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Summary. Intra-uterine growth retardation was induced in the rat by clamping the

uterine artery on day 17 of gestation. It was shown that decreased weight of the body and of
certain organs depended solely on a reduction in cell number. However, in brown adipose
tissue both cell number and cell size were modified. In each organ studied the changes
observed in DNA thymidine incorporation were in good correlation with the variation of
DNA accumulation and the growth rate. Some biochemical differentiation processes were
studied in the liver (key enzymes of gluconeogenesis, glycolysis and detoxification), the
cerebrum (lipidic composition related to myelinisation) and the BAT (mitochondrial proteins,
lipids, glycerokinase). Enzymes and responsiveness to hormonal stimuli appeared normally,
but sometimes smaller amounts of enzyme were synthesized. A strikingly persistent feature
was that brain weight and cell number remained nearly unchanged.

Introduction.

Different factors such as endocrine or genetic anomalies, the effects of certain

drugs, haemodynamic or nutritional alterations may modify the development of the
foetus during gestation. Numerous papers and reviews have analyzed the different
origins of hypotrophy, and they will therefore not be discussed in this report (Chanez-
Bel, 1972 ; Winick, 1974 ; Andrews, 1970).

As the mother of a human hypotrophic baby often presents an anomalous utero-
placental flow, our group was primarily concerned with studying experimental hypo-
trophy induced by restriction of blood flow during gestation. We chose the rat as expe-
rimental material for studies on intra-uterine growth retardation. Wigglesworth’s
method was used (1964) which consists in ligating the artery and vein of one of the
uterine horns on day 17 of gestation. With this method it is possible to obtain a reduc-
tion of up to 50 p. 100 of average foetal weight as shown on a standard reference graph
(Chanez-Bel, 1972).



We consider as hypotrophic or IUGR * an animal showing a weight reduction equal to
or greater than 30 p. 100 as compared with the control of the same age. This figure is twice
that of the standard deviation from the average weight of normal animals.

The following report is an analysis of the results obtained in recent years by the
group working on this experimental model.

I. - Somatic development.

Body growth (Chanez-Bel, 1972 ; Tordet-Caridroit et al., 1969). - A comparative
study of IUGR and control rats enabled us to analyze the effects of blood flow restric-
tion in utero on their growth. From the day after ligature (day 18 of pregnancy) the
IUGR foetuses showed a 20 p. 100 weight reduction. This percentage increased steadily
until birth when it reached an average of 38 p. 100.

At birth the newborn were grouped into litters of six composed of normal and
hypotrophic animals. The weight difference between the two groups increased, reach-
ing a maximum at 5 days (44 p. 100). These are average figures, for reductions of up to
78 p. 100 of the average foetal weight were recorded.

This difference in body weight persisted to adulthood and the IUGR rats never
reached the weight of the control rats whatever the rearing conditions (Chanez-Bel
1972).

Organ growth (fig. 1). -Twelve hours before birth the foetus showed a conside-
rable reduction of all organs, particularly of the liver and brown adipose tissue. The
brain however was relatively unchanged, its weight being reduced by only about

* IUGR = Intra-Uterine Growth Retardation.



10 p. 100. The cerebellum is a special case, as development and differentiation take
place after birth. Multiplication of the Purkinje cells starts only at the postnatal period
and reaches a maximum on day 6 ; at this stage the cerebellum showed a highly signifi-
cant weight retardation which persisted right up to the end of our study (26 days)
(table 1). At weaning the average reduction of the organs leveled off at about 30 p.100
and remained that way until the animals were killed. Cerebral weight remained
similar to that of the control rats.

11. - Cell number and division.

A study of the growth and chemical composition of certain organs showed (Roux
et al., 1970 ; Cogneville, 1973) the following :
- brain : no significant change in weight or chemical composition ;
- liver : weight decrease with no change in tissue composition ;
- brown adipose tissue : weight decrease accompanied by modified composition.

These results confirmed that intra-uterine growth retardation may have different
effects depending upon the organ. It has been shown that an important decrease in

organ weight may be the result of a decrease in cell number and/or size.

A) Cell number (Roux, 1971 a et b). - In general the total DNA content of an organ was
used to estimate the number of nuclei and hence the number of cells, the ratio wet

weight/DNA gave an estimation of the size of the cells, and the ratio protein/DNA or
RNA/DNA provided a test of cellular activity. The use of these parameters was based
on the work of Boivin et at. (1948) and Enesco et al. (1962). Table 2 compares this data
in the brain, the liver and the brown adipose tissue.

The number, size and activity of the brain cells did not appear to be modified. The
number of cells was notably reduced only in the liver, as shown by the decrease in total
DNA in the IUGR rats. The relative proportion of the two cell types present (hepato-
cytes and erythroblasts) was maintained until birth, then the haematopoetic cells

disappeared sooner in the hypotrophic rat, as shown by Larroche et al. (1971). This
process was revealed by a higher weight/DNA ratio in the hypotrophic rat. However,
in the brown adipose tissue at birth we observed a decrease in cell number, size and





total protein content per nucleus. An alteration of the metabolism in the tissue of hypo-
trophic animals can therefore be predicted.

B) Cellular multiplication (Roux, 19716 ; Roux et al., 1975). - The hypotrophy of the
organs induced by intra-uterine growth retardation appeared to be mostly due to a
decrease in cell number. The accumulation of DNA in certain organs was measured

parallel to the incorporation of C14 thymidine into the nucleic acid. The study started
the day after ligature of the uterine vessels and was continued to postnatal day 5. In the
24 hrs following the beginning of the experiment, the increase of DNA per organ was
appreciably smaller in the liver and lungs of the IUGR than in control animals. The

heart and brain showed no modifications. Between days 19 and 20 of gestation the
total DNA remained unchanged in the liver of the IUGR subjects, whereas it increased
by 30 p. 100 in the controls. In the lungs DNA increment represented only 50 p. 100
of that of the controls. At the same time a decrease of 50 p. 100 was observed in the

incorporation of thymidine into these organs. This process is illustrated in the graphs
showing the incorporation of thymidine per unit of DNA versus the weight of the organ
(fig. 2). However, between days 20 and 21 the prccess was reversed in the liver, i. e.

DNA accumulation was greater in the hypotrophic foetus, and at that moment DNA
thymidine incorporation became equal once more to that found in the controls. Similar
observations were made in the lungs. In the heart, whose growth is slower at this stage
of development, the difference was less noticeable. These results illustrate the changes
in organ weight which are observed at birth. The organs most affected in growth
retardation were those where maximum growth occurs towards the end of gestation.

After birth a new phase of decreased DNA synthesis was noted. At this point of
development the cerebrum and the lungs were unaffected, but the decrease in the

growth of the heart became noticeable. This again shows a correlation between the



accumulation of DNA in the organs and the incorporation of 14C thymidine. For
example, in the heart the incorporation of thymidine during the first 24 hrs after birth
was proportional to the weight of that organ. Later, at 3 days it became inversely
proportional to the weight, demonstrating a certain attempt to « catch up » in the

IUGR newborns (fig. 3). From the biochemical point of view, the decrease in the incor-
poration of thymidine observed in IUGR organs might be attributed to a diminution in
precursor cell penetration. However, this is not the case, for in the acid-soluble fraction

containing all the free nucleotides the same label was found in both the IUGR animals
and the controls. The incorporation of 14C thymidine could be limited by a deficit of
endogenous nucleotides which are essential to DNA synthesis. We found that both the
enzymes synthesizing nucleotides by the de novo pathway (carbamyl phosphate synthe-
tase), and those synthesizing by the salvage pathway (uridine kinase) were diminished
in the IUGR foetus. Other authors have observed a reduction of DNA polymerase in
hypotrophic animals (Jasper et Brasel, 1974). Between days 20 and 21 of gestation
uridine kinase activity was stimulated in the liver of the IUGR foetus at the time of thy-
midine incorporation and DNA increment (table 3). After birth, no changes were found
in these liver enzymes (Fulchignoni-Lataud, 1974).

In conclusion a decrease in cellular multiplication was observed, together with a
decrease in DNA synthesis during the 2 days following the ligature of the uterine
vessels. The effect on the size of the organs depended on their growth rate at this stage
of development. A second reduction phase appeared after birth and continued until

day 3. These processes illustrate the somatic growth modification in IUGR rats.

Ill. - Differentiation of certain biochemical functions.

The liver and brown adipose tissue were the two organs most affected by the
reduction in cell number. Cell size, however, did not appear to be modified in the liver
of IUGR rats, although it was lower in the brown adipose tissue. This was also true for



the RNA/DNA ratio reflecting cell synthesizing capacity. Thus, the processes of cellular
differentiation are not affected in the same way in all the organs. At the foetal and
neonatal stages, they are characterized by the appearance in the normal animal of
certain enzymes whose development coincides with the triggering of hormonal regula-
tions (Greengard, 1971). The effect of a restricted blood flow on the differentiation of
several biochemical functions was successively studied in 3 organs : the liver, brown
adipose tissue and brain.

A) Liver

- Glucose metabolism.

One of the metabolic characteristics of IUGR rats it a severe hypoglycemia which
lasts at least until day 10 after birth (fig. 4). Several factors related to the regulation
of glycemia were studied in these rats before and after birth.

1) Hepatic glycogen stores before and after birth (Chanez et al., 1971). - In IUGR
foetuses at 21 days, the level of glycogen was reduced to about 40 p. 100 as compared
with that of the control animals. After birth, there was no significant difference in the
concentration of glycogen. However, the IUGR newborns only possessed 30 p. 100 of
the total glycogen stores of the control animals because of the considerable diminution
in the weight of the liver. The decrease in the glycogen concentration before birth
probably resulted from a deficient maternal glucose supply due to the restricted blood
flow. Glycogen synthesis from glucose did not appear to be disturbed in the IUGR

subjects, as was shown by Nitzan and Groffman (1971) in their work on the incorpora-
tion of labelled glucose in the glycogen extracted from liver slices. After birth an iden-
tical drop in glycogen content was observed in all animals.



2) Key enzymes in gluconeogenesis. - The gluconeogenesis from lactate, pyruvate
and certain amino acids goes through a sequence of irreversible reactions which take
different pathways from that of glycolysis. The key enzymes acting in these reactions
appear at birth and their activity increases very rapidly in the postnatal period. They
are very weak or even imperceptible in the foetus. In IUGR rats we successively
measured (Chanez et at., 1971) glucose-6-phosphatase, fructose 1-6-diphosphatase,
and soluble phosphoenol pyruvate carboxykinase which, according to Ballard and
Hanson (1967), is the key enzyme initiating the gluconeogenesis sequence after birth.
Only the fructose 1-6-diphosphatase showed a slight pause in its development in IUGR,
rats 48 hrs after birth (fig. 5). Amino acid gluconeogenesis was assessed by measuring
aspartate aminotransferase activity. As before, the enzymatic activity was reduced
temporarily at 48 hrs (Tordet-Caridroit, 1971).

Hepatic response to hormonal stimuli and measurement of circulating hormones. -
In the liver of a normal rat the decrease of glucose at birth stimulates secretion of glu-
cagon (Greengard, 1971) which induces the synthesis of tyrosine a-ketoglutarate
transaminase (TAT) (table 4). The development of TAT was compared in IUGR,
control and normal rats (Degremont et al., 1971). The activity of this enzyme was
quadrupled in IUGR rats 12 hrs after birth as compared with control or normal rats
of the same age. This activity was still higher than that of the controls 5 days after birth.
The injection of glucagon into the foetus stimulated induction of TAT, this response
being slightly less marked in the IUGR subjects. The injection of glucose 1 hr after birth
inhibited induction of the enzyme in both types of animals. These results show that the
sequence of events in IUGR rats appears similar to that in the normal animals. Acting



through hormonal stimuli, the marked diminution of glycemia in IUGR rats triggers
increased synthesis of the enzyme. The determinations of circulating hormones carried
out by Girard et al. (1976) in these 2 groups of animals confirm these results. These
authors found a higher level of glucagon and a lower level of insulin in IUGR foetuses.
The plasma corticosterone level remained unchanged (Chanez-Bel and Tordet-

Caridroit, 1975).

4) Glycolytic enzymes. - A study of the development of hepatic lactate dehydro-
genase showed no difference between the hypotrophic and the control animals

(Chanez et at., 1971). However, Goli (1976) has noted in the liver and brain of IUGR
rats a delay in the maturation of the pyruvate kinase isoenzymes with a persistence in
the liver of the foetal form (M2 type) 6 days after birth.

5) Pentose shunt. - Glucose-6-phosphate dehydrogenase opens the pentose
pathway. The consequences of this reaction are firstly the production of reduced
coenzymes which are used in the reduction steps of biosynthetic reactions and,
secondly, the formation of ribose, the precursor of nucleotide synthesis. The develop-
ment of this enzyme was not modified by intra-uterine growth retardation.



- Detoxification function : glutathione-peroxidase (Demus-Oole and Swierczewski,
1969 ; Swierczewski, 1971) (table 5).

Glutathione-peroxidase, the detoxification enzyme of lipid peroxides, was studied
in the liver of normal and IUGR rats during development. This enzyme, mainly found
in the liver and the erythrocytes, uses the non-satured fatty acid peroxides as an in vitro
substrate. In the normal rat the activity of this enzyme is very low at the end of gesta-
tion and increases at birth. From 24 hrs after birth until day 10 its specific activity in
IUGR rats was considerably lower. On day 5 this difference reached 58 p. 100. After
day 21 in normal rats there is a sex-linked difference in activity which increases until
the 4th month when that of the female is twice that of the male. This sex-linked diffe-
rence was also observed in IUGR rats without any apparent delay. We showed that
the injection of linoleic acid peroxides into the normal rat at the perinatal stage
increased hepatic glutathione-peroxidase activity. The delay observed in the synthesis
of this enzyme in the liver of the IUGR rats could be due to a decrease or delay in the
production of fatty acid peroxides in the tissues. It is possible that IUGR rats, lacking at
birth the substrates needed to provide energy, oxidize fatty acids of exogenous and
endogenous origin faster, thus preventing the formation of peroxides from these
substances.

B) Brown adipose tissue (Cogneville, 1973)

At the neonatal stage and during exposure to cold, the brown adipose tissue (BAT),
observed in certain mammals including man, is the principal « effectors of non-
shivering chemical thermogenesis. We used the interscapular brown adipose tissue





(ISBAT) which represents 50 p. 100 of the total brown adipose tissue of the rat. The
study was carried out on the foetus from day 1 before birth until day 10 after birth.

1) Morphological study. - The IUGR animals showed a reduction in ISBAT weight
during the period studied. ISBAT weight/body weight ratio was lower in IUGR subjects
up to 3 days. A correlation is considered to exist between this ratio and animal maturity
at birth. It can therefore be postulated that the ISBA’i- of hypotrophic animals is some-
what immature (Tordet-Caridroit and Ccgneville, 1973). The number of ISBAT cells
was reduced in IUGR animals and the DNA content was higher than in the controls up
to 24 hrs after birth. These results imply a reduction in cell size, which was confirmed by
histological study. Under the electron microscope, two types of cells were determined in
IUGR subjects. Some were generally found in the ISBA3’ and were characterized as

large, polygonal, and containing several lipidic vccuoles and a large number of mito-
chondria. The others were smaller, denser and circular. They contained a single lipidic
vacuole which, because of its volume, pushed the mitochondria towards the periphery.
In these cells there were relatively few mitochondria and the cytoplasm was rich in gly-
cogen (fig. 6). This type of cell was not found in the ISBA’i- of the control animals. The
mitochondria showed no difference either in size or in number of crests.

2) Biochemical study. - A study of the composition of the ISBAT (table 6) revealed
differences in lipid and protein contents. No differences were found in the composition
of the triglycerides or the phospholipids. The total protein content was lower at 3 days
after birth in IUGR rats. The soluble proteins were unmodified, the difference being
due to a decrease in mitochondrial proteins. We followed the development of several
enzymes important in ISBAT metabolism.

Cytochrome-oxydase : mitochondrial marker enzyme and last stage of the respira-
tory chain (Cogneville and Tordet-Caridroit, 1974). A significant reduction was

observed on day 3 after birth when enzymatic activity was expressed per g of fresh
tissue. On the contrary, no difference appeared when the activity was expressed in mg
of mitochondrial protein. These results imply a diminution cf mitochondria in the



ISBAT cells of the hypotrophic rats. They are comparable to the observations made
under the electron microscope.

Glucose-6-phosphate dehydrogenase : supplies the NADPH molecules essential to
fatty acid synthesis in the adipose tissue. The specific activity of G-6-PDH was very high
in the foetus and fell very rapidly in both types of animals. This is because the rat pla-
centa is barely permeable to fatty acids and the foetus is therefore obliged to synthesize
its own lipidic substrates. After birth however, it depends mainly on the exogenous
supply (maternal milk). It is interesting to note that up to 5 days this enzyme activity
is lower than that of the controls.

Glycerokinase (fig. 7) : allows phosphorylation of glycerol in the presence of ATP.
During normal development of the ISBAT, the specific activity of this enzyme (very low
at birth) reaches a maximum on day 3 and levels off after day 5. In the IUGR animals,
the postnatal evolution of the enzyme was comparable to that of the controls, but the
specific activity was significantly lower until day 5 (fig. 7).

Despite the significantly decreased activity of these two enzymes on day 3 the
IUGR animals had as many, and sometimes more, lipids than the controls. The incor-
poration of 14C glucose in vivo into the ISBAT lipids was weaker in the IUGR rats until
48 hrs ; at this stage there was a reversal, and incorporation rose in the hypotrophic
animal (Cogneville et a/., 1975). These results are in accordance with the rehabilitation
of IUGR lipidic reserves 3 days after birth. In addition this process could partly explain
the hypoglycemia observed in the IUGR rats during the neonatal period. During the
first days of life the ISBAT of the hypotrophic rat showed a delay in cellular multipli-
cation and in the differentiation of certain enzymes necessary to the functioning of
non-shivering thermogenesis. It can therefore be assumed that the hypotrophic animal



is at a disadvantage when faced with a n independant life. This would also partly
explain the high mortality of these animals during the first days of life, despite normal
conditions of temperature and nutrition.

C) Brain

As already stated, the brain of the IUGR subjects appeared unchanged in terms

of weight and cell number. In order to check whether cerebral metabolism was also
normal, a few complementary determinations were carried out on the lipidic compo-
sition related to myelinisation.

a) Total phospholipids. - No difference in the evolution of phospholipids was
observed between the IUGR and control rats. The composition of fatty acids in the phos-
pholipids also remained the same after birth. In the foetus the percentage of arachido-
nic acid was lower. This temporary difference was also found in the desaturation of
linoleic acid, an indispensable fatty acid and the sole precursor of arachidonic acid.
Soon after birth the IUGR animals had the same percentage as the controls (Vallet-
Strouve and I ordet-Caridroit, 1976).

b) Cerebrosides. - Cerebrosides characterize myelin lipids. At the age of 21 days
they appeared in both the IUGR and the control rats.

c) Cholesterol. - The concentration of cholesterol doubled between days 5 and 21,
but the evolution was identical in both groups.

Discussion and conclusion.

All cells need a balanced supply of substrates. It cannot yet be determined whether
a restriction of any one of these substrates plays a role in the differentiation of pluri-
cellular organisms, but the rapid response of microorganisms and cells in culture to

modifications of the environmental composition suggests that this may be the case. The
main events marking growth are cellular proliferation, and the processes of differen-
tiation and cellular interactions. During the development of a normal organism each
of these events takes place according to a genetically determined program and is of
strictly limited duration. When an adult animal is subjected to nutritional restriction the
differentiated organism responds by mobilizing its stores and reducing its needs. In

biochemical terms this means a diminution of proteic synthesis and cell size (liver, fat).
During gestation, the foetus depends essentially on the maternal supply. If metabolite

flow is restricted, it can only survive by reducing its proteic synthesis and rate of cellular
multiplication as it has no reserves of its own. In our experimental model, each organ
responded to restricted blood flow according to its own particular stage of develop-
ment. We noticed especially that all the organs but the brain, responded by a decelera-
tion of cellular multiplication ; this was very marked as the cells were in a stage of
rapid proliferation. The processes of differentiation are not seriously disturbed in the
hypotrophic animal. For example, the enzymes appear normally, but the amount

synthesized is sometimes smaller. The synthesis of the same enzyme (G-6-PDH) may be
modified in one organ (BAT) and remain normal in another (liver). We noted that



ligature on day 17 of gestation causes two series of events. The first occurs immediately
after the prenatal operation, the second just after birth. Postnatal disturbances are of
two sorts : those of short duration (up to 5 days maximum), i. e. decrease of DNA

synthesis and that of certain specific proteins ; and others lasting longer (sometimes
until weaning), i. e. hypoglycemia and hyperalaninemia. As far as hypoglycemia is

concerned, the only factors which can explain its persistence are unequal weight of
brain weight of body ratio and possibly a higher utilisation of glucose in the tissues of
the hypotrophic. This study proves the extreme complexity ofthe experimental model.
Each process needs a model which is easier to interpret, as for example cells in culture.
The interplay of regulations throughout the organism obscurs primary response to one
experimental procedure which at first may seem simple and limited in time.

4e Reunion du groupe Développement I.N.R.A.,
Montpellier, 17-18 mai 1978.

Résumé. Un retard de croissance intrautérine a été provoqué par le blocage de l’artère
utérine le 17e jour de la gestation. La diminution du poids du corps, ainsi que de celui de
différents organes dépend uniquement d’une réduction du nombre des cellules, à l’exception
du tissu adipeux brun où, à la fois sont réduits le nombre et la taille des cellules. Dans chaque
organe les changements observés dans l’incorporation de thymidine 14C dans l’ADN sont
en corrélation positive avec l’augmentation de l’ADN et le taux de croissance. Une étude des
processus de différenciation biochimiques fut effectuée sur le foie (enzymes clés de la gluco-
néogenèse, glycolyse et détoxification), le cerveau (composition lipidique en relation avec la
myélinisation) et le tissu adipeux brun (protéines mitochondriales, lipides, glycérokinase).
Les activités enzymatiques apparaissent normalement, mais quelquefois la quantité d’enzy-
mes synthétisée est plus faible. Une caractéristique frappante est le maintien du poids du
cerveau et du nombre de ses cellules à un niveau normal.
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