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PREFACE

In the Western world perinatal mortality rates have beenreduced to low levels for
various reasons but mainly because of better perinatal care. However morbidity is
still relatively high and the concern of every parent for the quality of life of his
newborn child demands continuing research into the development of the fetus and
the newborn.

One of the major groups of infants at risk are those that are born with a low birth-
weight. Approximately 3-14% of all live born children in Western Europe and the
United States have a birth weight of less than 2500 grams. Of these about two-thirds
are born too early and are called "preterm™ and one-third 1s bern too small and 1s
called “small for gestational age.”™ Although this division seems logical it took
clinicians a long time to realize the differences between these groups that hence
require different treatment.

Nearly fifteen yvears ago the introduction of the so-called “intrauterine growth
charts™, that indicated the normal fetal growth for a certain population. offered the
opportunity of categorising normal or abnormal fetal growth patterns. During
recent years it has become possible to assess human fetal growth by means of
ultrasound technigues and thus identify and time growth retardation in utero. At the
same time follow-up studies of infants that were born small for gestational age have
demonstrated that growth retardation in utero may have permanent effects on later
growth and development, For ethical reasons good clinical research studies are
difficult. Most research has therefore been concentrated on animals.

During recent years much has become known on normal growth and development
of the fetus in several species. There are numerous examples that show that fetal
development is for instance under endocrine control. However the precise sequence
of causal events leading to tissue differentiation late in fetal development remains
unclear, Some parameters that influence fetal development may become more clear
by studying abnormal fetal growth. Examples of these are the naturally occuring
"runts” or the large fetuses that are frequently seen in diabetic pregnancy.

Another approach to investigate the regulation of fetal growth is to
experimentally reduce mean growth rate in uzero. This is the approach used in this
thesis which studies intrauterine growth retardation in the guinea pig and
investigates some of the consequences of this condition. Such a comparative
approach provides a broad background of information and thus general principles
that allow specific questions of the human condition to be asked and interpreted
adequately.



The history of the concept of intrauterine growth retardation and of its possible
causes is outlined ir chapter 1. This chapter also summarizes the various
experimental approaches that previously have been used. The techniques of the
experimental approach in the guinea pig are described in chapter 1], together with
details of all other methods used. In chapters 11I-VI the results of measurements on
fetal growth and development, nutrient supply and endocrine development and
development of fetal liver, heart and skeletal muscle metabolism are given.
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CHAPTER 1 INTRODUCTION

11. The study of fetal growth. An historical view

The control of fetal growth 1s of central importance to perinatal physiology and
medicine. To determine the factors regulating normal fetal growth, abnormalities
have frequently been studied since they are associated with a high mortality. The first
of these studies have concentrated on the relatively easily obtained fetal and
placental weights.

In man Adair and Thelander (1925) and in the guinea pig lbsen (1928) reported a
close relationship between fetal and placental weight. Ibsen also noted that the
locations and the number of placentas affected the size of the fetal guinea pig.
Somewhat earlier Draper (1920) had shown that external factors such as low
temperature and a deficient maternal diet had reduced fetal growth in the guinea pig,

During the next two decades most research in this field was performed by Barcroft
in England. Studying the sheep he suggested (like Ibsen) that “crowding™ in the
uterus may limit placental growth and therefore fetal growth, and he concluded that
fetal growth was predominantly determined by placental weight (Barcroft, 1939).
Then in 1938 Walton and Hammond published their classical studies of the crossing
of large Shire horses and small Shetland ponies, showing that the weight of the
newborn correlated more closely with maternal than with paternal size. They
concluded that intrauterine growth rate is more determined by the maternal control
of the fetal environment than by genetic factors (Hammond, 1944).

At this time clinicians thought that newborns were small because they had
insufficient time to grow. In 1948 the W.H.O. recommended that all babies with a
birth weight <C 2500 grams should be called "premature™, thus adding to the existing
confusion about the relationship between gestational age and birth weight. In 1953
McKeown and Record studying human singleton and twin pregnancies suggested
that the variation in fetal weight with litter size is not wholly accounted for by
variation in placental weight. In 1955 they demonstrated similar findings in the
guinea pig. One of their conclusions was that all these effects could simply be
explained as a result of limitation of blood supply to the uterus,

They were among the first to study fetal and placental weight in a large population
and at different periods of gestation (Eckstein and McKeown, 1955). In 1954
Kloosterman studying the pathology of two thousand placentas described a
correlation between fow birth weigﬁrt and a small, often infarcted, placenta.

Before the second world war external factors influencing fetal growth such as
temperature and diet only interested farmers and those involved with animal

17



reproduction. Clinicians became more interested partly because of the data reported
by Smith (1947) on the famine in Holland during 1944 showing a small decrease in
the birth weight. From then on there were many reports of the effects of restriction of
maternal diet reducing fetal growth and especially brain development (Mendes and
Waterlow, 1958; McCance, 1960: Winick, 1969: Dobbing, 1970).

In addition to this concept of maternal nutrition affecting fetal growth Gruenwald
(1963). in studying placental pathology, suggested that “fetal malnutrition™ or "fetal
deprivation™ occurs because of poor placental function. He was one of the first to use
the concept of the “small for dates™ infant (Gruenwald, 1968, 1974, 1975). Until 1961
all babies <C 2500 grams were still called “premature™ but then the WHO
recommended to use the term "low birth weight™ for this group of infants. In 1963
Lubchenco er al. introduced one of the first so called “intrauterine growth curves”
and thus normal and abnormal fetal growth in certain populations could be
distinguished. Similar growth curves for different populations soon followed (in
Holland for instance that of Kloosterman, 1969).

The analysis of growth was further refined by the introduction of growth curves
for head circumference in 1969 by Usher and MecLean. The effects of growth
retardation on tissue composition were first described by Gruenwald (1963) and
Naeye (1965). One of their most important findings was the almost complete
maintenance of braingrowth compared with a low liver weight. Numerous other
reports on one of the consequences of intrauterine growth retardation have been
made.

A high incidence of hypoglycaemia in this group of newborns was reported by
Cornblath er af., 1959, 1964 and Neligan er al.. 1963. Possibly connected with this
was the fact that autopsies of such fetuses and newborns showed depleted glycogen
stores in the liver (Shelley and Neligan, 1966) and depleted lipid stores in the brown
adipose tissue (Aherne and Hull, 1966).

In 1964 Scott and Usher illustrated poor skeletal and epiphysial growth in
newborns that were growth retarded in urero. The introduction of semi-quantitative
scoring systems such as that of Dubowitz (1970) based on clinical appearance and
neurological development of the newborn, helped to estimate the maturity of the
newborn. In 1970 a working party of the Second European Congress of Perinatal
Medicine recommended division of the low birth weight infant group into those that
were “small for gestational age™ and those that were “appropriate for gestational
age.”

Term pregnancy was said to occur between 37 and 42 weeks and births between 28
and 36% weeks were called “premature”. Asa division of “small and appropriate for
gestational age™ the 10th percentile of the intrauterine growth curve was suggested.
Other groups recommended to use the 5th percentile (Thomson ez al., 1968} or all
birth weights below 2 standard deviations of the mean (Usherand McLean, 1969). It
should be noted that this division is entirely arbitrary. From 1970 onwards the use of
ultrasonic techniques has made it possible to continuously follow growth rate in
uterc and not only to identifv growth retardation but also its time of omnset.

18



Measurement of biparietal diameter and cross sectional chest area together with the
length of the fetus made it possible to distinguish even more parameters of growth
(Campbell, 1971, 1974).

Finally after a period of more than 50 years in which clinicians showed interest in
low birth weight. newborn infants that are small for their gestational age were
considered as a special group and research on its causes and consequences started to
develop.

I.2. Intrauterine growth retardation

L.2.1. Clinical aspects

At present about 5-14% of all live born children in Western Europe and the United
States weigh 2500 grams or less at birth (Gruenwald. 1964; Geyerstam, 1969; Scott,
1966; T.ubckenco, 1972). In other parts of the world this figure can be much higher: in
India for instance it is about 27% (Sharma, 1968). Approximately one third of these
children are born small for gestational age (Gruenwald. 1964). The identification of
“small for dates™ as outlined above made it possible to recognize a variety of clinical
features associated with this condition. The most important known clinical
manifestations of intrauterine growth retardation are listed in table 1.1. Most known
causes of intrauterine growth retardation are listed in table 1.2.

Although in the majority of cases the causes and the mechanism of intrauterine
growth retardation remain unexplained, there are often indications of poor uterine
or placental circulation, a condition that is frequently associated with toxaemia of
pregnancy, hypertension, smoking and multiple pregnancy (Scott and Usher, 1966;
Gruenwald, 1970; Butler, 1974; Low and Galbraith, 1974; De Souza er al., 1976;
Miller er al., 1976) or with direct evidence of vascular disorders such as abruption
and premature separation of the placenta (Gruenwald, 1963, 1968; Fox, 1975).

Apart from measurement of fundus height the best technique for diagnosis and
follow-up of intrauterine growth retardation is the ultrasonic measurement of the
fetus (Campbell, 1974: Wladimiroff ez al., 1978).

No chemical screening techniques available give a satisfactory prediction of
intrauterine growth retardation (Robinson, 1978).

Many of the earlier follow-up studies describing the consequences of a low birth
weight are completely invalidated by the lack of adequate assessment of gestational
age at birth (Dubowitz, 1974). Another complication with the interpretation of the
follow-up studies, apart from the diversity of methods, is the heterogeneity of the
group of intrauterine growth retarded infants as far as cause and onset of growth
restriction are concerned.
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Table L. 1. Clinical manifestations of intrauterine growth retardation.

Clinical condition Incidence References

Asymmetric orgen growth +H+ Gruenwald, 1963, 1968,
Naeye, 1965

Hypoglycaemia + Cornblath et al ., 1959, 1964

Neligan et ol ., 1963
Blum et al., 1969
Lubchenco et al,, 1971

Polycythaemia + Howorth et al., 1967
Humber? et al., 1962
Lugo et al., 1971

Haemoglobin rise + Haworth et al., 1967

Lugo et al., 1971

Depleted energy stores Shelley and Neligan, 1966
- glycogen +* Aherne and Hull, 1966
- fat + Brans et ol., 1974

Daurncey et al., 1977
Mettau, 1977, 1978

Impaired gluconeogenesis ++ Haymond et al., 1974
Mestyen et al., 1975
Cornblath and Schwartz, 197éa

Delay of skeletal development +H Scott and Usher, 1964
Wilson et al., 1967

Higher incidence of asphyxia + Lugo et al., 1971
Low et al., 1972

In a follow-up study of small for dates infants born at term and more than 2
standard deviations below the mean birth weight, Fitzhardinge and Steven (1972a)
showed that at 6 vears of age 35% were still below the 3rd percentile of length while
the others, due to a greater growth velocity up to six months after birth, were able to
“catch up™ although only 8% were above the 50th percentile of length. A similar high
percentage of small for dates that failed to catch up was found by others {Ounsted
and Taylor, 1971; Drillien, 1970; Low er a/., 1978). Many small for dates infants show
a catch up in head circumference during the first postnatal year (Fancourt er al.,
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Table I. 2. Causes of intrauterine growth retardation (adapted from Root, 1978).

A. Maternal C. Fetal

- vascular disorders - genetic disorders

- toxaemia, eclampsia of pregnancy - inborn errors of metabolism

- maternal smoking ~ chromosomal disorders

- hypertensive cerdiovescular disease © - trisomic syndrome: 15, 18, 21

- severe dicbetes mellitus — avtosomal deletions: 5, 18, 21

- multiple pregnancy - sex chromosomes: XO, XXXY
= hypoxia - chromosomal breakage.

- high altitude =~ infections

- sickle cell anaemic - rubella

- maternal addiction - ¢ytomegalic ineclusion disease

- heroin - twinning

- alcohel ~ congenital disorders

- extreme malnutrition - congenital heart disease

- socioeconomic factors - single umbilical artery

B. Plecental - dysmorphic syndromes
= chronie disorders - teratogenic agents

- infarctions and fibrosis - drugs

- site of implantation - radiation

- haemangioma - endocrinological disorders

- porabiotic twinning - hypothyroidism

- acute disorders

- abruptio placentae

~ gord ruptures

1976; Babson, 1970, 1974), while a small percentage does not, although this is not
necessarily related with a lower intellectual performance (Babson, 1974). Follow-up
studies on possible neurological and intellectual sequelae resulting from intrauterine
growth retardation in general, show few abnormalities (Fitzhardinge and Steven,
1972b; Low et af., 1978) except in infants that were severely growth retarded.
Recently Commey and Fitzhardinge (1979) demonstratzed major neurological
defects in 49% of a group of preterm small for gestational age children that was
followed in a prospective study during the first two postnatal years. A study by
Fancourt er al. (1976) using ultrasonic techniques. suggests that if growth restriction
in utero oceurs after approximately 26 weeks the brain mass is reduced but there is
postnatal compensation to produce a normal sized brain. Growth restriction before
26 weeks causes permanently stunted brain growth and neurological damage.



Hypogiycaemia has been one of the most clearly identified postnatal
consequences in infants that suffered from intrauterine growth’ retardation
(Cornblath and Schwartz, 1976a). Because this hypoglycaemia coincides with high
levels of gluconeogenic substrates there have been suggestions of a possible delay of
development of gluconeogenic enzymes in the liver of the small for dates newborn
(Haymond. 1974; Mestyan, 1975). If the impairment of hepatic gluconeogenesis is
permanent it may explain the higher incidence of ketotic hypoglycaemia that occurs
in such infants later in childhood (Cornblath and Schwartz, 1976b).

In conclusion, it is evident that many causes and consequences of intrauterine
growth retardation have not yet been clearly identified and therefore the basis
underlying its treatment is tenuous. Clearly a detailed description of the events
occurring in intrauterine growth retardation is unlikely to come from human
studies in the near future for various but mainly ethical reasons. Thus animal
studies are required to direct specific questions of the human condition.

1.3. Experimental studies of intrauterine growth retardation

1.3.1. Historical review

In order to study the occurrence of “runts™in animal reproduction Ibsen in 1928
investigated the fetal guinea pig and explained the limited fetal growth because of
"crowding™ in the uterus. One of the first experimental approaches was that of
Walton and Hammond in 1938. They investigated genetic versus maternal
environmental influences on feta] growth in their experiments in which they crossed
large Shire horses and small Shetland ponies.

. Barcroft (1939) studying the haemodynamic distribution of blood between the
fetus and the placenta in sheep, concluded that fetal weight was mainly determined by
placental weight. One of the first studies to experimentally influence fetal growth was
that of Eckstein and McKeownin [955. They studied the effect of transsection of one
horn of the guinea pig uterus and concluded that there were at least 2 factors
regulating feta! growth: generédl and local effects in the uterus. The local effect was
found in large litters in which there was “crowding™ in the uterus and therefore
restriction of fetal growth. The general effect was determined by the total number of
fetuses present in both uterine horns and not related to their location. In this manner
they came to their important conclusion that fetal growth was more likely to be
influenced by the blood supply to the uterus, This was confirmed by the experiments
of Franklin and Brent (1960, 1964) in which they clamped the uterine artery and vein
in rats at various periods of gestation. One of their findings was that this procedure
sometimes caused severe growth retardation. This study was followed up in more
detail by Wigglesworth in 1964. He specifically ligated the uterine artery at the
cervical end of ong uterine horn on the 17th day of gestation. This procedure caused
intrauterine growth retardation to fetuses adjacent to this ligation. In the same year



Alexander (1964) reported a toally different experimental approach in causing
growth retardation in fetal sheep. He reduced the number of placental cotyledons by
surgical removal of part of the uterine caruncles before conception. This had the
effect of reducing both total placental weight and fetal weight at term, He concluded
that the suggestion by Barcroft (Barcroft, 1946} and others that birth weight was
restricted if the placenta was very small was not justified. This finding was consistent
with that of Eckstein and McKeown who postulated that fetal growth restriction
could be explained by a reduction of blood flow to the uterus and therefore to the
placenta. In 1968 Emmanouilides er al. described a method to create fetal growth
retardation in sheep by single umbilical artery ligation of the lamb fetus. Although
growth retardation was substantial, mortality was high and this method therefore
seemed to be too great an insuit to the fetus, Also insheep Creasy eral. (1972) caused
intrauterine growth retardation by means of microspheres injection into the
maternal arterial blood supply to the uterus and thereby creating infarctions at the
maternal side of the placental circulation. In 1971 Hill and Myers published a study
on growth retardation in the primate. Here growth retardation was caused by
ligating the Interplacental vessels of the two placentas of the rhesus monkey.

In general in all experiments described above the experimental procedure has led
to a significant fall in fetal growth rate. The associated polycythaemia, hypoxaemia
and hypoglycaemia (Oh et ¢/.. 1970; Nitzan and Groffman, 1971; Chanez e /., 1972;
Robinson er af.. 1979) insuch conditions supports the view that placental transport is
impaired. However it is not, at present, possible to say if the contribution of the
placenta to the restricted fetal growth is simply one of impaired transport. The fetal
responses to growth restriction are far from simple as indicated by the asymmetric
effects on fetal organ growth of conditions thought to result in reduced placental
transport. Forinstance the severe reduction in size of some splanchnic organs such as
liver and spleen in relation to the only moderate reduction in brain size in these
growth restricted fetal animals is comparable to the situation found in the growth
retarded human fetus in cases where there are indications of poor placental function
(Hill, 1974). On the other hand results on metabolic properties of the tissues of the
growth retarded fetuses are not always consistent in the various experiments. Thus at
present a detailed description of the consequences of intrauterine growth retardation
is not available while factors such as the effects of differing degrees of growth
retardation have not been investigated.

1.3.2. Study of intrauterine growth retardation in the guinea pig

To get a better understanding of the physiological responses of the fetus and the
placenta to conditions of reduced nutrient supply the present study on
¢xperimental intrauterine growth retardation was undertaken in the guinea pig. The
method of Wigglesworth was chosen partly because of its relative simplicity of
implementation and partly because of some comparability with the condition in the
human where intrauterine growth retardation occurs with evidence of a reduction in
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maternal placental blood flow (Wigglesworth, 1964). One of the main disadvantages
of studies of the fetal rat, the species that was used by Wigglesworth, 1s the relatively
short period of gestation (22 days) which therefore restricts the period in which fetal
growth can be followed. since the time interval between surgery (at 17 days) and
moment of birth is short. Of the other small animals used inthe laboratory, the guinea
pig is one of the few animals with relatively large fetuses that can be followed duringa
substantial period of gestation (term is approximately 67 - 68 days). Recently many
aspects of fetal and neonatal metabolism of the guinea pig have become known
{Jones, 1973, 1976; Faulkner and Jones. 1975, 1976, 1978). The bicornuate anatomy
of the guinea pig uterus makes it possible to affect surgically one uterine horn while
the other can be used as a control.

For practical reasons we performed the uterine artery ligation at mid gestation
while the outcome on fetal growth was investigated at two characteristic periods
during the last third of fetal development. A few maternal guinea pigs were allowed
to deliver in order to study the neonate. In this way we were able to study the effects

of various degrees of intrauterine growth retardation at various periods of perinatal
development.



CHAPTERII METHODS

II.1. Animal treatment and surgery

IL1 1. Animal trearmeng

Young virgin female guinea pigs of the Dunkin-Hartley strain weighing 450-500
grams were mated. Gestational age was determined by a system described by Elvidge
(Elvidge. 1972). The female guinea pig has an oestrus cycle of 16 days. Usually the
vagina is closed for 11-12 days, Y-} open for 3-4 days and completely open for 1-2
days. Since mating can only take place when the vagina is totally oper. it is possible
to determine the day of mating accurately within 1-2 days by checking the vaginal
opening every day. The animal is presumed to be pregnant if the vagina remains
closed in the subsequent cycle. The ddte of mating is taken to be the last day the
vagina was open. Approximately 70% of the females become pregnant in the first
cycie and 25% in the next two cycles. Their diet consisted of Dixon's Diet 18 (Ware,
Herts) supplemented with ascorbic acid. Water and hay were supplied ad /ibirum.

11.1.2. Surgery

At day 30 of pregnancy the amimals were anaesthetized with sodium
pentobarbitone (30 mg/kg) administered via an earvein. The abdomen was shaved
and treated with 0.3% chlorohexidine gluconate in ethanol. A midline incision of 2
cm was made in the abdominal wall near the umbilicus. After opening of the
peritoneum the mesometrium of one uterine horn was exposed. An uterine artery
was ligated near the cervicalend of the arterial arcade with a silk ligature (Mersilk no.
1. Ethicon, Edinburgh) (fig. I1.1}. The other uterine artery was left undisturbed and
the fetuses in this horn served as controls. After the ligation the abdominal wall was
closed with 15-20 individual stitches, then the skin was closed with continuocus
overstitching. The surgery lasted 15-20 minutes and the ammals recovered in 1-2
hours. For sham operated controls the procedures and treatment were identical
except that the uterine artery was not ligated.

I1.2. Method of bloodsampling

At days 49-51 and 60-63 of pregnancy the fetuses were delivered by caesarean
section after anaesthetizing the mother by the technique as described above. A small
group of operated guinea pigs were allowed to deliverat the normal time (66-68 days)
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Fig. 11. 1. Ventral view of the guinea pig uterus with arterial blood supply (modified from Egund and
Carter, 1974). Note the position of the ligation.

in order tostudy the newborns. In the fetal studies, tissue samples were taken within 2
minutes of anaesthesia and for plasma samples within 30 seconds of fetal delivery.
Blood samples of approximately I ml were taken from the umbilical vein of a fetus in
the uterine horn with the ligated uterine artery and immediately thereafter of a fetus
from the control horn by means of a syringe containing + 10 units of heparin
sulphate. Then blood samples were taken from the maternal abdominal aorta. All
heparinized blood samples were immediately placed on ice. Apart from some
immediate measurements such as blood gases and packed cell volume all samples
were centrifuged for 10 minutes and the plasma samples were stored at -20°C.

I1.3. Tissue sampling and treatment

Immediately after collecting the blood samples all fetuses were weighed and the
length from nose to tail was measured. Afterthis procedure the fetuses were dissected
and individual organs were weighed and immediately kept on ice.

In some experiments the liver of the fetus from the horn with the ligated uterine
artery was freeze clamped (see below), immediately after anaesthetizing of the
mother. In these cases no plasma and further tissue samples were taken.

I1.4. Determination of plasma metabolites

Plasma samples were deproteinized by adding half the amount of their volume of



1 MHCI10O,0nice. After spinning at 1500 gfor 5 minutes at 2° C the supernatant was
neutralized by adding Y, of the amount of their volume of 2M KHCO; onice. Plasma
metabolites were assayed in the supernatant after spinning at 1500 g for 5 minutes at
2°C.

11.4.1. Determination of glucose

After deprotemnization plasma glucose was assayed using the glucoseoxidase
reaction. (Huggett and Nixon. 1957).

I1.4.2. Determination of lactate

After deproteinization plasma lactate was assayed using the lactate
dehydrogenase reaction by spectrophotometric measurement of the conversion of
NADT 1o NADH at 340 nm (Hohorst, 1963).

11.4.3. Determination of acerate

After deproteinization plasma acetate concentrations were measured using
acetyl-CoA synthetase, A plasma extract of 0.2 - 0.5 ml was added to 0.3 M Tris
HCL containing 30 mM MgSO,, 0.7 mg/ml malate, 20 mM Coenzyme A, 12 mM
ATP, 16 mg/ml NAD+, 5 ul citrate synthetase (final volume 1 ml.), 5 ul of malate
dehydrogenase was added and optical density change was measured at E,,,. After
establishing a stable baseline 5 ul of Acetyl-CoA synthetase (5 mg/ ml) was added
during incubation at 37° C. After the reaction had gone to completion the optical
density change wastead at E,,,. In the acetate concentration range measured (0.05- 1
umol) recovery was 96-99%.

11.4.4. Determination of free fatty acids

Free fatty acids were extracted from plasma by the method of Dole (1956). Free fatty
acids were determined by the colorometric method of Duncombe (1963) by using
palmitate as a standard. Palmitate recovery in the Dole (1956) extraction was
92.3 % 4.7% (n = 6) (x SD): no significant phospholipid extraction occurred.

4.5 - [1.4.12. Determination of alanine, serine, threonine, glutamine, glutamaie,
citrate, ammonia and urea

Concentrations in plasma of alanine, serine, threonine, glutamine, glutamate,
citrate, ammonia and urea were measured by standard enzymatic methods as
described in Bergmeyer 1974,

I1.5. Bloodgas analysis and packed cell volume determination

Blood oxygen tension (pQO,), bleod carbondioxide tension (pCO,) and pH were
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measured using a Modell 27 Acid-Base analyzer (Radiometer Copenhagen). Packed
cell volume (Hacmatocrit) was determined by means of standard microcapillary
determination.

I1.6. Determination of plasma hormones

11.6.1. Determination of plasma adrenocorticotrophic hormone

Plasma ACTH was assayed essentially as outlined by Jones et ¢l., 1977, using a
similar antibody. The standard used was human ACTH,_;, (74/555) obtained from
the National Institute for Biological Standards and Control, London. The intra- and
interassay coefficient of variation for 100 pg. of ACTH were 10.6 == 3.4% (n=06)and
13.3 = 4.2, (n = 6).

I1.6.2. Determination of plasma growth hormone

Plasma growth hormone was assayed by radiocimmunoassay essentially as
described by Hart er al., 1975, Porcine growth hormone was used as the standard.
Intra- and inter-assay coefficients of variation were 9.6 & 3.1% (n = 6) and 12.4 =
3.7% (n = 6) respectively.

I1.6.3. Determination of plasma cortisol

Cortisol was determined by radioimmunoassay after extraction from plasma with
ethanol. (Abraham, Buster and Teller, 1972). The antibody showed only small
crossreactivity with other C,, steroids. The assay coefficient of variation was
approximately 10% at a concentration of about 5 ng/rul

I1.6.4. Determination of plasma androstenedione

Androstenedione was assayed by radioimmunoassay as described by Abraham er
al., 1973 and Challis et ¢l.. 1973. Plasma (0.5 ml) was first extracted with 4 ml of
diethylether and after resolution of the extract in 1 ml of trimethylpentane it was
applied to a column (0.5 cm x 10 cm) of celite to which the androstenedione did not
bind., The coefficient of interassay variation was 9.5 £ 3.5% (n = 6) and that forinira-
assay variation was 9.2 £ 3.2% (n = 6).

H.6.5. Determination of plasma insulin

The insulin concentrations in fetal plasma were determined by radioimmunoassay
using guinea pig insulin prepared by Dr. Steve Wood (Birkbeck college, London)
and an anti guinea pig insulin antibody prepared by Dr. M. Lazarus (Wellcome
Research Laboratories, Dartford, Kent). Guinea pig insulin was iodininated with
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Na!25] essentially as described by Greenwood and Hunter (1963) and separated from
Nal¥1 by Sephadex G-25 chromatography on a 0.5 cm x 10 cm column, Plasma
samples were diluted in 0,1M sodium potassium phosphate (pH 7.4) and to 0.1 ml
samples of this was added 0.1 ml of antiserum (1/8000) diluted in the same buffer.
This was left for 6 hours at 4°C then 0.1 ml of '25] guinea pig insulin, diluted in 0.1 M
sodium potassium phosphate (pH 7.4) was added and the incubation was continued
overnight at 4° C. Free and bound hormone were separated by adding 0.1 ml of sheep
serum followed by 0.5 ml of 1.5% Dextran T70 and 0.5% (w/v) Norit A charcoal.
This was mixed well, left for 30 minutes at 4°C and after separating out the charcoal
pellet was counted in a LKB gamma counter. Assays and values were run in triplicate
and detected between 0.5 - 50 ng/ml. The interassay coefficient of variation at 5

pg/ml was 12.2 + 3.4% (n = 12) and the value for intra-assay variation was 10.1 %
2.6% (n = 12).

11.6.6. Determination of plasma glucagon

Plasma glucagon was measured by radicimmunoassay, using a pancreatic
glucagon specific antibody (Unger 30 K), by a modification of the methed of
Faloona and Unger (1974). Talc was used to separate antibody bound and free
glucagon (Rosselin et al., 1966). The interassay coefficient of variation at 0.3 - 3.9
ng/ml was 22.5 & 5%. The intra- assay coefficient of variation was 7.4%.

I1.6.7. Determination of thyroid hormones

Plasma thyroxine (T,), triiodothyronine (T;) and 3, 37, 5 -triiodothyronine (or
reverse T3) (rT;) were determined by radioimmunoassay, essentially as described by
Chopra er al., 1972, 1974. 125]-labelled thyroid hormones were obtained from the
Radiochemical Centre, Amersham, U.K. The intra-assay coefficients of variation for
Ty, Tyand rTywere 9.6 + 2.1% (n=28), 87 £ 2.6% (n=8)and 11.3+2.5% (n=28)
respectively.

I1.6.8. Determination of plasma sulphation promoting activity

Fetal plasma samples were assayed on sulphation promoting activity by Dr. A.
Price, University of Manchester, Royal Manchester Childrens Hospital,
Pendlebury, Manchester M27 IHH, England. using a porcine cartilage bioassay. The
technique used was a modification of that described by Van den Brande and Du
Caju, 1974. Adult male guinea pig plasma served as the standard. The total volumes
for each incubation were 100 ul. To each tube 0.1 pCurle of 8350, was added in 5 ul of
the medium, The whole assay was carried out in microtiter plates. Results were
analyzed according to the parallel line assay statistical method described by Finney,
1967. Measurements were made in plasma of normal and growth retarded fetal
guinea pigs at 60-63 days of gestation. Each fetal stimulation was expressed as a
percentage of the standard. Data of stimulation at 20% of the serum were used for
statistical analysis using the paired r-test.



11.7. Tissue-metabolite determinations

I1.7.1. Cellular composition of liver and brain

Tissue samples of the left liver lobe and of the parietal cortex of the brain of 49-51
and 60-63 day fetal guinea pigs from the control and operated uterine horns were
homogenized in 10% trichloroacetic acid. The homogenate was kept on ice for 30
minutes, After centrifugation at 1500 g for 15 min. at 2° C the sediment was used for
determination of protein, DNA and RNA.

I1.7.1.1. Protein measurement

Protein was determined with the Folin-Clocalteu phenol reagent according to
Lowry er al., (1951).
I1.7.1.2. Determination of DNA

Tissue deoxyribonucleic acid content was determined by the method of Burton
(1956).
i1.7.1.3. Derermination of RNA

Tissue ribonucleic acid content was determined by the method of Schneider
(1957).
11.7.1.4. Microscopy and cellcounting

Fetal liver samples were rapidly fixed with Susa’s fixative and after embeddingin
wax, 5y sections were stained with haematoxylin and eosin. Parenchymal and
haematopoietic cell numbers were counted in a minimum of twelve areas of each
liver section. Surface area and volume of the hepatocytes and haematopoietic cells
were determined by planimetry.

I11.7.2. Determinations in liver, heart and skeletal muscle

I1.7.2.1. Tissue glycogen measurement

After homogenization in 0.3M HCILQ, tissue glycogenin liver, heart and skeletal
muscle was determined as glucose after enzymic digestion with amyloglucosidase
(Faulkner and Jones, 1976).

11.7.2.2. Tissue triacylglycerol determination

Tissue samples of liver and heart were homogenized with 9 volumes of 100 mM
potassium phosphate (pH 6.1). The homogenate was extracted for 10 min. with 6 vol.
of redistilled chloroform (Itaya and Ui, 1965). To remove polar lipids 6 ml of the
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chloroform extract was shaken with 0.5 g of silicic acid for 1¢ min. It was then
evaporated to dryness under N,, Lipids were saponified at 60° C for 30 min. after
addition of 0.5 ml of 0.5 M KOH in ethanol {95%, w/v), then ] mlof 0.15 M MgSO,
was added and the Mg(OH). formed removed by centrifugation at 1500 g for 10 min.
Glycerol in the supernatant was determined enzymically by using glycerol kinase.
Tripalmitin was used as a standard: its mean recovery was 94.2 &£ 5.3% (n = 6)
{+ SD). No significant phospholipid was detected after silicic acid extraction.

11.7.3. Measurement of liver merabolites

Approximately 3-5 min. after anaesthetizing the mother small 49-51 and 60-63
day fetuses of the operated uterine horn were exposed through caesarean section,
The left lobes of the fetal liver were freeze-clamped (Wollenberger, 1960) while the
umbilical circulation was intact. The time between maternal injection and freeze
clamping the fetal liver was 5-7 min. The hepatic tissue was powdered under liquid
nitrogen with a ceramic pestle and mortar. Then ! ml of 30% (w/v) HCIO, was
added and after thawing the tissue was homogenized with 5 ml of H.,O. After
removing the protein by centrifugating at 75.000 g for 30 minutes the extract was
adjusted to pH 34 with 20% KOH. Tissue metabolites were assayed on the
supernatant by standard methods (Bergmeyer 1974). Hexose phosphates, pyruvate,
phosphoenolpyruvate, dehydroxyacetone phosphate and isocitrate were determined
in an Aminco Bowman Spectrofluorimeter (Silver Spring, Maryland. USA). The
remaining metabolites were assayed spectrophotometrically with the use of a Pye-
Unicam spectrophotometer or a Gilford Recording spectrophotometer. Inorganic
phosphate was determined colorimetrically (Weil-Malherbe and Green, 1951) and
ribulose-5-phosphate was determined by a radiochemical carboxylation assay
{Faulkner and Jones, 1978). Resuits were compared with determination of normal
fetal livers at the same gestational ages using the same techniques (Faulkner and
Jones, 1976b). These previously published values were identical to those in the livers
of fetuses from sham-operated animals.

I¥.8. Measurement of enzyme activities in liver, heart and skeletal muscle

11.8.1. General tissue preparation

Tissue samples kept on ice were obtained as described in chapter I1.3. Samples of
fetal liver and samples of fetal heart (after removal of blood)and skeletal muscle after
being cut into small pieces were homogenized using a Potter-Elvehjem glass
homogenizer fitted with a Teflon pestle. Various homogenizing buffers were used
according to the enzyme assayed. Enzyme assays were carried out using a Pye-
Unicam SP 1800 or a Gilford 2400 spectrophotometer.
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11.8.2. Determination of enzymes in the liver

11.8.2.1. Enzymes of carbohydrate metabolism

For determination of hexokinase activity (E.C. 2.7.1.1.) liver tissue was
homogenized in 20 volumes of 25 mM Tris-HCL pH 7.5, containing 100 mM KCl,
2.5mM MgCl,, ] mM EDTA and 0.1 mM dithiothreitol and activity was assayed at
37° C in cytosolic and particulate fractions as described by Faulkner and Jones,
1976a. Pyruvate kinase activity (E.C. 2.7.1.40) was determined in homogenates of
liverin 10 mM Tris-HCI, pH 7.5, containing 0.1 mM FDP, I mM MgCl,ard 0.1 mM
dithiothreitol (509 w/v). Homogenates were centrifuged at 180.000 g for 45 min. at
2¢ C and the supernatant used for all experiments. Pyruvate kinase was assayed at
37° C as described by Faulkner and Jones, 1975a. For determination of the activities
of phosphofructokinase (E.C. 2.7.1.11), aldolase (E.C. 4.1.2.13), a-glycero-
phosphate dehydrogenase (E.C. 1.1.1.8) and enolase (E.C. 4.2.1.11) liver samples
were homogenized in an equal volume of 30 mM Tris HC1, pH 7.5, containing 5mM
MgCl., ] mM EDTA and 0.1 dithiotreitol. Homogenates were centrifuged for 1 hrat
150.000 g and the supernatants used for enzyme determinations. All four enzymes
were assayed by continuous spectrophotometric recording of pyridine nucleotide
oxidation or reduction at 37° C as described by Faulkner and Jones (1975b).
Pyruvate carboxylase (E.C. 6.4.1.1.) and phosphoenolpyruvate carboxykinase (E.C.
4.1.1.32) were assayed at 30° C by radiochemical carboxylation assays as described
by Jones and Ashton (1976a), after extraction from the liver as described by Ballard
and Hanson (1967). For the determination of fructose 1,6-diphosphatase (E.C.
3.1.3.11) and glucose 6-phosphatase (E.C. 3.1.3.9.) liver tissue was prepared as
described by Jones and Ashton (1976a). Fructose 1,6-diphosphatase was assayed at
37° C as described by Jones and Ashton (1976a) and glucose 6-phosphatase was
assayed at 37° C as described by Harper (1963).

11.8.2.2. Enzymes of lipid biosynthesis

For determination of some enzymes involved in lipid biosynthesis and NADPH-
production liver tissue was prepared as deseribed by Jones and Ashton.(1976b). ATP
citrate lyase (E.C. 4.1.3.8.). glucose 6-phosphate dehydrogenase (E.C. 1.1.1.49), 6-
phosphogluconate dehydrogenase (E.C. 1.1.1.44), isocitrate dehydrogenase (E.C.
1.1.1.42) and "malic” enzyme (E.C. 1.1.1.40) were extracted and assayed
spectrophotometrically at 25° C as described by Jones and Ashton, (1976b). Acetyl-
Co A carboxylase (E.C. 6.4.1.2.) was extracted and measured by radiochemical
carboxylation at 25° C as described by Jones and Ashton, (1976b). Fatty acid
synthetase was determined at 37° C in liver extracts by a modified method of Wakil
et al. (1958) as described by Jones and Ashton. (1976b).

11.8.2.3. Enzymes of amino acid metabolism

The activities of alanine aminotransferase (E.C. 2.6.1.2)) and aspartate



aminotransferase (E.C. 2.6,1.1.) were determined by the method of Bergmeyer and
Bernt, (1963). Tyrosine aminotransferase (E.C. .2.6.1.5.) activity was assayed as
described by Diamondstone, (1966).

Valine aminotransferase (E.C.2.6.1.3} activity was determined by the method of Aki
and lIchihara. (1970). Glutamate dehydrogenase (E.C. 1.4.1.3)) was assayed as
described by Hogeboom and Schneider, (1953).

[1.8.2.4. Enzymes of urea synthesis

Liver was homogenized in 9 volumes of ice cold water, for 30 secondsinan Ultra-
Turrax homogeniser. The resulting homogenate was used for the determination of
enzyme activity. Carbamylphosphate synthetase I (E.C. 2.6.2.5.) was assaved
essentially as described by Marshall, Metzenberg and Cohen, (1958). The assay
contained 100 mM triethanol amine (pH 7.4), 50 mM NH,HCO,;. 10 mM L-
ornithine, 10 mM ATP, 30 mM MgS0,. 20 mM phosphoenolpyruvate, 10 mM N-
acetyl-L-glutamate. 2 units of ornithine transcarbamylase. 10 units of pyruvate
kinase and extract to 1.0 ml. This was incubated at 37° C and gassed with CO,for 20
min. The assay was stopped and citruliine determined as described for ornithine
transcarbamylase. Ornithine transcarbamylase (E.C. 2.1.3.3) was assayed
essentially as described by Snodgrass (1968). The assay contained 200 mM
triethanolamine-HCI (pH 7.6). 5 mM carbamylphosphate, 2 mM [.-ornithine and
extract to 1 ml After starting the reaction with substrate the suspension was
incubated for 10 minutes at 37° C. The reaction was stopped with 1 mi of 10% (w/v)
trichloroacetic acid. After removing protein, 0.5 ml of the supernatant was added to 3
rul of an acid solution prepared from 2 parts of a solution containing in 1 liter, 250 ml
of concentrated H;PO,. 250 ml of concentrated H.S0,. 2.5 g of ferric ammonium
sulphate and 3.7 g of antipyrine and 1 part of a solution containing 0.4% (w/v)
diacetylmonoxine in 7.5% (w/v) NaCl This was placed in boiling water for 15
minutes then cooled in water to room temperature. Absorbance at 464 nm was
proportioned to citrulline concentration. Argininosuccinate synthetase (E.C.
6.3.4.5.) was assayed essentially as described by Schimke (1962). The assay medium
contained 100 mM potassium phosphate (pH 7.4). § mM citrulline, 8§ mM aspartate,
3 mM ATP, 10 mM MgSO,, 20 mM phosphoenclpyruvate, 10 units of pyruvate
kinase, 8 units of argininosuccinase (E.C. 4.3.2.1.) and 20 units of arginine and
extract to 0.5 ml. The reaction was started with substrate and terminated as described
for arginase except that urea standards were run in the presence of citrulline.
Arginase (E.C. 3.5.3.1.) was assaved essentially as described by Schimke (1970). The
assay contained 100 mM glycine (pH 9.6). 5 mM MnCl,. 200 mM L-arginine and
extract to 1 ml. Before the assay the extract was preincubated in 150 mM glycine (pH
9.6) and 15 mM MnCl, for 20 minutes at 55° C. The arginase reaction was started by
adding substrate and after incubation at 37° C for 10 minutes the reaction was
stopped with 0.25 ml of 20% (w/v) trichloroacetic acid.

After removal of protein (.3 ml of the supernatant was added to 2 ml of an acid
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solution. containing in 1 liter, 250 ml of concentrated H,PO,, 100 ml of concentrated
H,50,and | mlof 1 M FeCl;, than 0.1 ml of 3% (w/v) a-isonitroso propiophenone in
95% (v/v) ethanol was added. This was incubated in a boiling water bath for 60
minutes, cooled in iced water and then urea was determined by reading absorbance at
540 nm,

I1.8.3. Determinarion of enzymes in the heart and skeletal muscle

For the determination of enzyme activities fetal hearts were removed, cut open
and blotted to remove blood. For enzyme activity measurements in skeletal muscle
the upper hind limb muscles were removed. Tissue treatment, homogenization and
separation into particulate and cytosolic fraction was as described by Rolph, Jones
and Parry, (1981). The activities of isocitrate dehydrogenase (E.C, 1.1.1.42) citrate
synthetase (E.C. 4.1.3.7), alanine aminotransferase (E.C. 2.6.1.2.), lactate
dehydrogenase (E.C. 1.1.1.27). phosphofructokinase (E.C. 2.7.1.11), glucose 6-
phosphate dehydrogenase (E.C. 1.1.1.49) and 6-phosphogluconate dehydrogenase
(E.C. 1.1.1.44) were assayed at 25° Cina Pye-Unicam SP 1800 spectrophotometer as
described by Rolph. Jones and Parry, (1981). Cat¥ -ATPase (E.C. 3.6.1.3.) was
assaved at 30° C and Nat, K+-ATPase (E.C. 3.6.1.3.) at 45° C, both also as
described by Rolph, Jones and Parry, (1981).

I1.9. Liver incorporation experiments

11.9.1. Carbohydrate metabolism

For incorporation experiments liver slices (appr. 0.3 mm thick) were incubated in
3 ml of Krebs bicarbonate buffer containing 10 mM glucose and the radioactive label
for 1 hour at 37° C, with shaking at 1.5 Hz and under an atmosphere of 95% 0, and
5% CO,. The incubation condition and measurement of incorporation was generally
as described by Jones and Ashten (1976 a. b). For the measurement of glucose
synthesis the incubate was deproteinized with 0.4 M HClQ, and after neutralization
with 2 M KOH analiquot was applied to a column (1 x4 cm) of Dowex 50 (H+ form.,
100-200 mesh) on top of a column (1 x & cm) of Dowex 1 x § (acetate form, 100-250
mesh) and “C glucose was recovered in 20 ml of H,O which was then freezedried.
When glycerol was used as precursor neutralized extract was first incubated for 60
min. at 30° C with4 mM ATP, 5mM MgCl,, 1 mM phosphoenolpyruvate, pyruvate
kinase (4 units/ml) and glycerol kinase (I unit/ml) before application to the
columns, Pretreatment of extracts from incubations with the other precursors did
not influence the yieid of 4C glucose although it depressed the blank values. Blank
values for each incubation were obtained by converting the glucose to glucose 6-
phospate prior to column separation and these values were subtracted from the
values for total incorporation into glucose. Between 88-95% of the total counts could
be converted to glucose 6-phosphate. The rate of 3H,0 production was determined as
described by Katz er al., (1975).
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For the measurement of O,~consumption and CO, production, liver slices were
incubated in 3 ml of Krebs phosphate buffer containing 10 mM glucose for L h.at37°C
in Warburg flasks with an atmosphere of 100% O,. The liberated CO, was collected
in 0.2 ml. of 2 m. NaQH, contained within the centre well. This CQ, was precipitated
as BaCO, by adding the contents of the centre well and its washings to Sml. of I M
Barium acetate. The precipitate was washed twice with 5 ml. of H,O, then counted in
10 ml. of a dioxane based scintillation fluid.

11.9.2. Lipid metabolism

The synthesis of lipids by liver slices of fetal guinea pigs was determined as
previously described by Jones and Ashton, (1976a) and Jones and Fellows, (1981).

1£.9.3. Amino acid metabolism and urea synthesis

Liver slices of about 100 mg with a thickness of 0.3 mm were incubated in
Krebs phosphate buffer containing 10 mM (1 . Ci) of the appropriate amine acid and
10 mM glucose in Warburg flasks at 37° C with shaking at 1.5 Hz. Oxygen
consumption was linear forat least 2 hrs. The production of *CQ, was determined as
described in 11.9.1. and this was linear for at least 60 minutes.

For determination of urea synthesis liver slices of about 100 mg with a thickness of
0.3 mm were incubated in Krebs-bicarbonate buffer containing 60 mM NH,Cl, 20
mM lactate, 4 mM L-ornithine, 10 mM glucose and 27 mM H'#CO; (I xCi)in 3 ml
under 95% O, and 5% CO,. The slices were incubated for 60 minutes at 37° C and
with shaking at 1.5 Hz. At the end of the incubation the suspension was homogenized
after adding 0.2 ml of 309 (w/v) HClO, and protein was removed. The supernatant
was neutralized with KOH. The supernatant was then placed into a scaled Warburg
flask (which contained 0.2 ml of 20% K OH in the centre well) together with 0.5 units
of urease for 2 hrs. The contents of the centre well containing liberated '*CO, were
added to 5 ml of 2M Barium acetate. The precipitated Ba'*CO; was washed twice
with 2 ml of 2M Barium acetate and once with 2 ml of water.

Then radioactivity was determined, after suspension in 10 ml of aguasol, by
counting in a Philips PW 4510 liquid-scintillation counter. Counting efficiency was
estimated by the channels ratio method using an external standard and a series of
carbon tetrachloride quenched [4C] hexadecane standards.

II.10. Histology

I110.1. Electron microscopic studies

For electron microscopy liver, heart and skeletal muscle of the fetal guinea pigs
were fixed with 3% glutaraldehyde in 0.1 M sodiumphosphate (pH 7.4), postfixed in
1% OsO,, then after dehydration and embedding in epoxy resin, post stained in
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methanolic uranyl acetate and lead citrate (Reynolds, 1963). A Philips 301 electron
microscope was used.

[1.10.2. Light microscopic studies

Samples of the upper limbs of fetal guinea pigs were treated as described for the
liver in section 11.7.1.4.

I1.11. X-ray photography

For X-ray photography of the skeleton guinea pigs were frozen at -20° C in
standard positions of the four limbs. Anteroposterior X-ray pictures were taken
using a Philips standard X-ray apparatus. Photographic prints were made of the left
fore limb for detail studies. Epiphysial development of the fetuses was studied and
rated by a scoring systemn giving I to 5 points for central ossification and appearance
of the epiphysial disk of the left upper and lower limbs and the ossification of carpal
and tarsal bones.

I1.12. Statistical analysis

Where appropriate results are expressed as means & standard deviation with the
number of observations in parentheses: significance was determined by using a two

tailed Student’s z test. Linear regression was determined by standard statistical
procedure. '
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CHAPYTER Il THE INFLUENCE OF INTRA-UTERINE GROWTH
RETARDATION ON ORGAN GROWTH AND
COMPOSITION

IHI.1. Introduction

During the approximately 67 days of intrauterine development of the guinea pig
the fetus grows at a linear rate from approximately day 40 onwards. There is a short
decrease just before birth and again a linear growth rate during neonatal develop-
ment at approximately one week after birth, This perinatal growth pattern is
comparable to that of many other species including man. Inthis chapter the effects of
the maternal surgery on this growth pattern are described. The growth of
individual fetal organs and of the placenta together with the effect of uterine artery
ligation on their growth was also investigated.

Earlier reports on the results of experimental intrauterine growth retardation in
other species (Wigglesworth, 1964, Roux er al., 1970, Myers er ., 1971) mention
various differences between cellular composition of organs from normal and growth
retarded fetuses. For comparison similar measurements of protein, DNA, RNA and
microscopic observations of various fetal tissues were made and are described in this
chapter. The cellstructure was in addition more closely studied by means of electron
mMicroscopy.

Tissue glycogen and fat in fetal liver, heart and skeletal muscle, both become
important energy stores in the last fase of fetal life and the beginning of neonatal life,
Therefore both these metabolites were measured in normal and small fetuses, The
results of these measurements are also mentioned and discussed in this chapter.

I11.2. Fetal size and weight

Of 372 pregnant female guinea pigs that were operated (table I11.1} 7 animals died,
9 aborted during the weeks following the surgery and 22 animals were misdatings.
334 animals had their fetuses delivered. In 108 cases the fetuses from the operated
horn had a birth weight that was not significantly different from that of the fetuses
from the control uterine horn.

In 116 cases all fetuses from the operated horn were small but had recently died or
were already partially reabsorbed. Both these groups of fetuses were not studied. In
110 cases the operated horn of the uterus contained at least one live fetus weighing
approximately 60% or less than that from the other horn (fig. [11.3.). Of these fetuses
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Table II1. 1. Results of uterine artery ligation.

Results of operations Number Percentage
Fetuses within the normal weight range 108 29
Fetuses <60% of the normal mean weight 110 30
Fetuses small but dead or reabsorbed 114 31
Total no. of deliveries 334 90

Maternal death

Abortion
Misdating 22 é
Total no. of operations 372 100

Fetel weight (g.)

49 ~ 51 doys &0 ~ 63 days
Control horn 39.6+4.3 (34) 85.0+11.0 (40)
Ligated horn 19.423.4 34)°  38.6+ 7.7 (0
CP<0,001

Guinea pigs were operated at day 30 of pregnancy and fetuses were delivered atdays49 - 51 or 60- 63 of
pregnancy as described in chapter Il Results are expressed as means = S.D. with the number of
observations in parentheses,

Table 111, 2. Sex distribution of normal and small fetuses.

49 ~ 51 days 60 =63 days

Normal Small Norma) Smali

Bodyweight (g.)

Total group  39.6+ 4.3 (34) 19.4+3.4(34) 85.0+11.0(60) 38.6+7.7 (60)
Male 40.0+4.5(21) 19.3+£3.3(18) 84.1+10.3(28) 38.3+7.6(27)
Female 38.8+4.0(13) 19.5+3.5(16) 85.7+11.6(32) 3B.7+7.9{33)

Length_nese-tail (¢m.)

Total group  10.8+ 0.6 (32) 8.5+0.7(32) 14.6+ 0.8{60) 11.1+1.0(&0)
Male 10.8+0.6(19) 8.5+0.7(17) 14.7+ 0.6(28) 11.1+1.1(27)
Female 10.7+0.5(13) 8.4+0.8{15) 14.5+ 0.9(32) 11.1+0.9 (33)

The results are means = S,D. with the number of observations in parentheses. All differences between
normal and small fetuses are significant (P < 0.001). All differences between male and female fetuses are
not significant.
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from the unoperated uterine horn and small fetuses from the uterine horn in which the uterine
artery was ligated at day 30 of pregnancy.

The vertical bars represent 2 S.D.

94 were used for fetal studies. 34 were delivered at 49-51 days and 60 at 60-63 days of
gestational age. Their mean weights and lengths are givenin table I11.1and fig. I11.1.
There were no significant differences in weight or length of males or females from
either of the groups (table H1.2). All fetuses from the control horn were within the
normal weight range for this strain of guinea pig (fig. 111.2).

In this and the following chapters it will be shown that the numerous effects of
intrauterine growth retardation are much more pronounced in the very smallfetuses.
Therefore the groups of small fetuses have been subdivided arbitrarily in those that
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Fig. 111. 2. Fetal and neonatal growth curve of the Dunkin-Hartley strain guinea pigs used in this study,

were “moderately”™ and “severely” growth retarded (table I1I1.3). For practical
reasons weight groups of 20-25 g and < 20 g have been used at 49-51 days
representing approximately 60 and 409 of normal weight at that age. At 60-63 days
weight groups of 35-50 g and <C 35 g were used (respectively 50 and 35% of normal
weight) (table II1.3). If a sufficient number of observations was available this
subdivision was used in this and following chapters.

The results of 8§ "sham™ operated animals are shown in table 111.4. The fetuses from
both uterine horns were all within the normal weight range (table 111.4).

iI1.3. Neonatal growth

Nineteen operated guinea pigs were allowed to deliver at the normal time (66-68
days). Fourteen of these gave birth to at least one small newborn, which in 6 cases
had died recently. From the other § deliveries one small newborn (mean birthweight
51.7 &= 7.4 g) together with one normal weight newborn (mean birthweight 100.3 =
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Fig. IIL. 3. Normaland small 6] days fetal guinea pigs after 30 days of uterine artery ligation. The weight
of the small fetus was 18 g. and that of its normal littermate from the unoperated hornwas 61 g.
Both were born alive (reproduced from Lafeber er af., 1977).
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Table 111, 3. Subdivision of small fetuses.

49 ~ 51 days

Normal Small 20 -254. <20 g.

Mean body weight {g.)  39.6+ 4.3 19.44% 3.4 22,6+ 1.1 16.8% 2.0

Range {g.) 31.6-53.5 11.5-25.0 20.6-25.0 11.5-19.5
Mean % of normal 100 49 57 42
Range {%) 80 - 135 29 - 63 52 - &3 29 - 49
Number 34 34 i5 19
60 - 63 days
Normal Small 35-50 g. <35 4.

Mecn body weight (g.)  85.0+11.0 38,6+ 7.7 42.8+ 4.9 30.2+ 4.8

Range (g.) 80.9-114.7 18,1 -50.0 35.7-50.0 18.1-34.9
Mean % of normal 100 45 50 35
Renge {%) 72-135 21 - &0 42 - 60 21 - 41
Number 60 &0 40 20

Mecan bodyweight 3= S.D.

Table II1. 4. Results of "sham™ operated pregnant guinea pigs.

Fetuses from Fetuses from
control "sham" operated
uterine horn uterine horn
Bodyweight (g.) 75.8 +10.5 (8) 72.2 +6.9 (8)
Bedylength {(cm.) 13.6 + 0.3 (8) 13.5 +0.3 (8)
Placentoweight (g.) 4,71+ 0.95(8) 4,04 +0.35(8)
Sex distribution
Males é 4
Females 2 4

Guineca pigs were “sham™ operated at day 30 of pregnancy and fetuses were delivered at 60 - 63 days of
pregnancy s described in chapter I1. The results are means £ S.D. with the number of observations in
parentheses. All differences between fetuses from the control horn and the “sham™ dperated horn are not
significant.
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4.4 g) were in each case selected and keptat 20° C with the mother for 4 weeks. Of the
small newborns 2 died within 48 hours and a further 4 died within 17-31 days. The
growth rate for both normal and small newborns was almost linearforup to 100 days
(fig. 111.4).

In the normal newborn the growth rate increased from a mean fetal rate of 4.2
g/day between 50 and 60 days of pregnancy to 10.6 g/ day between 10 and 20 days
after birth (fig. 111.5). By comparison the small fetuses had a growth of 1.7 g/day.
This increased over 5 fold to 9.1 g/ day during the same postnatal period {fig. I11.5).
Growth velocity expressed in ¢m/day (bodylength measured from nose to tail)
decreased slightly in normal newborn guinea pigs over the first ten days. increased
again and then progressively decreased (fig. 111.6).

Small fetuses had a lower growth velocity during 50 and 60 days of pregnancy, but
showed no decrease after birth and grew even faster during the first 10 postnatal
days (fig. 111.6).
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Table 11]. 5. The weights of individual fetal organs and the placenta of normal and small fetuses at 45 - 31
days of gestation,

49 - 51 days
Nermal Small
20 - 25 g. <20g.

Fetus

. [} [+] -]
Bodyweight 39.6 +4.3 (34) 22.6 =1.1° (15) 16.8 +2.0 (19)
Liver 2.79 £0.54 (30) 1.23 +0.12 (13) 0.91 +0.17°(7)°
Heart 0.22 +0.03 (27} 0.13 +0.0° 12)  o.11 +0.03° 15"
Lungs 0.97 +0.15 (25) 0.50 +0.1€ (12}  0.38 +0.09° (13)*
Kidney 0.21 +0.03 (25) 0.1 +0.0°2 (1)  0.10 +0.02° (14)
Spleen 0.090 +0.025 (26)  0.037 +0.008°(12)  0.022 + 0.006714)°

Perirenal adipose  0.77 +0.22 (24)  0.31 +0.05° 10)  0.23 +0.08° (14)*
Pancreas {mg.) 88 +19  (24) 49 +11° an 2 +8°  a:;®

Adrendl (mg.) 8.1 +2.5 (10) 5.5 +1.2° (6) 6.5 +2.4 (4)

Brain 1.82 +06.16 (29) 1.5 0.38°03) .44 z0.11° (16)°
Cerebrum 1.55 +0.10 (19) 1.35 +#0.10°(9) 1.17 +0.14° (10)"
Cerebellum 0.12 £0.02 (19) 0.11 +0.01 (9) 0.12 +0.03 (10)
Medulla 0.15 +0.04 (19) 0.15 +0.05 (9} 0.12 +0.02 (10}

Brain/liver ratio 0.67 +0.08 (27) 1.39 1-0.220 (18) 1.60 4_-0..'2"?0(]9)A

Placentg 415 +0.54 (32) 2.70 +0.57°(15) 2.16 +0.38 (17)°

Fetal /placental

Py (o] L]
weight rotro 9.5 +1.0 (32) 8.4 +1.8° (15 7.8 +1.3° (17)

4AP<0.05 op<0.01 oP=0.001 for comparison of nermal and small fetuses
AP<0.05 ap<0.01 eP< 0,001 for comparison of the two groups of small fetuses

All results are expressed in grams (unless stated otherwise) as means = $.D, with the number of
observations in parenthescs.

II1.4. Effects on organ and placental weight

The effects of the ligation of the uterine artery on placental and fetal organ weight
are summarized in tables 1I1.5 and 111.6. The small fetuses were subdivided (as
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Table I11. 6. The weights of individual fetal organs and the placenta of normal and small fetuses at 60- 63
days of gestation.

&0 - 63 days
Normel Small
35-50g. <35 g.

Fetus

Bodyweight 85.0 +11.0 (60) 42.8 +4.° (40) 30.2 +4.8° (20}
Liver 430 + 0.95 (57) 1.76 +0.35°(36) 1.20 +0.2¢8° (@1
Heart 0.47 + 0.08 (59) 0.26 +0.04°(37) 0.21 +0.04° (22)°
Lungs 1.66 + 0.26 (48) 0.87 +0.18° (29) 0.51 +0.20° (19)°
Kidney 0.35 + 0.04 (44) 0.18 +0.04°(29) 0.12 +0.04 (15)°
Spleen 0.140 + 0.026(49)  0.056+0.014%31)  0.039 +0.015(18)°

Perirenal adipose  1.71 + 0.30 (43) 0.81 +0.21° (29) 0.56 +0.23° (14)"

31 @) &8 +1.° @) B 220 (17)

Pancreas {mg. ) 134 +

Adrenal {mg.)  17.6 £ 5.1 (36) 13.3 +4.4° (19) 12.6 +4.1° (7)
Brain 2.65 + 0.18 (59) 2.37 +0.17°(38) 2.16 +0.22° 21)®
Cerebrum 2.1 + 015 (37)  1.82 +0.25°(22)  1.47 +0.16 (15
Cerebellum 0.27 + 0.05 (35) 0.2 +0.02°(20) 0.21 +0.03°(15)
Medulla 0.22 + 0.04 (35) 0.20 +0.04° (20) 0.17 +0.04° (15
Brain/liver ratio  0.68 + 0.13 (56)  1.19 +0.1680 (31)  1.82 +0.36" (25°
Placenta 500 + 0.89 (58) 2.63 +0.3° (40) 2.29 +0.36 (18)"

Fetal/placental

Q &
weight ratio 16.7 + 2.2 (58) 16.3 2.3 (400 13.2 +2.1 (18)

4 P=<0.05 oP<(,01 oP=0.001 for comparisen of normal and small fetuses
4P=0,05 ap<(.01 @P<(.001 for comparison of the two groups of small fetuses

All results arc expressed in grams (unless stared otherwise) as means £ S.D. with the number of
observations in parentheses.

described in 111.2) into those that were moderately and those that were severely
retarded. The weights of all organs of the small fetuses were less than normal. The
most striking effect of the uterine artery ligation was a large reduction in the weight
of the visceral organs such as the liver and spleen with virtually no effect on the
weight of organs like particularly the brain (tables 111.5, 111.6). Theasymmetric nature
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of these changes is better shown when the weights are expressed as a percentage of
bodyweight (fig. 1I1.7, 111.8, 111.9). Brain and adrenal weight increased in propor-
tion to bodyweight. The fallin the weight of the lungs. kidney and heart is mor¢ orless
in proportion to bodyweight (fig. 111.7, 111.8, 111.9).

The weight of the liver and the spleen fall to a much greater extent than the fallin
bodyweight (fig. 111.8,1I1.9). Some of the changes (e.g. brain) were more pronounced
the smaller the fetus (fig. 111.7).

The placental weight was reduced in small fetuses (tables 111.3, 1I1.6). The effect of
this is a reduction in the fetal to placental weight ratio at 49-51 days and even more at
60-63 days in the severely retarded group (tables I11.5, I11.6). Although the placenta of
small fetuses was always lower in weight, there was a considerable variability. Often
the placenta contained large infarctions (fig. 1I1.11). The correlation between
placental and fetal bodyweight is shown in fig. II1.12 for normal and small 49-51 and
60-63 days old fetuses. Although this correlation was good in the normal fetuses it
was rather poor in the small fetuses (fig. I111.12).

When the weights of organs from all normal fetuses are compared with those {rom
all small fetuses (both at 49-51 and 60-63 days) the asymmetric differences become
even more clear {fig. [1.10).
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Figure [11.[1. Placentas of a normal (Ieft) and intrauterine growth retarded (right) fetal guinea pig at 60
days of gestation (percentage of normal fetal bodyweight was 42%). Note the infarction in the
placenta of the small fetus. (reproduced from Lafeber e af,, 1979).

IIL.5. Effects on organ composition
15 1. Cellular siructure of liver and brain

ITL5.1.1. Protein and nucleic acids

The protein concentration in the liver of the small fetuses at 49-51 days was
significantly less than that in the normal (table 111.7). At 60-63 days the variation
between fetuses was too large to show a significant difference between the means.
The livers of the fetuses <C 35 g had a protein concentration that was 9.8 = 8.2% (8)
{p < 0.01) less than their littermate controls. Liver DNA concentrations were not
significantly different (table I11.7), but the 60-63 day fetuses of << 35 ghad 11.9 = 8.9%
(8) less DNA/ g of Iiver than their littermate controls {(p <C 0.01). The livers of these
very smali 60-63 day fetuses had a significantly higher RNA concentration (table
111.7). Cerebral protein concentrations were not significantly different in the two
groups of fetuses, while DNA and RNA concentrations were significantly lower in
the small 60-63 day but not in the 49-51 day fetuses (table 111.7).
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Fig. 111.12. Relationship between placental and fetal bodyweights in normal and small fetal guinea pigs
at 49-51 and 60-63 days of gestation (reproduced from Lafeber er 4/, 1979).

111.5.1.2. Cell content of the liver

The fetal liver has many haematopoietic cells in addition to hepatocytes and the
number of these falls between 40 days and term (table I11.8, fig. I11.14). In: the small
fetuses the number of haematopoietic cells per g. liver was higher thanin the normal
fetuses and this increase was more pronounced the smaller the fetuses (table 1.8,
fig. 111.15, I11.16, 11017, 111.18).

Between 40 days and term the number of hepatocytes risesto a peak atabout 50 days
then falls at a time when the cell volume increases (table 111.8, fig. 111.13). In the livers

of the small fetuses these changes are problably delayed (table 111.8, fig. 11116, I11.17,
111.18).
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Table I1I. 7. The protein and nucleic acid content of liver and brain of normal and small fetal guinea pigs.

49 - 57 days
Normal Small
20 - 25 . <20 g.
o]
Bodyweight (g.) 40.6+ 5.5(18) 22.741.679) 17.04 2.4(10)
Liver
O [¢]
Protein 127.0 + 4.9 (18) 1100 + 6.3.(9) 107.0+ 4.9(10)
ONA 24.8+ 2.5(18) 25.2 £2.6 (9) 27.0+ 2.9 (10)
RNA 14,2+ 1.6 (18) 14.431.6(9) 15.7+ 1.5(10)
Brain
Protein 57.6+ 2.9{6) 58.4+ 4.9( &)
DNA 3.9+ 1.0( 6) 3.7+ 1.1(6)
RNA 6.8+ 0.3(6) 6.9+ 0.3(6)
&0 - 63 days
Normal Small
35-50g. <354,
Bodyweight (g. ) 84.6+11.3 (16) 40.7 + 2.4%8) 30.84+ 5.70 8)
Liver
Protein 92.1+ 7.5 (16) 93.09.1(8) 86.1+12.8 ( 8)
DNA 34.24 5.8 (16) 32.9+7.6 (8) 3.7+ 6.0(8)
RNA 12.5+ 0.6 (16) 12.7 + 0.7 (8) 13.3+ 0.4 8)
Brain
Protein 74.0+ 6.4 (16) 79.64£7.6 (8) &7.2+ 5.7(8)
DNA 8.6+ 1.0(16) 7.1+1.350) 7.5+ 0.7 8)
RNA 9.3+ 0.4(16) 8.7+ 0.618) 8.7+ 0.618)
AP<0.05 ap<0.01 0P <0.001

All results are expressed in mg, /g wert tissue weight as means & S.D. with the number of observations in
parentheses.



Table 111. 8. The cellular composition of the liver of normal and small feral guinea pigs.

49 - 51 days
Normel Small
Bodyweight {g.) 41.4 +£5.8 (&) 22.1 iS.Io (6)
Hepatocytes
Cell number/ o
mm? (x 107%) 0.95 £0.03 {6) 0.75 +0.13 (6)

Cell velume

o 0.73 +0.02 (8)
?;;E:;an)] 0.70 +0.04 (6)

Haematopoietic cells

Cell number

e b 10-8) 1.14 £0.11 (&)

Cell volume

0.61 20.05° (6)

0.46 +0.10° (6)

o
1.72 £0.14(18)

(13 29.2 +0.6 (6) 26.2 +2.5 {8)
Fractional o
volume ®) 0.033 + 0.004 (6) 0,045 +0.002 (&)
ot - 63 days
Normal Smalt
35 - 50 g. <35 g.

Bodyweight (g.)  84.5 +10.1 (14) 43.8 +3.8° (8)

29.4 +6.3° (6)

Hepatocytes

Cell number/

rom (x 107%) 0.55 + 0.06 {10)  ©.63 £0.09" (8)

Cell velume 1.48

(]
(3 x 1079 + 0.23 {10} 1.65 +0.23 (8)

Fraetional
volume

0.83 + 0.06 (10)  0.64 20.07°(8)
Haematopotetic cells

Cell number/
mm® (x 107%)

0.54 + 0.22 (10}  0.76 +0.26"(8)

Cell volume

0.65 +0.04" (&)
0.91 +0.09° (&)

=]
0.59 +0.03 (6)

1.00 +0.20%(6)

o) 38.1 + 5.4 (100 34.3 +4.0 (8) 328 +4.2 (8)
Froctional 0.021 + 0.008 (10) 0.026 + 0.01C (8) 0.034 + 0.011 (&)
veolume *)

AP<0.05 ap<0.01 ep<0, 001

The results are means = S.D. with the number of observations in parentheses.
*) Proportion of section occupicd by cell type.
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Fig. 11113, Volume, number and fractional volume of hepatocytes in the liver of fetal guinea pigs.
Fractional volume refers to the proportion of the liver occupied by this cell type (reproduced
from Faulkner and Jones, 1979).
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Fig. 111.]4. Volume. number and fractional volume of haecmatopoietic cells in the liver of fetal guinea

pigs. Fractional volume refers to the proportion of the Lver occupied by this cell type
{repreduced from Faulkner and Jones, 1979).
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Fig. 11113, Light micrograph of a section of a normal fetal guinea pig liver at 50 days of gestation
{magnification is x 320). Liver sections were stained with hacmatoxylin and eosin,

Fig. [1l.16. Light micrograph of a section of a small fetal guinea pig liver at 50 days of gestation.

Further details as for Fig. lI1.15. Note the larger number of haematopoietic cells in
comparison with the normal fetal liver at this age.
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Fig. 111.17. Light micrograph of a section of a normal fetal guinea pig liver at 60 days of gestation.
Further details as for Fig, I11.15.

Fig. 1I1.18. Light micrograph of a section of a small fetal guinca pig liver at 60 days of gestation. Further

details as for Fig. lII.15. Even at this gestational age stiil a fairly large number of haema-
topoietic cells are present in comparison with the normal liver at this age (Fig. 111.17.).
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Table [11. 9. The gas tensions, pH and packed cell volume of venous cord blood from normal and smail
fetal guinea pigs.

49 - 51 days
Normal Semall
Bodyweight (g.) 41.5 +4.6 (7) 22.4 +2.5 (7)
Packed cell volume 0.37 +0.07 (7) 0.49 + 0.04 (7)
60 - 63 days
Normal Small
35 - 50 g. <354
Bodyweight (g.) 89.8 +£10.9 (27) 43.6 +4.5°018)  31.6 +3.6°(9)

Packed cell volume 0.45+ 0.04 (27} 0.53+0. 040(18) 0.55+ 0.050(9)

60 - 63 days
Normel Semall
o
Bodyweight {g.) 80.6 + 2.5 (&) 32.7 £6.8 (&)
pO, 2 +7 25 +4
pCO, 47 +10 45 45
pH 7.31+ 0.05 7.31+0.06
aP=0.01 oP=0.001

Gas tensions are expressed in mm. Hg, The results are means = S.D., with the number of observations in
parentheses.

5.2, Blood gas values and packed cell volume

The blood gas and pH values for small and normal weight fetuses were not
significantly different (table 1IL9) at both 49-51 and 60-63 days. The packed-
cell volume was significantly higher in blood from small fetuses than in that from
normal fetuses (table 111.9).

H1.5.3. Energy stores in liver, heart and skeleral muscle

[i15.3.1. Glycogen

In the fetal guinea pig near term giycogen is deposited rapidly in the liver (fig.

39



25

20
15
Hepatic
glycogen 10 -
(mg./g. wet wt.) *
5L

1 1 I 1 1
40 30 40 70 aduit
Age (days)

Fig. 11.19. Glycogen content of fetal and adult guinea pig liver. The values are the méans £ 8.D. of
6-11 determinations. (reproduced from Faulkner and Jones, 1976b).

111.19). The concentration of glvcogen in the liver of small fetuses was higher thanin
that of the normal fetuses. Because of the smaller liver the total quantity of hepatic
glycogen was not significantly higher (table 1I1.10). At 49-51 days the quantity of
hepatic glycogen per g bodyweight was significantly higher in the small fetuses while
at 60-63 days there were no significant differences in these quantities between
normal and small fetuses.

The glycogen contents of the hind limbskeletal muscleand heart weresimilarinthe
two groups of fetuses (table 111:10). Only for the heart at 60-63 days was the quantity
of glycogen per g bodyweight significantly higher in the small compared with the
normal fetus (table 1I1.10).

I11.5.3.2. Triacylglycerol

In the guinea pig there is normally a large increase i hepatic triacylglycerol
content in fetuses between 57 days and term (fig. I11.20). At 49-51 days the
concentration in the liver of the small fetuses was almost twice that in the normal,
although the total quantity and quantity per g bodyweight was not significantly
different (table I11.11). At 60-63 days the fetuses smaller than 35 g had much less
hepatic triacylglycerol and the total liver store was thus substantially reduced. There
was an increase in both the concentration and quantity of triacylglycerolin the hearts
of the feta] guinea pigs between 50 and 60 days (table 111.11). The small fetuses had a
concentration that was 2-3 times higher than the normal values although
surprisingly in the different weight groups the quantity of triacylglycerol per heart
was constant (table 111.11). The quantity of cardiac triacylglycerol per g bodyweight
was thus 2-3 fold higher in the small fetuses.
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Table 111. 10. The glycogen concentration in the tissues of normal and small fetal puinea pigs.

49 - 51 days

Normal Small
Bodyweight (g.) 39.6 + 4.1 (8) 19.8 + 3.1 (8)
Liver
mg./g. 0.7 + 0.3 (8) 2.2 = 0.87(9)
mg./liver 1.9 + 0.7 (8) 2.3 £ 0.7 (8)
mg./g. of fetus 0.05+ 0,02(8) 0.112 0.04¢ 8)
Heart
mg./g. 18.3 + 2.3 (7 12,0 + 6.1 (7
mg./heart 3.9 + 1.3 (7) 1.9 + 0.7 (7)
mg./g. of fetus 0.10+ 0.03(7) 0.10+ 0.02(7)
Skeletal muscle
mg./g. 7.6 + 1.1 (&) 6.9 + Q.7 (&)

60 - 63 days

Normal Small
Bodyweight (g.) 81.8 +12.9 (15) 38.7 +10.5° (15)
Liver
mg./a. 14.8 + 7.2 (13) 24.2 + 6.2° (13)
mg./liver 66.3 +34.3 (13) 44.6 +18.0 (13)
mg./g. of fetus 0.8 + 0.5 (13 1.0 + 0.5 (13)
Heart
mg./g. 5.3 £ 2.9 (15) 8.7 £ 5.9 (15)
mg. /heart 2.3 + 1.4 (15) 2.1 + 1.5 (15)
ma./g. of fetus 0.03+ 0.02(15) 0.06+ 0.04(15)
Skeletal muscle
mg./g. 7.8 + 2.3 (1) 2.2 £ 2.6 (11}
8P<0,05 0p<0.01 ©P<0,001

The results are means = S.D. with the number of observations in parentheses.



Table I1L 11, The triacylglycerol content of liver and heart of normal and small fetal guinea pigs.

49 ~ 51 days
Normal Small
Bodyweight (g.) 39.2 + 3.3 (10) 20.5 + 3.7°(10)
Liver
umol./g. 1.1 + 6.2 (10) 19.6 + 8.2°00)
pmol . /liver 28,7 + 16.7 (10) 22.2 + 12.4 {10)
pmel . /g. of fetus 0.74+ 0.36 (10) 1.03+ 0.492 (10)
Bodyweight (g.) 38.5 £ 2.5 (6) 20.0 + 3.5°( 6)
Heart
nmol . /g. 754  +267  (6) 1687 +855° (6)
nmol . /heart 175 + 54 (4) 201 +102 { &}
nmol . /g. of fetus 4.6 £ 1.3 (&) 9.3+ 4.5°(6)
60 - 63 doys
Normal Small
35-50g. <35 g.
[»]
Bodyweight (g.)  B0.4 « 11.3 (24) 44.4 + 7.10015) 291+  6.7(9)
Liver
F-y
pmol./g. 78.3 % 27.4 (24) 84.1 + 25.2 (15) A3.6+ 32.9(9)
pmol . /liver 305.0 +125.0 (24) 150.0 3 55.0°(15)  56.4%+ 52.9(9)
pmel ./g. of fetus 3.8 + 1.4 (24) 3.3 £ 1.0 (15) 2.0+ 1.6A(9)
Q
Bodyweight (g- ) 86.4 + 12.0 (16)  42.1 = 4.0°(8) 29.5+ 5.8(8)
Heart
nmol . /g. 1354 +808  (16) 2378 +1113° (8) 3051 +1904° (8)
nmol . /heart 686  +481 (16) 640 & 306 (8) &72 + 303 (8)
nmol./g. of fetus 8.0 + 4.9 (16) 15.4 + 7.7°(8) 242+ 10.478)
AP<0.05 ap<0.01 0P<0.001

The results are means <= S.D. with the number of observations in parentheses.
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Fig. 111.20. Triacylgiycerol content of fetal and neonatal guinea pig liver (reproduced from Jones, 1976a).

[11.5.4. Electron microscopic studies of liver, heart and skeletal muscle.

Hi5.4.1. Liver

The development of the fetal hepatocyte of the guinea pig is ¢clearly shown in

electron microscopic pictures taken at 40, 50 and 60 days of gestation (Fig. 111.21-
I11.31). At 40 days the hepatocyte still has a relatively smallamount of cytoplasma with
few less well developed mitochondria and few endoplasmic reticulum (fig. T11.22,
111.23).
At 50 days the number of mitochondria increases together with the cytoplasmic
volume. The smooth endoplasmic reticulum is well developed at this stage (fig.
111.24, 111.25). The mitochondria become more dense and contain more cristae (fig.
111.25). At 60 days the cell number has relatively decreased while the cytoplasmic
volume has dramatically increased (fig. 111.28). At this time larger deposits of
glycogen and fat can be seen in the cytoplasma (fig. II11.28). At 60 days the
mitochondria are better developed together with the endoplasmic reticulum,
although relatively less smooth endoplasmic reticulum can be noticed in comparison
with the situation at 50 days (fig. I11.25, 111.29). The adult guinea pig liver shows
much less glycogen and fat in its relatively larger cytoplasma (fig. I11.21). There are
many mitochondria that together with all other cell constituents are well developed
(fig. 1IL.21).

In the growth retarded liver at 50 days still less cytoplasma and fewer
mitochondria are visible than in the normal hepatocyte at this stage (fig. 111.26,
111.27). The mitochondria are less dense and there is less smooth endoplasmic
reticulum (fig. 1I1.27). At 60 days on the other hand there seems to be more smooth
endoplasmic reticulum than normally can be seen at this age (fig. 111.30, 1IIL31). The
60 day growth retarded hepatocyte has less cytoplasma that contains fewer
mitochondria and less fat deposits but remarkably more glycogen (fig. 111.30, I1L1.31).
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I115.4.2. Heart

During development of the fetal guinea pig heart there are many changes in the
composition of the myocytes. At 40 days the mitochondria still represent a small
percentage of the cell volume while they are also relatively small (fig. 111.33). The
nuclei are also small but are more numerots than in older hearts (Rolph, Jones and
Parry, 1981). At this period of gestation the myofibrillar content is relatively low and
consequently the sarcoplasmic volume is high (Rolph, Jones and Parry, 1981). In
addition there are numerous glycogen granules (fig. 111.33). Towards term the
number and size of the mitochondria, the number of myofibrils and the size of the
nuclei increases, while the number of nuclei, the sarcoplasmic volume and the
number of glycogen granules falls (fig. II1.33, 111.34, II1.36). The adult heart has
more and bigger mitochondria, more myefibrils but less nuclei and sarcoplasm than
the fetal heart (fig. 111.32). The fetal cardiac myocyte mitochondria contain fewer
cristae than the mitochondria in the adult heart.

In the heart of the growth retarded fetal guinea pigs the volume of myocyte
occupied by mitochondria, cytosol and myofibrils is similar to that of the normal
fetal hearts both at 50 and 60 days (fig. 111.35, IT1.37). There is, however, a substantial
increase in the volume of myocyte occupied by fat deposits and nuclei in the small
compared to the normal fetal hearts at 50 and 60 days (fig. 111.35, II1.37).

I11.5.4.3. Skeletal muscle

The hindlimb muscle of the fetal guinea pig at 40 days consists of both
differentiated myotubes and undifferentiated myofibriis (fig. I11.39). The myofibrils
do not yet contain well developed sarcomeres and have smaller mitochondnia (fig.
111.39). The myotubes still have many central nuclei; much giycogen is visible in the
cells that have a poorly developed sarcopiasmic reticulum (Rolph, 1980) (fig, 111.39),

Towards term more well developed myofibrils become visible. At 50 days the
nuclel can be found in a subsarcolemmal position while the mitochondria contain
more cristae and are situated in an interfibrillar position (fig. 11.40). Many vacuoles
and focal glycogen deposits are seen. The sarcoplasmic reticulum is more developed
{fig. 111.40).

In the 60 days fetal skeletal muscle the myofibre has very extensive myofibrils with
adjacent Z bands in register (fig. 111.42). The mitochondria are fairly numerous and
oriented longitudinally in the interfibrillar location (fig. 111.42). There are still large
focal deposits of glycogen. At this stage the sarcoplasmic reticulum is well developed
(Rolph, 1980).

Fig. 111.38 shows a longitudinal section trough adult upper hind limb muscle. As
at 60 days of gestation the myofibrils dominate the cell with adjacent Z bands in
register. In contrast to the late fetal muscle the myofibrils of the adult are clearly
demarcated by a weil defined interfibrillar space. There is also less glycogen than in
the feral skeletal muscle (fig. 111.38).
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Fig. [11.21. Electron micrograph (x 7200) of an aduit guinea pig hepatocyte N: nucleus, M: mitochon-
drion. L: lysosome. G.E.R.; granular endoplasmic reticulum, Gly: glycogen.

In the skeletal muscie section from 50 days growth retarded fetal guinea pigs less
mitochondria can be seen in the myotubes (fig. 111.41). There are clearly more fat
deposits while still relatively many nuclel can be seen. At 60 days only moderately
growth retarded fetuses could be investigated. The electron microscopic picture of
the 60 days growth retarded skeletal muscle does not show many differences
compared to the normal (fig. 111.43). The only apparent difference is a greater
nuclear volume in the myotube/myofibre of the moderately growth retarded
compared to normal fetus. Both at 50 and 60 days the myofibrils are very often not
found in regular strains with adjacent Z bands in register {fig. 111.41. 11L1.43).
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Fig. 111.22. Electron micrograph (x 43500} of a feral guinea pig hepatocyte at 40 days of gestation.
N: nuc¢leus, M: mitochondrion, S, E.R.: smooth endoplasmic reticulum, F: fat, Hp: huema-

topotctic cell
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Fig. 111.23. Electron micrograph (x 25.000) showing details of a fetal guinea pig hepatocyte at 40 days of
gestation. N: nuclues, M: mitochondrion, S.E.R.: smooth cndoplasmic reticulum.
PM: plasma membrane.
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Fig. 111.24. Electron micrograph {x 4500} of a fctal guinca pig hepatocyte at 50 days of gestation.

N: nucleus, M: mitochondrion, S.E.R.: smooth cndoplasmic reticulum, G.E.R.: granular
endoplasmic reticulum, L: lysosome, F: fat, Hp: hacmatopoietic cell, R.B.C.: red blood cell.
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Fig. [11.25. Electron micrograph (25.000) showing details of a fetal guinea pig hepatocyte at 51 days of
pestatien. M: mitochondrion, GER: granular endoplasmic reticulum, SER: smooth
endoplasmic reticulum, Gly: glycogen.
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Fig. 111.26. Electron micrograph (x 4500) of an intrauterine growth retarded fetal guinea pig hepatocyte
at 51 days of pestation. N: nucleus, M; mitochondrion, SER: smooth ¢endoplasmic reti