Perirenal fat % BW 0.47 £ 0.02 0.58 £ 0.16
Pancreas % BW 0.08 £ 0.01 0.09 + 0.01
Spleen % BW 0.23 £ 0.02 0.24 £ 0.02
Thymus % BW 0.30 £ 0.03 0.26 + 0.02
Thyroid % BW 0.02 £ 0.003 0.03 £ 0.002
Change in length CRL 31+9 22+ 4
AC 655 39+7 *
Femur 575 60+ 1
Placenta Total placental weight (g) 444 + 29 380+ 33
Placental to FBW ratio 0.11 £ 0.006 0.10 £ 0.008

Table 6.1. Body and organ weights, organ weights as a
percentage of body weight (BW), and gestational age (GA) at
the start and end of the experimental period in HE and LI
fetuses. * P < 0.05, ** P < 0.005, HE vs. LI. Values are mean
+ S.E.M.
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6.3.5.ii  Growth

The increase in CRL and femur length between 112 d and 129 d GA was
comparable between groups, however there was a significantly greater
increase of AC in HE than LI fetuses (Table 6.1, Fig. 6.11).

W
o
1

Length (cm)

CRL AC  FEMUR

Figure 6.11. CRL, AC and femur length as measured at surgery (107 d
GA) (O/m) and at post-mortem (129 d GA) (EVE) in HE (lighter
coloured bars) and LI (darker coloured bars) fetuses. X P < 0.05, HE vs.
LI at post-mortem. Values are mean * S.E.M.

The decreased girth growth in LI may reflect a decreased liver growth, since,
as [ have already mentioned, liver weights tended to be less in LI (Table 6.1).
In fact, if we look at the correlation of AC as measured at post-mortem to

liver weight measured at the same time, there is a positive correlation (Fig.
6.12).
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Figure 6.12. Correlation of AC with liver weight at 129 d GA in HE (o)
and LI (@) fetuses.

6.3.5.iii  Factors relating to FBW
Maternal weight

FBW at 129 d GA correlated positively with maternal BW at mating and at
129 d GA (Fig. 6.13). Change in maternal BW between 0 d and 129 d GA
was not, however, correlated to FBW at 129 d GA (Fig. 6.13).

5000 = 0404, P <0.05 r=0569, P<0.01 r=0.029, nis

o
S 4500 o oo' ®e
®
. o° O
% 4000 d‘:’f". °
3500 -+ _ s
[ ]
3000 T ' 1§ ] T 1 I 1 1 1 1 1 ] i ? I 1
3040 5060 70 8 40 5060 708090 -10 0O 10 20 30
Maternal BW Maternai BW Change in
at 0 d GA (kg) at 129 d GA (Kg) maternal BW

Figure 6.13. Correlation of FBW in HE (o) and LI (®) at 129 d GA to
maternal BW at 0 d GA and at 129 d GA, and to the change in
maternal BW between 0 d and 129 d GA.
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Placental parameters

FBW showed a significant positive correlation with total placental weight,
mean placentome weight, and mean placentome diameter; and a significant
negative correlation with the total number of placentomes, and the mean
diameter to weight ratio of placentomes (which gives an idea of the density of
the placentome) (Fig. 6.14). (Unfortunately I did not measure placentome
volume, which could have been done quite easily by measuring the
displacement of water, so I was unable to calculate the actual densities of
placentomes). There was no correlation of FBW with mean placentome
thickness or the ratio of mean placentome diameter to placentome thickness

(which gives an indication of the shape of the placentome).
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% b ®
3000
200 400 600 800 45 60 75 90 105 3456 7 8
Total placental Total no. of Mean placentome
weight (g) placentomes thickness (mm)
5000 4 = 0.683, P < 0.001 r=0.624, P, 0.001 r=0.273, nis
4500 o e o e S .
o
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U 3500 P
° [ ]
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Mean piacentome Diameter : Weight Diameter : Thickness

weight (g)
5000 4F = 0.597, P <0.01
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Figure 6.14. Correlation of FBW in HE (o) and LI (e) fetuses to: total
placental weight, mean placentome weight, mean placentome diameter
(left-hand side), total number of placentomes, mean placentome
diameter to weight ratio (middle), mean placentome thickness, and
mean placentome diameter to thickness ratio. Values are mean (S.E.M.
omitted for clarity).

277



Chapter 6 PERICONCEPTUAL UNDERNUTRITION

6.3.6 Placenta

6.3.6.i Weight

Total placental weight was not significantly different between the two groups
and nor was placental to fetal body weight ratio (Table 6.1), although LI
placentae tended (P = 0.2) to be lighter than HE placentae (Table 6.1).

6.3.6.ifi  Factors relating to placental weight
Placentomes

[t was surprising to find that total placental weight did not correlate with the
total number of placentomes (Fig. 6.15). There was also no correlation of
total placental weight with placentome thickness (Fig. 6.15). There was,
however, a significant positive correlation of total placental weight with mean

placentome diameter (Fig. 6.15).
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Figure 6.15. Correlation of total placental weight in HE (o) and LI (®)
sheep to total number of placentomes, mean placentome thickness, and
mean placentome diameter. Values are mean (S.E.M. omitted for
clarity).

Maternal weight

There was a significant positive correlation of total placental weight with
maternal BW at 0 d GA and a significant negative correlation with change in
maternal BW between 0 d and 129 d GA. There was no significant correlation
of placental weight with maternal weight at 129 d GA (Fig. 6.16).
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Figure 6.16. Correlation of placental weight in HE (o) and LI (®) sheep
to maternal BW at mating and at post-mortem, and to the change in
maternal BW between mating and post-mortem.

6.3.6.iii Morphology

In both HE and LI the majority of placentomes were type A and B. There
was, however, a shift of distribution to the right in LI fetuses, i.e. an

increasing proportion of type D placentomes (Fig. 6.17).

279



Chapter 6 PERICONCEPTUAL UNDERNUTRITION

80-
70-
60
50
40
30- -

20-

10- -

kK

%

KR

A B C D
Placentome type

Figure 6.17. Percentage of each type of placentome, A, B, C and D
(based on the morphological classification system of Vatnick et al.,
1991) in HE (O) and LI (W) placentae. ** P < 0.005, *** P < 0.001, vs.
A; *x P < 0.005, * P < 0.05, vs. B; T P < 0.05, vs. C. Values are mean *
S.E.M.

6.3.7 Fetal behaviour

6.3.7.i Sleep states

In LI the duration of LV-ECoG activity was greater than HV-ECoG activity at
120 d GA (Fig. 6.18, upper right graph), and the incidence of LV-ECoG
activity was greater than HV-ECoG activity at both 120 and 123 d GA (Fig.
6.18, lower right graph). In contrast, there was no difference of either
incidence or duration of LV- and HV-ECoG activity in HE fetuses (Fig. 6.18,
upper and lower left graphs).
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Figure 6.18. Average duration (upper graphs) and incidence (lower
graphs) of HV-ECoG activity () and LV-ECoG activity (EJ) activity at
120, 123 and 126 d GA in HE (graphs on left) and LI (graphs on right)
fetuses. * P < HV-ECoG vs. LV-ECoG. Values are mean * S.E.M.

6.3.7.ii  Fetal breathing movements (FBMs)

There was no change in either duration or incidence of FBMs in LI.
However, HE showed a decrease in duration between 120 and 126 days
gestation, but no change in incidence (Fig. 6.19).
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Figure 6.19. Average duration and incidence of FBM in HE (O) and LI
(W) fetuses at 120, 123 and 126 days gestation. * P < 0.05, 126 d vs. 120
d GA. Values are mean * S.E.M.

6.4 DISCUSSION
6.4.1. Cardiovascular development of HE and LI fetuses

6.4.1.i Blood pressure and heart rate
Nutrition and blood pressure development

The finding in this study that blood pressure development was altered in
fetuses of ewes that were undernourished during the periconceptual period is
interesting in view of observations that have been made in humans. Barker
(1992) suggested that undernutrition in utero may be an important factor in
the predisposition to cardiovascular disease in later life. More recently
Godfrey et al. (1994) conducted a prospective study looking at the
relationship of maternal nutrition to birthweight and blood pressure in
offspring at eleven years of age. Maternal nutritional status was determined
by measurements of weight, skinfold thickness and haematological status
throughout pregnancy. They found that there was a link between poor
maternal nutrition and high blood pressure in 10-12 year old children.
Campbell et al. (1995) found a relationship between blood pressure in men
and women aged about 40 years and the balance of maternal intake of animal
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proteins and carbohydrate during pregnancy. A somewhat clearer observation
of the influence of maternal protein and carbohydrate intake during pregnancy
was made by Godfrey et al. (1996). They suggested that high carbohydrate
intake in early pregnancy combined with a low dairy protein intake in late
pregnancy suppresses placental growth, which may have long-term

consequences for cardiovascular development of the offspring.

The tendency towards higher pressures in LI (Fig. 6.3) is similar to the
findings of Johnston et al. (1994), where fetuses whose mothers had been on
a low nutritional plane in early pregnancy also tended to have a higher MAP
than controls, suggesting that nutrition in utero affects the programming of
the cardiovascular system. Further evidence to support this idea comes from
observations in guinea pigs (Persson & Jansson, 1992) where pups that had
severe IUGR, as a result of uterine artery ligation, had elevated blood
pressure at 3-4 months of age. Also, rats that were exposed to a reduced
protein diet in utero and were found to be hypertensive at nine weeks of age
(Langley and Jackson, 1994). These findings also compare with observations
in my anaemic rat pups that were hypotensive at weaning, then developed
hypertension by 40 days of age (Chapter 3). Clearly, maternal nutrition
during pregnancy has an effect on fetal MAP in late gestation.

Mechanisms determining the pattern of blood pressure development in LI
and HE fetuses

In the light of discussion in the previous chapter regarding the pattern of MAP
development, it was notable that in LI fetuses MAP failed to show any
increase over the 3 weeks of the study (Fig.6.3). The fact that the SBP of LI
fetuses followed a similar pattern of development to MAP, and both were
different to the pattern of MAP and SBP development seen in HE suggests
that SBP may have influenced MAP development in LI fetuses. DBP
development was similar in both LI and HE groups. In both groups, FHR
decreased, rate-pressure product did not change significantly (Fig. 6.3), and
nor did femoral vascular resistance (Fig. 6.7). Thus, the increase in SBP and
MAP in HE fetuses must have been due to increased stroke volume. It was
probably also caused by a decrease in aortic compliance, which may occur as
a consequence of the rapid accumulation of elastin and collagen that occurs in
the aorta during the perinatal period (Bendeck & Langille, 1991). Therefore,
the fact that SBP did not increase with time in LI fetuses could have been due

to a failure of stroke volume to increase, accompanied perhaps by a fall in
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central venous pressure. Heart weight of LI fetuses only tended to be smaller
than that of HE, and was the same when expressed as a percentage of body
weight (Table 6.1). If there was a significant chronic decrease in stroke
volume one would also expect a significant decrease in heart weight.
Therefore, decreased central venous pressure is the most likely cause for the
pattern of blood pressure seen in LI fetuses. Central venous pressure may

have decreased if there was a decrease in placental vascular resistance.

Fetuses that were subjected to either fetal anaemia (Davis & Hohimer, 1991),
maternal anaemia (not resulting in fetal anaemia) (Mostello et al., 1991),
reduced maternal plasma volume (Daniel et al., 1989), or carunclectomy
(Robinson et al., 1983) had lower blood pressure than controls. Lower
pressure suggests either a reduced increase or a failure for pressure to
increase at all. In fetal anaemia there are changes in fetal vascular resistance
that account for the resultant hypotension (anaemia and blood pressure
development are discussed in detail in section 3.4.1). Haemoglobin levels in
LI fetuses were not significantly different to those of HE fetuses (Fig. 6.10),
so anaemia was not an underlying cause for their altered blood pressure
development. Mostello er al. (1991) suggested that the significantly lower
MAP in their fetuses from anaemic ewes may have been due to the smaller
size of those fetuses. Certainly this is a possibility as CVO increases
ordinarily with increasing fetal weight (Rudolph & Heymann, 1970), which
will help to drive pressure up. This raises the possibility that the smaller size
of LI fetuses may have been accompanied by a lower CVO than HE fetuses,
which could have accounted for the failure for pressure to increase. But, the
rate-pressure product was not significantly different between LI and HE
fetuses, which implies that CVO may not have been different between them
either. Another possible mechanism for the failure of MAP to rise in LI
fetuses is hypovolemia, such as was proposed by Daniel et al. (1989).
Although I did not measure blood volume, there is no indication, e.g.
vasoconstriction, that it was less (on a volume per weight basis) in LI
compared to HE fetuses. Hypovolemia as a result of haemorrhage has been
shown to cause an increase in catecholamines (Meyers et al., 1991) and All
(Iwamoto & Rudolph, 1981), resulting in vasoconstriction. Catecholamine
levels in LI fetuses were not elevated (Fig. 6.8) and there was no
vasoconstriction (Fig. 6.7). so it seems unlikely that hypovolemia was a
mechanism responsible for the failure of MAP to rise in this instance. But,

measurement of hormones such as All, vasopressin and aldosterone would
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perhaps have confirmed this view. Robinson et al. (1983) found that blood
pressure was lower in carunclectomy fetuses compared to controls,
presumably due to alterations in placental structure and function. Normally, in
the fetal lamb, the proportion of cardiac output to the placenta decreases from
about 50% at 60 d GA to about 40% at 145 d GA, indicating a decrease in
total fetal body circulatory resistance, or an increase in placental vascular
resistance. Decreased fetal body vascular resistance is accounted for by
decreased resistance in the lungs, gut, brain and myocardium (Rudolph &
Heymann, 1970). But, although the proportion of CVO to the placenta
decreases, there is actually an increase in net flow, despite the possible
increase in placental vascular resistance suggested by Rudolph & Heymann
(1970). Before 115 d GA the increase in net flow is due to a decrease in
placental vascular resistance, and after 115 d GA it is pressure driven by the
increasing fetal arterial pressure (Carter, 1993). Presumably however,
increasing placental vascular resistance also contributes to the rise in pressure
during late gestation. It may be, therefore, that the failure for MAP to increase
in LI fetuses was due to decreasing placental vascular resistance.

Thus, it seems that, of the mechanisms I have proposed for failure of MAP to
increase in LI fetuses, altered placental function resulting in a decrease in
placental vascular resistance is the most likely. (I shall discuss the placenta in
more detail later on in this chapter, section 6.4.2.iv).

6.4.1.ii Cardiovascular reflexes

The fact that periconceptual maternal nutrition affects cardiovascular
development is further emphasised by my finding in this study that there were
differences between HE and LI fetuses in the development of their
cardiovascular reflex responses.

Baroreflex

The immediately striking finding when looking at baroreflex development in
LI and HE fetuses was that the pattern seen in the gain of the reflex (Fig. 6.5)
was almost identical to that described in the previous chapter for PU and PD
fetuses (see Fig. 5.4 and section 5.5.1.ii). In HE fetuses baroreflex
sensitivity tended to decrease (Fig. 6.5), consistent with their rise in MAP,
and in the manner expected during this stage of development (Blanco et al.,
1988). But, in LI fetuses, gain of the reflex did not change and appeared to
already be reset by 112 d GA to a level not seen in HE until 129 d GA (Fig.
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6.5). This failure for baroreflex sensitivity to change in LI fetuses is probably
not surprising as blood pressure did not rise (Fig. 6.3), but suggests greater
baroreflex maturity than HE fetuses.

It is impossible from this study to determine which is ‘chicken’ and which is
'egg', with reference to baroreflex and MAP development. However, a
sustained elevation in arterial pressure would tend to cause a decrease in
baroreflex gain, whereas if gain was lower, this would tend to let pressure
rise. So, in this study, presumably arterial pressure was cause and baroreflex
was effect. We may speculate as to the possible mechanisms underlying the
lower sensitivity of the baroreflex in LI fetuses. In section 5.5.1.ii I
discussed at some length the different mechanisms for altered baroreflex

sensitivity, so I shall not describe them in depth again here. Possibilities are:

1) Flow-related changes in the mechanical properties of the vessel walls of the
aorta and carotid artery may have occurred in LI fetuses, resulting in altered
vascular compliance which is known to affect baroreceptor resetting
(Landgren, 1952; Andresen, 1984). The failure for flow to increase in LI
fetuses (Fig. 6.7), presumably as a result of the fact that pressure did not
increase, may have had an effect on the vascular structure, as flow is one
determinant of vascular remodelling (Langille, 1993; Struijker-Boudier et al.,
1995). Possibly the carotid sinus of LI fetuses was less distensible than HE at
112 d GA, as it has been shown (Andresen et al., 1980) that the carotid sinus
of the newborn rat is more distensible than that of adults.

2) There may have been altered release of paracrine factors in LI fetuses. It
has been demonstrated in the isolated carotid sinus of rabbits that impaired
PGI, production results in decreased baroreceptor sensitivity (Chen et al.,
1990; Chapleau et al., 1991) and it has also been shown in human adults that
the fatty acid composition of the diet is associated with changes in PGI;
synthesis (Sinclair & Mann, 1996). It may be that in LI fetuses the
morphological changes seen in their placentae (Fig. 6.17) affected the
transport of fatty acids across the placenta, which could have resulted in
altered fetal PGI; synthesis.

Chemoreflex

The tendency for the bradycardic response to hypoxaemia to increase between
112 d GA and 129 d GA, and the significant increase in the hypertensive
response of LI fetuses (Fig. 6.6) bears a striking resemblance to the
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chemoreflex response of PD fetuses in the previous chapter (Fig. 5.5,
discussed in section 5.5.1.iii). LI fetuses did not have lower blood oxygen
levels than HE fetuses, so hypoxaemia is a not a potential mechanism for their
altered chemoreflex development, as it was in PD fetuses.

Enhanced chemoreflex activity may have consequences for the fetus later in
life, either at birth or after birth when it encounters periods of hypoxia.

6.4.2 Placental growth and morphology

I have already alluded to the idea that changes in placental structure and
function may underlie the altered blood pressure development of LI fetuses.
So, I shall now go on to discuss the placenta.

6.4.2.i Total placental weight

Total placental weight was not significantly different between LI and HE
fetuses, though it showed a tendency to be lower in LI fetuses (Table 6.1).
This is similar to findings in women exposed to famine conditions during
early pregnancy (Stein & Susser, 1975). Placental weights in women
exposed to famine conditions only during early gestation had lighter
placentae, though it was found that the effect of late gestation famine
exposure had a more profound effect on placental weight. In the sheep,
Jacobs et al. (1988a) found that hypobaric hypoxaemia tended to cause a
reduction in placental weight, and Ahokas et al. (1984) that undernutrition in
the rat between 5 d GA (0.2 gestation) and 21 d (term) caused a significant
decrease in placental weight. Faichney & White (1987), on the other hand,
found that undernutrition in the sheep between 50 d GA and 135 d GA caused
a significant increase in placental weight, as did DeBarro et al. (1992) in

response to a periconceptual nutritional challenge. These differences in

outcome are probably due to different severities of malnutrition between
studies and inconsistencies in time and period of onset. Unfortunately, there
have not, to my knowledge, been any dose-control studies performed, which
would help to explain these differences. Nonetheless, maternal nutrition does
seem to affect placental weight.

6.4.2.ii  Placental morphology

Placental morphology was also affected by maternal nutritional plane. Poor
periconceptual maternal nutritional status resulted in an increased proportion
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of D-type placentomes (Fig. 6.17), a change which is said to reflect
compensatory growth of the placenta in order to maintain fetal growth
(Alexander et al., 1964; Vatnick et al., 1991). Fetal growth was, however,
impaired in LI fetuses (Table 6.1) which suggests that their placental function
may not have been adequate for maintaining fetal growth. The possibility
arises that D-type placentomes are not, in fact, the most efficient placentome
type for placental function. Alternatively, it may be that, had there been more
of a shift towards a greater proportion of D-type placentomes in LI fetuses
than there were, fetal growth would have been maintained, an idea that is
investigated in the next chapter (Chapter 7).

6.4.2.iii Placentome number, thickness and diameter

There was no correlation of either placentome number or thickness with total
placental weight, whereas there was a significant positive correlation with
placentome diameter (Fig. 6.15).

I was most surprised to find that number seemed to have no influence,
particularly as Alexander (1964) reported a significant positive relationship
between the number of cotyledons and total cotyledon weight. However,
most of the sheep in Alexander's (1964) study had between O and 84
caruncles removed, so total placental weight covered a large range, from
about 120g to about 800g. This is somewhat greater than the total placental
weight range of 245g to 753g in my study. Had he not produced such
extremes in placental weight as he did, it is possible that Alexander (1964)
may not have found a correlation.

Placentome thickness ranged from about 2 mm to 10 mm, whereas diameter
ranged from about 5 mm to 85 mm, so I was not surprised that total placental
weight was not influenced by thickness but was strongly associated with
diameter.

6.4.2.iv Maternal weight and placental growth

The significant positive correlation of placental weight in late gestation with
maternal body weight at mating (Fig. 6.16) shows that maternal nutritional
status at conception is important in determining the future growth of the
placenta. Both IGF-I and IGF-II are expressed in the maternal caruncles
(Stevenson et al., 1994) and circulating levels in fetal plasma show a positive
correlation with placental weight (Owens et al., 1994). The correlation of
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IGFs and placental weight with placentome number was not shown, which
makes the results a little unclear with regard to placental growth. It may have
been that a reduced number of placentomes resulted in reduced IGF levels,
rather than that reduced IGF levels resulted in decreased placental growth.
Also, it would have been nice to know the IGF levels in the placentomes
themselves. However, the results of Owens et al. (1994) suggest that IGF-I
and IGF-II may be regulators of placental growth, and that they may be fetal
in origin, as well as placental. Recent work has shown that IGF-II is likely to
stimulate proliferative and/or metabolic activity within developing
placentomes (Reynolds et al., 1995). The above studies suggest that
decreased expression of placental IGFs may occur if maternal nutrition is sub-

optimal at conception and during early placental proliferation, so resulting in
reduced placental growth.

Vascular endothelial growth factor (VEGF) is an angiogenic growth factor
which may also be important for placental growth. Several varieties of VEGF
have recently been shown to be produced in the first-trimester human
placenta, where it was suggested they may be important for inducing and
maintaining placental angiogenesis (Anthony et al., 1994). Hypoxia has been
shown to up-regulate VEGF expression, which may reflect a mechanism
whereby placental metabolic requirement influences placental vascularisation
(Wheeler et al., 1995). It may be that deficiencies of metabolic substrates
other than oxygen also influence the expression of VEGFs. Increased VEGF

expression is one mechanism whereby placental vascular resistance could be
reduced.

6.4.3 Fetal growth

LI fetuses showed an asymmetrical pattern of growth. At 129 d GA they were
smaller than HE fetuses, as can be seen by their lower body weight (Table
6.1) and smaller AC (Fig. 6.11), and their brains were larger and their
kidneys smaller, as a proportion of body weight (Table 6.1), than those of
HE fetuses. Between 107 d GA and 129 d GA CRL and femur length of LI
fetuses increased at a similar rate to HE fetuses, but AC growth was
significantly reduced (Table 6.1, Fig. 6.11).
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6.4.3.i Maternal determinants of fetal growth
Size

It is known that maternal body size influences the eventual size of offspring,
as was demonstrated in the classic "Shire and Shetland" studies conducted by
Walton and Hammond (Yates, 1988). Furthermore, it has been demonstrated
in the sheep (Vallet & Christenson, 1993) that if there is a decrease in uterine
space. the offspring born are smaller than controls. In a less extreme situation
than those cited above, however, Kemp e al. (1988) studied the relationship
of frame size and nutritional restriction of ewes with size of offspring. They
found that there was little effect of ewe frame size on carcass characteristics of
lambs slaughtered at 41 kg and 50 kg, but that there was an effect of
nutrition. This suggests that normal variations in maternal body size,
independent of nutrition, do not have an adverse effect on fetal growth. This
seems logical, because there is much variation in the frame size of normal
healthy women of reproductive age, and it would be disastrous to survival of

the species if small women were destined to produce disadvantaged
offspring.

Nutrition

I mentioned above that maternal nutrition has a greater effect on offspring's
growth than frame size (Kemp et al., 1988). Certainly evidence from both
animal (Mellor & Matheson, 1979; Mellor & Murray, 1981; Faichney &
White, 1987; DeBarro er al., 1992; Bauer et al., 1995; Harding & Johnston,
1995; Harding, 1995) and human (Gruenwald, 1967; Stein & Susser, 1975a
& b; Godfrey et al. 1991, 1994 & 1996; Barker, 1992, 1994 & 1996; Stein et
al., 1996) studies confirm that maternal undernutrition at conception and
during pregnancy result in impaired fetal growth. The positive correlation of
FBW with maternal BW in HE and LI animals (Fig. 6.13) is in agreement
with this. Furthermore, this correlation and the fact that there was no
correlation of FBW with the change in maternal BW during pregnancy (Fig.
6.13) supports studies carried out in humans (Peckham and Christianson,
1971; Simpson et al., 1975: Brown et al., 1981) where it was observed that
women who were underweight at conception had babies of low birth weight,

despite similar weight gain to normal-weight women during pregnancy.
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Thus, underweight mothers are considered to be a risk factor for fetal growth
retardation.

The mechanisms underlying the association between maternal weight and fetal
growth are not entirely understood. Of course, if the supply of substrates for
metabolism and tissue accretion is inadequate then growth will be impaired.
Rosso et al. (1992) suggested another mechanism for fetal growth retardation
in underweight women. They showed that there is a significant positive
correlation between maternal weight and maternal plasma volume, and
between maternal plasma volume and both newborn weight and placental
weight. They suggested that reduced maternal plasma volume leads to
reduced maternal cardiac output, which results in diminished uterine blood
flow and thus JIUGR. Reduced maternal plasma volume in the pregnant ewe
has also been seen to prevent the increase in uterine blood flow that occurs as
pregnancy progresses, though impaired fetal growth did not always result
(Daniel et al., 1989). In the rat, dams fed 50% of the average daily food
intake of controls were found to have preserved maternal hepatic blood flow
whilst there was a 30% reduction of flow to the placenta, which was
suggested to be the result of increased placental vascular resistance (Ahokas et
al., 1984). They found that both fetal and placental weight were lower in the
diet-restricted rats. So, maternal undernutrition may impair fetal growth
through decreased substrate delivery to the fetus, as a result of decreased

uterine blood flow, or as a result of decreased vascular resistance.

However, the mechanisms limiting fetal growth may vary depending on
timing of insult. The effect of maternal undernutrition on fetal growth varies
depending on when during gestation the period of deprivation occurred (Stein
& Susser, 1975a & b; Faichney & White, 1987; Harding & Johnston, 1995;
Harding, 1995; Owens et al., 1995).

During the periconceptual period and in early pregnancy reduced substrate
supply is generally associated with symmetrical growth retardation (Owens et
al., 1995), though outcome does vary from study to study (see Table 1.2 and
section 1.7.2). Asymmetrical growth patterns, such as I observed in LI
fetuses, are generally observed when nutrient supply is reduced in mid
through to late pregnancy, late pregnancy, or for the whole of pregnancy.
Uterine artery ligation (Detmer et al., 1991; Jansson et al., 1986) in guinea
pigs results in brain sparing, as does undernutrition in late gestation (Stein &
Susser, 1975b; Harding & Johnston, 1995; Harding, 1995), placental
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embolization during late gestation (Creasy et al., 1972; Murotsuki et al.,
1996a), hypoxaemia during late gestation (Jacobs et al., 1988a), acute uterine
artery ligation in late gestation (Tanaka et al., 1994), hypoxaemia throughout
gestation (Bacon et al., 1984; Jacobs et al., 1988a), and carunclectomy
(Owens et al., 1986). All these studies also produced significant alterations in
placental weight, except Jacobs et al. (1988a) where the decrease in placental
weight did not reach significance. This raises the possibility that reduced
substrate supply early in gestation may have affected the interaction between
fetal and placental growth during late gestation in LI fetuses.

6.4.3.ii  Placental size and fetal growth

In my LI and HE fetuses I observed the well established positive correlation
of FBW with placental weight (Fig. 6.14). FBW also showed a significant
positive correlation with mean placentome weight and mean placentome
diameter (Fig. 6.14). This suggests that in the sheep, the optimum placenta
for fetal growth is one where the placentomes are large and heavy, though the
thickness of the placentome does not influence fetal growth (fig. 6.12). This
agrees with the study of Alexander (1964), where he observed an increase in
individual placentome weight after carunclectomy. He concluded that up until
100 d GA in the sheep, fetal growth could be sustained with little placental
tissue. But, after 100 d GA (0.68 gestation), when there is an increase in fetal
growth rate, placental size limits fetal growth. Similarly, in guinea pigs where
one uterine artery was ligated (Jansson et al., 1986), prior to 45 d GA (0.66
gestation, term in the guinea pig being about 68 days), there was no effect on
fetal growth although placental weight was reduced. But, by 55 d GA (0.8
gestation) fetal growth was impaired. This suggests that in the first half of
gestation, prior to 0.66 gestation, growth of the fetal guinea pig was not
limited by the size of the placenta. Somewhat differently, DeBarro et al.
(1992) found in sheep undernourished during the periconceptual period, that
fetal growth was reduced by 90 d GA (0.6 gestation) and was associated with
increased placental weight. Evidently, both small and large placentaec may be
indicative of impaired placental function. The possibility arises that the
somewhat smaller LI placentae may have limited fetal growth.

I was surprised to find that there was a negative correlation of FBW with
number of placentomes (Fig. 6.14), but this is similar to Alexander's (1964)
observation that fetal weight correlated better with the weight of functional
cotyledons than with their number. There was also a negative correlation of
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FBW with placentome diameter/placentome weight ratio (Fig. 6.14). This
suggests that less dense placentomes are desirable for optimal fetal growth. It
may be that denser placentomes are made up of more stroma and connective
tissue than villi, so the surface area for exchange of substances is reduced,
which would, of course, not be optimal for fetal growth. If stromal tissue is
indeed more dense than villous tissue, this idea is supported by the fact that at
70-90 d GA, the placentomes are made up of a large amount of fetal
connective tissue, then as gestation proceeds there is increasing sub-division
of the villi at the fetomaternal haemotrophic exchange surface, so by term the
villous surface area is greatly increased and there is very little fetal or maternal
connective tissue (Wooding & Flint, 1994). There was no correlation of
FBW with placentome diameter/placentome thickness ratio, suggesting that
placentome shape is not a determinant of placentome functionality. Placental
weight and density, therefore, appear to be closely correlated to fetal growth.

6.4.3.iii  Placental morphology and fetal growth

It may be that placental morphology is also important for fetal growth, as the
different morphological types of placentome (A, B, C, D) may have different
functional capacities. Unfortunately, there is not to my knowledge any
literature on the comparative histology or function of the different
morphological types of placentome, such as they are described here. This is,
however, an area of work that we are pursuing in our laboratory.

In LI fetuses there was a shift of distribution to the right, from A-type to D-
type placentomes (Fig. 6.17). It is possible that this shift reflects placental
compensation to the nutritional challenge. It has previously been suggested
(Vatnick et al., 1991) that the shift to the right represents compensatory
growth of the fetal placenta so as to maintain fetal growth. It is interesting to
consider this notion with reference to comparative placentation of other
ruminants. The predominant placentome type in sheep and goats is concave to
the fetal side (i.e. A-type), in the antelope placentomes tend to be flat (i.e. C-
type), and those of the cow are convex (i.e. D-type) (Wooding & Flint,
1994). What is interesting about this is that the progresssion from A- through
to D-type placentomes occurs with increasing species size. The sheep is
smaller than most antelope, which in turn are smaller than cattle. Maybe D-
type placentomes have a greater fetal to placental exchange surface area.
Again, comparative studies between species suggest that this may indeed be
so, as the villi in the placentomes of the deer and the cow are more complexly
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branched than those of the sheep (Wooding & Flint, 1994). Further support
for the idea that D-type placentomes are a compensatory mechanism for
optimising fetal growth, is the natural increase in the number of D-type
placentomes that occurs during late gestation and the greater number of D-

type placentomes seen in twin pregnancies, in sheep.

It would appear, in the sheep. that information on the relative distribution and
characteristics of the different placentome types may be a better correlate of
fetal growth than information on the placenta as a whole, regardless of
morphology. This issue was investigated and is discussed in greater depth in
the next chapter (Chapter 7).

6.4.3.iv Fetal metabolism

Although compensatory placental growth may have occurred in LI fetuses, it
was not adequate to maintain fetal growth. PaO,, CaO,, glucose and lactate
concentrations were similar in both HE and LI fetuses (Fig. 6.10) which
suggests that LI fetuses slowed down their metabolism, and thus growth, to
adapt to the reduced nutrient supply.

The supply of glucose to the fetus is directly related to maternal plasma
glucose concentration, uterine glucose uptake, and the arterial plasma
concentration gradient between mother and fetus (Aldoretta et al., 1995).
After 30 days gestation, maternal food supply was ad lib in both LI and HE
ewes, so maternal glucose levels would have been normal in both groups. It
is possible that the placental morphological alterations seen in LI fetuses were
accompanied by altered levels of the transporter proteins GLUT-1 and
GLUT-3 that mediate the uptake and transfer of glucose (Hay, 1996), so
despite adequate maternal levels of glucose, the amount getting to the fetus
may have been reduced. In this connection it is interesting that not all SGA
infants exhibit hypoglycaemia (Hawdon et al., 1992). It is also possible that
there was endogenous production of glucose from amino acids in the livers of
LI fetuses by gluconeogenesis. This could have been mediated by the
catabolic effects of cortisol, as cortisol concentrations did tend to be increased
in LI fetuses after 118 d GA, though increased levels of cortisol cannot
explain the maintenance of blood glucose concentration prior to 118 d GA.

Fetal hypoxaemia is commonly observed in cases of fetal growth failure in
both humans (Montemagno & Soothill, 1995) and animals (Owens et al.,
1995). Furthermore, the redistribution of blood flow in response to
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hypoxaemia in favour of the brain, heart and adrenals at the expense of the
kidneys and other peripheral organs is now well documented (Cohn et al.,
1974; Itzkovitz et al., 1987). Such redistribution of blood flow results in
asymmetrical fetal growth such as I observed in LI fetuses (Table 6.1).This
raises the possibility that reduced oxygen supply may also have been
responsible for the slower growth and altered growth pattern of LI fetuses. If
placental vascularity was affected in LI animals (see section 6.4.2.iv), it may
be that the transfer of oxygen across the placenta was not sufficient for
normal fetal growth.

6.4.3.v  Fetal growth and blood pressure development

The previous 3 chapters have suggested a link between fetal growth and the
pattern of blood pressure development. This is an association that once again
is borne out in this study. LI fetuses displayed reduced growth rate compared
to HE (Table 6.1) and did not show the expected rise in MAP (Boddy et al.,
1974; Kitanaka et al., 1989; Daniel et al., 1989; Mostello et al., 1991;
Kamitomo et al., 1994; Gagnon et al., 1994; Murotsuki et al., 1996a) that
was seen in HE fetuses. It is notable that, despite tending to run at slightly
higher pressures than HE (Fig. 6.3), LI fetuses showed the same pattern of
MAP development as was seen in PD fetuses in the previous chapter (Fig.
5.2, section 5.5.1.1). This suggests that it is not so much the actual pressure
level that is important, but the developmental pattern of MAP.

In the previous chapter (section 5.5.3.iii) I made the suggestion that cortisol
may be one of the factors linking fetal blood pressure development and
growth. It is interesting, therefore that, although not significant and although
the variance was large, in LI fetuses there was a dramatic increase in cortisol
concentration between 118 d GA and 129 d GA (Fig. 6.8). The pattern of
cortisol secretion seen in LI fetuses was similar to that seen in fetuses where
placental embolization was carried out for 21 days (Murotsuki et al., 1996b)
and may contribute to the growth restriction that occurred in both. With
regard to the variable increases in cortisol levels that I found, it is notable that
variability was also greater in the embolization sheep fetuses of Murotsuki et
al. (1996b) when cortisol levels increased.

However, although cortisol levels increased in LI fetuses, MAP levels did
not. This is perhaps not surprising in view of the fact that cortisol does not
have a direct effect on blood pressure. Cortisol selectively stimulates the
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synthesis of adrenaline by specifically inducing the enzyme
phenylethanolamine-N-methyltransferase which converts noradrenaline to
adrenaline. Since neither adrenaline nor noradrenaline concentrations were
elevated (Fig. 6.7) in LI fetuses, it is probably no surprise that MAP did not
rise in LI. However, because of the permissive effect that cortisol has on
adrenaline synthesis one would expect adrenaline synthesis to be increased in
the presence of elevated cortisol levels. It is possible that tyrosine, the first
amino acid in the chain of synthesis that forms adrenaline, was a rate limiting
factor. The possible role for cortisol in blood pressure development is

discussed in detail in the next chapter (section 7.4.2.ii).

6.44 Fetal behaviour

There appeared to be perturbations in the development of fetal behaviour as a
consequence of undernutrition in early pregnancy. This was seen as increased
incidence and duration of LV-ECoG activity at 120 and 123 d GA in LI
fetuses, but not in HE fetuses (Fig. 6.18). Also, the incidence of FBMs
decreased from 120 d to 126 d GA in LI but not HE fetuses, whereas there
was a decrease in duration of FBM in HE fetuses but not LI (Fig. 6.17).
Mirmiran (1995) hypothesised that rapid eye movement (REM) sleep (the
same as LV-ECoG activity) in early life is important in influencing neuronal
growth, synaptic plasticity, learning and unlearning, and various other neural
functions. He suggested this as a reason why the fetus and neonate spend so
much time in this state. He also postulated that LV-ECoG activity in early life
may serve either as an indicator of the degree of brain maturation or as a
predictor of neurological outcome. If it is indicative of the relative maturity of
the brain, the decrease of both incidence and duration of LV-ECoG activity in
LI fetuses suggests that their neurological development may have been more
advanced then HE fetuses. Accelerated maturation of the brainstem (and
lungs) is seen in some SGA babies born of pregnancies associated with
placental insufficiency (Amiel-Tison & Pettigrew, 1991). Amiel-Tison &
Pettigrew (1991) also suggested that elevated glucocorticoid levels may be
involved in the mechanisms responsible for advanced maturation, which is
interesting in view of the fact that LI fetuses showed a large rise in cortisol
(Fig. 6.9).

In the interests of cardiovascular development these findings are very
interesting. Brainstem processes are known to regulate the gain of chemo-
and baroreflexes in the fetus and neonate (Moore & Hanson, 1994), thus it
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seems possible that there may be links between the behavioural changes
observed here and those in reflex gain following reduced periconceptual
nutritional plane. It remains to be established whether these effects are
causally related.

The possible intrauterine origins of cardiovascular disease and diabetes are
now well publicised (Barker, 1994 & 1996). But, it may be that other
neonatal and adult pathological conditions are also programmed in utero, such
as SIDS (Mirmiran, 1995) and schizophrenia (Munk-Jorgensen &
Mortensen, 1993).

6.5 CONCLUSION

These results show that:

1) Maternal nutrition at conception and in early pregnancy affects fetal blood
pressure and cardiovascular reflex development in late gestation.

2) There are interesting trends in relation to fetal growth and blood pressure
and reflex development.

3) Placental gross morphology is altered by an early nutritional insult.

Thus, it would appear that reduced placental function results in impaired fetal
growth which is related to abnormal cardiovascular development. However,
further work investigating placental alterations in response to periconceptual
undernutrition is warranted.
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6.6 SUMMARY

MOTHER

periconceptual
undernutrition

'

PLACENTA

altered gross morphology

> ~» impaired
" function

MAP: no increase altered
Baroreflex: no resetting behaviour
Chemoreflex: augmented

Figure 6.20. Diagram summarising the findings and possible
mechanisms involved in fetal cardiovascular development as a result of
periconceptual maternal undernutrition.
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71 INTRODUCTION

Human and animal studies suggest that maternal nutritional status at
conception and in early pregnancy affects both fetal (Osofsky, 1975; DeBarro
et al., 1992) and placental (DeBarro et al., 1992) growth, and results in
perturbations in cardiovascular development (Barker et al., 1993; Stein et al.,
1996).

However, the effects of undernutrition on growth are variable. In the
placenta, generally, anaemia is associated with hypertrophy (Beisher et al.,
1970). Whilst, in some cases, caloric restriction during early pregnancy is
associated with a decrease in placental weight (Stein & Susser, 1975a & b),
and in others it has been observed to result in an increase in placental weight
(DeBarro et al., 1992). Similarly, the effects on fetal growth are variable. In
humans, periconceptual and early pregnancy undernutrition has been reported
to result in no significant effect (Stein & Susser, 1875a & b), and a definite
decrease (Antonov, 1947; Rosso et al., 1992) in birth weight. In the sheep,
undernutrition during early pregnancy has been observed to have no
significant effect (Harding & Johnston, 1995) and in another study to result
in a decrease (DeBarro et al., 1992) in fetal growth. Nonetheless, both
placental overgrowth (Beisher et al., 1970, Godfrey et al., 1991) and
undergrowth (Bonds et al.: 1984, Martyn et al., 1996; Godfrey et al., 1996;
Campbell et al., 1996) have been associated with adverse perinatal outcome.

However, placental weight alone may not be a suitable measure of placental
adaptation to adverse conditions during pregnancy. For example, in guinea
pigs exposed to 12% O, throughout gestation, it was found that placental
weight was not significantly affected, however there was a significant effect
on placental structure and function (Bacon et al., 1984). Similarly, in the
sheep, interesting changes in placental morphology have been observed in
relation to the number of conceptuses and thus the nutrient demands placed
upon the placenta by the fetus (Vatnick et al., 1991).

On the basis of the observations made by various researchers, discussed
above, and on the strength of my previous findings (Chapter 6) that there
were alterations in placental morphology as a result of maternal periconceptual
undernutrition, it was my hypothesis that maternal periconceptual
undernutrition would result in altered placental morphology and function,
perhaps resulting in impaired fetal growth. So, it was my aim to reproduce
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the morphological alterations in the placenta, as a result of periconceptual and
early gestation maternal undernutrition, that I had seen previously, and to
make a more thorough investigation of the effects of such changes on the

placenta.

7.2 EXPERIMENTAL DESIGN

7.21 Sheep used

The ewes used in this study were all of the Clun Forest breed and all were
mated with a Clun Forest ram. The Clun Forest is a lowland breed and
generally has twin or triplet pregnancies.

After mating, the ewes were housed in groups of 4, in pens with raised
flooring, until about 125 d GA.

7.2.2 Experimental procedure

14 days prior to mating, ewes were randomly assigned to one of two groups,
Light (LI) or Heavy (HE). LI ewes were fed a restricted diet of 85% their
recommended nutrient requirement and HE ewes were fed a complete diet ad
lib. HE ewes continued to receive food unrestricted throughout pregnancy. LI
ewes were maintained on the restricted diet after mating until 70 days
gestation, thereafter they received the complete diet ad lib. Maternal body
weights (BW) and body condition score (BCS) were recorded weekly for the
duration of the study.

At 130 days gestation 6 twin-bearing ewes from each group were selected,
killed and an extensive post-mortem was carried out (as described in section
2.2.9.ii).

7.2.2.i Body condition scoring

All the sheep in this study were body condition scored by Professor David
Noakes at the Royal Veterinary College, where they were housed at the time.

Russel (1991) gives a clear description of body condition scoring, and I have
drawn from that text to give the following description. BCS is a quantitative
measure of fatness. BCS assessment is made by palpating the ewe in the
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lumbar region, around the backbone in the region immediately behind the last
rib and above the kidneys. Assessment involves:

1) Estimating the prominence (sharpness and roundness) of the spinous
processes of the lumbar vertebrae, by the degree of fat cover.

2) Judging the extent of muscular and fatty tissue below the transverse tissues
by the ease with which the fingers can be passed under the ends of the
transverse processes.

3) Estimating the amount of muscle and fat in the area between the spinous

and transverse processes.

in u
Spinous process Tissue between spinous

and transverse processes

C—'

/

Transverse process

Figure 7.1. The backbone in the lumbar region of the sheep.

Having done this assessment a score on the scale 0-5 is then awarded. O is
extremely emaciated and 5 is very fat. Generally, in agricultural practice, it is

considered that score 3 - 3.5 is desirable for ewes going to the tup.

7.3 RESULTS

7.31 Maternal body weight and body condition score

LI ewes began losing weight at the beginning of the study and continued to
lose weight until about 63 d GA (Fig. 7.2). Weight loss then decreased, until
about 119 d GA at which time they began to put on weight. So, by the end of
the study maternal BW of LI and HE ewes was the same (Fig. 7.2). HE ewes
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did not show much change in weight until about 70 d GA after which time
weight increased (Fig. 7.2). It can be seen clearly from figure 7.2 that the
weight profiles of the two groups of ewes were significantly different over

the duration of pregnancy.

BCS in HE ewes remained at about score 3 for the whole of the study,
whereas that of LI ewes dropped progressively throughout pregnancy from
about score 3 to about score 1.5 (Fig. 7.2).

Change in weight (kg)
(=]

Body condition score

-14 O 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112 119 126 130
GA (days)

Figure 7.2. Change in maternal BW and BCS in HE (O) and LI (W)
ewes during pregnancy. * P < 0.05, ** P < 0.005, *** P < 0.001, HE vs.
LI; t P <0.05, ttt P <0.001, vs. 0 d GA. Values are mean * S.E.M.

There was no correlation between maternal BW and BCS. For each BCS
there were a range of BWs (Fig. 7.3).
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Figure 7.3. Relationship of maternal BW with BCS. The filled in circles
(®) show the mean weight at each BCS.

7.3.2 Placenta

With the exception of looking at overall placental morphology (Fig. 7.4), I
have looked at only A- and D-type placentomes. I decided to do this because
A and D placentomes are easily classified, whereas it was not always so easy
to be definitive about the classification of B- and C-type placentomes.
Therefore, it is possible that some Bs were classified as C's and vice versa.

Thus, by choosing to look at only As and Ds, I hoped to minimise any
observer error.

7.3.2.i Morphology

There was an interesting difference between the distribution of A, B, C and
D-type placentomes in LI and HE placentae. In HE placentae there were
significantly more A than D-type placentomes, whereas in LI placentae there
was no difference in the number of A and D-type placentomes, i.e. there was
a shift to the right in LI placentae (Fig. 7.4). This difference in placentome
distribution between the two groups resulted in a striking and significant
difference between the proportional placentome distribution in LI and HE
animals (Fig. 7.4).
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Figure 7.4. Distribution of A-, B-, C- and D-type placentomes
(morphological classification of Vatnick et al., 1991). *** P < 0.001 HE
vs. LI; 1 P < 0.05, A vs. D. Values are mean + S.E.M.

There was no significant difference between LI and HE placentae in the total
number of A-type placentomes. However, total weight, thickness and
diameter of A-type placentomes were significantly greater in HE compared to
LI placentae (Fig. 7.5) and no significant differences were seen between
groups in total number, weight, thickness and diameter of D-type
placentomes, although all were consistently greater in LI placentae (Fig. 7.5).
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Figure 7.5. Total number, weight, thickness and diameter of A- and D-

type placentomes. * P < 0.05, * P < 0.01, ** P < 0.005. Values are mean
+ S.E.M.

There was no significant difference in the mean number, weight, thickness
and diameter of A-type placentomes between LI and HE placentae (Fig. 7.6).
The mean number of D-type placentomes tended (P = 0.07) to be greater in
LI placentae, but there was no significant difference between groups in mean
weight, thickness and diameter of D-type placentomes (Fig. 7.6). It may be
worth noting that, as with the total values (Fig. 7.5), mean placentome
number, weight, thickness and diameter of D-type placentomes were also
consistently greater in LI fetuses.
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A-type placentomes
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Figure 7.6. Mean number, weight, thickness and diameter of A- and D-
type placentomes in HE and LI animals. Values are mean * S.E.M.

It was interesting to find that total weight of A- and D-type placentomes
showed a positive correlation with each other, and there were similar weak
correlations for thickness (P = 0.2) and diameter (P = 0.1) (Fig. 7.7). So, as
the total weight of A increased, that of D decreased.

r = 28 P <0.01 . r =0.508, n/s r = 0.605, n/s
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Total wt. A (g) Total thick. A (mm) Total diam. A (mm)

Fig. 7.7. Correlation of total weight, thickness and diameter of A- and
D-type placentomes. Values are mean (S.E.M. Omitted for clarity).
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7.3.2.ii  Weight

Total placental weight was not significantly different between the two groups

(Table 7.1).

Maternal influences on placental weight

Placental weight showed a significant positive correlation with maternal body

weight at 0 d GA, but no correlation with the change in body weight between
0 d and 130 d GA, or with maternal body weight at 130 d GA (Fig. 7.8).
There was no correlation of placental weight with BCS at 0 d or 130 d GA, or

with the change in BCS (Fig. 7.8).
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Figure 7.8. Correlation, in HE (o) and LI (®) sheep, of placental weight
with maternal BW and maternal BCS at 0 d GA, 130 d GA, and with
the change in maternal BW and BCS between 0 and 130 d GA. Values
are mean (S.E.M. omitted for clarity).
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Influence of placentome size and number on total placental weight

Placental weight did not correlate with the total number of placentomes, total
placentome thickness, mean placentome thickness, or mean placentome
diameter. It did, however, show a significant correlation with total

placentome diameter (Fig. 7.9).
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Fig. 7.9. Correlation of total placental weight in HE (o) and LI (®)
placentae with total number, thickness and diameter of placentomes,
and with mean placentome thickness and diameter. Values are mean
(S.E.M. omitted for clarity).

Influence of A- and D-type placentomes on placental weight

Neither weight, thickness, nor diameter of either A- or D-type placentomes
correlated with total placental weight (Fig. 7.10).
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Figure 7.10. Correlation of total weight, thickness and diameter of A-

and D-type placentae, in HE (o) and LI (®) sheep, with total placental
weight. Values are mean (S.E.M. omitted for clarity).
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7.3.3 Fetal size

7.3.3.i Weights and lengths

Body weights were similar for both groups, as were brain, heart, lung, liver,
kidney, perirenal fat, pancreas, spleen, thymus and thyroid weights. The
adrenals, however, were significantly larger in LI fetuses compared to HE
(Table 7.1). Preservation of fetal growth was further evident by the fact that
CRL, AC and femur length were not significantly different between the two
groups of fetuses (Table 7.1).

HE LI
GA (days) 130+ 0.9 129 £ 09
Fetal weights (g)
Fetal body 3632 £ 170 3521 £ 117
Brain 45.0 £ 0.85 4531+ 0.73
Heart 243 £ 1.05 240 £0.88
Lung 97.8+£7.70 102.3 £ 4.03
Liver 90.2 + 5.30 99.6 + 4.05
Kidney 10.0 £ 0.49 10.0 £ 0.23
Adrenal 0.20 £ 0.02 0.24 £0.02 x
Perirenal fat 11.2 £ 1.04 12.3 £0.90
Pancreas 2.64 £ 0.27 3.08 £0.18
Spleen 4.67 +0.29 497 £0.22
Thymus 15.23 £ 2.16 16.26 £ 1.01
Thyroid 0.85+£0.10 0.93 £ 0.07
Lengths (cm)
CRL 471209 49 +0.8
AC 3509 34t 1.1
Femur 10+£0.3 10+£0.3
Placental weight (g) 623 £ 83 746 £ 80

Table 7.1. GA, body and organ weights, and placental weight at 130
days gestation in HE (n=12) and LI (n=12) fetuses. X P < 0.05, HE vs.
LI. Values are mean * S.E.M.
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7.3.3.ii  Factors relating to FBW
Maternal weight

FBW at 130 d GA correlated positively with the change in maternal BW
between O d and 130 d GA (Fig. 7.11). There was no correlation of FBW at
130 d GA with maternal BW or maternal BCS at either 0 d or 130 d GA, or
with the change in BCS between O d and 130 d GA (Fig. 7.11).
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Figure 7.11. Correlation of FBW of HE (0) and LI (®) fetuses at 130 d
GA with maternal BW and BCS at 0 d and 130 d GA, and with their
change between 0 d and 130 d GA. Values are mean (S.E.M. omitted
for clarity).

Placental weight, thickness and diameter

Both total placental weight and total placentome diameter showed a significant
positive correlation with FBW at 130 d GA (Fig. 7.12). There was no
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correlation of FBW at 130 d GA with total placentome thickness or with mean
placentome weight, thickness and diameter (Fig. 7.12).
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Figure 7.12. Correlation in FBW of HE (o) and LI (®) fetuses at 130 d
GA with total and mean placentome weight, thickness and diameter at
130 d GA. Values are mean (S.E.M. omitted for clarity).

Placental morphology

FBW at 130 d GA showed no correlation with total number, weight,
thickness and diameter of either A- or D-type placentomes (Fig. 7.13).
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Fig. 7.13. Correlation of FBW at 130 d GA in HE (o) and LI (®) sheep
with total number, weight, thickness and diameter of both A- and D-
type placentomes. Values are mean (S.E.M. omitted for clarity).
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Similarly, there was no correlation of FBW at 130 d GA with mean weight,

thickness and diameter of A- and D-type placentomes (Fig. 7.14).
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Figure 7.14. Correlation of FBW of HE (o) and LI (®) fetuses at 130 d
GA with mean weight, thickness and diameter of A- and D-type
placentomes. Values are mean (S.E.M. omitted for clarity).
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7.4. DISCUSSION
7.4.1 Placenta

7.4.1.ii  Morphology
Whole placenta

There was an extremely pronounced difference in the distribution of A, B, C,
and D placentomes between HE and LI placentae (Fig. 7.4). Similar to my
findings in the previous study (Fig. 6.17), there was a shift in distribution to
the right i.e. towards more D-type placentomes in LI placentae. As I
discussed in the last chapter (section 6.4.2.1i), this may reflect compensatory
growth of the placenta, such as was suggested by Alexander (1964) and
Vatnick et al. (1991), in response to the periconceptual nutritional challenge.

The effect of undernutrition on A- and D-type placentomes

Undernutrition early in pregnancy produced significant differences between
HE and LI placentae in terms of various characteristics of A-type
placentomes, but no significant effect on D-type placentomes (Fig. 7.5). The
total number of A-type placentomes was not significantly different between LI
and HE animals, but total weight, thickness and diameter were decreased in
LI placentae. The suggestion is, therefore, that A-type placentomes are more
susceptible than D-type placentomes to undernutrition of a moderate degree at
conception and during early pregnancy. However, the placenta is an
extremely plastic organ, as is demonstrated by the inverse relationship
between size of A- and D-type placentomes (Fig. 7.7). Thus, it seems that a
decrease in size of A-type placentomes results in an increase in size of D-type
placentomes. So, overall placental weight does not change, but morphology,
and perhaps function, does. This would explain why total placental weight
was not significantly different between the two groups.

7.4.1.ii  Total weight
Influence of maternal BW and BCS

LI and HE placentae were not significantly different from each other in terms
of weight (Table 7.1), despite the significant loss of weight and BCS in LI
ewes during early pregnancy (Fig. 7.2). This may be because the nutritional
challenge, which caused the loss of weight in LI ewes, was not severe
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enough to affect placental growth and metabolism. Alternatively, it may be
that the nutritional challenge did have an affect on placental growth and
function, that was not reflected in overall placental weight. Indeed,

differences in morphology (discussed below) suggest that this was the case.

Placental weight showed a significant positive correlation with maternal BW
at 0 d GA (Fig. 7.8), consistent with my findings in the previous chapter
(Fig. 6.16). Previously (Fig. 6.16) I found that there was an inverse
relationship between placental weight and the change in maternal BW over the
course of pregnancy. But, in the study described here, I found no correlation
at all. The changes in maternal BW observed in this study varied between a 4
kg loss and 13 kg gain (Fig. 7.8), whereas in the previous study maternal
BW varied between a 5 kg loss and a 23 kg gain in weight (Fig. 6.16). It may
be that only substantially large increases or decreases in maternal weight
influence placental weight. Maternal body weight at 130 d GA did not
correlate with placental weight, which is the same as my finding in the
previous study (Fig. 6.16). Placental growth and differentiation are most
rapid early on in gestation (Owens et al., 1995), and, in the sheep, the
definitive placenta is formed by 70-90 d GA (Wooding & Flint, 1994).
Therefore, consistent with my findings, one would not expect events after
about 70 d GA to have as great an effect on placental weight as events
occurring before that time. Placental weight showed no correlation with
maternal BCS, which is perhaps surprising, as BCS is an assessment of
fatness and thus body reserves. However, that said, only maternal BW at
mating correlated with placental weight, so perhaps one would expect only
BCS at mating (and not the change in BCS and that at 129 d GA) to correlate
wth placental weight. All the ewes used in this study were the same breed and
were of similar frame size, so one would expect that as weight increased so
too would BCS. However, this was not found to be the case (Fig. 7.3). In
this study, therefore, BCS may not have been as sensitive a measure of
fatness and body reserves as maternal BW. Therefore, it is perhaps not
surprising that BCS did not correlate with placental weight at all.

Influence of placentome characteristics

Number and thickness of placentomes did not influence total placental weight,
but there was a positive correlation with total placentome diameter (Fig. 7.9),
similar to my findings in the previous study (Fig. 6.15). Presumably,

therefore, increasing placentome size, as a result of increased diameter,
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represents growth of the densest placental tissue. Whereas, increased growth
due to increased placentome thickness, is the result of growth of less dense
tissue. I am not aware of any studies that have differentiated the densities of
the various tissues within the placenta, therefore it is not possible to say
which type of tissue grows most with an increase in diameter and which with
an increase in thickness.

Influence of morphology

Above I mentioned the plasticity of the placenta, and showed that increasing
size of D-type placentomes is accompanied by decreasing size of A-type
placentomes (Fig. 7.7).

This finding suggests a preservation of total placental weight, despite a shift
in the balance of A- and D-type placentomes. This is borne out by the finding
that total placental weight does not correlate with weight, thickness or
diameter of A- or D-type placentomes (Fig. 7.10). Other investigators
(Alexander, 1964; Jansson et al., 1986) have shown that size of the placenta
is a limiting factor for fetal growth, particularly in late gestation. It makes
sense, therefore for the placenta to adapt to stress by maintaining capacity but
improving function, which is what may have occurred in my LI sheep, if D-
type placentomes are more efficient than A-type placentomes at transfer of
nutrients to the fetus. There is, to my knowledge, no literature on the
comparative function of the different morphological types of ovine
placentome. However, we are at present in our laboratory investigating the
differences in villi density between A- and D-type placentomes.

7.4.2 Fetus

7.4.2.i Growth

Fetal body weight at post-mortem was not significantly different between
groups at 130 d GA (Table 7.1). Likewise, CRL, AC and femur length were
similar for both groups. and organ weights were also similar, except for the
adrenals which were significantly larger in LI fetuses. Therefore, despite a
periconceptual nutritional challenge, it is clear that fetal growth was preserved
in LI fetuses. This preservation of growth may have been the result of

successful adaptation by the placenta to the nutritional challenge, as suggested
above.
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Interaction with maternal nutrition

FBW correlated with the change in maternal BW between 0 d and 130 d GA,
but there was no relationship with maternal weight at 0 d GA or 130 d GA
(Fig. 7.11), contrary to my previous findings (Fig. 6.13) and those of Rosso
et al. (1992) in the human. This difference may be influenced by the fact that
only twin-bearing ewes were used in this study, whereas my previous study
and that of Rosso et al. (1992) studied only singleton pregnancies. There is
evidence to suggest that uterine space affects growth in utero (Vallet &
Christenson, 1993). A crowded uterine environment was seen to result in
reduced fetal weight by as early as 25 d GA in pigs (term = 115 d).
Therefore, it is possible that, in the twin pregnancies the presence of another
conceptus was of greater influence on fetal growth than maternal body
reserves during early gestation, particularly as the maternal nutritional insult
was only moderate. This is supported by the review of Cogswell & Yip
(1995) on fetal and maternal factors that influence the distribution of
birthweight. It can be seen in that report that low pre-pregnancy BMI has a
less profound effect on birthweight than increasing plurality. It is therefore
perhaps not surprising that in this study with twins, FBW was influenced less
by maternal BW at mating than in my study with singletons (previous
chapter). The association that I found of FBW with the change in maternal
BW during pregnancy (Fig. 7.11) was most probably due, in part at least, to
increasing weight due to the increasing weight of the fetus itself. This effect
will obviously be greater in twin pregnancies than singleton. Thus the
observed association in this study, but not in the one previous to this. In the
literature, the association of maternal weight gain during pregnancy with
birthweight seems to be a matter of disagreement. Cogswell & Yip (1995)
maintain that there is an association, but Rosso's (1992) findings do not
support this view. The results of other studies (Prentice et al., 1983; Abrams
& Laros; 1986; Cogswell et al., 1995) would seem to indicate that significant
maternal weight gain during pregnancy improves birthweight in underweight
women, but that there is no consistent beneficial effect in women who are not
underweight when they conceive.

Interaction with placental growth

As discussed in section 7.4.1.ii, there was an association of maternal weight
at conception with placental weight (Fig. 7.8). It is interesting, therefore, that
I also found that total placental weight correlated positively with FBW (Fig.
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7.12). Thus, whilst maternal nutritional status at mating had no direct effect
on fetal growth, there is obviously an association between maternal weight at
conception and fetal growth that is mediated by the placenta. In agreement
with my previous study (Fig. 6.14), placental diameter as well as weight, but
not thickness, showed a positive correlation with FBW (Fig. 7.12).

The fact that placental morphology was significantly altered in response to the
nutritional challenge (Fig. 7.4) and the fact that fetal growth was preserved
(Table 7.1), suggests that the altered placental morphology may have been a
mechanism responsible for the preservation of fetal growth. But, there was
not any correlation of number, weight, thickness or diameter of either A- or
D-type placentomes with FBW (Figs. 7.13 & 7.14). Thus, there must have
been structural and/or functional alterations in the placentomes that allowed
for normal growth of LI fetuses.

It has been reported (Cheung & Brace, 1996) that ovine placental VEGF
mRNA levels increase with increasing gestational age. In normal ovine
pregnancies there is also an increase in D-type placentomes in late gestation. It
is therefore possible that the increased VEGF expression correlates with
number and/or mass of D-type placentomes. If this is the case, VEGF
expression may have been increased in LI placentae, thus resulting in
increased angiogenesis (Wheeler et al., 1995; Cheung & Brace, 1996) and
permeability (Cheung & Brace, 1996), so maintaining nutrient delivery to the
fetus despite maternal undernutrition.

It is possible that there is differential expression between A- and D-type
placentomes in the release of other substances such as the IGFs, growth
hormone variant (GHV), corticotrophin releasing hormone (CRH), lactogen
hCG and NO, all of which influence fetal growth.

7.4.2.ii  Cardiovascular development

Unfortunately I did not have any measurements relating to the cardiovascular
function of the fetuses in this study. However, the adrenals of LI fetuses
were larger than those of HE (Table 7.1) which may reflect increased
catecholamine and/or cortisol release. Gagnon et al. (1994) observed larger
adrenals in their fetuses that also had increased levels of plasma noradrenaline
and cortisol. This raises the possibility that vascular tone in LI fetuses may

have been elevated, which would have resulted in altered blood pressure
development.
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Endogenous production of cortisol and catecholamines

CRH and AVP released from the hypothalamus stimulate the pituitary
corticotrophs to produce ACTH. Within the corticotrophs in the pars distalis
of the pituitary, CRH and AVP stimulate the synthesis of POMC mRNA
which is translated into POMC. POMC is then cleaved to produce ACTH and
a number of other biologically active peptides (Matthews & Challis, 1995).
ACTH stimulates the adrenal cortex to produce cortisol. Hypoxaemia
(Jackson et al., 1989; Giussani et al., 1994b), decreased blood volume (Rose
et al., 1978), and 'stress' cause an increase in the endogenous secretion of
cortisol. The fact that fetal growth was preserved in LI fetuses, suggests that
they were not hypoxaemic. If they were hypovolemic one may expect that
they would also have been lighter, which they were not. Therefore, it is
unlikely that there was any elevation of cortisol levels in LI fetuses due to
hypoxaemia or hypovolemia. It has also been suggested, however, that
afferent chemo- and baroreceptor activity may reflexly control the release of
cortisol (Giussani et al., 1994b). It may be that if the chemo- and baroreflexes
of LI fetuses were altered, such as was the case in the LI fetuses in chapter 6,
basal cortisol levels may also have been affected.

Noradrenaline is synthesised in the adrenal medulla from dopamine in a
reaction catalysed by dopamine PB-hydroxylase. The enzyme
phenylethanolamine-N-methyltransferase, which is specifically induced by
cortisol, then converts noradrenaline to adrenaline. Fetal adrenomedullary
cells are stimulated directly by hypoxaemia to release catecholamines
(Cheung, 1989) and there is also an increase in plasma noradrenaline levels in
response to hypotension (Rawashdeh et al., 1988). It is possible, in light of
my previous findings presented in this thesis, that cardiovascular
development of LI fetuses was not normal and they could have been
hypotensive. If this was the case it could have resulted in increased
catecholamine output.

Exogenous cortisol

Recently the idea has been put forward that dysfunction of the placental
glucocorticoid barrier leads to increased exposure of the fetus to exogenous
glucocorticoids, which may lead to low birth weight and subsequent
hypertension in the offspring (Edwards et al., 1993). Edwards et al. (1993)
hypothesised that reduced placental 113-HSD activity would result in such
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changes. The same group demonstrated in rats that 11B3-HSD activity showed
a positive correlation with fetal weight and a negative correlation with
placental weight, i.e. rats with a high placental /birth weight ratio had lower
placental 11B-HSD activity (Benediktsson et al., 1993). They suggested that
these rats may be predisposed to hypertension in adulthood, since Barker et
al. (1990) had shown an association of hypertension in later life with high
placental /birth weight ratio. More recently in support of this idea they have
shown that blood pressure was significantly higher in offspring whose
mothers were treated with carbenoxolone, a potent inhibitor of 11 -HSD 2
(Lindsay et al., 1996). In my study, although total placental weight was not
different between LI and HE fetuses (Table 7.1) there was a significant
decrease in the size of A-type placentomes in LI placentae (Fig. 7.5). It may
be that this decrease in A-type placentomes resulted in a decrease in 113-HSD
activity. If so, we may speculate that LI fetuses were exposed to higher
concentrations of maternal cortisol than HE fetuses, which may have altered
their cardiovascular development and function.

It has been shown in vitro that cytotrophoblasts incubated for 4 hours show
no detectable 11B-HSD activity (Shepherd, et al., 1996). However, when
allowed to incubate for up to 3 days, by which time the cytotrophoblasts had
formed syncytia, 11B-HSD activity was observed (Shepherd & McGarrigle,
personal communication). This suggests that 11B-HSD activity is confined to
the syncytiotrophoblasts, which indeed seems to be the case in the human
placenta (Krozowski et al., 1995). Thus, a decrease in syncytiotrophoblast
area may result in decreased 11B-HSD activity. The site of 113-HSD activity
has not been localised in the ovine placenta but, on the basis of the human
data, it may be that it is situated in the trophectoderm. If this were the case,
decreased area of trophectoderm could result in decreased 11B-HSD activity.

Maybe the reduced size of A-type placentomes resulted in a decrease in
trophectoderm area.

Mechanisms of blood pressure programming by glucocorticoids

There are several mechanisms whereby increased glucocorticoids in the fetus

may result in altered blood pressure development. These include altered HPA
axis function, changes in the pattern of o and B adrenoceptor expression in

various organs, and apoptosis.
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1) Altered HPA function. Cortisol has a negative feedback effect on ACTH
secretion and is also associated with a decrease in POMC mRNA levels
(Matthews et al., 1995). During late gestation there is a rise in cortisol
concentration towards term (Rose et al., 1978; Tangalakis et al., 1992;
Matthews et al., 1995), despite the negative feedback effects of cortisol on
ACTH. This suggests that maturation of the axis may involve increased
hypothalamic drive to the pituitary so that negative feedback control is
overcome, altered to a new set point, or no longer active (Matthews et al.,
1995). Thus, chronically elevated cortisol levels, whether endogenous or
exogenous in origin, may cause resetting of the axis, similar to that observed
in late gestation, which could result in perturbed blood pressure development.
However, there is also an increase in corticosteroid-binding globulin (CBG)
during late gestation (Ballard et al., 1982) which, it has been suggested, may
decrease the levels of free cortisol in the circulation, thus modifying the
feedback of cortisol to the pituitary (Berdusco et al., 1995).

2) Apoptosis. Oka et al. (1993) proposed a mechanism whereby hypertension
may result. They suggested that elevated fetal glucocorticoid levels may cause
apoptosis of cells in the hippocampus. Mineralocorticoid and glucocorticoid
receptors are expressed in hippocampal cells and are involved in
glucocorticoid feedback inhibition of the HPA axis. Thus, as well as having
effects on mood, behaviour, memory and other cognitive functions,
glucocorticoids in the hippocampus also modulate neuroendocrine function
(Yau et al., 1995). Receptor loss, as a consequence of apoptosis, as proposed
by Oka et al. (1993), would cause desensitisation to cortisol feedback
resulting in cortisol hypersecretion and hypertension. Old rats with failure of
negative feedback control are often found to have elevated glucocorticoid
levels (Yau et al., 1995), and increased apoptosis has been observed in the
cortex, striatum, hippocampus and thalamus of hypertensive mice (Hamet et
al., 1995).

3) Vascular tone. If cortisol levels were elevated in LI fetuses, vascular tone
may have increased, which would of course have implications for blood
pressure development. In their review on the role of corticosteroids in
vascular tone, Walker & Williams (1992) suggested various potential
biochemical signals in the vascular wall that may be affected by
glucocorticoids. These included angiotensin-converting enzyme (ACE),
phospholipase A, - and B-adrenoceptor agonists, PGE;, adenylate cyclase,
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ANP, guanylate cyclase, inducible NO synthase, and cell surface receptors. It
is interesting, therefore, that increased cortisol levels in the immature (103-
120 d GA) ovine fetus cause an increase in blood pressure, which, it was
suggested is due to enhanced vascular sensitivity to AIl (Tangalakis et al.,
1992). Also, low-dose dexamethasone in prenatal rats promotes the ability of
f-adrenoceptors to stimulate adenylate cyclase (Bian ez al., 1992), which
could result in altered vascular responsivity to vasoconstrictors. The
development of cholinergic projections in the developing neonatal rat brain is
also enhanced by fetal (17-19 d GA, term =21d) dexamethasone treatment
(Zahalka et al., 1993).

7.5 CONCLUSIONS

1) Consistent with the results of Chapter 6, maternal undernutrition at
conception and during early pregnancy produces a significant change in
placental morphology in the sheep.

2) The change in placental morphology is not accompanied by a significant
increase in placental weight, but there is a significant decrease in the size of
A-type placentomes and a consistent tendency for D-type placentomes to be
larger.

3) These alterations in placental morphology are successful in maintaining
fetal growth, through mechanisms that are unknown.

4) In the light of previous findings, it is possible that, although fetal growth is
preserved, cardiovascular development may not be normal.
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8.1 OVERVIEW OF THESIS

The work described in this thesis had two main aims. The first was to
determine whether the findings described by Barker (1994) could be
reproduced in an animal model. The second was to investigate the
mechanisms involved in the nutritional effects on the development of blood
pressure in the fetus, so as to understand how hypertension in adult life may
result from events in utero.

The main points to emerge from the work described are as follows:

Chapter 3

Severe maternal nutritional iron-deficiency anaemia results in hypertension of
the offspring. However, adult hypertension is preceded by hypotension
during neonatal life, which highlights the importance of investigating the
development of blood pressure rather than just taking point measurements.
There is an association between growth and blood pressure development in
the neonate, but the mechanisms linking the two are obscure. Cardiovascular
development during fetal life is probably important for future outcome, and
fetal hypoxaemia is proposed as an important factor influencing fetal growth
and blood pressure development. Thus, the results of this study suggested
that fetal hypoxaemia may be an important factor in the aetiology of adult
hypertension.

Chapter 4

Despite the apparent involvement of hypoxaemia in blood pressure
development, repeated acute isocapnic hypoxaemia of a moderate degree

during late gestation does not affect blood pressure development in the fetal
sheep.

Chapter 5

Blood pressure development of individual fetuses during late gestation may
follow different trajectories. Not all fetuses show the expected increase in
MAP during late gestation. As in the neonate, the pattern of blood pressure
development and growth are also associated in the fetus. Abnormal blood

pressure development is accompanied by perturbed cardiovascular reflex
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development. Fetal hypoxaemia again appears to be a possible candidate for
the cause of disturbed blood pressure development. The reason for the
hypoxaemia is unknown, however it is suggested that it may be the result of
placental insufficiency.

Chapter 6

Periconceptual maternal undernutrition has a significant effect on placental
morphology, but not on placental weight, and may also result in reduced fetal
growth. Blood pressure and cardiovascular reflex development are also
affected during late gestation, but there is no associated hypoxaemia. It
therefore appears that fetal growth and blood pressure development in late
gestation are affected by the development of the placenta.

Chapter 7

In the sheep, the placental morphological alterations that occur as a result of
periconceptual undernutrition are a decrease in size and number of A-type
placentomes and an increase in size and number of D-type placentomes. This
change in placental morphology seems to be an adaptation to periconceptual
undernutrition that is successful in preserving fetal body growth. However,
blood pressure development may be disturbed, possibly as a result.

Summary

Thus, in summary, maternal nutritional anaemia during pregnancy is
associated with reduced fetal and neonatal growth, and hypertension in later
life. This may relate to blood pressure development during fetal life, thus it is
interesting that MAP development in individual fetuses may follow distinct
trajectories during late gestation. Also, abnormal blood pressure development
is accompanied by alterations in cardiovascular reflex development. Chronic
hypoxaemia during fetal life may be an important factor in the aetiology of
adult hypertension, however, repeated acute hypoxaemia for 2 weeks during
late gestation does not affect fetal cardiovascular development and
periconceptual undernutrition does not result in hypoxaemia during late
gestation. Periconceptual undernutrition does, however, perturb fetal
cardiovascular development during late gestation, an effect that seems to be
the result of alterations in placental function.
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These results demonstrate that maternal nutritional status at conception and
during early pregnancy has important implications for the future
cardiovascular development of the conceptus.
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Figure 8.1. Flow diagram to show the possible mechanisms involved in
the development of hypertension in adult life as a result of
undernutrition during the periconceptual period.
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8.2 QUESTIONS

Inevitably, there are a number of questions that arise as a result of the
findings described in this thesis.

Is hypoxaemia a cause of altered cardiovascular development in
response to maternal undernutrition or not?

My initial findings (Chapters 3 and 5) suggested that hypoxaemia may be
involved in abnormal blood pressure development. However, my subsequent
findings (Chapter 6) did not implicate hypoxaemia as a cause for perturbed
cardiovascular development. Therefore, in cases of maternal undernutrition
during early pregnancy, the role of hypoxaemia in blood pressure
development during late gestation is questionable.

What is the mechanism for the altered chemoreflex
development?

Chemoreflex development was perturbed as a result of periconceptual
undernutrition, however it was not accompanied by hypoxaemia, hypercapnia
or acidosis. Thus, if resetting occurred at the level of the peripheral
chemoreceptors, the mechanism remains to be elucidated. It is possible that
there was also resetting of central chemoreceptors, perhaps as a result of
altered cerebral metabolism and blood flows. Increased cerebral blood flow
would result in CO, washout. But, one would expect to see a degree of brain
sparing if cerebral blood had increased, therefore CO; washout is an unlikely
mechanism. Alternatively, blood flow may have decreased resulting in a build
up of CO;. Again, this seems unlikely to have occurred in this instance, as
there was no resultant decrease in brain growth. The only other factor that
could affect chemoreflex activity is blood pressure. The possibility arises,
therefore, that abnormal blood pressure development was responsible for the
altered chemoreflex development. Nonetheless, whatever the mechanism, an
increase in chemoreflex gain will result in an increase in arterial pressure
during hypoxaemia, e.g. at birth.

Baroreflex and blood pressure development. Cause and effect.

The results presented in this thesis do not distinguish between cause and
effect with respect to blood pressure and baroreflex development. Was the
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failure for baroreflex resetting to occur caused by the failure for blood
pressure to increase, or did abnormal baroreflex development result in the
abnormal blood pressure development that was observed? The gain of the
baroreflex was low in those fetuses that did not show normal blood pressure
development, despite the fact that their blood pressures failed to increase with
advancing gestational age. This suggests that, during late gestation, reduced
baroreceptor sensitivity was the ‘cause’, and the development of pressure the
‘effect’. Such a decrease in baroreflex gain will fail to protect against any
increase in arterial pressure.

An intriguing question is, what happened earlier in gestation? There is the
possibility that there was a rise in blood pressure early on in undernourished
animals, resulting in baroreceptor resetting, i.e. undernourished animals may
have had accelerated blood pressure development.

Is there a mechanistic link between growth and blood pressure
development?

Certainly blood pressure and growth are linked. However, whether they are
causally linked or not is not clear from the results presented in this thesis. The
observation that growth and blood pressure are linked is not a new one,
however the link between them is not understood.

Histologically and histochemically, how does maternal
undernutrition affect the placenta?

I have shown that periconceptual undernutrition results in gross
morphological changes of the placenta. However, the question remains as to
what these morphological changes mean functionally. Is there an increase in
the surface area for exchange of nutrients between mother and fetus, e.g.
increased villous growth? Or, perhaps the capillary walls within the terminal
villi become thinner to allow more efficient exchange of substances.
Alternatively, or perhaps, as well, it is possible that there are alterations in the
expression of various growth factors and their receptors, e.g. the IGFs,
VEGF. Maybe levels of 11-B-HSD are altered, which, as discussed in
Chapter 7, would lead to altered levels of cortisol transfer between mother
and fetus.
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8.3 FUTURE WORK

As a result of the questions posed above there are various areas of further
investigation that need to be pursued.

Longitudinal study

It has became increasingly clear that it is necessary to carry out a longitudinal
study investigating the effects of a periconceptual nutritional challenge, by
looking at not only fetal cardiovascular development, but cardiovascular
development during the neonatal period and through into adult life. It is clear
from the results presented in this thesis that, in order for us to understand the
mechanisms underlying the development of hypertension in adult life, we
have to follow the development of an individual. Measurements taken at
discrete times during development do not give us enough information to
understand the possible factors involved.

Effect of added stress

Further work also needs to be done to investigate whether or not nutritionally
deprived fetuses represent a high-risk group that are more susceptible to
stresses encountered later in life. Fetal hypoxaemia that occurs during labour
may prove a life-threatening event to fetuses that have abnormal chemoreflex
development. This may be investigated by imposing a hypoxaemic insult on
fetuses during late gestation by methods such as uterine artery occlusion or
placental embolization.

The adolescent growth spurt may also be regarded as a stress. It is possible
that adolescents who were undernourished in utero have an exaggerated
increase in blood pressure during this period of development. Because the
mechanisms involved linking growth and blood pressure are not understood,
it is difficult to know exactly how to investigate the stress of growth. But,
perhaps it could be studied by infusing with growth hormone (GH) to cause a
growth spurt.

Vascular responses

The suggestion that peripheral resistance is altered warrants investigation of
vessel responses to various agonists, firstly to establish whether vascular
reactivity is actually altered, and secondly to identify the vasoconstrictors
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and/or vasodilators that may be involved. Such investigations can be carried
out in vitro using a small vessel myograph.

Placenta

More in-depth studies of the placenta are necessary. Histological analysis
needs to be carried out to investigate the pattern and degree of villous and
capillary growth in response to periconceptual undernutrition. The expression
of IGFs, IGF-Rs and 11-B-HSD in the placentae of undernourished ewes
also needs to be investigated, so that we have a better idea as to what the
morphological changes that we see mean from a functional point of view.

HPA axis

Finally, because cortisol is strongly implicated in the perturbations of both
growth and blood pressure that result from periconceptual undernutrition, it is
necessary to study the development of the HPA axis. In particular, we need to
investigate whether changes in fetal plasma cortisol alter the programming of

the development of the HPA axis, including the sensitivity of its feedback
control mechanisms.
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8.4 HOW HAS THE WORK PRESENTED IN THIS THESIS
CONTRIBUTED TO THE FIELD OF FETAL
PHYSIOLOGY?

The contributions of the work described in this thesis are as follows:

1) It adds further support to the idea that events during fetal life affect
cardiovascular development later in life.

2) It has established that the sheep is a good model for studying the effects of
maternal undernutrition on cardiovascular development.

3) It has led to further questions regarding the mechanisms involved, and has
thus provided a number of avenues of further research.
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APPENDIX 1
General Biological Data

Human

Basic physiological data

Adult

Body weight (kg) 70
Rectal temperature ("C) 37
Heart rate (bpm) 70
MAP (mmHg) 100
Respiratory frequency (breaths min-1) 15-20
Tidal volume (ml) 400
Haemoglobin (g/dl) 14.5
Life span (years) 70
Neonate

Weight at birth (kg) 35
Basic data on reproduction

Age at sexual maturity (years) 12-15
Length of oestrous cycle (days) 28
Gestation (month) 9
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Appendix 1

Rat (from Weihe, 1989).

Basic physiological data
Adult

Body weight (g)

Rectal temperature (°C)
Heart rate (bpm)

MAP (mmHg)

Respiratory frequency (breaths min-!)

Tidal volume (ml)
Haemoglobin (g dI-!)

Life span (years)

Neonate

Weight at birth (g)

Age at weaning (day)
Weight at weaning (g)
Basic data on reproduction
Age at sexual maturity (day)
Length of oestrous cycle (days)
Gestation (day)

Average litter size (young)
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240-480
38-39
320-480
100
85-110
1.6

12.8
2-3.5

5-6
21
45

40-50
4-6
21
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Appendix 1

Sheep (from Harrison, 1989)

Basic physiological data

Adult

Body weight (kg)

Rectal temperature (°C)

Heart rate (bpm)

MAP (mmHg)

Respiratory frequency (breaths min-!)
Tidal volume (ml)
Haemoglobin (g/dl)

Life span (years)

Neonate

Weight at birth (kg)

Basic data on reproduction
Age at sexual maturity (months)
Length of oestrous cycle (days)

Gestation (day)
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45-100
39.5
70-80
100
15-25
1.4
10.3
6-8

4.5-5.5

8-12

16
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APPENDIX 2
Average Gestational Length of Various Species

Species

Length of gestation
(days)
Chicken 21
Cow 280
Guinea pig 68
Horse 335
Human 280
Llama 345
Pig 115
Rabbit 32
Rat 21
Sheep 147

398



APPENDIX 3
Drugs

ANAESTHETICS

Intraval Sodium (Rhone Mérieux Ltd.)

Thiopentone Sodium BP, which is a mixture of 100 parts w/w of the
monosodium derivative of 5-ethyl-5-(1-methylbutyl)-2-thiobarbituric acid and
6 parts w/w of dried sodium carbonate.

Uses

Induction and maintenance of anaesthesia. In the context of this thesis

"Intraval’ was only used for the induction of anaesthesia.
Dosage and administration

5 g of Intraval was dissolved in 50 ml isotonic saline to make a solution that
contained 10 g/ml (10% w/v). 12 ml (1.2 g) of Intraval solution was
administered to the ewe i.v.

Fluothane (ICI Pharmaceuticals)

Chemically it is 2-bromo-2-chloro-1, 1, 1-trifluorethane stabilised with
thymol 0.01%.

Uses

Fluothane is an inhalational anaesthetic, that may be used for all types of
veterinary surgery.

Dosage and administration

Fluothane was administered in oxygen via a vapouriser. In this thesis it was
used only for the maintenance of anaesthesia (not induction) at a concentration
of about 2% in oxygen (2 /min).
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Appendix 3 DRUGS

ANTIBIOTICS

Crystapen (Brittania Pharmaceuticals Ltd.)
Sodium benzylpenicillin (penicillin G)
Uses

Bacteriacidal activity against penicillin-sensitive organisms, particularly
streptococci, pneumococci. meningococci, gonococci and staphylococci
(except penicillinase-producing strains).

Dosage and administration

Surgery : 600 mg Crystapen was dissolved in 4 ml isotonic saline and
administered intra-amniotically.

5 post-operative days: 600 mg Crystapen was dissolved in 4 ml isotonic
saline and administered 2 ml (300 mg) was administered i.v. to the ewe, 1 ml
(150 mg) i.v. to the fetus, and a further ! ml (150 mg) intra-amniotically. .

Cidomycin (Roussel)
Gentamicin sulphate.

Uses

Bacteriacidal activity against many Gram-positive and Gram-negative
bacteria, particularly streptococci, pneu,ococci, meningococci, gonococci and
staphylococci (except penicillinase-producing strains). Gentamicin is also
often active against strains that are resistant to other antibiotics e.g.

streptomycin, and is effective against penicillin-resistant Staphyloccocci.
Dosage and administration
Surgery: 2 ml (80 mg) Cidomycin was administerd intra-amniotically.

5 post-operative days: 1 ml (40 mg) was administered i.v. to the ewe and 1
ml (40 mg) intra-amniotically.

Cidomycin was never administered directly to the fetus because of its
ototoxicity and nephrotoxicity.
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Streptopen (Pitman-Moore)

Procaine penicillin G (250 mg) in a solution of dihydrostreptomycin sulphate
(250 mg).

Uses
Active against Gram-positive and Gram-negative bacteria.
Dosage and administration

Surgery: 4 ml Streptopen i.m. to the ewe.

EUTHANASIA

Euthatal (Rhéne Mérieux)
Pentobarbitone sodium (200 mg/ml)
Uses

For the euthanasia of animals.
Dosage and administration

40 ml (ca. 130 mg/kg) of Euthatal was injected i.v. to the ewe.

MISCELLANEOUS

Heparin (CP Pharmaceuticals Ltd.)
Heparin sodium 5000 iw/ml

Uses

Heparin is an anticoagulant. It acts by inhibiting thrombin and potentiating the
naturally occurring inhibitors of factor X.

Dosage and administration

Surgery: 1000 iu was mixed with ca. 450 ml isotonic saline to form a solution
containing about 2 iu/ml of heparin. This was then used to flush the vascular
catheters.
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Thereafter: 5000 iu was mixed with 500 ml of sterile saline to form a solution

of 10 iu/ml of heparin. This solution was used daily for flushing catheters.
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APPENDIX 4
Blood gas machine and CO-Oximeter

BLOOD GAS MACHINE (BGE, INSTRUMENTATION LABORATORIES)

Sample volume - 240 pl

Measured parameters Calculated parameters

PCO, HCO;5"

Nat Base excess (BE)

Catt Temperature corrections for PCO,,
PO; and pH

pH

PO,

K+

Haematocrit

Calculations

Calculated parameters
HCOjs

log10{HCO37] = pH + log o PCO; - 7.604
BE

BE = (1 - 0.014) [Hb]) ((HCO;7] - 24 + (1.43 [Hb] + 7.7) (pH - 7.4)
Temperature corrections

To obtain an accurate reflection of in vive conditions, pH, PCO; and PO,
values were corrected to 39.5°C, the core temperature of the sheep.

pH

ApH/AT = -0.0147 + 0.0065 (7.4 - pH)
PCO;

AlogoPCO, / AT = 0.019

PO;

Alog,0PO, / AT = (5.49 x 101 PO,3#8 + 0.071) / (9.72 x 10° PO,*88 + 2.30)
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Appendix 4 BG MACHINE & CO-OXIMETER

CO-Oximeter (IL 482, INSTRUMENTATION LABORATORIES)

The co-oximeter is interfaced to the blood gas machine.

Sample volume - 85 pl

Measured parameters Calculated parameters
Total haemoglobin (Hb) Oxygen content

Oxygen saturation

Calculations

Calculated parameters

Oxygen content

Ca0; = {Hb x 1.39 x (%03aHb/ 100)} + {0.0031 x PaO,)
Oxygen saturation

Sa0; = {(%0,Hb) / 100 - (%COHb + % MetHb)} x 100
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APPENDIX 5
Hormone Assays

CATECHOLAMINES

This assay was performed by Dr. Clare Smith, Department of Pharmacology
and Medicine, University College London.

2 ml aliquots of plasma were treated with 20 mg alumina and 400 pl of 2M
Tris buffer, and 5 pmol (25 ul) DHBA internal standard. Catecholamine
(adrenaline And noradrenaline) concentration was determined using HPLC
with electrochemical detection. The HPLC system consisted of a Waters
"resolve"” C18 reversed-phase column (3.9mm x 150 mm, particle SuM), a
waters Model 460 electrochemical detector with glossy carbon electrode set
ata potential of +0.58v vs. KCI and a sensitivity of 0.5 nA and a waters
model 510 HPLC pump. Data was recorded using a Waters 740 Data Module
(Waters, Division of Millipore Ltd., Middlesex, U.K.). Separation was
achieved using an isocratic solvent system that consisted of an acetate-citrate
buffer that contained sodium octane sulphonate (5.8 mmol I'!), EDTA (3
mmol I-}) and 14% methanol, with the flow rate maintained at 1 ml min-!.

Adrenaline and noradrenaline recoveries were more than 80% and the
sensitivity of the assay was 0.1 pmol per 70 pl injection into the HPLC

column. Interassay coefficients of variation were 13% for adrenaline and 8%

for noradrenaline, and the intraassay coefficients of variation were 5% and
4% respectively.

CORTISOL

This assay was performed by Dr. H.H.G. McGarrigle, Department of
Obstetrics and Gynaecology, University College London.

Plasma cortisol concentrations were measured by radio-immuno assay (RIA)
using !25] cortisol as a tracer. Duplicate 50 pl aliquots of plasma were mixed

with an equal volume of sodium bicarbonate solution (1.7 M, pH 7.5) and
extracted with 2 ml of diethyl ether. After freezing, the ether was decanted
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Appendix 5 HORMONE ASSAYS

and evaporated, and the residue was reconstituted in 500 pl of phosphate
buffered saline (pH 7.4).

For the RIA procedure, aliquots were removed and mixed with phosphate-
buffered saline, to make up a total volume of 400 pl, and incubated with
16000 dpm|[1,2,6,7-3H]cortisol (Amersham International, Aylesbury, U.K.)
and 100 ml of anti-cortisol antiserum (Steranti Ltd., St. Albans, U.K.).
Bound and free cortisol were separated using dextran-coated charcoal and,
after centrifugation, a 500 pl aliquot was removed and the radioactive content

measured.

The assay recovery was 90%. The sensitivity of the assay was 30 fmol ml-!.

THYROXINE (T

This assay was performed by Dr. L.Clarke and Dr. M. Symonds, School of
Animal and Microbial Sciences, University of Reading.

T4 was assayed using "double antibody" RIA. Standards (6.3 - 400 nM,
Sigma Chemical Company, Poole, Doreset, U.K.) were prepared in
iodothyronine-free plasma which was obtained by treating sheep plasma with
charcoal (100g charcoal / 500 ml plasma) at 4°C for 24 hours.Barbital buffer
(0.075 M) was used, to which was added 0.05% 8-anilo-1-
naphthalenesulphonic acid (ammonium salt) to block interference by thyroid
hormone binding proteins. 100 pl specific antisera for T4, developed in
rabbits, (final dilution 1:1000 in 0.01 M phosphate buffer, pH 7.4, Sigma
Chemical Company, Poole, Dorset, U.K.) was incubated at 37°C for 1 hour
with 5 ul of sample/standard and 200 pl of 125I-T4 (Amersham International,
Aylesbury, U.K.). 100 pl of sheep anti-rabbit gamma globulin 6% (1:40
dilution in phosphate buffer), 100 ul 0.1 M EDTA and 500 pl polyethylene
glycol 6000 was then added. This was then incubated for 24 hours at 4°C.
Following centrifugation the supernatant was aspirated and the radioactivity in
the precipitate measured in an automatic gamma counter (LKB-Wallac 1260
multigamma 11 counter).

The interassay coefficient of variation was 7.7.%.
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APPENDIX 6
Abstracts

THE SOCIETY FOR THE STUDY OF FETAL PHYSIOLOGY
20TH ANNUAL MEETING

May 16th-19th, 1993. Plymouth, U.K.

P2

THE EFFECTS OF ANAEMIA IN UTERO AND PRE-WEANING ON
HEART SIZE AND BLOOD PRESSURE IN NEONATAL RATS

C Crowe, P Dandekar, L Bennet, MA Hanson

Department of Obstetrics & Gynaecology, University College Hospital,
London, United Kingdom

Anaemia in early pregnancy has been suggested to result in a greater placental
to birthweight ratio, and this has been reputed to be associated with high
blood pressure and cardiovascular disease later in life. We are using an animal
model for studying the mechanism of this phenomenon. Nutritional anaemia
was induced in female rats prior to mating, and their pups were studied on
post-natal days 17-20. Anaemic pups (haemoglobin 4.49 g/dl + 0.29 vs. 8.61
g/dl £ 0.78; p < 0.05 from age-matched controls) had significantly lower
body and liver weights than control animals, but the anaemic pups had hearts
that were larger (0.51 g £ 0.03; p < 0.05). This suggests an alteration in the
cardiovascular development of these pups, in support of Barker's ideas.
However, we found that the systolic blood pressure, measured non-
invasively in the unanaesthetised pups, was significantly lower in the anaemic
rats than in the control animals (127 mmHg * 5.64 vs. 145 mmHg + 2.92; p
< 0.05).

1. Godfrey KM, Redman CWG, Barker DJP, Osmond C. Br J Obstet
Gynaecol 1991; 98:886-891
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XXXII CONGRESS OF THE INTERNATIONAL UNION OF
PHYSIOLOGICAL SCIENCES

August 1st - 6th, 1993. Glasgow, U.K.

214.10/P

THE EFFECTS OF ANAEMIA IN UTERO AND PRE-WEANING
ON HEART SIZE AND BLOOD PRESSURE IN NEONATAL
RATS

CROWE, C., DANDEKAR, P., BENNET, L. and HANSON, M.A.

Department of Obstetrics & Gynaecology, University College London, London WCIE
6HX, U.K.

Anaemia in early pregnancy has been suggested to result in a greater placental
to birthweight ratio, and this has been reputed to be associated with high
blood pressure and cardiovascular disease later in life (Godfrey, K.M. et al.
(1991) Br J Obstet Gynaecol 98, 886-891). We are using an animal model for
studying the mechanism of this phenomenon. Nutritional anaemia was
induced in female rats prior to mating, and their pups were studied on post-
natal days 17-20. Anaemic pups (haemoglobin 4.49 g/dl £ 0.29 vs. 8.61 g/dl
+ 0.78; p < 0.05 from age-matched controls) had significantly lower body
and liver weights than control animals. However, the anaemic pups had
hearts which were larger (0.51 g + 0.02 vs. 0.30 + 0.03; p < 0.05). This
suggests an alteration in the cardiovascular development of these pups, in
support of Barker's ideas. We have not yet, however, been able to find a
significant difference in the systolic blood pressures between anaemic and

control animals, measured non-invasively in the unanaesthetised pups.
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European Society for the
STUDY and PREVENTION

of INFANT DEATHS
THIRD EUROPEAN CONGRESS

August 26th - 29th, 1993. Oxford, U.K.

THE EFFECTS OF ANAEMIA IN UTERO AND PRE-WENING ON
HEART SIZE AND BLOOD PRESSURE IN NEONATAL RATS

Crowe, C., Dandekar, P., Bennet, L., Hanson, M.A.

Department of Obstetrics and Gynaecology, University College
London, London, U.K.

Anaemia in early pregnancy has been suggested to result in a
greater placental to birthweight ratio, and this has been reputed to
be associated with high blood pressure and cardiovascular disease
later in life. We are using an animal model for studying the
mechanism of this phenomenon. Nutritional anaemia was induced in
female rats prior to mating, and their pups were studied on post-
natal days 17-20. Anaemic pups (haemoglobin 4.49 g/dl + 0.29 vs.
8.61 g/dl + 0.78; p < 0.05 from age-matched controis) had
significantly lower body and liver weights than control animals, but
the anaemic pups had hearts that were larger (0.51 g + 0.03 vs.
0.30 = 0.03; p < 0.05). This suggests an ailteration in the
cardiovascular development of these pups, in support of Barker's
ideas. However, we found that the systolic blood pressure,
measured non-invasively in the unanaesthetised pups, was
significantly lower in the anaemic rats than in the control animals
(127 mmHg + 5.64 vs. 145 mmHg + 2.92; p < 0.05).

REFERENCE

Godfrey, K.M., Redman, C.W.G., Barker, D.J.P., Osmond, C. (1991) Br
J Obstet Gynaecol 98, 886-891.
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THE SOCIETY FOR THE STUDY OF FETAL PHYSIOLOGY
21st ANNUAL MEETING
July 30th - August 3rd, 1994. Cairns, Australia.

A42

THE EFFECTS OF SEVERE ANAEMIA IN UTERO AND PRE-WEANING ON HEART
SIZE, PLACENTAL TO BIRTH WEIGHT RATIO AND BLOOD PRESSURE IN RATS

CROWE.C., DANDEKAR,P., FOX,M., DHINGRA K., BENNET,L., HANSON,M.A.
Department of Obstetrics and Gynaecology, University College London, London, U.K.

Anaemia in early pregnancy has been suggested to result in a greater placental to birth
weight ratio which is associated with high blood pressure and cardiovascular disease in later
life (Godfrey et al. 1991). We have attempted to duplicate these findings in the rat.
Nutritional anaemia was induced in female rats prior to mating and maintained throughout
pregnancy and until weaning. Fetuses (n = 104) were studied at 20 days of gestation, and the
pups on post-natal days 20 (n = 139) and 40 (n = 86), having been weaned onto normal rat
chow at 21 days of age. Anaemic pups (haemoglobin ,anaemic [AN]: 4.5 + 0.312 vs.
control [C]: 8.5 £ 0.308g/dl; p < 0.001) were found to have significantly lower placental to
body weight ratios (AN: 0.140 £ 0.003 vs. C: 0.155 £ 0.004; p < 0.005) and significantly
lower body weights at all ages. At 20 days the heart weights of AN were almost twice that
of C (AN: 0.537 £ 0.018 vs. C: 0.300 £ 0.016g; p < 0.001), suggesting an alteration in
their cardiovascular development. It was of particular interest to find that at 20 days the
systolic blood pressure, measured non-invasively in the unanaesthetised pups, was
significantly lower in AN than in C. We have now confirmed these observations and
extended them by studying pups at 20 and at 40 days of age.

150 =
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100 T r
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*p <0.05, C vs. AN i p < 0.001, AN Day 20 vs. Day 40

Whilst mean systolic pressure was significantly lower in AN at day 20, it increased to
greater levels than in C at day 40.

These findings complement those of Davis and Hohimer (1991) who found that the
anaemic sheep fetus has a lower arterial blood pressure than controls. It may be that the rise
in blood pressure associated with maternal anaemia in pregnancy (Godfrey et al. 1991)
develops postnatally, and in the rat this can occur without a greater placental to body weight
ratio.

Supported by the Wellcome Trust.
REFERENCES

1. GODFREY,K.M., REDMAN.C.W.G., BARKER,D.J.P. OSMOND,C. (1991) BrJ
Obstet Gynaecol 98: 886-891
2. DAVIS,L.E,, HOHIMER,AR. (1991) Am. J. Physiol. 261: R1542 - R1548
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THE THORBURN SYMPOSIUM

August 5th - 9th, 1994. Hamilton Island, Australia

AS53

CARDIOVASCULAR DEVELOPMENT IN FETAL SHEEP: HYPOXAEMIA,
WEIGHT, AND GLUCOSE

CROWE.C., BENNET,L., HANSONM.A.
Department of Obstetrics and Gynaecology, University College London,
London, UK.

Intrauterine growth and environment have been implicated in affecting
cardiovascular development. We examined whether acute isocapnic hypoxaemia
repeated for 1 hour each day for 14 days produced changes in fetal mean
arterial blood pressure (MAP), heart rate (FHR), weight, and blood glucose or
lactate. Fetuses were instrumented at 105 - 109 days gestation with carotid,
jugular and amniotic catheters, and precordial ECG electrodes. Seven fetuses
underwent repeated hypoxaemia (1 hour normoxia, 1 hour P,02 11 -
13mmHg, 1 hour recovery), starting on day 110-114 of gestation. Five control

fetqses were studied repeatedly in normoxaemia (3 hours) also over a 14 day
period.

For the hypoxia and control fetuses taken as a whole over the 14 day period,
there were no significant differences in ABP, FHR, blood glucose or lactate,
crown -rump length (CRL), or in body, liver, heart, lung, and kidney weight.
However, examination of hypoxia and control fetuses together revealed that
there were two distinct groups: A - those which showed a consistent rise in ABP
over the 14 days (4 hypoxia, 2 control; 3 male, 3 females; 3 singletons, 3 twins),
and B - those in which ABP did not show a clear increase over the 14 days (3
hypoxia, 3 control; 4 males, 2 females; 4 singletons, 2 twins). Regressiion
analysis of MAP vs. age showed these groups to be significantly different (p <
0.01). Body, heart, and kidney weights were significantly greater in group A
(Body weight, A: 4083 + 276 vs. B: 3057 X 324g, p < 0.05; heart weight, A: 35
+ 3 vs. B: 23 £ 2g, p < 0.01; kidney weight, A:15.0+ 0.3 vs. B: 12.0+ 09g, p <
0.05). Liver and lung weights were not different, nor was CRL. There was no
difference between the groups in blood glucose or lactate over the 14 day
period.

Thus, repeated acute isocapnic hypoxia of this degree does not produce any
changes in the development of ABP or FHR in late gestation fetal sheep.
However, it is clear from this study that the ABP can follow different trajectories
in individual fetuses over this period. This appears to be related to fetal weight,
including heart and kidney weight, and not to be influenced by repeated
hypoxaemia or correlated with blood glucose/lactate levels.

Supported by the Wellcome Trust
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SOCIETY FOR THE STUDY OF FETAL PHYSIOLOGY
22nd ANNUAL MEETING

June 11th - 14th, 1995. Malmo, Sweden.

A35

NUTRITIONAL PLANE IN EARLY PREGNANCY AND FETAL
CARDIOVASCULAR DEVELOPMENT IN THE SHEEP
Crowe C., Kreindler JR, Bennet L., Hanson MA.

Dept. Obstetrics & Gynaecology, University College London, UK.

Maternal undernutrition has been suggested to result in alterations in
placental and fetal growth and development. We have now studied the effect
of maternal nutritional plane in early pregnancy on the fetal and placental size,
and fetal cardiovascular development in late gestation.

Ewes were designated as either Heavy (He; n=7) or Light (Li; n=12),
depending on their weight at mating (p<0.005) and their nutritional plane in
early pregnancy. From 30 days gestation ewes from both groups were fed ad
libitum and weighed on days 30,60 and 90. At 105-106 days, 5 He and & 4
Li fetuses were instrumented under halothane anaesthesia for blood pressure
(MAP) and heart rate (FHR) measurement. Crown-rump length (CRL),
abdominal circumference (AC) and femur length (FL) were also measured.
After a 5 day recovery period all fetuses were monitored until 128-131 days
gestation. Then, all ewes (instrumented and non-instrumented) were
sacrificed and a post-mortem was carried out.

Fetuses in both groups showed an increase in MAP and a decrease in
FHR between about 110 and 130 days. However, Li tracked at a higher MAP
than He (p<0.005). Li had a lower haemoglobin than He (p<0.005). At post-
mortem fetal body and organ weights, CRL, AC, FL, placental weights, and
blood glucose levels were not different for both groups, nor was the increase
in CRL, AC or FL different between the two groups. Thus, the nutritional
plane of the ewe in early gestation affects the subsequent MAP of the fetus.
This effect can occur in the absence of changes in fetal and placental growth.

Supported by the Wellcome Trust.
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SOCIETY FOR GYNECOLOGIC INVESTIGATION
43rd Annual Meeting

March 20th - 23rd, 1996. Philadelphia, U.S.A.

THE EFFECT OF NUTRITIONAL PLANE IN EARLY PREGNANCY ON THE
DEVELOPMENT OF FETAL BEHAVIOUR C. Crowe* & M.A. Hanson* Dept, of
Obstetrics and Gynaecology, University College London, UK. (SPON: G.C.L.
Lachelin)

The aim of this study was to investigate the effect of nutritional plane
in early pregnancy on the development of fetal behaviour in late gestation.
Ewes were divided into two groups. Heavy (HE: body weight 62+1.9 kg) and
light (LI: 49+1.6 kg; p< 0.001 vs. HE), on the basis of liveweight and body
score at mating. Singleton fetuses were instrumented at about 105 days
gestation with biparietal electrodes to measure the incidence (min/hour) and
duration of low (LV) and high voltage (HV) electrocortical activity (ECoG),
tracheal pressure, and diaphragm EMG to measure the incidence of fetal
breathing movements (FBM), arterial, venous and amniotic pressure and ECG.
They were studied in normoxia between 110-129 days. As previously reported
(Crowe et al.,, 1995. Society for Study of Fetal Physiology, Abstract A35) LI
fetuses tended to be smaller than HE fetuses, and had a significantly higher
mean arterial blood pressure (MAP) than HE, though they did not show the
consistent rise in MAP that was seen in the HE group. There were also
differences between the groups in chemo- and baroreflex development.

LIGHT

"P <005.HV v% LV

In LI the incidence and duration of LV was greater than HV at 120 and 123
days. In contrast, there were no differences between these variables in HE.
The incidence of FBM decreased from 120-126 days in LI, but there was no
decrease in duration. However, in HE there was a decrease in duration but not
in Incidence, of FBM from 120-126 days. We conclude that nutrition in early
gestation perturbs the subsequent development of fetal behaviour.

Supported by the Wellcome Trust.
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August 14th - 19th, 1996. Arica, Chile.

11

NUTRITIONAL PLANE IN EARLY PREGNANCY: EFFECT ON FETAL AND
PLACENTAL SIZE IN LATE GESTATION.

Crowe, C.1, Hawkins!, P., Saito!, T, Stratford, L.!, Noakes, D.E.2 & Hanson, M.A.}

1 Dept. Obstetrics & Gynaecology, UCL, London, U.K. 2 The Royal Veterinary College,
University of London, U.K.

Maternal undernutrition in early pregnancy has been suggested to result in alterations in
placental and fetal growth (DeBarro et al., 1992). Our previous work showed that there were
also alterations in the development of cardiovascular reflexes and blood pressure. In this
study we set out to examine in detail the effect of such a nutritional insult on fetal size and
gross placental morphology in late gestation.

Clun ewes were randomly assigned to one of two groups, Heavy-Heavy (HE-HE) or
Light-Heavy (LI-HE). HE-HE were fed an unrestricted diet prior to mating and throughout
gestation. LI-HE were put on a restricted diet (15% reduction in total intake) one month
prior to mating and up until 30 days gestation, after which they were fed an unrestricted
diet. All ewes were weighed weekly. At about 130 days gestation the ewes were sacrificed
(HE-HE, n = 6; LI-HE, n = 6) and an extensive post-mortem was carried out. Maternal and
fetal body weights, fetal crown-rump length (CRL), abdominal circumference (AC) , femur
length and organ weights were recorded. Individual placentomes were weighed, and their
morphology, depth and diameter determined.

LI-HE ewes lost a significant amount of weight while on the restricted diet. HE-HE ewes
did not lose weight over the equivalent 2-month period. We found that fetal body weight,
organ weights, CRL, AC and femur length and total placental weight were comparable in
the two groups. This is similar to our previous report to this society last year (Crowe et
al., 1995). The distribution of the different morphological types of placentome (A, B, C, D,
from Vatnick et al., 1991) was, however, strikingly different between the two groups. HE-
HE had significantly more A-type (59+13%) than D-type (10£5%) placentomes (p < 0.05),
whereas LI-HE had a similar number of D-type (37+11%) and A-type (311£7%) placentomes
(not significant) both in terms of placentome numbers and when expressed as a proportion

of total placental weight (p < 0.0001, X2 test) (see figure).

100 100

PLACENTOME TYPE

These results show that a nutritional insult during the periconceptual period and in the
first month of pregnancy results in a significant change in placental morphology in the
sheep, which is not, however, accompanied by a decrease in fetal size in late gestation. Our
working hypothesis is that such an insult produces a degree of placental compensation,

adequate to preserve fetal growth but producing changes in subsequent fetal cardiovascular
development.

1. DeBarro, T.M., Owens, J., Earl, C.R., Robinson, J.S. (1992). Aust. Nutr. Soc. abstract

2. Crowe, C., Kreindler, J.R., Bennet, L., Hanson, M.A. (1995). SSFP A35

3. Vatnick, L., Schoknecht, P.A., Darrigrand, R., Bell, A.W. (1991). J.Dev. Physiol. 15, 351-
356. Supported by the Wellcome Trust.
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l-urTiai 'X 'hy.nioiogy (LiCJfj). 488.2. i 1

The effects of anaemia on heart, placenta and body weight,
and blood pressure in fetal and neonatal rats

<' Ciowf, r Dandekar. M. Fox, K. Dhin”ra. L. Bennet and M. A. Hanson

i)J iihsh irtrn li' dunnecolagy, L’ltivernily Calh(j>' Lundot), Loniion, i'K
I{i |[K)i ts that inatcrtiai anaeaua in pregnaniy is assmiati'il with a & ater placental : hirth
ui-iL'lit ratio, «hu h pn ilis)x%<e” i.jwanls hitjh [xi-.tnatal hlixx] pressure in the human, led us
to examine the eiieets ol maternal anaemia durinit preiznanev on placental size, fetal and
neonatal urowth. anti hlixxl pre”“ure development in the nit.

Xiitritional anaemia wtis mdueexl in female rats prior to mating and maintained throughout
pregnaneV and up until weaning of the pups. Fetuses wen* studied at 20 davs of gestation
(F,20). I'ups were stiulied on |xxstnatal days 2t) (P20) and 40 (1'40). having Ixen weaned onto
normal rat ehow at 21 davs.

In the anaemie group plaeentai fetal Ixxiy weight ratios wen' lower compan'd with controls.
Hixlv weights at all ,iges weie lower in the anaemic group than in eontnils. despite a greater

rate of growth in the anaemic group Ix-tween P20 and P40

At T'20 heart weights of' the anaemic group were almost twice that of controls, suggesting
an alteration in their eiirdiovascular development. However, paradoxically, the systolic

hloixl pressure of the anaemic group was lower than that of controls

My 1'4ii the systolic hlixxl pressure of the anaemic group (LEIG+ :1 mmHg) had increased
and was greater than that in wntrol pups (120 £ 0 mmHg).

In conclusion, we h.ive shown that there is a pronounced (xistnatal rise in systolic lihxxj
pressure as.s,x lated with maternal anaemia during pregnancy, « Inch is not related to a
greater placental :hirth weigiit ratio. Beliire weaning, anaemic pups have a lower systolic
hloix] pressuia- than controls and there is an important assixnation Ixtween the rate of
postnatal grow th and hlixxl pressure.

The development of h\ pertcnsioii ill later ht'e mav Ix' the
result of events that IXeiirrtxl i uUrn. ana there is an
weight, low hirth
later life IBarker. Bull,
ISIDII). We do not know whether
placental growth directly affects the developnvent of hlixxl
pressure, or whether other factors such as nutrition and
oxygen supply are decisive determinants. Lucas 6 Motley
(19!)4) showwl that early nutrition in low Kirth weight,
preterm intants did not affect hkxxl pres.sure measured at

..vsix lation Ix-tween large placental

weight and hlixxl
Osmond & .<immonils.

pressure in

7-O-M years of age, tiu-usmg attention on prenatal factors.
It has Barker &
il'inond. TI'i'il) that anaemia in earlv pregnancv results in

Ix-i-n  suggested (tiixIfrev. Bedman.
1 high piaeenial : hirth weight ratio, whu h mav suhset"uently
predi.s|x<si- towards high hlixxl pres.sure. V- anaemia is
known to prixliice fi'tal growth restriction u-.a relatively
i-Licental size (Beischer. Sjv.-usamr«x>. \dhra.
Silpisornkieal & Reid. [I.iTii. Hehlx-I. Bi-r-ger & Faton.

I'.IHil). till.' 'erved to provide an experinietit.u mixlel with

greater

which to investigate the role of fetal and placental size on
hlixxl pressure development in neonates.

In this studv we examined the effects of maternal anaemia
during pregnancv on placental and fetal weight, [xistnatal
Ixxly and organ grow th of the [)U[is. and the development
of their hlixxl [iressure [xistnatally.

METHODS

Female htirague-Uaw lev rats were teii either a low iron diet
(SIxs’ial diet .Services, iron < ti p.p.ni)or normal rat chow from
:i-4 weeks prior to mating, hv which time haemogloiim levels of
those on the 17+2 to

11+2 giirf Aler mating the rats were split into three groups,

low iron dict had droppeil from

each ixiniprising anaemic and control dams. I'hey were studied as

The first group of animals (anaemic dams. « = 4; control dams.

Il= 4. anaemic fetusi-s, «= 47. control fetuses.

Al were

killed on day 20 of gestation (K2Df and fetal and maternal
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Criiu'f (Iml iithfr.t 488 2

atental weights, ami placental :bexly weight ratio in the anaemic group and controls
at E20, P20 and P40

EEN Y X Tlaiental weight Plai'enlai I»«I\ weight mtio
Niiaemii 1 'intnil Xnaetnie
i4+nni* 147 + I ii-1LOfi + 14 11-1411 + I 1

sin the aimemic group than controls +/' < il ", anaemic

CL .inaeniie ks control «+*/'< n I, anaemic fr control.

The tiniil gmup lit rats (anaemic dams, ii = S; mntnil dams, a = 7.

in> w.is ilei apnated .inaemic puln. i = kd; control pups, a = h4l were also allowed to

tt,e hi,ssl triini up to litter and neonatal and maternal systolic hlixxl pressure (at leiust

,le,aiale \olunie lor  three nssiniiiigs tor each animal), haemoglopm levels (tail vein

ie,| hv puncture ot hlixxl sample) and Ixxly weights were reninleri at I’2H Both
.inaeiiiic and ismlrol (ilips were weaned onto normal rat ctinw at
. 1’21 and studied again at I'4l). at which time svstohc hlixxl

= 4 oaitnil dams.
pleasure (at leiLst lliris* reisirdings |x-r animal), nconatal

' were allowed
. haemoglobin (tail vein). Ixxly and organ weigtits were measured
i,i,ss| pn-s.sure was

~ifig i rat tall hlixwl

Kent.

Hlixxl pressure values tin each animal were taken as a mean ot the

raienhridge. recordings ohtaineri When more tlian three reanings wen* made,

i re.nti animal The three were ~**lected at randoin to obtain the mean [Iliese values
selels. h'wK and were then [XXiled for each gn as were ail other results.
sem,'glohin levels Sta al ilitTerences Ix-tween values anaemic and

.mitlials Il eai h grouji were analysed hv .Student s unpairisl 7 test

Data are expiresxeil a.s ineans + standard error ol the mean (s k.m ).

Kidney

Liver, lung, kidnev and heart weights expressetl aa a percentage of body weight in

s

i r WMiuhl OS a ! In@i IVD to I’4t* in i*.tn

aniaix. lunu. Kiilfu-v and hrai t u*Mi:nts >no\v a ciri-n-juse in Ix»th Ln'»uKa m
I ilu* (W ntaire kidnrv and lu*art vu-iehis is lar more pnmournTd than

= jp-w th "I I i\\. Il.leans i>di-r.n .[»0i lum all\ loss than Imhlv I'h-u in in
M " KMs aiv ct.niainod unhtn
t/r< 'foid . v

ilir svinUils */'< u nd. anat mic
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Anaemia in utero and blooii jjre.isure

150 1
I 140-
Figure 2. The change in systolic blood preaaure from P20 to P40
in anaemic and control pups from group 3
Svstolic bl(»« ores.sure in the sniieinic group i#| was significanllv lower &
than that ol o.mrols ICI at 1"2U. However, bv P40 anaemic animals were 120 -
Ii\ [lerteiisive ompared with amtrols *P < n-Mo. rsintrol tw anaemic:
+/°<iiiiiil I'Ln I* I'4H 1
100

RESULTS
A\naemic teliiw-s and piijxs liati lower haemoglobin levels
than controls at all ages and Isitli anaemic and control
iiiinials showed a rise in haemoglobin lietween P20 and
I'4il: however the rise was stee(H-r in the anaemic group so

that by P4d values tor anaemic animals approached those
of controls (Table 1)

Fetal Ixxly and placental weights were less in anaemic
fetuses, and [ilaiental : Ixxlv weight ratio was also lower
comparer] with '-ontrols (Table 1). Bixlv weights of the
inaemic group were also less than controls at P20 and P4U.
However, the [x nentage increase in Ixxiy weight between
P20 and i'4(l was greater in anaemic tivan in control
animals (see Table 1). .\naemic pups thus showed a greater
rate of growth than controls after weaning.

E.xpre.ssed as a |x-rientage of Ixxly weight, liver weight
increasi'd t'roin I'L'd to 1’4d in Ixith groujis. and kidney, lung
and heart weigtils decreased (Fig. 1). Expressed as a
|[xTcentage ot Ixxly weight, the kidneys and hearts of the
anaemic group showed a mucli stee|x-r riecrease than those
of control Ixtween P20 and P40. indicating that these
organs displayisi ,a lower rate ol growth over this period in
anaemic animals than in controls.

Systolic hlixxl pressure in anaemic pii>8 at P20 was lower
than control pufis. However, by P40 systolic bJood pressure
was higher in anaemic than in control pups, having risen
dramatically in the anaemic group Ix-tween P20 and P40,
but only slightly in the controls (Fig. 2). There was no
significant difference in maternal systolic blood pressure
levels Ix-tween the anaemic group and controls for any of
the three groups

DISCUSSION
J'inaemic rats had h- avier hearts (Fig. 1) and lower systolic
hlixxl 2) than controls at P20. This is
consistent with the finding of Davis & Hohimer (1i79l) that
anaemic sheep letu.-es had larger hearts, greater combined

pres.sure iFig

ventricular output and lower mean arterial bkxxi pressure
than controls, .\rterial blixxl pressure is determined by
cardiac output and total ;x ripheral resistance and although

P20 P40

we did not measure combined ventricular output in our
rats, from the work of Davis & Hohimer (1991) it seems
probable that it was increased. At first sight, such an
increase in combined output in
animals may Ix- explained by a reflex initiated by hypoxia
at the

ventricular anaemic

|x-ripheral chemoreceptors or the brainstem,
resulting in an increase in heart rate and mytxiardial
contractilitv. However, as systolic blrxxi pressure was lower
in anaemic animals in our study and in that of Davis &
Hohimer (1991), we then, have to [xwtulate that any
increase in combined ventricular output was accompanied
by a considerable fall in total peripheral resistance. Tliis is
leasible for several reasons. Firstly, decreased viscrxiity due
to the severe anaemia, as has been oliserved in rats by
Olivetti el al. (1993), would decrease impedance directly
(Poiseuille's law). .Secondly, Dawson & Hudlicka (1993) have
shown that there is increaseil capillary growth in response
to a long-term increase in bkxxi flow, pixitulating that
increased shear .stress and/or capillary wall tension may Ix-
the stimulus responsible for initiating this growth It has
also been demonstrated in young rats that ventricular
hypertrophy as a result of anaemia is accompanied by a
significant amount of myocardial capillary proliferation
(Olivetti et at. 1989). Tlius, angiogenesis could occur in
response to an increase in blood flow in several tissues and
would result in a decrease in blood pressure, as the
impedance to flow would be greatly decreased according to
KirchhofiTs law concerning tubes in parallel. Lastly, there
mav have been a release of endothelial vasodilator factors
such as nitric oxide or prostacyclin, again in response to
increased shear stress at the endothelium (Smiesco &
1993) or in response to hypoxaemia (Busse.
Miilsch, Fleming at Hecker, 1993).

.Johnson,

Bv P40 the anaemic group had developed a higher blood
pressure than the controls (Fig. 2). Schork, Jokelainen.
(liant. .Schork & Weder (1994) showed in the rat that the
rise in bkxxi pressure with age is due predominantly to
increases which occur concomitantly with growth spurts.
Tliua the rapid rise in systolic bkxxi pressure seen in the
anaemic group mav Ix linked to their much faster growth
than controls Ixtween F20 and P4U, but, since anaemic rats
were smaller than controls at all ages, it appears that
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A

B

growth rale and not Ixxiy siztis the factor which influences
hlixxl pressure Ttie effect may of course Ix? related to the
relative growth or function of an individual organ. For
example, we found that the anaemic group had heavier
kidneys than controls, which could 1%related to a change in
renal function. TIi

is interesting as it has been suggested
that in olxtsity renal .sodium realisorption may be increased
of the
renin-angiotensin system, increased svmpathetic activitv,
or histological changes in the renal mtxiulla iHaJI, 1994),
that this to hy;x rtension associated with
increased Ixxly weight. It mav Ix- that this was also the

as a result liyperinsulinaemia. activation of

and leads

case with the increase in weight in our anaemic rats.

It is

increase

also jxissible that the

Ix?en

the proi-esses determining
in total (x-rijiheral resistance may have
initiated prenatallv. Isiiigille (1993) found that during the
|x?rinatal pericxi in fetal sheep there is a rapid accumulation
of aortic eliLstin and collagen which may serve to preadapt
vessels to the largi- increases in pressure which occur after
hirth. He also observed a strong relationship between blood
flow and arterial growth during the [xwtnatal period. Thus
we can see from Langille's oliservations that the normal
maturation in the level of bkxxi pressure could be affected
if either pre- or postnatal growth and vascular development
are |x-rturbed N1 the changes blood

development that occurred in the anaemic group may have

in pressure

Ix*en the result of txith pre- and [xistnatal events.

Turning to the relation Ix-tween birth weight and placental
weight, our results share similarities with previous reports
hut also reveal differences from them. tJur anaemic group
.showed a fall in fetal Ixxiy weight, plaeentai weight and
[ilacental ;body weight ratio. Hirlv growth of the anaemic
fetuses was probably impaired as a result of hvpoxaemia,
since in sheep chronic hypoxaemia reduces feta] growth
(Owens. Falconer & Robinson, 1987) and in the fetal rat
Hebbel et at. (1989) found that growth was impaired in
response to increased maternal oxygen atfinitv Hebbel er
al. (198U) also re[xirted an
weight ratio,

increase in placental :hirth
(1991)
women. Whilst this may he partly due to reduced fetal

growth,

as did Oixifrey et at. in anaemic
to be a contribution from
growth, possibly response to
hypoxia. Tliere are several studies which support this idea,

there also appears
enhanced [ilacental in
for example the finding that the placenta is larger in women
resident at high altitude (Kriiger & .Arias-Stella. 1970) and
that of .Alexander (1904) that reduction in the number of
caruncles in sheep was compensated for during pregnancy
by an increase in individual cotyledon weight. However,
in the
anaemic group. Tliis mav have Ix-en due to the severity of
the anaemia,

our finding was that placental weight decreased
which may have Ix-en tixi great for the
compensatory growth zessix-iated with nuxlerate anaemia to
have taken [ilace Ltstly, there is the [irohiem that we
cannot distinguish Ix-tween cause and effect in our results.
It is likely, that the small

however, placentae of the

C Croiv€ and others

PAPERS

J. PhysiotA»» 2

.inaemic group resulted in a reduction in fetal growth, as
studies in fetal sheep have shown an association between
small placentae and intrauterine growth restriction
(Harding, Jones & Robinson, 1985). It is clear that further
work is required if we are to understand the interacting
influences which are important in determining placental

and fetal growth.

In conclusion, our study shows that there is a pronounced
[Xistnatal rise in systolic blood pressure associated with
maternal and that this is
preceded by a low systolic blood pressure before weaning in
anaemic pups. Ve did not find that the effect was related to
greater placental to birthweight ratio, rather that there is
an

anaemia dunng pregnancy,

important association lietween the rate of postnatal
growth and blood pressure.
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Blood Pressure and Cardiovascular Reflex Development in
Fetal Sheep. Relation to Hypoxaemia, Weight, and Blood Glucose

C. Crowe

L. Bennet and M. A. Hanson

Departmeni oi Obstetrics arui O vnaecoloiry. Umversttv College London. London WCIE 6HX. UK.

' To

Abstract.

weight, blood gases, blood glucose and

Javs trom Dav
.socapnic

hypoxaemia (anenai O: partial

lactate

pressure,

correspondence should be addressed

We measured mean a.-enal blood pressure (MAP), fetal heart rate (FHR), the baroretlex.

in chronically instrumented fetal sheep for 14

1U5 to Day IW gestation, with or without daily administration of 1h of acute

PaOy, I1-13 mmHg; 1mm Hg = 133 Pa).

Fetuses subiected to hvpoxia snc”cd no signibcant differences in MAP or FHR v. control fetuses.

However, examination ot all feruses together revealed that there were two distinct groups:

showing a rise in .MAP over tre

pressure did not increase or srcwed only

tetuses were proportionately la'ger than

nad lower blood glucose concertoption, arterial O;

haematocrit and oxvgen
showed a shift ot

content,
the baroretlex MAP'R-R
showed a shift upwards trom Dav 1 to Day

greater increase in MAP than t-ic PU group.

a slight decrease ( pressure down

those

14 days ( pressure up group. PU), and those in which blood

group. PD). PU

PD fetuses. In contrast to PU fetuses. PD fetuses
saturation (SaOy). PaO], total haemoglobin,
and higher lactate concentration. pH and PaCO: PU fetuses

Interval curve to the right, however, the PD group
14. The PD group responded to hypoxia with a

Thus, repeated acute moderate isocapnic hypoxia does not affect development of MAP or
FHR in late gestation tetal she-co. However. MAP follows different iraiectories in individual
tetuses. related to tetal size arc the availability ot oxvgen and/or glucose. Cardiovascular

chemoretlcxes and baroreflexes are also different, depending on the MAP trajectory.

These data

indicate an important association between growth and blood pressure development, and also show

that differences

Introduction

Intrauterine environment and fetal growtn fiave been
implicated in affecting cardiovascular deveiopcaent (Barker
1ddO). 1d8d)
.ind the sheep 1Robinson er ai. 1d.S3). intrautenne growfh-

cl at. In both the human (Economides ci al.
retarded (iUGR) fetuses arc hypoxacmic azc have low
amino acid concentrations. .As acute hypoxaemia causes
an increase in MAP (Giussani ei al. Idd4i. -jte purpose
ut this study was to follow the developrneci of MAP.
THR and cardiovascular reflexes in late gescauon sheep,
in the presence or absence of repeated acute r>-poxaemia.
Although our data do not show any effect of zx-poxaemia.
they do reveal important effects of fetal growtn on blood

pressure and chcmoreticx and baroretlex development.
Materials and Methods

Surgical Meihods

Fetuses 1 141 heiween IUS and 1)U d.avs gesi.iiion were mstrumenied
under haloihane (3"/ m 0: ).inaevihesia wnn carolid arterv

lugular vein
and amnioiic c.iiheierv preenrdi.il wire electrodes lor £CC recording,
and a Tr.ansonic tiow probe .around a temnral anen A maternal
Jathelers and

clectrodes were exteriorized tnrough the ewe s flank. Ammiotics were

pedal vein was caineicrized tor drug .idministration.

given to the ewe as tollows: 4 iiiL Sireptopen tPitmam and Moore.

in growth are aissociated with changes in cardiovascular control.

Crewe Hall. Crewe. Cheshire. UK) .administered intramuscularly, and
300 mg Crysiapen tOlaxo. Ureentord. UK) and 40 mg Cidomvcin
tRoussel. Uxbridge. UKi administered intravenously ti v I Antibiotics
were given to the tetus as tollows: 150 mg Crysiapen administered
1v. and 150 mg Crysiapen and 40 mg Cidomycin administered inira-
imnioticallv) ~ All antibiotics were given once daily tor 5 days
post-operativcly.

E.xpenmental Protocol

For 14 days taller a 5-day recovery period). 7 fetuses were
subjected to dailv hypoxaemia (arterial O: panial pressure. P.iOy
13 mm Hg; I mm Hg = 133 Pa) by lowering maternal inspired oxygen
(FiO:) for 1h of a 3-h study period, and control fetuses were studied
for 3 h in normoxia. .Matemal FiO: was manipulated by altering
the gas mixture delivered into a polythene bag secured over the
ewe s head. During the course of each 3-h experiment. 5 fetal blood
s,impies tU 5 mU each) were 0 min. 100 min.
135 min and IP5 mm tor the measurement of pH. blood gases,
haematocrit. haemoglobin, blood glucose and lactate.

On Day I and on Dav 14, at the
end of the last experiment, each fetus was given a single bolus
Jose t75-1(K)Mg IVI ol the Oi agonist phenylephrine, to elevate
hlood pressure so that the baroretlex could be me.asured. The fetus
was allowed to recover ti e. blood pressure,

taken at 70 mm.

hetore experimentation,

heart rate and (low
measurements returned to basal values) from the phenylephrine betore
the experiment began. The baroretlex was assessed bv plotting the
mean R-R interval ot animals m each group, measured at I). 2. 4. h.
X 10. 15. 30. 30. 40. 50 and bO s after the iniection of phenvlephrme.

1031-361.3,95/0.30553505 00
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~diriM inc MAP mensurcii il The same limes ii ¢ wmle the pressure
SIS risinci  The curse ihai resulted was taken to represent the
"irorctlex tsee Fid 4|,

\t the end ol the 14-das extx'rtmental perux). ewes were killed bv
in overdose iit pentobarbitone [4t] mL Euthatal is Rhone Merieux.
Spire tjreen Centre. Harlow. Essex, ik Iand a post-mortem was carried
ut in whicn tetal bodsweight. tetal heart, iunc, iiser and individual
ssines wei¢nts. and crossn-rump lencth tC'RLi were recorded.

Ml exoeriments were carried out in accordance with Lk Home
Ilttice refutations iAnimals bceientitic Pnxedures Act |d.%),

IKiia CiilUciion

Pressures were recorded using pressure transducers and amplihers
"tiould. Hainaull. Essex. Lkh heart rate was recorded by passing the
ICC -.Ignat through an amplitier and tachometer iGsiuld Biotach):
cmor.il hlixKt tlow was measured bs tlow meter t Transonic Ssstems.
" -lib). All Signals were recorded onto disk using MacLab b hardware
Itd d.ita acduisition vtttssare. MAP and FHR were calculated bv
iseraging bhxM pressure .ind heart rate, respecttvetv. oser I min.
It t.--min intervals between i) min and on min. then at 05. ™0 and
m' nun. and at 15-min intersals until Lsti min M\P presented on
s das was calculated as the mean ot s.ilues at I< .'() and 45 min
Jor I animats in each group

lilixxj g.ses. pH and haematocrit were measured on a blixxJ
g IS .inatsser ilnstrumentation L.iboratorv. BCE. salues corrected to
d s C) A hacmoxtmeter was used tor measurement ot haemogtohin

60-,
55-
50-

45-

30J

Co— -

Days

Fig. L

Trends in MAP. glucose concentration. PaO; and haemoglobin during normoxta Tor pressure up

PAPERS

< Crowe er al

(CO-oximeter 402: Instrumentation Laboratorv. Warrington. Cheshire.
1 k), and glucose and lactate were measured bv glucose-iactatc analsser

ISSt. 2-'00 sTxr PLesi.

Sialisncal Anaivim

Iniliallv. measurements were compared between control .ind
Subsequently, they were sptit into two groups,
pressure up (PU) and pressure down iPD). shown
to be ditfcrenl bv regression analysts ot MAP v. age tPU r = tl dns;
PD; r = -it SIR: P - 0 (K)5. PU i, PD) and bs two-wav ssosx
iP < 0 til I using dav as a repeated measure. F r ecach group,
weights, weight as a percent ot bodyweighl. lengths, and gestational
ige were compared by unpaired r-test.

means ot the other parameters measured in the two groups trom Dav

hspoxia animals.
designated as

Diftcrences between the

1 to Dav 14 were compared using anova. P
signiticnnt.

£ )5 was considered

Results

Hypoxacmic Ictuses cltij not differ from normoxacmic
M.\P and FHR
14-dav period, blood
glucose and lactate concentrations. CRL. or body, heart,
lunc.

fetuses tn terms of development ot

Imeasured tn normoxta) over the

liver and Kkidney weights. However, post-hoc

analvsis showed that the fetuses fell into two distinct

30 X
2817

26-

s

24-
22-

20-

16

0 10 15
Days

IPU) fetuses I#:

4= "i and pressure down (PD) Ictuses (C; n = 7. /al MAP decreased trom Dav I to Day 14 in PD fetuses tnot sigmncantl.
whereas MAP increased in PU fetuses i/' - t)H51. The upward trend ot PU fetuses compared with the downward trend ot PD

tetuses was shown to be sigmticani iP — 0 ill)
was lower in PD fetuses t
remaining
in PU fetuses. Values are mean=scm

ihi Glucose concentrations were lower tP < 1) 01) in PD fetuses, ict P.aO;
~ tl INil 1. decreasing trom Dav I to Dav 7 and remaining lower than that in PU fetuses tor the
“ d.ivs. r/t Haemoglobin decreased oser the 14-dav period in PD fetuses iP < 0 (K)I). but remained tairlv constant
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Number of bvp<ilia iHi. contml iC). male (MI. female iKl. twin iTl and sinitlelon

iSi fetuses and hndsweuthf. cniwn-rump length (CRL). organ weights as a percentage of

hods weigilt and gestational ages at the start and end of the study penod In pressure up

and pressure down' fetuses

Values are mean=sem. 'F 20 )5, ” P <0 (X)5

Hvpoxia. conirol

Sex

Twin, singlclon

CRL lemi

Bodvweieht Igi

Heart weigni ig|

Luntf weiyni lei

Liver weiytil lei

kidnev «.eitfhi lei

He.in 'l hodvweieni

Lune 'r hodvweieni

Liver ' f hodvvveietll

kidnev "/ hodvvveietll
Gesialional ace idavsi on Dav 1
Gesiaiional aee id.ivsi on Dav 14

groups: those that showed the expected increase in

over this period ot gestation iPL' tetuses) tKitanaka er
ill. 1d.Sd). and those that showed either no increase
or a decrease in M.A.P (PD tetusesi (Fig. lul Both
groups showed a decrease in heart rate, consistent with
the tindings ot Kitanaka er ill. (IdSd). ,Vs illustrated
in Tabic 1. the groups were similarly distributed with
respect to whether tetuses had been exposed to hvpoxia
or were control fetuses, and for sex. twin or singleton,
«ind gestational age. We did not have any information on
matemal history, but all ewes were from the same riock
and were ted the same diet ol hav and concentrates ml
libitum when in our animal house.

PD fetuses and had
heavier hearts, lungs, loers and kidncvs (Table I). There

PU fetuses were larger than
was no signiticant difference between tne two groups
when organ weights were expressed as a percentage of
bodyweighl (Table II. The crown-rump length of PU
fetuses tended to be longer than that of PD fetu,ses.
ilthough the difference between the two groups did not
reach signiricancc (Table II. Thus. PU fetuses tended to
be proportionately larger than PD fetuses.
Normo.xaemic plasma

glucose concentrations iFig.

161 were lower m the PD group, and it is striking
PaO” IFig. Ici. total haemoglobin
IFig. 1I/I. haematocrit iPU: 2S=1'""F on Day 1. Z.S-Uc
on Day 14; PD: ZVziFT on Dav I IZ-J'T on Day I4;
P < (I (I(11 PU V PDI. and thus arterial O; saturation
iSa0O:) (PU: S: ()-: bT on Dav L s: 3-1 5-r on
Day 14; PD; '7 d-: 31 on Day 1 '3 2z:3'i)l on
Day 14; P <l (I(11 PU i. PDI and oxvgen content iPU:
T 1—U-5 vol. 'af on Dav I d 2-U 4 vol. |
PD; S h—U 4 vol. 1

that normo.xaemic

on Day 14;
on Dav 1. (i (i—0 5 vol. 1 on Dav

Pressure up Pressure down

4H. K 'H. 4C
4M. IF 5M. 2F
<T. 48 IT. 48
4h 4| 4 44 4x| 4
4IKX)+218 ;<)42+2d7*
'4i2 2242°%*
ijia:8 dl-1.1
i;5+12 >N+
14=0..1 n»=Uu T"
(1 S6+0().t I 7h+0 0.1
COILIE0 IN 1 (124() 1d
1 11 +0- Id 1 41+(1 28
I fh=0 (I 0 41z0 (I5
1141 2 [IREI S|
ii<»xi 5 1270 h

14; P < O tKIl PU 1.
PD group, decreasing from Dav I to Day 14.

PD). were all also lower in me
The PD
group showed higher concentrations of lactate tFig. 2ai
and PaCO: (Fig. 261. but no signihcant ditferencc in pH
(Fig. 2c).

Femoral flow increased in both PU and PD fetuses
trom Day 1 to Day 14. but the increase was greater in
PU fetuses (Fig. 3ul.
the other hand, was similar for both groups (Fig. 36i.

Femoral vascular resistance. "ti

Fhe cardiovascular responses iif these two groups ot
fetuses were also found to be different. Bv the end ot the
14-day period, the baroretlex curve ol the PU group nad
shifted upwards and to the right (Fig. 4<iIshowing resetting
to the higher pressures and lower FHR in this group on
Day 14. The PD group, however, showed no such \nitf
to the right, but the curve was merely displaced upwards
14 (Fig. 46) consistent with the fall in FHR
seen at this age. In the animals which were exposed to

on Day

repeated acute hypoxaemia (PaO:: PU. 12=U 2 mm Hg:
PD. 12+U 2 mm Hg; PaCO:; PU. 44 d+u 6 mm Hg.
PD. 44 -IrO 6 mm Hgl. the PD fetuses showed a greater
increase in MAP over basal levels after 15 min of hvpoxia
than did the PL fetuses (Fig. 5).
a bradycardia atter 5 min ot hypoxia, but there was no

Both groups showed

signiticant difference in the magnitude of this response
between the two groups.

Discussion

Our results show that repeated isocapnic hypoxia ot
this degree does not atfect the development of either .\1.\P
or FHR in late gestation tetal sheep. .MAP increased trom
43i2 mm Hg to 47=3 mm Hg. and FHR decreased trom
1')2i;5 beats mm to IbXzb beats min 'over the 14-dav
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125-1

E 100-1

51

50-

7 400-,
7375-1
7350
]
73254
7300
Days

Fic. -m  Trends in lactaic concentration. PaCO:

pressure up iPUF fetuses i#: n = '
IPDI fetuses (Z. n = 7) fetuses, lai Lactate concentrations
«ere higher in PD fetuses than in PU fetuses and increased from
0.1V I to Dav II). alter which they decreased below irve values seen
in PU fetuses, thi PaCO: values followed a similar trend to lactate
concentration, levels being higher in PD fetuses than <n PU fetuses
until Dav 1II). after which there was a decrease similar to that seen
in PU fetuses iP < 0 1)5). Id There was no sigmncant difference
in ihe pH values between PD fetuses and PU fetuses.

mean = s e m.

>0 dH during

normoxia lor .nd  pressure

down

Values are

Study penod. and these measuremenis comoare well with
those previously reported for the chronicallv-catheterized
letai sheep over this period (Kitanaka er wi. idgd). The
lack of effect of hypo.xia is consistent with tne findings
IIf Gagnon et at. (|dd4) who found that daiiv placental
embolization did not produce maintained changes in FHR
or .MAP. and those of Kitanaka et al. (|dSQ) who found
that continuously reduced PaO; for three weeics did not
affect FHR or .MAP. However, it is clear that our fetuses

fell into two distinct groups: PL’ and PD The PU

PAPERS

C. Crowe et al.

55-,

Days

Fig. J.  Femoral How and femoral vascular resisiance in pressure
up IPU) leluses i#1 and pressure down (PD) fetuses 10 lai PU
fciuses had a greater increase in femoral Mow from Day 1 lo D.tv
14 ihan PD leluses i/' = 0 1)01): however, th) when expres.sed as
femoral vascular resistance, there was no difference between PD
ictuses and PU fetuses.

fetuses showed the well documented in MAP over
PD fetuses clearlv
la). What is the
increase in Ihe PD
One possibility is that the effect is related to
growth as PD fetuses were proportionately smaller than

rise
this penod of gestation, however, the
followed a different trajectory (Fig.
mechanism for the failure of M.AP to
fetuses.'

PU fetuses and had lower plasma glucose concentration
(Fig. Ib).

Poor matemal nutrition also may be one mechanism
for the failure of MAP to increase in PD fetuses, either
at mating (T. M. DeBarro. J. A. Owens. C. R. Earl
and J. S. Robinson, unpublished observations) or in
mid-pregnancy (.Newnham et ai. IVdlh as both result
in reduced fetal weight and influence placental growth.
Growth retardation in carunclectomized fetal sheep is
associated with reduced glucose concentration (Owens
ct ai. 1d8Q), chronic hvpo.xaemia and higher lactate and
PaCO; (Robinson et al. H)83).
hypoxaemic animals have also been reported to have a
lower MAP than control animals (Robinson et al. 17831.

It is. therefore, possible that reduced placental capacity

Indeed, carunclectomized
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07, 'a) Pressure UD

3H

07, (01 Pressure OQown
1
06 -i
w04 "
0
I ooi
02-1
017
30 50 60
MAP (mm Hgi
Fig. 4. (Jaroretlex curxes tor pressure up (PL’l 'eruses in - 5i

inu pressure down iPD) leluses in = 4i on Das ! 1 and Dav
4 (Al. lal There was a shitt ol ihe curve lo ihe ncrri and up Irom
Dav I 10 Day 14 m PL' feiuses. consisieni wiih ihe -se in pressure
' I 0(1!' T and ihe drop in FHR, which resuiis n an increase
in R-R inierval i/> — v 05|. Ihl The curve lor PD leluses shills
ipwards irom Dav I to Dav 14. which is indicalive oi the decreased
MHR and ihus increased R-R inierval i/’ « 1) 001.,
mean a: s e.m

\alues are

Vd
. .
= 51
04
0 s D 5
Days
Fig. 5. The change in hlixx] pressure in resporae lo hvpoxia,
measured aller 15 min ol hvpoxia, in pressure up irL1 leluses I#:

n = 41 and pressure down (PD) feiuses (o; n = “i PD feiuses
showed a more pronounced rise in arterial blood pressure ihan PU
< N IK i,

leluses | Values are mean ts.e.m.

mav be an important consideration in our PD fetuses,
as they had lower PaO; and glucose levels ,Figs /b and
Id. and higher lactate and PaCO; levels bv comparison
with PU. However, we did not record placrcial weights

or measure transolacental transtxirt.

PAPERS

557

We also found that PD fetuses had lower haemoglobin

and haematocrit levels. We do not know whether this
was because they responded poorly to the repeated blood
sampling, or whether they had a reduced rate of red cell
production. It is also possible that in PD fetuses there

was a greater increase in plasma volume than in PU
fetuses. This may have occurred if there were increased
levels of vasopressin in PD fetuses, perhaps due to the
lower PaO; levels in these animals.

Results from the PD fetuses agree with data on the
effect of anaemia in pregnancv on neonatal blood pressure
in rats (Crowe er al. IW51 where anaemic pups at 20 days
of age were found to have lower systolic blood pressures
Davis and Hohimer (|ddi) also found
that anaemic late gestation fetal sheep had a lower MAP
In the study of Crowe er al. (1dQ5f the
.MAP of the anaemic pups increased rapidly above that of
controls after weaning.
Godfrey et al. (1
predisposes to higher blood pressure posinatally.

The reduced SaO; in PD fetuses is the
result of the lower PaO; which, together with the lower

than controls,

than controls.

This may mirror the findings of
) that matemal anaemia in pregnancy

observed

haemoglobin levels, accounts for the decreased oxygen
likelv that
oxygen delivery to many tissues is substantiallv reduced.
We do not know whether this and/or the reduced glucose

content seen in these fetuses. Hence, it is

levels mentioned above are responsible for the difference
in growth in these tetuses. Clearly, however, growth has
important effects on cardiovascular development.

The failure of the baroretlex curve in the PD fetuses
to shift to higher pressures on Day 14 contrasts with
the observation that the
carotid baroreceptors for a given pressure decreased with
088). This

finding along with their heightened increase in M.AIP in

discharge frcquencv of the

advancing gestational age (Blanco er al.

response to an acute hypoxic challenge (Fig. 5) leads us
to question the normality of the development ot these
PD fetuses.
in the chemoretlex and baroretlex

Clearly there were developmental changes
responses of these
fetuses which could have important consequences later,
for example, during birth or postnatally.
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APPENDIX 8
BP and FHR trajectories
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Rate-Pressure product
(mmHg.bpm.10 3)
°
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GA (day)

The trend in basal MAP, SBP and DBP, FHR and rate-pressure
product for PU (0/0) and PD (e/B) fetuses. The linear curve fit
through each set of values shows more clearly the different trajectories
for PU and PD fetuses. Values are mean £ S.E.M. (See also Fig. 5.2).
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Blood pressure MAP (mmHg)

FHR (bpm)

(mmHg)

Rate-pressure product
(mmHg.bpm.10 3)

50 -
48
46 -
444
42
40-
62-
57 -
52
47
42
374
324
215 -

195 -
175 -

165 -

-
N
)

-—
-—
1

o
1

(e
1

BP & HR TRAJECTORIES

ﬁ\o/l 4 § §

systolic

diastolic

o
L

110

120 125 130

GA (day)

115

MAP, SBP and DBP, FHR and rate-pressure product in HE (0) and
LI (@) fetuses over the course of the study. t P < 0.05, 112 d vs. 129 d.
Values are mean * S.E.M. (See also Fig. 6.3)
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