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ABSTRACT

over the past decade, a number of epidemiological studies have provided significant evidence that
certain major adult noncommunicable diseases, such as hypertension, ischaemic heart disease and
non-insulin dependent diabetes mellitus, may be associated with impaired fetal grouth. This
phenomenon has been termed "prograrnming" which is essentially the term used for persisting
changes in structure and function caused by undernutrition or other adverse influences acting d'ring
critical periods of early development. Programming has been used as the mechanistic basis to
explain the long term sequelae of intrauterine growth retardation (IUGR). The mechanisms
underlying the epidemiological observations remain to be elucidated and developed. While it is well
established that severe maternal undernutrition during pregnancy leads to ruGR, there has been
relatively little well defined animal studies of the somatotrophic axis and postnatal development of
growth retarded offspring. The major objectives of this thesis were to establish a model in the rat of
IUGR by nutritional restriction of the dam throughout gestation and to examine the effects of fetal
growth retardation on endocrine, molecular and growth parameters during postnatal development.
In addition, the development of an animal model for IUGR enabled well defined studies testing
distinct hypotheses suggested by the epidemiological observations of professor David Barker and
colleagues.

Timed matings were performed in Wistar rats and dams were randomly assigned to one of two
dietary treatment groups. A control group was fed ad libitumthroughout pregnancy and a restricted
group was fed 30o/o of ad libitum intake. Restricted fed dams were observed to lose a significant
amount of body weight throughout gestation, due to undernutrition, but caught up to the ad libitum
group during the lactating period. Matemal undernutrition significantly reduced fetal and placental
weights without altering litter size. Postnatally, body weights of offspring from undernourished
dams continued to be reduced until at least 18 weeks of age, although they were observed to be
growing at the same rate as ad libitum offspring by 2 weeks of age.

A cohort of animals from undemourished dams were maintained to measure blood pressure by tail
cuff plethysmography. offspring from undernourished dams were found to have significantly
elevated systolic blood pressures from 18 weeks of age. This observation provides direct
experimental support for the hypothesis, derived from human epidemiological studies, tlat the
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origin of adult hypertension may originate during fetal life as a result of exposure to a sub-optimal
intrauterine environment.

Parallel reductions in plasma IGF-I and hepatic IGF-I mRNA concentrations before 15 days of age
were also observed in growth retarded offspring. Hepatic IGF-I transcription start sites within exon
I and exon 2 were coordinatety reduced with IUGR up to 15 days of age without changes in GHR
and GFIBP mRNA abundance. The lack of catch-up growh observed in the ruGR offspring despite
normalization of their plasma IGF-I and IGF-I mRNA levels from 15 days of age may be due to a
state of partial resistance to GH. This observation lead to a series of treatrnent studies in which
neonatal and juvenile offspring ftom ad tibitum and undemourished dams were treated with growth
factors to investigate somatic growth responses as a measure for hormone sensitivity. In both
treatment studies' ad libitum offspring from both age groups and juvenile IUGR offspring
responded to GH treatment' However, neonatal IUGR offspring did not exhibit any response to GH
treatment.. Analysis of IGF-I gene expression in neonatal offspring showed that GH treatment
elevated IGF-I Eb mRNA in ad libitum but not IUGR offspring. These results suggest a possible
mechanism for transient GH resistance in that a post-receptor defect in GH action may contribute to
the development of temporary postnatal GH resistance as a consequence of IUGR and fetal
programming of IGF-I gene expression.

In summary, the development of a model of IUGR in the rat using maternal undemutrition
throughout gestation has enabled detailed investigation of nutritional regulation of the
somatotrophic axis during fetal development and postnatal sequelae. The studies in this thesis have
shown that the somatotrophic axis is markedly altered postnatally by nutitional restriction of the
dam throughout gestation, leading to prolonged postnatal growth retardation and elevated blood
pressure' The mechanisms which lead to the induction of such fetal programming and whether these
changes may contribute to the development of subsequent adult-onset disease remain to be
addressed in future studies.
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Chapter I

General Introduction

1.1 Thesis overview

Intrauterine growth retardation (IUGR), defined for the purpose of this thesis as lenglh and

weight more than 2 standard deviations from the mean at a given gestational age, represents

around 2.5o/o of all births (Chatelain et al. 1994). Clinically, IUGR is a major cause of perinatal

death and neonatal morbidity and mortality, resulting in high obstetric costs (Myers & Ferguson

1989). Although postnatal catch-up growth can occur, some IUGR newborns do not catch up and

present with a persistent height deficit throughout childhood and adolescence (Westwood and

Kramer 1983, Fitztrardinge & Inwood 1989, Hack et al. 1995). The etiology of IUGR includes

matemal, placental and fetal factors and are summarised in Table l.l.

Poor growth in utero has long been linked to reduced maternal nutrition during pregnancy.

Supplies of nutrients and oxygen are known to be major determinants of fetal gowth (Owens ef

al. 1989, Gluckman et al. 1990). More recently, it has become evident that in addition to the well

recognised long-term sequelae of persistent growth failure, (Gluckman et al. 1996), disordered

fetal growth is associated with a higher incidence of hypertension, cardiovascular and metabolic

disorders in adulthood (Barker 1994). However, the mechanisms through which altered fetal

growth leads to postnatal pathophysiologies remains poorly understood. This thesis is an

investigation of the mechanisms involved in the postnatal sequelae of growth retardation induced

by maternal undernutrition.

The studies presented in this thesis describe a model of IUGR developed in the rat using

matemal undernutrition throughout gestation, resulting in prolonged postnatal growth

retardation. The effect of this manipulation on the somatotrophic axis was investigated from late

gestation until weaning (21 days of age) (Chapters 3 and 4). The consequences of IUGR on

growth and blood pressure in adulthood were also investigated (Chapter 5). The treatnent with

growth factors given either during pregnancy (Chapter 6) or postnatally (Chapters 7 and 8) was



Chapter I: General Introduction

examined with respect to the potential to enhance growth in otherwise growth retarded animals.
The following sections provide relevant background information and a review of the literature
pertinent to this work. The overall significance of these findings and avenues for further research

are discussed in Chapter 9.

Table 1.1: Possible factors leading to IUGR

Cardiopulmonary disease
Hypertensive disease
Renal disease
Malnutrition
Altitude hypoxia
Anemia
Smoking
Alcohol
Drugs

oFetal factors:
Congenital malformations
Chromosomal abnormalities
Infection
Rh sensitization

o Uteroplacental factors :

Placental insufficiency
Placental abruption
Placental previa
Infection
Anatomic anomalies

Modifided from Evans and Lin (1984)

For the purpose of this thesis, the following sections will focus primarily on undernutrition as a
factor leading to IUGR.

1.2 Nutritional regulation of growth

One of the most important environmental factors influencing growth is nutrition (Tanaka 1996).
ruGR has long been linked to inadequate matemal nutrition during pregnancy and it is well
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established that supplies of nutrients and oxygen are major determinants of fetal growth (Owens

et al. 1989, Gluckman et al. 1990). The supply of nutrients across the placenta can be limited not

only through maternal dietary restriction, but also in a number of different pathological

conditions for example, pre-eclampsia, maternal smoking and hypoxemia (Soothill et al. 1987,

Economides & Nicolaides 1990). It is now clear that chronic matemal undernutrition during

pregnancy is associated with fetal growth retardation and reduced birth weight in many

mammalian species (Berg 1965, Lechtiget al. 1975, Rosso 1977, Harding & Johnston 1995).

More recently, it has been recognised that the impact of altered nutrient availability is different at

distinct stages of gestation. Both the timing and duration of undernuhition are important in

determining how fetal growth is affected. [n humans, slowing of fetal growth in mid pregnancy

can result in a proportionately small baby (Niklasson & Karlberg 1993), whereas late gestation

maternal undernutrition commonly leads to babies which are relatively long and thin but with

normal head circumference (Kramer et al. 1990). In sheep, after a short period of undernutrition

(10 days) fetal growth resumes on refeeding, but prolonged (> 3 weeks) undemutrition causes

irreversible changes in fetal growth rate (Mellor & Murray 1982). Recent studies also indicate

that events in the periconceptual period can in{luence growth later in gestation (Gluckman &

Harding 1997). For example, sheep subjected to undernutrition between 60 days before and 30

days after conception produce fetuses that grow more slowly in mid to late gestation (Harding &

Johnston 1995, Harding 1997).

1.3 Normal postnatal growth

Postnatal growth is influenced by complex interactions between genetic, environmental and

hormonal factors (Tanaka 1996). However, the exact mechanisms of the interaction of these

factors on growth are not yet fully understood. Normal growth is an ordered pattern of change in

time at every level of organization, from the molecular to the whole organism @ombo &

Rosenfeld 1993). Normal growth in the rat has previously been shown to follow a linear

relationship (Zucker et al. l94l), suggesting that rats do not plateau but increase in live weight

through adulthood. Data from other studies confirmed this early report (Berg & Harmison 1957,

Widdowson & Kennedy 1962, Clark 1978) showing steady increases in body weight of both

male and female rats beyond one year of age. Newborn size and body composition are

determined by the energy available for intrauterine growth. This in turn determines the energy

and nutrient requirements for maintenance and hence the potential ability of the infant to grow
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and develop in response to dietary intake and hormonal influences. One cost of nutritional

constraint is a limitation in net deposition of new tissue, which if sufficiently extensive is

identifiable as growth failure. If these constraints act during critical periods of development

when a function is particularly sensitive to an adverse insult, the consequence might be a lasting

efFect on metabolic integration.

1.3.1 Postnatal growth retardation

Linear growth failure, or stunting is the most widely prevalent form of undemourishment in the

world (Jackson 1996). The factors which affect the timing and extent of linear growth failure are

major determinants of final adult stature. Faltering in the rate of linear growth in humans starts at

about 2-3 months of age and is evident as a restriction in achieved length by 4-6 months of age

(Waterlow and Schurch 1994). The infant phase of linear growth is a continuation of fetal

growth, with progressive slowing to about 2 years (Jackson 1996). Whilst the size of the uterus

and supply of oxygen are clearly important for fetal growth, the primary driver is thought to be

nutrition. Nutritional status interacts with the endocrine regulation of growth (Tanaka 1996) and

is outlined in detail in section 1.6. The somatotrophic axis can be viewed as a mediator of the

interaction between the genetic drive to grow and environmental factors such as nutrition,

disease and socioeconomic class (Tanaka 1996).

Some infants born with IUGR do not show postnatal catch-up and have persistent IUGR. The

extent to which catch-up growth can occur postnatally in those infants in whom there has been

an intrauterine limitation of growth is important (Jackson 1996). The potential for catch-up

growth is variable from infant to infant but is probably determined by the nature of the insult

which caused the limitation, its timing and duration. Prenatal alcohol exposure associated with

maternal drinking during the latter part of gestation was associated with a slower rate of growth,

while smoking and cocaine use during pregnancy was associated with faster postnatal weight

gain (Jacobsan et al. 1994). It can be shown in the experimental situation that prolonged

nutritional limitation in sheep is associated with ineversible IUGR whereas shorter periods of
undemutrition lead to growth failure followed by catch-up (Mellor & Murray 1982). Thus while

the onset of maternal disease late in gestation, such as mild hypertension, may lead to IUGR,

sueh infants generally show catch-up in the fust year after birth while an early onset, more

severe insult may lead to irreversible IUGR. Postnatal growth of swine progeny was not

permanently adversely affected when maternal protein deficiency was confined to early or late
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gestation. In contrast' growth was adversely affected when maternal protein deficiency extended
over the entire pregnancy (Schoknecht et al. 1993). The postnatal mechanism responsible for
permanently stunting growth in progeny of dams restricted in dietary protein throughout
pregnancy may be related to metabolic adaptations mediated in response to altered substrate
availability, and to endocrine and paracrine effects involving maternal, fetal and placental tissues
(D'Ercole et al. 1986' Milner 1988, Cooke & Nicholl 1990). Muaku et ol. (1996) reporred that
despite food rehabilitation during the suckling period, pups born from protein malnourished
dams do not undergo immediate catch-up growth. Long-term rehabilitation was associated with
complete catch-up growth of tail length and organ weight, but not of body weight. Similar results
were found in rats that were milk-deprived during the first 2l days of life (Maes et al. l9g4a).

1.4 Normal fetal growth

Fetal growth can be described as "the expression of the genetic potential to grow which is neither
abnormally constrained nor promoted by intemal or external factors" (Robinson et al. 1994). The
potential for fetal growth is primarily determined by the fetal genome and modified by the
intrauterine environment. The primary elements ensuring adequate fetal growth are the ability of
the mother to provide adequate nutritional support to the placenta and fetus, and the fetus,s
ability to manage the nutrient supply from the mother. Fetal growth involves both the accretion
and differentiation of tissue. Tight coordination between these two processes is required if
development is to proceed normally (Fowden 1995). Definitive analysis of fetal growth has been
forestalled by the difficulties in structuring experiments that control for many of the complex
factors acknowledged to influence fetal growth, such as uterine function, nutrition and honnonal
(maternal, placental and fetal) environment.

1.4.1 Animal growth retardation

Maternal undemutrition has been used extensively to induce fetal growth retardation. Extensive
studies have been undertaken in a wide variety of animals including sheep (Oliver et al. 1993,
Harding et al- 1997), rats (Davenport et al. 1990, Straus et at. 1991, Levy & Jackson lgg3,
Langley-Evans et al- 1996b) and guinea pigs (Katsman et al. 1996).In the sheep, moderate
maternal undernutrition for most of pregnancy reduces fetal growth but may enhance placental
growth in the first two-thirds of pregnancy which could represent a compensarory response to
maintain substrate supply to the fetus (McCrabb et al. l99l). However, maternal undernutrition
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in late pregnancy retards fetal growth more severely than similar undernutrition limited to early

or mid-pregnancy (Barker et al. 1993a). In the rat, IUGR has been induced by altering placental

function, for example, by restriction of uterine or umbilical blood flow (Unterman et al. 1993,

Owens et al. 1994). Chronic hypoxia also reduces fetal, placental and liver weights in laboratory

animals (Tapanainen et al. 1994). The most severe effects of IUGR are typically found in

organs such as the spleen, thymus, liver, gastrointestinal tract and lungs (Owens et al. 1989)

while the brain is maintained relative to body weight. Late undernutrition in the sheep has been

reported to increase the weight of the fetal heart, kidneys and liver, while undernutrition from 60

days before until 30 days after conception resulted in fetuses with relatively slow growth rates in

late pregnancy which appeared to partially protect against increases in organ weights (Harding

teeT).

1.4.2 Human growth retardation

Maternal malnutrition has been frequently implicated as one of several environmental factors

capable of producing fetal growth retardation in humans (Lechtig et al. 1975). While the human

fetus synthesizes its own carbohydrates, fats and proteins from glucose, amino acids and other

short-chain metabolites tansferred from the mother to the fetus (Van Dyne et al. 1962, Page

7969, Shelley 1969), there may be minimum nutrient requirements which must be provided by

the maternal diet and stores in order to ensure norrnal fetal growth. Thus, if nutrient availability

to the fetus is below this level, fetal growth will be retarded.

Many studies have examined the associations between low birth weight or growth retardation

and socio-economic, clinical and environmental factors. Transient increases in the incidence of

low birth weight babies have also occurred with catastrophic events such as famine. Research on

the Dutch Hunger (Ravelli et al. 1976, Lumey 1992, Lumey et al. 1995) have provided useful

data on the effects of nutrition on fetal growth. The Dutch famine of the 1940s led to reduced

birth weight of babies exposed in utero to famine in late pregnancy (Lumey 1988). A second-

generation effect was observed for children of women who were exposed in utero to the famine

conditions in the early part of their gestation even though their own birth weight had not been

affected. Low birth weight has also been associated with a history of smoking in pregnancy

(Eskenazi & Bergmann 1995) and in infants exposed in utero to cocaine (Harsham et al. 1994\.

These infants failed to catch-up in body length, resulting in infants who were overweight for

length. Chronic hypoxaemia retards fetal growth in women to a similar degree to that observed
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in experimental animals. Several studies of infants born to women living at high altitude have
shown that birth weight is reduced compared to infants born at sea level after allowance for
socio-economic differences (Mayhew et al. I 990).

1.5 Animal models of IUGR

As with many areas of biomedical science, investigations into the pathophysiology of IUGR
must rely heavily on animal studies and their extrapolation to the human condition. Although
many aspects of IUGR can be studied in the human being, many of the more basic weight
measurements and physiological changes are inaccessible to ethical investigations. Several
animal models of IUGR have been developed which recreate many of the features of human
IUGR and which have permitted important observations of the causes and pathogenesis of
ruGR. Listed below are various methods for creating IUGR in animals.

Maternal undernutritiordstamation

One method of creating a diminished supply of nutrients to the fetus is by restricting nutritional
intake of the mother. There have been a number of animal studies in which nutritional intake has

been altered' thereby changing fetal weight and birth weight in the offspring. Maternal fasting in
the latter stages of gestation in the rat has resulted in severe fetal growth retardation as well as a

reduction in organ weight (Davenport et at. 1990, Straus et al. l99l). Reducing food intake of
the mother also causes a reduction in fetal and placental weights (Lederman & Rosso 19g0,

Rivero et al. 1995). However, the timing, duration and amount of food restriction will often
change the outcome- Chiang & Nicoll (1991) did not observe a reduction in fetal or placental
weight following reduction of food intake by 40% from days 10-20 of gestation. Anderson er a/.
(1980) observed a reduction in fetal weight following 50olo maternal dietary restriction when
conducted throughout gestation or in the last 5 days of gestation (catabolic phase). However,
fetal weight was not affected when the dietary restriction was enforced for the first 14 days of
gestation (anabolic phase) then fed ad libitum.
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Selective nutrient deprivation

Specific alterations in the diet of rats have produced IUGR. A zinc-deficient diet fed to rats

during the third trimester caused anorexia, maternal weight loss and fetal growth restriction

(McKenzie et al. 1975). Maternal protein restriction throughout pregnancy reduced fetal weight

and stunted the postnatal development of rats (Levy & Jackson 1993) and swine progeny

(Schoknecht et al. 1993). Muaku et al. (1995) observed a 15-20% reduction in body weight of

pups at birth following protein restriction of the mother. Postnatally, the pups remained growth

retarded up until day 63, despite having resumed a normal growth rate (Muaku et al. 1996).

Uterine artery ligation (l;Yigglesworth)

One of the most widely employed methods for the creation of IUGR in animals is the technique

first reported by (Wigglesworth 1974). The Wigglesworth technique involves surgical

intervention on approximately day l7 of gestation (term = 22 days). In typical experiments with

this system, fetal weight on the ligated side decreases by about 45Yo and liver weight by about

60%. However, there is relative sparing of the brain in comparison to other organs. This common

method has the disadvantage of subjecting the fetus and mother to anaesthesia, and the fetus on

the ligated side to gross, sudden deprivation of uterine blood flow. Consequently, with this

technique a number of fetuses die following surgery and some show evidence of resorption

(Hayashi & Dorko 1988). There have been a number of reports whereby a reduction in fetal,

placental and liver weight has been observed following uterine artery ligation (Frampton e/ a/.

1990, Price et al. 1992, Unterman et al. 1993).

"Naturally" occurring IUGR

In the pig, there is often a large variation in the size of litter mates. Position in the uterine horn,

and therefore presumably different access to nutrients and oxygen, profoundly influences fetal

growth and accounts for part of the variation. Gravimetric studies by Widdowson (1971)

comparing normal fetuses and runt fetuses within the same horn have shown that in the typical

runt, body weight decreases about 60 percent with relative brain sparing.
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Embolization

In sheep, a chronically in-dwelling catheter pennits periodic embolization of the placental bed
with carbonised microspheres. Creasy et al. (1972) reported reduced fetal weights following
embolization during 14 to 43 day period of the last trimester. Surgical reduction in placental size
inhibited growth of fetal sheep (Jones et ar. rggg). owens et at. (1994) also reported fetal growth
retardation, associated with reduced placental development.

Extrinsic stress

Placing pregnant rats in a stressful environment has led to fetal IUGR in several studies.

Hensleigh & Johnson (1971) demonstrated that subjecting rats to continuously elevated
temperature (58"C) during midgestation did not affect the number of offspring but was
associated with significantly reduced fetal size. Other types of environmental stress were
investigated by Levitsky et al. (1977). Experimental IUGR was induced by either sham surgery
at day 18 or by subjecting rats to forced exercise during the third trimester. Fefuses of rats
subjected to forced exercise were lighter than controls but heavier than the sham surgery group.

An important possibility raised by the data on sham surgery is that the Wigglesworth technique
may not permit a comparison between completely nonnal and IUGR fetuses since animals in
both uterine horns may be stunted by stress.

Hypoxia

This IUGR model was developed by van Geijn et al. (1980). Rats were subjected to hypoxia
(9.5% ambient oxygen concentration) from days l0 to 22 of gestation. Litter sizes, mean body
weight and liver weight were all reduced compared to control fetuses. More recently,
(Tapanainen et al. 1994) reported a24%o reduction in fetal weight following maternal hypoxia
from days 14-21 of gestation.

Chemical agents

The administration of chemical agents, either parenterally or orally has been used to produce
IUGR' In the mouse, introduction of cadmium into the diet early in gestation produced a wide
range of malformations (Fern l97l), or at lower doses, caused IUGR (Webster lgTg). Other
agents can cause IUGR at low doses. One injection of chlorpromazine on the l4th day of rat
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gestation decreased weight by at least two standard deviations from average in gg% of the
fetuses (Singh & Padmanabhan 1979). Chronic exposure to subanesthetic doses of enflurane also
produced IUGR (Pope & Persaud 1978). Tze & Lee (1975) found that alcohol-treated rats had
significantly lighter fetuses and smaller litter numbers compared to controls. Body and brain
weights of ethanol-exposed rat pups were reduced compare d to ad ltbitum fed animals (Breese el
al. 1993, Reyes & ott 1996). oral administration of ethanol during pregnancy to rodents
produced growth retardation, reduced pup body weight gain and affected neuromotor
development (Golub & Domingo 1996). Heroin adminisftation during gestation causes IUGR in
rats (Friedler & Cochin 1972) and rabbits (Guo er al. 1994), Cocain administration to mice
reduced pup weightsAitter and an increase in postnatal deaths (Hunter et al. 1995).

In summary, animal models in various species and by different experimental methods have
recreated many of the characteristic features of human IUGR. Differential growth retardation,
notably a relative brain sparing compared to liver and other organs, is typical of IUGR in animals
and humans. The animal models, however, permit detailed studies of many aspects of IUGR
which are inaccessible through direct clinical studies of human gestation. The multitude of
methods that have been used to achieve IUGR in animals suggest a variety of causes and

mechanisms in human IUGR. Existing systems have permitted valuable insights which should
contribute significantly to improved understanding of human IUGR.

1.6 Fetal determinants of adult disease

Recent epidemiological studies in humans suggest that prenatal nutrition may be important
contributory factors in the etiology of a number of adult diseases, including cardiovascular
disease (Barker et al. t989), hypertension (Gennser et al. 1988, Barker 1992a) and diabetes
(Hales et al' l99l). Programmitrg, as defined by Lucas (1991), is said to occur "when an early
stimulus or insult, operating at a critical or sensitive period, results in a permanent or long-term
change in the structure or function of the organism". The stimulus or insult may affect the
development or function of a particular organ or tissue, and such effects may be immediate or
may not become apparent for some time. The concept of nutritional prograrnming is not new.
Widdowson (1971) demonstrated in pigs that undernutrition in early gestation produced small
but properly proportioned animals, whereas undernutrition in late gestation resulted in selective
organ damage and disproportionate growth. Since that time, many other studies have

l0
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demonstrated the effects of undernutrition during pregnancy on subsequent growth and health of
the offspring (Swenne et al. 1987, Snoeck et at. 1990, McCrabb et al. lggl,Edwards et al. 1993,
Langley & Jackson 1994).

1.6.1 Human epidemiological observations

Birth weight is a major determinant of infant viability (Goldberg & prentice lgg4). Babies of
satisfactory birth weight are better able to combat infection and develop their growth potential,
and they consequently have lower rates of perinatal morbidity and mortality (Belsey lgg3,
Tzoumaka-Bakoula 1993). It is well established that a number of matemal factors influence birth
weight and pregnancy outcome. Many of these factors are of nutritional origin and include both
the status of the woman prior to pregnancy (height, weight, body bass index (BMI)) as well as

during gestation (Berendes 1993).

The mechanisms underlying the epidemiological observations remain to be elucidated. However,
a geographical association between English neonatal mortality rates 60-70 years ago and present

day death rates from stroke (Barker & Osmond 1987) and ischaemic heart disease (Barker &
osmond 1986), together with the well documented links between poor maternal physique and
high neonatal mortality rates, led to Barker and his colleagues constructing a model comprising a

working hypothesis and a number of suggested potential mechanisms to explain the relationships
between reduced fetal growth and adult disease. Barker (1992b) proposed that the cardiovascular
adaptations which ultimately lead to the development of hypertension, originate in fetal life in
response to a suboptimal intrauterine environment which can also affect fetal and placental
growth. Inadequate maternal nutrition in particular, resulting from the restricted diet of young
women working in the factories of the indusfrial North of England 60-80 years ago, was
suggested to explain the higher mortality from cardiovascular disease seen in the North
compared with the South (Barker et al. 1993a).

ln later studies, the relationships between birth weight, placental weight, and other characteristics
at birth, and increased blood pressure in adulthood and deaths from cardiovascular disease were
examined. In these studies, placental weight and birth weight were highly copelated and blood
pressure rose with placental weight at each birth weight. The highest blood press'res were found
in those people who had been small babies with large placentas (Barker et al. 1990). It is notable

II
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that the reported relationships are not restricted to those with clinically defined IUGR but can be

seen in apparently normal sized babies whose altered body proportions reflect impaired perinatal

growth. For example, both birth weight and infant weight gain predict subsequent death from

ischaemic heart disease (Barker et al. 1989) and a low ponderal index at birth, together with

small head size relative to length, are predictive of higher blood pressure (Law et al. l99l), and

death from cardiovascular disease (Barker et al. 1993b)-

In addition to the observations by Barker and associates, the links between the in utero

environment and development of adult diseases have been investigated by a number of other

research groups. Many other investigators have found significant inverse relationships between

birth weight and blood pressure in adults and children (Gennser et al. 1988, Seidman et a/.

1991). In one study of 4 year-old children, the relationship was U-shaped with the highest blood

pressnres found in those of the lowest and highest birth weights (Launer et al. 1993). Crowe er

al. (1995) reported a poshratal rise in systolic blood pressure associated with maternal anemia

during pregnancy which was not related to a greater placental birth weight ratio. Cook et al.

(1993) examined the relationship between birth weight, B cell function and insulin sensitivity in

adults who had a family member with non-insulin dependent diabetes (NIDDM). They found

that birth weight was positively conelated with p cell function, however, there were no

differences in birth weight between groups and no relationship existed between birth weight and

blood pressure. Cook et al. (1993) concluded that while impaired nutrition may play a part in

reducing p cell function, additional genetic or environmental factors were probably necessary for

the development of NIDDM. Lucas et al. (1996) examined the effect of protein-restricted dams

in pregnancy and lactation and observed long-term reductions in plasma cholesterol and

tricylglycerol concentrations.

1.6.2 Animal models and experimental paradigms of intrauterine programming

There have been many animal experiments reporting that poor nutrition, and other influences

that impair growth during critical periods of early life, may permanently affect (programme) the

structure and physiology of a range of organs and tissues, including the endocrine pancreas, liver

and blood vessels (Winick & Noble 1966, Hahn 1984). Limited experimental data from animal

studies support the epidemiological observations linking low birth weight with increased risk of

adult hypertension. Guinea pigs which suffered IUGR following matemal uterine artery ligation

had elevated systolic blood pressures at 3-4 months of age (Persson & Jansson 1992). Raised
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systolic blood pressure was also noted in adolescent and young adult female offspring of rats

exposed to a protein deficient diet in pregnancy (Langley & Jackson 1994). Evidence to support

the view that cardiovascular adaptation to IUGR begins during fetal life was provided in fetal

sheep where transient hypertensive events in response to acute falls in fetal arterial oxygen

saturation were described in fetuses where growth retardation was induced by maternal

carunculectomy prior to mating (Robinson et al. 1985).

Benediktsson et al. (1993) and Edwards et al. (1993) suggested that dysfunction of the placental

glucocorticoid barrier leading to exposure in utero is the link between low birth weight, high

placental weight, and subsequent adult hypertension. From earlier research in animals and

humans, it was known that exogenous glucocorticoids such as prednisone and cortisone retard

intrauterine growth (Reinisch et al. 1978). Placental llB-hydroxysteroid dehydrogenase (l1B-

OHSD) protects the fetus from the deleterious effects of maternal glucocorticoids by converting

circulating glucocorticorids to inactive compounds (i.e., cortisone to cortisol) (Marphy et al.

1974).In rats, Benediktsson et al. (1993) found a positive correlation between placental llp-
OHSD activity and fetal weight and a negative correlation between IIB-OHSD activity and

placental weight. Pups with low birth weight and high placental weight had the lowest placental

118-OHSD activity, implying greatest exposure to matemal glucocorticoids. The offspring of

rats treated with dexamethasone (a glucocorticoid which is not metabolized by I lp-OHSD) had

significantly increased systolic blood pressure (Levitt et al. 1996). The spontaneously

hypertensive rat (SHR) has been extensively studied as a model of human essential hypertension.

Recent data (Johnston 1995, Lewis et al. 1997) support human population studies which show an

association between adult hypertension and a reduced fetal:placental weight ratio at birth.

However, since hypertension in the SHR is genetically determined, fetal growth retardation and

increased placental weight may also be determined genetically (Johnston 1995). Finally,

Johnston & Harding (1994) reported that in fetuses of ewes subjected to an acute period of

severe undernutrition from 105-1 15 days gestation, a significant rise in fetal blood pressure was

noted 10 days after refeeding.

These epidemiological and experimental studies suggest that the initiating factor for essential

hypertension described by Folkow (1978) is in the prenatal period. Although animal models in

which fetal nutrient supply is limited by reduction of placental blood flow can provide useful

data on both fetal and postnatal consequences of fetal growth retardation, such models do not
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allow for the effects of maternal adaptations to reduced nutrition or increases in maternal food

efficiency during pregnancy (Lederman & Rosso 1980).

1.7 The somatotrophic axis

Animal growth is controlled by the complex interaction of genetic, hormonal, and nutritional

factors whereby cellular replication and growth are modulated @reier & Gluckman l99l).

Hormones may function both systemically (endocrine action) or proximal to their sites of

synthesis (autocrine/paracrine action). For example, the somatotrophic a:<is, which is involved in

regulating the growth processes observed during fetal and postnatal development (Daughaday &

Rotwein 1989, Baker et al. l993,Liu et al. 1993), is composed of growth hormone (GH), the GH

receptor (GFIR) and GH binding protein (GHBP), the insulin-like growth factors (IGF-I and

IGF-II) and their receptors, and at least six IGF binding proteins (IGFBP-I through -6) @axter

1993, Conover et al. 1994).

While the frequency and amplitude of GH secretion from the pituitary are important

determinants of GH action (Jansson et al. 1990), the regulation of the GHR also appears to be an

important mechanism of control within the somatotrophic axis. A second product of the GHR

gene, the GHBP) which conesponds to the extracellular domain of the GHR, may also regulate

GH action both at an endocrine and local level (Baumann 1994). The original somatomedin

hypothesis suggested (Salmon & Daughaday 1957) that the growth promoting endocrine action

of GH was mediated by an intemrediate compound, which they termed o'somatomedin". The

somatomedins, which are structurally related to insulin, have been classified as IGF-I,

(previously known as somatomedin C) which is GH dependent, and IGF-II which is generally

GH independent (Sussenbach 1989, Rechler and Nissley 1990). Traditionally, the liver was

thought to be the only site of IGF production. Subsequent evidence has suggested the IGFs are

also produced by a wide variety of tissues @aughaday & Rotwein 1989, Sara & Hall 1990).

These frndings suggest that IGFs are not only classic endocrine growth factors, but may also

have roles that involve autocrine and paracrine modes of action (LeRoith et al. L99l). IGFs in

serum and most body fluids nre complexed with high affrnity binding proteins (IGFBPs). It has

been suggested that the IGFBPS may regulate the insulin-like activity of the relatively large

concentrations of IGFs present in the circulation (Rivero et al. 1995) and prolong the half-life of

IGF-I and IGF-II in the circulation (Baxter 1993).
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1.7.1. Growth hormone

GH is a member of a family of structurally related hormones which includes prolactin (pRL) and
placental lactogen (PL) @aumann l99lb). Although there are two genes for human (h) GH, only
one of them is expressed in the pituitary gland, and is termed hGH-N gene. The second hGH
gene (hGH-V) encodes for a protein that is different from hGH-N in amino-acid sequence at 13

positions and is expressed primarily in the placenta (Lewis lgg2). while hGH-v is the major
form of hGH in maternal circulation replacing hGH-N during the last half of pregnancy
(Frankenne et al- 1988), there is no evidence of a direct role for hGH-V in fetal growth (Lewis
1992).

Regulation of GH secretion

The secretion of GH is regulated by a dual system of hypothalamic hormones; GH-releasing
factor (GRF) stimulates GH release and somatostatin (SRIF) inhibits GH release (Breier &
Gluckman l99l). The patterns of GH secretion vary rlmong species, but generally bursts occur at
variable intervals separated by periods during which GH sometimes fails to reach detectable
levels (Rappaport 1989). In rats, there is a sexually dimorphic pattern of GH secretion
(Carmignac & Robinson 1990, Painson & Tannenbaum 1991) with the pulse amplitude being
more pronounced in males whereas females rats secrete low amplitude pulses on higher basal
levels. In humans the pulsatile secretion of GH is even more variable with the majority of GH
secreted during the night (Quabbe 1993). The physiological significance of such pulsatility
remains to be elucidated @reier & Gluckman l99l). Further regulation of GH secretion occurs
by two negative feedback circuits: an acute one, directly exerted by GH itself and a chronic IGF-
I mediated feedback @evesa et al. 1992).

In mammalian development, the bansition fiom neonate to adult is marked by the rising
influence of the pituitary gland in the maintenance of normal somatic growth (Glasscock &
Nicoll 1981, Cooke & Nicoll 1983, Glasscock et at. 1990, Glasscock et al. l99l). However, its
role in neonatal growth is less clear (Robinson et al. 1993). Currently it is recognized that the
effects of GH on somatic growth and composition are achieved by the direct actions of GH itself
and by the indirect actions of IGF-I. GH has been shown to increase lean body mass and
decrease body fat content in a variety of species including the rat (Martin et at. l9g9), man
(Jorgensen et al. 1989, Salomon et at. l9g9) and a variety of domesticated species (review by
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Flint 1990)' GH affects not only the primary rate of whole body growth but also partitioning of
the way in which the growth occurs (Hart and Johnsson r9g6).

Fetal somatic growth in most mammalian species has been assumed to be GH independent
(Cooke & Nicoll l9S3). However, Jost (1979) demonstrated that the growth of fetal rabbits
remained unaffected despite pituitary ablation by decapitation, while others have shown, using
transgenic mice, that isolated GH deficiency did not result in observable differences in somatic
growth at birth (Behringer et al. 1990). The birth weights of human infants born with absent
pituitaries or isolated GH deficiency have also been reported to be normal or near normal
(Glasscock & Nicoll l98l). Recent data also indicate that GH and the IGFs are implicated in
fetal groMh and development (Gluckman et al. 1992a, Baker et at. 1993, Harding et al. 1994,
Bauer et al. 1996).

Nutritional regulation of GH

To what extent nutritional effects on growth are mediated by changes in hormonal status and

whether altered hormonal status requires a change in nutritional input, is unclear @ates et al.
1993). The actions of GH on somatic growth are modulated primarily by IGF-I, whose
appearance in the circulation is dependent on both GH and nutritional status (Daughaday &
Rotwein 1989)' Nutritional status plays a major role in determining plasma GH concentrations

@reier & Gluckman l99l). During nutritional deprivation, elevated concentrations of circulating
GH have been reported in several species including guinea pigs (Fairh a\l et al. 1990), humans
(Vance et al- 1992), sheep (Bauer et al. 1995) and cattle (Breier et al. l98ilb, Hammo nd, et al.
1991). In contrast, dietary protein restriction in the rat has been reported to decrease plasma GH
levels, suggesting that a lack of dietary protein blunts spontaneous pulsatile GH release (Harel &
Tannenbaum 1993).

GH action

GH is considered to be the primary regulator of somatic growth postnatally. GH-deficiency is
associated with a marked reduction if longitudinal growth and weight gain postrratally as

demonstrated by gene deletion studies in mice (Behringer et al. 19881 and GH-deficient mutants
(Charlton et al. 1988, Gluckman et al. 1992a). In rodents, the effects of GH-deficiency do not
become apparent until after the second week of life. However, there are reports suggesting that
GH treatment can influence growth of the neonate (Glasscock et al. 1991, Ambler et al. lgg3.l
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and may also influence the development of the fetus (Garcia-Aragon et al. 1992. Gluckman et a/.

1992a).

In addition to its role in promoting growth, GH also regulates carbohydrate, lipid and protein

metabolism. Long term administration of GH is associated with increased nitrogen retention,

increased mobilization of nonesterified fatty acids, and an increased efficiency of feed

conversion (Breier & Gluckman 1991, Underwood & Van Wyk 1992).

A major effect of GH is to induce production of IGF-I and anabolic actions of GH may be

mediated through IGF-I (Mathews et al. 1988). Approximately 80% of the IGF-I in the

circulation is bound to the 150 kDa IGF-binding protein complex, consisting of IGFBP-3 and an

acid-labile subunit (ALS). This concentration of this storage form of IGF-I is under GH control

(Jones & Clemmons 1995). Initial observations suggested that GH is the predominant factor

regulating IGFBP-3 and ALS synthesis, since the level of the 150 kDa complex is reduced with

GH deficiency and elevated in acromegaly (Sara & Hall 1990). Elevated IGA-I levels associated

with treatrnent (Gargosky el al. 1994) or in transgenic animals (Camacho-Hubner et al. l99l) is

also associated with an increase in serum IGFBP-3 activity. However, IGF-I beatment of GH-

deficient rats is not associated with an increase in IGF activity in the 150 kDa ternary complex,

suggesting that ALS synthesis is GH-dependent (Gargosky et al. 1994). Serum IGF-I

concentration is very dependent on the nutritional state and is decreased with energy deficiency

(Schalch & Cree 1985), protein deficiency (Maes et al. 1988) and starvation (Maes et al. 1984)

even when GH levels may be high (Maes et al. 1988).

1.7.2 Growth hormone receptor

The hepatic GH receptor (GHR) has been well characterized from several species including

rabbit (Waters & Friesen 1979, Leung et al. 1987, Spencer et a/. 1988), rat (Husman et al. 1985)

and mouse (Smith and Talamantes 1987, Smith et al. 1988a). The primary stucture of the GHR

has been deduced from the nucleic acid sequence of cloned cDNA (Leung et al. 1987, Baumbach

et al. 1989, Mathews et al.1989, Smith et al. 1989) from human and rabbit. Both the nucleotide

and the translated amino acid sequence share approximately 70Vo homology across species. The

full length hepatic GHR cDNA (4-4.5 kilobases (kb)) encodes an extracelluar hormone-binding

domain, a single hydrophobic transmembrane domain and a cytoplasmic domain (Tiong &

Herington 1991). In the rat, alternatively spliced mRNA species encode GHR and GHBP. These
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mRNAs are alternatively spliced in the S'-untranslated (UTR) region, resulting in at least two
classes of GHR and GHBP mRNA with distinct frst exons (called GHRI and GHR2)
(Baumbach & Bingham 1995). The abundance of GHR mRNAs containing GHRI is expressed

only in the liver and is far more abundant in females than males and is particularly abundant
during pregnancy @aumbach & Bingham 1995).

Regulation of the GHR

The regulation of GHR expression has proved to be complex, with developmental" hormonal,
nutritional, tissue- and cell-specific control being involved. In rat and rabbit, GHR mRNA is
expressed in many tissues, including known GH target tissues such as liver, kidney, heart,
muscle and adipose tissue (Mathews et al. 1989, Tiong et at. 1989, Adams et at. 1990, Tiong &
Herington 1991). In general, the distribution of mRNA correlates well with reported sites of GH
binding and of GHR immunoreactivity (waters et al. 1990\.

Low levels of GHR mRNA have been detected prenatally in both hepatic and non-hepatic
tissues, including heart, muscle, placenta and brain in rabbit (Ymer & Herington 1992), sheep

(Klempt et al. 1993), pig (Lee et al. 1993, Schnoebelen-Combes et al. 1996), mouse (Ilkbafrar e/
al. 1995), rat (Walker et al. 1992, Edmondson et at. 1995) and man (Hill et al. 1992). GHR
mRNA expression increases throughout neonatal development, reaching maximum levels 6-g
weeks after birth in rat, I week in the sheep, and2-6 months in the rabbit (Mathews et al. 19g9,
Adarns et al. 1990, Ymer & Herington 1992). t2sl-labelled bGH specific binding and GHR
mRNA were detected in skeletal muscle of fetal pigs until adult with no clear age-related
changes (Schnoebelen-Combes et al. 1996). In confiast, r2sl-labelled bGH specific binding and

GHR mRNA were barely detectable in fetal liver but increased with age after birth.

There are conflicting reports in the literature with respect to sexual differentiation of GHR
expression (Mathews et al' 1989). It has been reported that females have a higher number of
hepatic GH receptors than males (Baxter et al. 1980, Maes et al. l9t3a). However, other studies
have not found this difference (Ranke et al. 1976, Husman et al. 1985, Husman et al. l9gg,
Tiong & Herington l99l). There have been reported increases in GHR expression and hepatic
GH-binding capacities during pregnancy in humans (D'Abronzo et al. l99l), in the mouse
(Smith et al. 1988b, Cramer et al. 1992) and rat (Mathews et at. 19g9, Gargosky et al. l99S\.ln
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contrast' Tiong & Herington (1991) did not observe any significant change in the abundance of
GHR mRNA during pregnancy, with little change observed in hepatic membrane binding.

GH-binding capacity is controlled by a variety of nutritional and hormonal factors (Mathews
l99l). Of the hormonal influences, regulation by GH is of particular interest. This effect is
thought to be transcriptional and has been demonstrated both fn vitro onprimary chondrocytes
(Nilsson et al' 1990) and in vivo following GH treatment of hypophysectomised pregnant mice
(Sanchez-Jiminez et al- 1990). In addition, GHR mRNA appears to be regulated in a tissue-
specific manner. Following hypophysectomy of rats, GHR 6RNA levels were increased in
muscle and decreased in adipose tissue (Frick et al. 1990). The effect of hypophysectomy and

GH replacement of liver GHR mRNA levels has been previously evaluated, with somewhat

contradictory results' In male rats, no change (Mathews et al. 1989) or even an increase (Frick e/
al' 1990) in GHR mRNA was found after hypophysectomy. In contrast, no changes were found
in rat liver GHR mRNA levels after GH treatment was given as daily injections (Maiter et al.
1992, Domene et al. 1993). Hypophysectomy decreased total liver GH binding and GHR mRNA
abundance in female rats (Maiter et al. lgg2). Continuous infusion of GH increased total liver
GH binding but had no effect on the expression in liver concentrations of GIIR 6RNA (Orian et
al. 1991, Maiter et al. 1992). Hepatic GHR mRNA expression was reduced while GH binding
was increased in dwarf rats (Butler et al. 1996). Treatment with GH did not change hepatic GHR
mRNA expression but reduced specific GH binding (Butler et al. 1996).

The hepatic GHR is generally believed to be downregulated in catabolic states. Starvation of rats
has been found to result in a rapid decrease in GH binding in the liver, which is rapidly restored
by refeeding (Maes et al. 1984a). Specific GH binding is positively conelated with the level of
nutrition in lambs (Bass et al. l99l) and steers (Breier et at. l918b). Other studies have also
indicated that the number of GH receptors present on liver cells is reduced in fasted animals
(Bornfeldt et al. 1989, Straus & Takemoto 1990). This decrease in GH binding may be due to a
reduction of GHR mRNA (Bomfeldt et al. 1989, Straus & Takemoto 1990). Similarly,
undernutrition of weanling rats leads to depression of GH binding in the liver (Mae s et al.
1984b). These data suggest that some nutritional factors may be necessary for the induction of
rat liver GH receptors, and that their effects may be fairly specific (Niimi er a/. l99l).The
decrease in GH receptors may be in part responsible for the resistance of liver to GH action
under conditions of nutritional deprivation, although a postreceptor block in GH action may also
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be involved (Baxter et al. 1981, Maes et al. 1983b, Maiter et al. 1989). In diabetic and protein-

restricted rats, the expression of GHR mRNA is reduced (Bornfeldt et al. 1989).

1.7.3 Growth hormone binding protein

A truncated soluble GHBP has been reported in several species (Baumann l99la, Baumann

1994, Kitamvra et al. 1994). The GHBP appeils to modulate GH activity by prolonging the half-

life of GH in the circulation, and by mediating the interaction of GH with the GHR (Mannor e/

al. 1991). Two different mechanisms have been proposed for the generation of GHBP. In

rodents, it has been suggested that GHBP is generated from alternate splicing during processing

of the full-length GHR mRNA, since two transcripts of 1.2 kb and 4kb which encode the

extracelluar domain of GHR and the full length of GHR respectively (Baumbach et al. 1989,

Smith et al. 1989, Sadeghi et al. 1990) are revealed by Northern blot analyses. In contrast, in

rabbit, man (Leung et al. 1987) and pig (Lee et al. 1993) it is believed that GHBP generation

results from a proteolytic cleavage of GHR since only a single mRNA fanscript of

approximately 4 kb has been identified in these species.

Regulation of GHBP

In rodents, the liver is the primary source of GHBP in plasma, although most non-hepatic tissues

also express GHBP mRNA (Tiong & Herington 1992). There are few data regarding the

presence of GHBP in fetal plasma. Low levels of GHBP have been reported in the human fetus

throughout the third trimester of pregnancy (Daughaday et al. 1987, Massa et al. 1992). Plasma

GHBP levels increase with age in pigs (Ambler et al. 1992, Davis et al. 1994), rats (Mulumba et

al. I99I) and in humans (Daughaday and Trivedi l99l). GI{BP mRNA expression in rat liver

increases with age (Tiong & Heringlon 1992, Walker et al. 1992), similar to the increase

observed in hepatic GHR mRNA (Tiong & Heringtonlgg2,Walker et al. 1992).

Plasma GHBP mRNA is up-regulated during pregnancy in the normal rat (Tiong & Herington

1991) and GH deficient rat (Gargosky et al. 1995) and mouse (Cramer et al. 1992). The

concentration of GHBP in serum is sexually dimorphic, with adult female rats having

significantly more circulating GHBP than male rats (Massa et al. 1990, Sadeghi et al. 1990,

Carmignac et al. 1992, Carmignac et al. 1993). However, no sex differences were observed in

plasma GHBP in younger rats (Tiong & Herington l99l).
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ln rodents and pigs, GHBP is clearly dependent on and up-regulated by GH (Bick et al. 1990,
Ambler et al. 1992' Carmignac et al. 1992), although this may be dependent upon the pattern and
duration of GH administration (Barnard et al. lgg4). Carmignac et al. (lgg1) reported an

upregulation of both GHBP and hepatic GH binding sites with continuous GH infusion, while
others showed that GH injections had no effect on serum GHBP and hepatic GHR in
hypophysectomized rats (Maiter et al. 1992, Barnard, et al. lgg4). Hepatic GHR and GHBP
mRNA expression were lower in GH deficient rats which was unchanged with GH treatment
(Butler et al' 1996). Estradiol treatment increased plasma GHBP in both nomral male and female
rats but was unchanged in hypophysectomized rats, indicating that the regulation of serum
GHBP is dependent on an intact GH secretory pattem (carmignac er al.1993).

Previous studies have shown that hepatic GHBP gene expression is regulated by the pattern of
GH stimulation, with high basal levels of GH in the circulation stimulating hepatic GIIBp
expression (Carmignac et al. 1992,Maiter et al. 1992). GI{BP levels are reported to be low in
fasting and malnutrition and high in overnutrition (Baumann 1994). proposed roles for the
GIIBP include prolonging the plasma half-life of GH and facilitating GH-GHR interactions
(Mannor et al. l99l). In the rat, the GHBP has also been detected in intracellular fractions
including the nucleus and may therefore influence GH mediated effects on signal transduction
and gene regulation (Lobie et al. lggl,Goodman et at. 1994).

1.7.4 The insulin-like growth factors

The insulin-like growth factors (IGFs) were discovered on the basis of their ability to stimulate
cartilage sulfation and to replace the "sulfation factor activity" of GH (Salmon & Daughaday
1957). During the period in which the biological actions of sulfation factor were being
characterized, studies demonstrated that these factors possessed insulin-like actions that could
not be abolished by the simultaneous addition of anti-insulin antibody. These factors were
described as 'ononsuppressible insulin-like activity" (NSILA) (Froesch et al. 1966). The term
"somatomedino'was introduced n 1972 (Daughaday et al. 1972) which was used to denote the
then uncharacterized factor that mediated the action of GH in the stimulation of somatic growth
and that displayed insulin-like activity (sara & Hall 1990). similarity to insulin was proven in
1976 when the amino acid sequence of NSILA was deduced and was shown to be 4go/o
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homologous with human proinsulin and was re-named IGF-I and IGF-II (Rinderknecht &

Humbel 1978a, Rinderknecht & Humbel 1978b),

The IGFs are a family of polypeptides which are stnrcturally related to each other and to

proinsulin (Daughaday & Rotwein 1989). IGFs I- and II- are the two major forms of IGF,

consisting of 70 (mol wt 7646) and 67 (mol wt 7571) amino acids, respectively (Sara & Hall

1990). Sequence analyses of mature IGF-I and IGF-II peptides purified from human plasma

demonstrate that they contain A and B regions homologous to the A and B chains of insulin

(Lowe et al. 1988). All three members of the insulin family contain a C region as well which is

present in mature IGF-I and IGF-II, but which is not present in mature insulin (Lowe et al.

1988). Additionally, mature IGF-I and IGF-II peptides contain a carboxyterminal D region

which is not seen in the proinsulin peptide (Lowe et al. 1988). The somatomedins were

originally thought to function primarily as circulating hormones secreted by the liver in response

to GH which subsequently acted upon target tissues to promote growth and differentiation

(Salmon & Daughaday 1957). Subsequent evidence has suggested that IGFs are also produced

by a wide variety of tissues and may also act in an autocrindaracrine manner @aughaday &

Rotwein 1989, Sara & Hall 1990). The liver is the major producer of IGF-I and is considered to

be the principle source of circulating endocrine IGF-I, while production of IGF-I by extratrepatic

tissues is believed to support autocrine and paracrine functions (Daughaday & Rotwein 1989).

Regulation of the IGFs

The age-dependent pattern for the IGFs is well established (Sara & Hall 1990). In humans, IGF-I

levels are low prenatally and at birth but rise during childhood to high levels during puberty,

after which they decline with increasing age (Hall et al. 1980). A similar pattern for IGF-I has

been found in rats where senrm IGF-I levels begin to rise at the time when growth becomes GH

dependent (Sara et al. 1980). The IGF-II pattern differs between humans and rats, where serum

IGF-II levels are high prenatally and decline rapidly after birth in the rat (Moses et al. 1980),

while the opposite pattern in observed in humans (Hall & Sara 1984). The actions of the IGFs in

the fetus may therefore be more paracrine than endocrine, although changes in circulating IGF

concentrations do occur in response to physiological stimuli and with increasing gestational age

(Han and Fowden 1994).
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The IGFs have metabolic, mitogenic, and differentiative activities all of which play a major role
in promoting growth both before and after birth (Sara and Hall 1990). Fetal IGF production is
controlled by both hormonal and nutritional factors (Fowden 1995). Circulating concentrations

of IGF-I and IGF-II closely follow fetal glucose concentrations dgring manipulations of the
maternal nutritional state (Gluckman 1986, Oliver et al. lgg3). Fetal IGF-I concentrations are

reduced by maternal fasting in the sheep and are restored to normal levels by fetal or maternal
glucose infusion (Bassett et al. 1990, oliver et al. 1993). The IGFs are widely synthesized

locally and have potential paracrine and autouine actions in tissues (Jones & Clemmons 1995).
Both IGF-I and IGF-II are expressed in most tissues during fetal developmen! when expression
is independent of GH (see review by Han and Hill lggl). Serum levels are much lower than in
postnatal life (Daughaday & Rotwein 1989), when IGF-I levels become GH-dependent. IGF
actions in the fetus are therefore mostly autocrine/paracrine and GH-independent (Jones &
Clemmons 1995).

Nutrition is an important regulator of IGF-I synthesis in postnatal life (Sbaus & Takemoto
1990). In fetal rats, serum IGF-I concentrations are decreased following a low protein diet
(Pilistine et al- 1984) and with uterine artery ligation (Vilesis and D'Ercole 1986, Unterman er

al' 1993). Nutritional effects of IGF-II levels have not been studied as thoroughly as effects on
IGF-I (Straus & Takemoto 1990). In postnatal rat, studies on the effect of nutrition on IGF-II are
made difficult by the very low levels of expression of the IGF-II gene in most tissues.

IGF action

IGF-I stimulates growth acting as both an endocrine hormone and as an autocrine/paracrine
groWh factor. The acute metabolic actions of IGF-I and IGF-II were first reported by Zapf et al.
(1986). Using both normal and hypophysectomized rats, they demonstrated that the intravenous
bolus injection of both IGF-I and IGF-II induced hypoglycemia and enhanced glucose uptake
from serum. They reported that the effect of IGF-I tended to be more potent that that of IGF-II.
Skottner et al. (1987) similarly reported a dose-dependent hypoglycemic effect of intravenously
administered IGF-I to hypophysectomized rats. Other studies demonstrated that IGF-I was able
to stimulate the growth of hypophysectomized rats (Schoenle et al. lgll,philipps et al.79gg),
GH-deficient 'little' (lit1liO mice (woodall et at. l99l)as well as Snell dwarf mice (pell & Bates
1992)' In vivo studies of IGF-II administration have shown only weak growh-promoting activity
in hypophysectomized rats (Schoenle et al. 1985), although IGF-II stimulated the growth of
Snell dwarf mice (van Buul-Offers et al.1988). Although IGF-I is grovwh promoting in animals
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(Guler et al. 1988' Clark et al.l994,Hazel et al. 1994, Muaku et al. 1997), compared with GH,
it appears to have weak activity on whole body growth. It has been suggested that the anabolic
effects of IGF-I and GH can be enhanced by their simultaneous administration Supfer et al.
1993) and a number of studies have demonstrated that combination therapy appears to be more
effective at promoting body weight gain than when given alone (Zhao & Donovan 1995, Fielder
et al. 1996).

IGF-I gene structare

Genomic cloning studies along with previous studies analyzing cDNA clones led to thE

elucidation of the structure of the IGF-I gene from several species (Rotwein l99l). The rat IGF-I
gene is very large (>70 kb) in length and consists of at least six exons separated by five infrons
(LeRoith & Roberts l99l). A number of IGF-I mRNAs differing in 5' and 3' coding sequence

and length are transcribed from the IGF-I gene. Exons 3 and 4 encode the mature peptide. Exons
I and 2 encode alternate leader sequences, including 5'-untranslated regions (UTRs) and the
amino-termini of signal peptide isoforms. Exons 5 and part of exon 6 encode alternate E-
peptides. The bulk of exon 6 contains the 3'-UTR (Adamo et al. l99lb). Analysis of cDNA and
genomic clones from several species strongly suggests that this basic genomic organization is
conserved (Rotwein lggl,Weller et al. 1993).

Expression and regulation of exons I and 2

The location of start sites within exons I and 2 is conserved between species (Adarro et al.
1991b, Weller et al. 1993). In rat liver, exons I and 2 eachcontain separate sites of transcription
initiation (Adamo et al. I99la, Adamo et al. l99lb). In exon l, tanscription initiation occurs
from at least four start sites (ss) dispersed over a -350-basepair (bp) span, while essentially all
exon 2 transcription occurs from a single cluster of sites -70bp up-stream of the 3' end (Adarno
et al. 1991a).

Regulation of exon I transcription start site usage appears to be coordinated in all tissues, while
exon 2 transcripts are expressed primarily in liver (LeRoith & Roberts l99l). Exons I and 2

IGF-I transcripts have been reported to show independent ontogenic development. IGF-I
mRNAs resulting from use of all franscription start sites within exon I in rat hepatic and non-
hepatic tissues have been shown to increase linearly from birth, while IGF-I-mRNAs from exon
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2 appear approximately 20 days after birth (Adamo et al. l99la, Shemer et al. l99Z). The onset
of exon 2 gene expression corresponds to the period of the GH-dependent increase in circulating
IGF-I and growth in rodents Adamo et al. lggg,Mathews et al. lggg).

Differential regulation of exon I and exon 2 IGF-I mRNAs by GH has been observed in rats
(Adamo et al. l99lb, Foyt et al. 1992) and sheep (Pell er al. 1993). Hypophysectomy decreased

the level of specific start sites in exon I and 2 IGF-I mRNAs, which were increased by GH
treatment (Foyt et al. 1992). In addition, IGF-I gene expression is known to be nutritionally
regulated (Lowe et al. 1989). Based on the pattern of variant expression between different tissues

and during development (Shemer et al. 1992) and on their response to hypophysectomy and GH
therapy (Foyt et al' 1992), it has been proposed that exon 2 transcripts regulated by GH encode

the endocrine form of IGF-I, while exon I transcripts encode the paracrine/autocrine form of
IGF-I (LeRoith & Roberrs l99l).

Expression and regulation of alternote E peptide-encoding mRNAs

The role of the IGF-I E peptides has yet to be determined. IGF-I mRNAs can encode two forms
of the E peptide, specifically due to the presence or absence of exon 5 sequences. IGF-I mRNAs
encoding the Eb form of the E peptide (which contain the exon 5 sequence) are expressed
preferentially in the liver, comprising almost l0% of totat IGF-I mRNA abundance and less than
2% n extratrepatic tissues (Roberts et al. 1987). IGF-I mRNAs encoding the Ea form of the E
peptide (which lack the exon 5 sequence) are the major transcripts in all tissues. Eb IGF-I 

'RNAlevels are more sensitive to GH in liver than in other tissues (LeRoith & Roberts l99l).
Following GH administration to hypophysectomized rats, Ea IGF-I mRNAs are increased 2-fold,
while the Eb variants are inueased 8-fold (Lowe et al. 1988). Thus the Eb form of the E peptide

appeilrs to be more associated with endocrine actions of IGF-I, while Ea variants encode an

autocrine/paracrine form (LeRoith & Roberts l99l).

l.7.5Insulin

Insulin is believed to play a major role in promoting tissue accretion in the fetus and is required
throughout late gestation for normal fetal grourth (Fowden 1995). Deficiency of insulin in utero
leads to fetal growth retardation whereas excessive insulin secretion can lead to enhanced bodv
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weight at term (Fowden 1989). Fetal body weight has been shown to be positively correlated

with insulin concentration in fetal sheep, rats, rabbits, guinea-pigs and human infants (Fowden

1989)' Insulin promotes fetal growth mainly through its anabolic actions of fetal metabolism.

Exogenous infusion of insulin into the fetus increases the uptake, utilization and oxidation of
glucose by fetal tissues (Hay 1991). lnsulin is also thought to be important in the regulation of
IGF-I and IGF binding protein-I (IGFBP-I) in postnatal life (Hill & Milner 1985, phillips &
Unterman 1984)- Insulin treatment in rats had no effect on specific l25I-bGH binding to hepatic

microsomal membrane preparations (MMp) (Butler et at. 1996), suggesting that insulin does not
directly regulate the hepatic GHR.

1.7.6 InsulinJike growth factor receptors

Distinct high affinity receptors for IGF-I and IGF-II have been demonsfiated in many different
mammalian cells and tissues (Rechler & Nissley l9S5). The biological actions of a1 honnones

are thought to be mediated by these receptors, either through the binding of each hormone with
high affinity to its own receptor, or with lower affinity to receptors of an altemate hormone

(Alexandrides e/ al. 1989). Two main classes of IGF receptors have been identified; the type I
IGF receptor (IGF-I receptor) consists of a heterotetramer and is highly homologous to the

insulin receptor, being a member of the tyrosine kinase family (Ullrich et at. 1986). The type II
IGF receptor (IGF-II receptor) consists of a single-chain peptide which is identical to the cation-
independent mannose-6-phosphate receptor (Kiess et al. 198& Nissley & Lopacrynski 1991,

Kiess et al. 1994). The IGF-II receptor exclusively binds IGF-II with high affinity. In addition to
the two classes of IGF receptors, there is also a population of atypical type t IGF receptors (IGF-
AR) which exhibit a relatively high affinity for insulin (Burant et al. 1987). The structure of the

IGF-AR is immunologically similar to the IGF-I receptor but distinct from the insulin receptor

(Milazzo et al. 1992) and is derived from IGF-I receptor mRNA (Soos et al. 1994). The

existence of such receptors in a given cell line could enhance the ability of insulin to act as a
growth factor at physiological concentrations (Siddle et at. 1994).

The IGF-I receptor appears to be ubiquitously expressed in tissues (Prager & Melmed 1993).

IGF-I receptor mRNA levels in the rat tend to be high in the fetus but very low after birth
suggesting a minimal role in postnatal development but an active role in fetal growth and/or
development (Werner et al. 1989). Nutritional deprivation in rats significantly increases both
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IGF-I receptor mRNA expression and receptor binding in most rat tissues (Lowe et al. 19g9,
Olchovsky et al. 1993).

1.7.7 Insulin-like growth factor binding proteins

The insulin-like growth factor binding proteins (IGFBPs) are soluble proteins that are

ubiquitously present in extracellular fluids and bind IGF-I and IGF-II with high affinity
(Clemmons 1991). Six distinct IGFBPs (GFBP-I to -6) of core molecular mass ranging from
20-45 kD (Baxter 1993) have been characterized, while two other IGF binding proteins (IGFBp-
7 and' IGFBP-8) have recently been described (Oh et al. 1996, Kim et al. lggT). All share

structural homology with each other and specifically bind the IGFs, having negligible afiinity for
insulin (Jones & Clemmons 1995). The predominant IGF carrier in the postnatal circulation is a
150 kDa complex consisting of IGF-I or IGF-2, IGFBP-3 and an acid-labile subunit (ALS)

@orter 1994). Experimental evidence suggests three possible functions for IGFBps: (l)
protection of the organism against the acute insulin-like effects of large quantities of IGFs in the
blood by decreased availability to tissue receptors (Daughaday et al. 1980, Zapf et al. l9g9); (2)
prolongation of the half-life of IGF-I and IGF-II in the circulation (Cohen & Nissley 1976) and

(3) potentiation or inhibition of the growh-promoting effects of IGFs (Elgin et al. I9g7).

IGFBP-I is detectable as approximately 26l,Dain size (Lee et al. 1993) and has similar affinity
for IGF-I and IGF-II (Oh er al. 1993). Serum levels of IGFBP-I in humans are high in the fetus
but decline postnatally (Liu er al. l99l).Its circulating half-life in the rat is 10 minutes and is not
altered by IGF-I co-administration (Lewitt et al. 1993). IGFBP-I may therefore not contribute
significantly to maintaining the plasma IGF pool. IGFBP-2 is approxim ately 32 kDa in size.

Plasma concentrations of IGFBP-2 are high at birth but decline by puberty only to increase again
in old age (Blum et al. 1993). The role of plasma IGFBP-2 in the frrnctional regulation of
circulating IGFs is unclear. IGFBP-2 levels are high in catabolic states where IGFBp-3 is
suppressed. PostnatallY, the majority of IGFs in the circulation is bound in the ternary complex
to IGFBP-3 and ALS, forming a high-affrnity reservoir of IGFs in the circulation (Baxter 1993).

The formation of the ternary complex is sequential: IGF binds to IGFBp-3 to form the
IGF(IGFBP-3) complex, which then associates rapidly with free ALS to form the ternary
complex (Lewitt et al. 1993, Lewitt et al. 1994). Plasma IGFBP-3 correlates with GH and IGF-I
and is a chronic indicator of GH dependent growth status (Blum & Ranke 1990). IGFBp-4 is
approximately 24 kDa in size and is n-glycosylated to create a 28 kDa form (Ceda et al. l99l).
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IGFBP-4 has been found to be inhibitory of IGF action (Clemmons 1992) such that IGFBp4 is
elevated and IGF-I activity is suppressed in atretic ovarian follicles (Giudice et al. 1995).

IGFBP-S is expressed in a tissue specific fashion and the mature peptide is approxim ately 29
kDa in size (James et al. 1993). IGFBP-S generally enhances the effects of IGFs on cell
proliferation (Figueroa et al. 1993, Zhou et al. 1994). IGFBP-6 is widely expressed and the
mature peptide is approximately 22 kDa in size. Levels in serum decline slightly from mid to late
gestation but are stable after birth (Fowlkes & Freemark 1992,Lewttt et al.1995).

Regulation of IGFBPs during pregnancy

In non-pregnancy and early pregnancy rat sera, IGFBP-3 is detectable by western-ligand blot
analysis as a 45 kDa triplet, but after day 12 of pregnancy, the intensity of the IGFBp-3 triplet
becomes undetectable (Davenportet al. l99},Gargosky et al. 1990, Gargosky et al. 1993).This
decline in IGFBP-3 may be modulated by specific IGFBP-3 protease activity (Davenport et al.

1990), to reduce IGF affinity for IGFBP-3 (Pucilowska et al. 1993) and allow increased

availability of the IGFs to target tissue receptors (Gargosky et al. 1993). IGFBp-1 and -2,

circulating as a 3ll27 V,Dadoublet has also been reported to diminish during pregnancy in the rat
(Gargosky et al. 1993), while IGFBP-4, circulating at 24 V,Da does not appear to change. It is
speculated that the rat IGFBP-3 protease induced in pregnancy is placentally derived and may
influence the maternal metabolic adjustments during this period (Davenport et al. 1990).

Nutrition may play a role in the regulation of circulating IGFBPs during pregnancy. Nutritional
restriction generally results in an increase in plasma IGFBP-2 (Mccusker et al. lggl- chen &
Arnqvist 1994, McGuire et al. 1995). However, Muaku et al. (1995) did not observe a change in
maternal serum IGFBP concentrations after matemal dietary protein restriction. Infusion of GH
into pregnant rats during late pregnancy did not change the IGFBP profile during pregnancy,

while infusion of IGF-I slightly increased IGFBP-3 (Gargosky et al. l99l). Elevation of IGFBp-
3 by IGF-I may increase the serum carrying capacity for IGF-I, which could in turn increase the
half-life and bioactivitv of IGF.

Fetal regulation of IGFBPs

In the developing rat fetus, plasma IGFBP concentrations uue significantly different compared to
adults. IGFBP-I and -2 appear to be the most abundant IGF binding proteins in normal fetal
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blood, with a marked decline occurring with increasing age (Tseng et al. 1992, Crawford et al.

1994, Lewitt et al. 1994).IGFBP-3 circulates in fetal plasma at much reduced levels relative to

postnatal plasma and is far less abundant than IGFBP-I or -2. The sites of IGFBP synthesis in

fetal tissues are not well known, however, immunocytochemistry in human fetal tissues has

shown that epithelial cell types such as the gastrointestinal tract and bronchial epithelium appear

to localize both IGFBP-I and -2 (Hill et al. 1989), suggesting a possible paracrine role of the

IGFBPs in regulating IGF distribution within fetal tissues. IGFBP-I fransgenic mice at term are

of smaller size than their non-transgenic littermates suggesting a specific inhibitory effect of

IGFBP-I on fetal $owth (Murphy et al. 1995). Fetal IGFBP-I levels are generally elevated in

models of fetal growth retardation in the rat including uterine artery ligation (Untennan e/ a/.

1990, Price et al. 1992, Unterman et al. 1993), matemal fasting (Bemstein et al. 1991, Straus el

al. l99l) and matemal hypoxia (Tapanainen et al. 1994). In contrast, Rivero et al. (1995)

reported no change in fetal serum IGFBP levels following undemutrition or induced diabetes of

the pregnant rat, while IGFBP-I mRNA abundance was reduced. Maternal undernutrition

induces an increase of IGFBP-I and IGFBP-2 in fetal serum of sheep (Gallaher et al. 1992),

thereby increasing the IGF binding capacity of serum. Conversely large for gestational age

fetuses have reduced IGFBP-I levels (Giudice et al. 1995). This growth inhibition by IGFBP-I

appe.us to be fetal specific since postratally activated IGFBP-I transgenics are of normal size

(D'Ercole et al. 1995). The involvement of IGFBP-2 in the regulation of IGF mediated fetal

growth is unclear. While in some instances IUGR is associated with elevated IGFBP-2

(Tapanainen et al. 1994), other studies report no change in fetal plasma IGFBP-2 (Straus er a/.

1991, Osborn et al. 1992).The functions and nutrition-related regulatory mechanisms of IGFBP-

4, -5 and -6 are largely unknown (Thissen et al, 1994), although IGFBP-4 is decreased both at

the serum (Holt er al. 1996) and tanscriptional level (Chen & Arnvist 1994).

Postnatal regulation of IGFBPs

Studies of IGF binding protein regulation have indicated that they are controlled by a number of

metabolic, developmental and nutritional variables. Postnatally, the majority of IGFs in the

circulation are bound in the ternary complex to IGFBP-3 and ALS (Baxter 1993). IGFBP-3 is

GH-dependent, and is increased by IGF-I in hypophysectomized and diabetic rats (Zapf et al.

1989). After birth in the rat and pig, increases in plasma IGFBP-3 correlate not with changes in

hepatic mRNA expression but with hepatic ALS production and ternary complex formation (Lee

et al. 1993, Baxter & Dai 1994).In the mature animal, IGFBP-I has been suggested to mediate
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the regulation of glucose homeostasis by inhibiting the insulin-like potential of IGFs in the
circulation, thus increasing senrm glucose (Lewitt lgg4).In experimentally induced diabetes,

IGFBP-I mRNA increased dramatically to about 100-fold over that found in normal adult rats

and decreased following insulin therapy (Ooi et al. 1990). Dietary manipulations change the
abundance of serum IGFBPs in humans and animals (Thissen et al. 1994). A decline of serum
IGFBP-3 occurs in newbom piglets after fastingfor24 hours (McCusker et al. l99l), while
fasting of rats for 24 hours increases senrm IGFBP-I and -2 (Murphy et al. l99l)and produces a

parallel increase of liver IGFBP-I and -2 mRNA (Tseng et al. 1992). IGFBp-l may play a role
in inhibiting somatic growth, as demonstrated by co-administration of IGFBp-l with GH to
hypophysectomized rats (Cox et al. 1994). The serum concentrations of IGFBP-3 have been

shown to be regulated by GH. Clemmons et al. (1959) reported a 7-fold increase in IGFBP-3
following IGF-I or GH administration to hypophysectomized animals, while little or no changes

were observed in other IGFBPs. Changes to IGFBP profile with honnone treatment may depend

on the mode of administration. Gargosky et al. (1994) showed that continuous administration of
GH was superior in restoring the IGFBP-3 ALS ternary complex in GH deficient rats compared

to twice daily GH injections.

1.8 Scope of the thesis

While it is well established that severe maternal undernutrition during pregnancy causes IUGR
(Unterman et al. 1993, Owens et al. 1994), there has been relatively little study of the endocrine
and molecular consequences during postnatal development of IUGR offspring. A model of
IUGR in rat was therefore developed using nutritional restriction of the mother throughout
gestation in order to examine the effects of fetal growth retardation on the endocrine, molecular
and metabolic status of the offspring. The first goal of this thesis was to characterize the
ontogenic development of growth retarded oflspring by examining the effects of matemal
undemutrition on the somatotrophic axis during fetal and postnatal development (Chapters 3 and
4).

Recent epidemiological observations have found associations between low birth weight and
increased risk of the development of diseases in adult life, such as hypertension, noninsulin-
dependent diabetes and ischaemic heart disease (Barker lgg4).Following the development of the
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animal model of IUGR, the second goal of the thesis was to determine the effects of IUGR on
blood pressure in IUGR offspring in adult life (Chapter 5).

Other animal studies have reported increased rates of growth in rats with hormone treament
following IUGR (Tapanainen & Rosenfeld 1996) and pups malnourished in the neonatal period
(Zhao & Donovan 1995). The third goal of the thesis was to determine whether hormone
treatment to either the pregnant dams (Chapter 6) or to the offspring from darns undernourished

throughout gestation (Chapters 7 and 8) could reverse grourth retardation and stimulate postnatal
growth. The aims of Chapters 6-8 were to investigate the offsprings' endocrine, molecular and
metabolic status in response to hormone treaftnent which might elucidate the complex
mechanisms involved in postnatal pathophysiology of IUGR. This lead to the proposed

hypothesis that IUGR induces temporary GH resistance during postnatal developmen! leading to
a delayed tempo of postnatal growth.
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Chapter 2

Materials and Methods

2.1 Animal studies

A model of IUGR in the rat was developed by nuhitional restriction of the mother throughout
gestation to examine the effects of fetal growth retardation on the endocrine, molecular and

metabolic status of the animals postnatally. The rat is an ideal study animal for in vivo research

of the endocrine basis of normal and impaired postnatal growth regulation for a number of
reasons. Firstly, their shorter lifespan makes it possible to evaluate comparatively rapidly the

biological basis of the relationships betrveen intrauterine events and the development of adult
pathologies in old age. Secondly, the maternal undernutition used to induce IUGR is highly
reproducible and the time of onset and relief from the insult can be well controlled. Thirdly, alt
the cDNA probes necessary for analysis of gene expression are readily available for the rat, thus

allowing for detailed investigation of the possible mechanisms involved in the etiology of fetal
growth retardation.

2.1,1IUGR model

All animd studies were performed with the approval of the Animal Ethics Committee of the
University of Auckland (AEC number N359). Timed matings were performed in virgin Wistar
rats (age range 70-100 days) using a rat estrus cycle monitor @ine Science Tools Inc., North
Vancouver, 8.C., Canada) to assess the stage of estrus of the animals, prior to introducing the
males. Day I of pregnancy was determined by the presence of spermatozoa following a vaginal
smear. Following confirmation that mating had occurred, the animals were housed individually
in standard rat cages containing wood shavings as bedding with free access to water. The room

was maintained at constant temperature (25oC) and with al2-hlight-dark cycle.

Dams were randomly assigned to one of two dietary treatrnent groups. A control group was fed
ad libitum throughout pregnancy on a standard rat diet (Diet 86: protein l}yo, fat 4yo, fibre 3Vo,

32



Chapter 2: Materials and Methods

ash 7yo, carbohydrates 580/0, Skellerup Stock Foods, Auckland NZ) and a restricted group was

fed 30% of the ad libitum intake, determined by the amount of food consumed by the control

group on the previous day from day I of pregnancy until parturition (23 days). The degree of

food restriction was determined in a pilot study. At parturition, feeding was ad libitum in both

groups and litter size was adjusted to 8 pups per litter. In the studies presented in Chapters 3-5,

litters of the restricted fed group remained with the undernourished dams while in Chapters 6-8,

litters were immediately cross-fostered onto ad libitum fed dams having given birth within 24

hours.

The pups were weaned at 3 weeks of age on to rat chow (Diet 86) and were housed in either

pairs (males) or triplets (females). Animals were weighed weekly from weaning until 90 days of

age and monthly thereafter. Body lengths and tail circumferences were measured. Separate

groups of litters (n:6) were sacrificed between 9am-midday at gestational days 16,18,20,22, at

birth and postnatally at 3,5,9,15,21 and 90 days of age. Pregnant and lactating dams were

sacrificed by decapitation under halothane anaesthesia. Fetuses and neonates were weighed and

body length measured then sacrificed by decapitation. All adult offspring were sacrificed at 62

weeks of age by decapitation under halothane anaesthesia. Blood was collected from the cervical

blood vessels onto ice and plasma separated by centrifugation at 4oC for 20 min at 3000x g and

stored at -20oC until analyzed. Tissue samples collected were rinsed in saline, weighed and

immediately placed in liquid nitrogen and subsequently stored at -80oC.

2.2 Blood pressure measurements

Systolic blood pressure was measlued by recording tail cuff plethysmography (Blood Pressure

Analyzer IITC, Life Science, Woodland Hilts CA USA) as previously validated (Bunag 1973).

Rats were placed in a clear perspex restraint tube maintained in a darkened room at 28-29oC.

After allowing 15 minutes for each animal to acclimatise in the tube, a 18mm cuff and I lmm

cuff was placed around the tail of male and female rats respectively and inflated to 240 mmHg.

Pulses were recorded during deflation at a rate of 3 mmHg/sec. Training for indirect tail-cuff

blood pressure determination began when the rats were either 15 or 25 weeks old and blood

pressure measurements were recorded at 18, 30, 40, 48, 50 and 56 weeks of age. Blood pressure
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was detennined in triplicate for each animal and average systolic pressure recorded as the mean

of 3 readings. We were not able to obtain reliable diastolic pressure measurements.

2.3 Hormone treatments

Gestational Treatment

On day 9 of pregnancy, dams from ad libitum and restricted fed groups were randomly assigned

to one of three treatment groups. Dams were given three times daily (0s00, 1600 and 2200h) sub

cutaneous (sc) injections of either saline (100p1), recombinant human IGF-I (rhIGF-l

2ltglgBW/day) or bovine (b) GH (zpglgBWlday) from day l0 through to day 20 of gestation.

Recombinant hIGF-I (batch # 56820,{51, Kabi Pharmacia) was supplied in suspension at 2
mg/ml and was diluted in0.9% saline prior to injection. Recombinant bGH (batch #pR003, a gift
from Dr W. Baumbach, American Cyanamid Co. Princeton, NJ, USA) was weighed out and

stored at'20oC.It was dissolved in carbonated buffered saline (CBS) (pH 9.4) immediately prior
to use.

Postnatal treatment

A factorial design was used to analyze the effects of gestational undemutrition and hormonal
therapy on postnatal growth. Pups (2 pups/litter) within each ad libitum or IUGR litter were
randomised to receive (i) three times daily (0800, 1600 and 2200h) sc injections of rbIGF-l
(z\e/e body weight @w/day), rbGH (4rylgBw/day) or both rhIGF-l and bGH at the same

doses as were given individually, or (ii) 2 times daily (0900 and 1700h) sc injections of rbGH at

Zltg, 5ltg, l2.5pg or 2\pg/gBWday. An equivalent volume of 0.9yo saline or CBS was

administered from either day 1l to postnatal day 2l or from day 40 to postnatal day 50. Since

there is no obvious gender-related difference in control or prenatally undernourished rats before
they reach sexual maturity, both males and females were pooled in the ll- 2l day treatment
period.

The body weight of each pup and juvenile was recorded daily whereas body length (crown-rump
and crown-tail) was measured at the beginning and end of the studies. All rats were killed by
decapitation under halothane anaesthesia two hours after the last hormone injection. Blood was

collected from the cervical blood vessels onto ice and plasma separated by centrifugation at 4oC
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for 20 min at 3000x g and stored at -20oC until analysed. Tissue samples collected were rinsed

in saline, weighed and immediately placed in liquid nitrogen and subsequently stored at -ggoC.

Carbonated Buffered Saline 850mgNaCl

265mgNaHCO3

1l3.5mg (Na)zCOr

2.4 Radioimmunoassays and glucose measurements

IGF-| RIA

EXTRACTION

To remove endogenous IGFBPs from serum samples that would otherwise compete for labelled
IGF-I in the radioimmunoassay, samples were extracted by acid-ethanol cryo-precipitation

(Breier et al' 1991, Breier et al. 1993). Serum (l00pl of l:10 dilution) was incubated for 30 min
at room temperature with 400p1 of acid-ethanol and centrifuged for 30 min at 3009, 4oC. The

supematant was then tipped into fresh assay tubes, incubated with 200p1 of 0.855 M Tris base

for 2 hours at -20oC and recentrifuged for 30 min at 30009, 4oC. The supematant from these

tubes was removed and assayed for IGFI immunoreactivity.

Acid-ethanol (A/E) t2.5% 2M HCL

87.5% ethanol

RADIOIMMUNOASSAY

Sample or rhIGF-I standard, rabbit anti IGF-I antiserum #878/4 (less than 0.loZ cross-reactivity
with IGF-II) and rhIGF-II were added to each tube and preincubated at 20oC for lh. t2sI-rhIGF-I

was then added to each tube and incubated ovemight at4oC.

0.01M PBS pH 7.6

0.5% BSA

0.37% Na EDTA

(final pH:6.2)

IGF-I assay buffer (IAB)
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l00pl sample or standard (diluted in

l:4:2 PBS:A/E:Tris)

2001t1878/4 (l:100,000 in IAB)

l00pl 50ng IGF-U in IAB

100p120,000 cpm r25I-rhIGF-I in IAB

Antibody complexes were precipitated by the addition of a sesond antibody solution. This was
incubated at 4oC for lh prior to use and lml was added to each of the assay tubes which were
then incubated for lh at room temperature. The tubes were centrifuged at 30009 for 30 min at

4oc, the supernatant tipped offand the pellets counted in a garnma counter.

2nd antibodv solution 0.01M PBS pH 7.6

s% PEc 6000

0.5% sheep anti-rabbit IgG

0.I oZ normal rabbit serum

Insulin RIA

Sample or rh-insulin standard and guinea pig antiserum GC4 were pre-incubated l6h at room
temperature (Gallatrer et al. 1992). 25,000cpm l2sl-rh-insulin was added to each tube and
incubated a further 24h at4oC. Appropriate dilutions were performed using IGF-I assay buffer.

RIA components l00pl sample or standard

200p1 878/4 (l : 100,000)

200p1 20,000cpm I 2sl-rh-insulin

Insulin/primary antibody complexes were precipitated by addition of a second antibody complex.
Second antibody solution (lml), which was incubated at 4oC for lh prior to use, was added to
each tube and incubated for 3h at room temperature. The tubes were then centrifuged at 30009
for 30 min at 4oC, the supematants tipped offand the pellets counted by gamma counter.

0.0IM PBS pH 7.6

4% PEc 6000

0.5% sheep anti-guinea pig serum

2nd antibody solution
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Glucose Measurements

Blood glucose levels were measured immediately following sacrifice using a Glucose Analyzer

(Model 2300, Yellow Springs Instrument Co., Yellow Springs, Ohio, USA).

Plasma GH binding proteins

Total plasma GH-binding protein (GHBP) was measured in Dr Ross Barnard's laboratory using

a radioimmunoassay described in detail previously @arnard et al. 1994). The GIIBP

radioimmunoassay was based on the mouse GHBP assay developed by Cramer et al. (1992a).

This rat assay uses monoclonal antibody (MAb 4.3) raised against the synthetic peptide sequence

of the rat GHBP as described by Sadeghi et al. (1990).

2.5 \ilestern ligand blotting

IGFBPs were analyzed by ligand blotting (Hossenlop et al. 1986). After electrotransfer, the

membrane was washed in saline buffer supplemented with 30lo Tween 20 for 30 min, SB buffer

for 2h and ST buffer for l0 min. The membrane was then incubated for 16 h at 4oC with SBT

buffer containing 125,000 cpm I25I-IGF-II per ml (l ml per sample lane). The membrane was

washed twice in ST buffer for l0 min, three times in S buffer for 10 min and then dried.

Saline (S) bufler

SB buffer

ST bufler

SBT buffer

0.01M Tris.HCl pH7.4

0.l5MNaCl

S buffer+ l% BSA

S buffer + 0.lYo Tween-20

ST buffer+ l% BSA

The nitrocellulose blots were exposed to Kodak X-Omat AR diagnostic film @astnan Kodak,

Rochester, NY, USA) in Amersham Hyperscreen cassettes with intensifier screens. The IGFBPs

were identified on the basis of their molecular size and the nomenclature of Gargosky er a/.

(1994) was used. The relative abundance of IGFBPs was quantified by measuring absorbance

using a flat-bed laser densitometer and accompanying software (Molecular Dynamics, Sky

Valley, CA, USA).
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2.6 Specific binding of 1251-5611 to hepatic microsomal membrane

preparations

Hepatic microsomal membrane preparations (MMP) were prepared as previously described

(Breier et al. 1988b) and receptor assays were performed as validated for the rat liver (Singh et

al. 1992). MMP and receptor assays were caried out by Andrjez Surus, Research Cenhe for

Developmental Medicine and Biology. Iodination of bGH was by a modified lactoperoxidase

method to a specific activity of 70-90pCi/pg (Thorell and Johansson l97l). The membrane

preparations (100p1) were incubated with approximately 40,000 cpm of 1251-66FI in a total

incubation volume of 500p1. Nonspecific binding was determined by the addition of l000ng

unlabelled bGH. Equilibrium was reached under these conditions and specifis 125-66H binding

was completely reversible by the addition of excess unlabelled bGH. Protein concentrations of

the MMP were determined by the method of Lowry (Lowry et at. l95l). Specific 1251-6611

binding was corrected for the protein content of the MMP.

2.7 Analysis of gene expression

The developmental and nutritional expression of growth factor genes were studied using RNase

protection assay (RPA) and Northern analysis. RPA measurements reported in Chapter 8 were

carried out by Linda Adams, Research Centre for Developmental Medicine and Biology.

2.7.1 P reparation of RNA

RNA extraction, based on the well established single-step method of Chomczynski and Sacshi

(1987), was performed using Trizolru (Gibco BRL, Life Technologies, Inc, NY, USA)

according to the manufacturer's instructions. 300-500mg of tissue was homogenized in lmVmg

Trizol (a monophasic solution of phenol and guanidine isothyanate) using a polyhon (Kinematic,

Lucerneo Switzerland), and incubated at room temperature for 5 minutes. Addition of 0.2m1

chloroform/ml Trizol allowed for the separation of the two phases. After centrifuging the

samples for 15 minutes at 120009 at 4oC, the aqueous phase containing the RNA was removed

and the RNA precipitated using isopropanol. The pellet was washed in 70Yo ethanol, dried and
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resuspended in 500p1 of diethyl pyrocarbonate (DEPC) treated water. The concentration of RNA
was measured using UV spectrophotometry at 260 and 280nm in duplicate. The ratio of the
absorbance (ABS)zoo (RNA) divided by 4852g6 (protein) is a measure of protein purity, with a

ratio of >1.8 considered adequate. RNA integrity and concentration were checked by inspection
of 28S and l8S rRNAs as revealed by methylene blue staining of northem blots (see 2.7.2).

2.7.2 Northern btots

Total RNA (up to 20P0 was elechophoresed through a l%o agarose gel, containing 0.66M
formaldehyde and transferred on to nylon membrane (Hybond N*, Amersham) by capillary
action ovemight at room temperature, according to the manufacturer's instructions. RNA was

fixed on the membrane by bakingfor 2 hours at 80oC. RNA was visualized by staining with
Methylene blue according to the protocol described in Sambrook et al. (1989). Blots were
immersed briefly in IxSSPE and then placed in a solution of 0.02% methylene blue in 0.5M
NaOAc (pH 5.2) for l0 minutes.

2.7 .3 Solution hybridization/Rllase protection assay

The well-established RPA method used has been published previously @oberts et al. 1987,
Butler et al. 1994). The RPA method is generally acknowledged to have clear advantages

compared with Northem and dot blot analysis, with the main features of the protocol being its
enhanced sensitivity and greater accuracy (Rotwein et al. 1988, Sambrook et al. l9g9).

The cDNA templates were transformed in Escherichia coli JM83 cells, amplified and purified
using standard alkaline lysis plasmid purification techniques (Sambrook et al. 1989). The
plasmid constructs containing the sequences used to measure the expression of IGF-I
transcription start sites, and IGF-I E domain variants were kindly provided by Dr Charles
Robers, Jr. (National Institute of Health, Bethesda, MD 20892. USA). The use of these probes in
the RPA protocol has been described in several publications (Roberts et al. l987,Lowe et al.
1988, Lowe et al. 1989, Werner et al. 1989, Adamo et al. l99lb). The cDNA containing the rat
growth hormone receptor sequence was kindly provided by Dr William Baumbach (American

Cyanimid Co', Princeton, NJ, USA). The cyclophilin RNA probe served as a sample loading
control to facilitate quantification and was donated by Dr J Douglas (Vollum Institute, portland,

Oregon, USA).
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Analysis of IGF-I mRNAs derivedfrom transcription start sites in exons I and 2

The antisense sequence used to measure exon I start sites and total exon 2 expression was

derived from a Pvu2-NIaIV cDNA fragment ligated into pGEM-4 vector (Promega) (Adamo et

al. l99lb). The cDNA template contained approximately 310 base pairs (bp) of exon 1 and

l76bp of exon 3 and 4 sequences. The construct was linearized with EcoRI and T7 RNA

polymerase was used for generation of the riboprobe. Use of the exon I -derived antisense RNA

probe in rat liver RNA resulted in bands of 197,428, and 530bp, representing start sites 4, 3 and

the combined transcription from sites I and 2 in exon l, respectively. An additional band of 260

bp represents exon I mRNAs from which the l86bp sequence in exon I has been spliced out

(Adamo et al. 1991b). A single band of 168 bp resulting from the protection of the downstrearr

exon 3 and 4 sequence cornmon to both exon I and2 mRNAs, represents exon 2 mRNAs.

Analysis of IGF-I E domain coding variants (Ea and Eb)

Ea and Eb IGF-I mRNAs were quantified using an antisense RNA probe complementary to

l00bp of exon 4 sequence, all of exon 5 and224bp of exon 6 sequence (Roberts et al. 1987,

Lowe et al. 1988). The construct contains a 376bp Sau3A-EcoRI IGF-Ib cDNA fragment

containing part of the A domain, the entire D and E domains and part of the 3' UTR region,

which was ligated into pGEM-3 riboprobe vector (Promega). The construct was linearized with

Hind III and T7 RNA polymerase was used to generate the RNA probe. Use of this probe

resulted in three major bands, a full-length band of 376bp representing Eb transcripts and bands

at224bp and l00bp representing Ea transcripts lacking the 52bp exon 5 sequence.

Analysis of GHR and GHBP mRNA expression

An antisense RNA probe complementary to 439bp of sequence corresponding to extracellular

transmembrane and intracellular regions of the GHR was used to measure GHR and GIIBP

mRNAs simultaneously. The probe was constructed by ligating a HindIII-BglII fragment of a

GHR cDNA (positions 392-936) into the HindIII and Bam HI sites of pGEM-3 vector. The

construct was linearized with Bam HI and T7 RNA polymerase was used to generate the RNA

probe. RNase digestion resulted in fragments of 439bp (GHR mRNA) and 290bp (GIIBP

mRNA).
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Cyclop hilin loading control

A 300bp cyclophilin RNA probe was generated using SP6 RNA polymerase after linearization of

the plasmid construct (in pSP65) with HindIII (Lai et al, 1996). This probe served as a sample

loading control to facilitate quantification.

S o I ution hy b r id izatio n /r N as e p rote ctio n as s ay p roto c o I
Solution hybridization/RNase protection assays (RPA) were performed as described previously

(Roberts et al.1987, Butler et al. 1994). Lyophilized RNA samples, (20pg) were resuspended in

hybridisation buffer (75% deionized formamide, 20mM Tris pH 7.6, lmM EDTA, 400mVI

NaCl, 0.1% SDS) containing 200,000cpm of each labelled RNA 32P probe. In addition,

200,000cpm 33P-labelled cyclophilin probe was added to each sample to control for loading

differences. Hybridisation took place at 45oC overnight. Single-stranded (non-hybridized)

fragments were then removed by incubation with 40pg/ml RNase A and Zqglml RNase Tl

(Boehringer Mannheim) at 30oC for I hour. This was followed by proteinase K digestion (l.7pl

of 2Omg/ml proteinase K for 15 minutes at 37oC), phenoVchloroform exhactions and ethanol

precipitation. The protected fragments were then separated on a 8% polyacrylamide gel (Gel Mix

8, Life Technologies), the gel vacuum dried and exposed to X-ray film @astman Kodak,

Rochester, NY, USA) with two intensifuing screens at -80oC for l-10 days. Controls consisting

of undigested probe (C2) and probe subjected to RNase digestion (Cl) were included in all

assays, in order to check the integrity of the probe and effectiveness of the RNase digestion

respectively.

The relative abundance of mRNA levels was determined by densitometric scanning of bands of

the resulting autoradiographs using Image QuantrM (Molecular Dynamics, Sky Valley, CA,

USA). The assays investigating the ontogeny of hepatic IGF-I, GHR and GIIBP mRNA

expression, ffid comparing between ad libitum and IUGR fetuses and neonates were all

performed at least twice. To control for differences in loading, all measurements (made in

arbitrary units) were calculated as a ratio of cyclophilin mRNA levels.
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2.8 Statistical analvsis

The experiments performed for this thesis were designed to exarnine the effects associated wittr

maternal undernutrition and to study the interactions between peptide hormones.

Significant nutritional eflects and the effect of hormonal therapy were determined using

appropriate statistical tests calculated using the Sigma Stat Statistical package (Jandel Scientific,

San Rafael, CA, USA). When ad libitum or 30o/o ad libitum groups were being investigated for

ontogenic development, or the effect of hormonal therapy on maternal undernutrition was

compared, differences were analyzed using simple one-way or two-way analysis of variance

(ANOVA) followed by a post hoc test (bonfenoni) to determine which groups were significantly

different. Data which failed to meet the criteria required for parametric analysis (normal

distribution and equal variance) were either analysed by Kruskall-Wallis (one way AITIOVA) or

rank transformed prior to analysis. Data are shown as mean + standard error of the mean (SEIO

and p values of less than 0.05 were considered statistically significant.
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Chapter 3

An animal model of chronic maternal undernutrition and

fetal growth retardation: perinatal development and

endocrine responses.

3.1 Introduction

Poor growth in utero has been shown to be associated with postnatal growth retardation and is

proposed to be related to the development of ischaemic heart disease, hypertension, glucose

intolerance or non-insulin dependent diabetes mellitus (NIDDM) in adult life (Barker 1992c,

Barker et al. 1993). Poor fetal growth also remains the most important factor in determining

perinatal morbidity and mortality. Alterations in perinatal growth may thus have long-term

consequences for somatic growth and development, endocrine and metabolic function and

cardiovascular status.

The physiological regulation of fetal growth is a multifactorial process that integrates pathways

involving the classic endocrine hormones and paracrine/autocrine growth factors (Gruppuso er

al. 1994). There is increasing experimental evidence that the somatotrophic axis plays a cental

role in the regulation of fetal growth which in turn is inlluenced by fetA nutrition (Gluchman and

Harding 1992). There is evidence from animal studies that maternal stanration lowers fetal

plasma IGF-I concentrations (Oliver et al. 1993) and from human data where infants with

intrauterine growth retardation flUGR) have low IGF-I plasma levels (Lassarre et al. 1991'1.

Recent embryo transplant and gene deletion experiments provide more direct evidence for a

central role for fetal IGF-I in the regulation of fetal growth (Gluckman et al. 1992b, Liu et al.

lee3).

The extent to which maternal undemutrition affects the outcome of pregnancy remains a

controversial issue. Animal studies have shown that both the plane of nutrition at the start of
pregnancy and the food intake during pregnancy itself can exert an influence on fetal growth

43



Chapter 3: Animal model of IUGR

(Owens et al. 1989). Studies by Harding (1997) have shown that undemutrition induced in sheep

between 60 days before and 30 days after conception affects fetal growth in late gestation and

determines the fetal response to late nutritional insult. Harding reported that fetal growth

response to acute matemal undemutrition in late gestation was determined by the growth rate of

the fetus before the onset of the undemutrition. There have been a number of rat studies in which

nutritional intake has been altered, thereby changing birth weight in the offspring (Chow &Lee

1964, Berg 1965, Hsueh et al. 1967, Smart et al. 1972, Anderson et al. 1980, Lederman & Rosso

1980). This study examines in detail the ontogeny of nutritional manipulation during pregnancy

on posbmtal growth and endocrine changes of the offspring. Limitations of clinical studies make

the development of an animal model a usefirl means of assessing the role of nutritional status on

pregnancy and the endocrine pathways involved in this process. Clinically, most cases of fetal

growth retardation are associated with inadequate supply of both oxygen and nutrients to the

fetus. Experimental models of growth retardation have generally used either interference with

placental function (Owens et al. 1994), uterine blood flow (Unterman et al. 1993), maternal

hypoxia (Tapanainen et al. 1994), or limitation of maternal energy and protein intake to restrict

fetal growth (Levy & Jackson 1993).

ln order to understand the mechanisms through which the effect of maternal nutritional status

might operate to influence fetal growth, a model of IUGR was developed in the rat using

nutritional restriction to 30o/o of ad libitum intake of a standard diet of the mother throughout

gestation. Its effects were studied on prenatal and postnatal growth, on plasma IGF-I, IGFBPs

and the hepatic GH receptor to clariff the role of the somatotrophic axis in retarded fetal growth

and postnatal development. Major fetal and postnatal changes in growth pattems and changes

were observed in the somatotrophic axis, following nutritional deprivation in the pregnant rat.

3.2 Materials and Methods

Animals and Study Design

The experimental approach to induce IUGR in this study is outlined in section 2.l.l.In brief,

following confirmation of mating, Wistar dams were randomly assigned to one of two feeding

regimes either ad libitum or restricted fed. Control dams were fed pelleted rat chow ad libitum
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throughout pregnancy. The restricted fed group was fed 30% of the ad libitum intake from day I

and then thoughout pregnancy until parturition (23 days).

At parturition, feeding was ad libitum in both groups and litter size was adjusted to 8 pups per

litter. In this study, offspring from restricted fed dams were not cross-fostered. Separate groups

of litters (n:6) were sacrificed between 9am-midday at days 16,18,20,22 of gestation, at birth,

and postnatally at 3,5,9,15,21and 90 days of age. Pregnant and lactating dams were sacrificed by

decapitation under halothane anaesthesia. Fetuses and neonates were weighed and body length

measured, then sacrificed by decapitation. Blood was collected from the cervical blood vessels

onto ice and plasma was separated by centrifugation at 4oC for 20 min at 3000x g and stored at -

20oC until analyzed. Blood from fetuses and neonates from each litter was pooled and analyzed

as one sample. Tissue samples collected were rinsed in saline, weighed and immediately placed

in liquid nitrogen and subsequently stored at -80oC.

IGF-| and Insulin RIA and blood glacose

Plasma IGF-I, insulin and glucose were measured as outlined in section 2.4.

Plasma GH binding proteins

Total plasma GH-binding protein (GHBP) was measured using a radioimmunoassay described in

detail previously (Barnard et al. 1994) as outlined in section 2.4.

Western ligand blotting

IGFBPs were analysed by ligand blotting (Hossenlop et al. 1986) as described in detail

elsewhere (Gallaher et al. 1992) and is outlined in section 2.5.
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SWcific binding of 125 14O* to hspdic microsouql metrtra.p prspbdons

Hepatie microso:mal membr-ane p-reparations OdMP) werc pr€pared as previo,usly desqibed

@reier et aL l988b) and the reaeptor assays were perf,ormed as validabd f,or the rat liver (Singh

et oL 1992). Detail of the metbods used is outlined in section 2.6.

Strriistical q/lralryis

All statistical analyses were sanied orrt using the Sigma Stat Stdstioal package (Jandel

Scientifio, San Rafael, CA USA). Differences between goups were analyzed using simple ore

way analy'sis of variance followed by a post{oc bonferroni t-test. D& are shown as mean +

standard enor of the mean (SEnvD. P v,alues of less tbaq 0.05 wqe consid€red significant
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3.3 Results

Maternal body weight

Nutritional restriction during pregnancy resulted in a marked reduction in matemal body weight

from conception until day 15 of gestation. From day 15 of gestation until parturition, at day 23,

the undemourished dams gained weight to return to their pre-mating weights. This contrasted

markedly with the ad libitum controls who gained nearly 50% body weight during gestation

(Figure 3.1). Following parturition, the restricted fed group rapidly gained weight so that by day

l0 postnatally, there was no significant difference in their body weights compared to the ad

libitum controls (Fieure 3.1). Litter size at birth was not significantly different (ad libitum:

I I .95+0.75 ,30Yo: 11.56+0.72) nor were there differences in the number of reabsorption sites (ad

libitum: 2.0+0.78, 30o/o: 2.0+1.0). Maternal liver weights were significantly reduced in the

restricted fed dams throughout gestation (Table 3.1) while heart weights were not altered (data

not shown).

Table 3.1 Liver weight, expressed as a percentage of body weight (% bwt), plasma insulin and blood

glucose measurements from ad libitum (ad lib.\ and resticted fed dams (30% ad /iD.) during

gestation.

day 14 day 16 day 18 day 22
ad lib. 30%

ad lib.
Ad tib. JU"/o

ad lib.
acl lib. 3U"/o

ad lib.
ad lib. 30"/o

ad lib.
Liver wt
(% bwt)

4.37 3.25b
+ 0.1 +0.2

1.47 0.39 b

* 0.1 * 0.1

6.68 5.48 a

+ 0.4 + 0.5

4.29 3.2r b

* 0.1 * 0.1

1.39 0.95 a

* 0.1 * 0.1

6.24 4.58 b

+ 0.3 + 0.3

4.25 3.25b
+0.2 + 0.1

2.37 110
r 0.3 + 0.8

5.57 4.63
+ 0.3 + 0.5

4.00 3.15 b

+ 0.1 + 0.1

2.22 0.86 b

r 0.1 + 0.30

5.07 5.48
r 0.39 +0.32

Plasma
Insulin
(ng/ml)

Blood
Glucose
(mmol/)

Values are meanstSEM, n=6 dams from each group per time point. ap<0.05; bp<0.01 compared to ad
Iibitum dams by one-way ANOVA followed by bonferroni test.
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Figure 3.1. Maternal body weight of ad libinnn fed (nd) (O) and restricted fed (n:6) dams (30% ad
libitum) (o) during gestation and lactation. Values are expressed as mean + SEM. * p<0.05 compared to
ad libitun fed dams by one-way Al.lOVA followed by bonferroni test.
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F eta Une o natal growt h retar datio n

Maternal undemutrition resulted in fetal growth retardation which was reflected by a significant
decrease in fetal body weight in the restricted fed groups. Fetal body weights (n:6 litters) from
the restricted fed dams were lower (p<0.001) than the mean weight of the fetuses of the contol
dams (n:6 litters) from day l8 until 22 of gestation (Figure 3.2a). Placental weights of restricted
fed dams showed a significant decrease compared to control dams from day 16 (p<0.01) until
day 22 (p<0.01) of gestation (Figure 3.2b). Due to the decrease in placental weights, the
fetal/placental weight ratio was significantly increased (p<0.01) in the restricted fed group at

days 16 and l8 of gestation but did not differ in late gestation (Figure 3.2c). Following
parturition, neonatal body weights were significantly reduced in the offspring from restricted fed
dams at birth (p<0.05) and at weaning (21 days of age) (p<0.05) (Figure 3.3a). Body weight
gain, relative to birth weight was significantly lower (p<0.05) in offspring from restricted fed
dams during the first l0 days of age, suggesting prolonged growth retardation during the
neonatal period- However, by the time of weaning the relative growth rate had normalized to
levels observed in offspring from ad lib. fed dams (Figure 3.3b). Total body weights remained

significantly reduced in the offspring from restricted fed dams until 90 days of age (Figure 3.3c).
Liver weights of fetuses and neonates from restricted fed dams demonstrated a variable reduction
at certain times during gestation (Table 3.2) and postnatally (Table 3.3). Nose-rump length was
reduced in fetuses and neonates from restricted fed dams from day Z0 of gestation G<0.05)
(Table 3.2) until weaning (p<0.05) (Table 3.3). Heart weights of reshicted neonates were not
altered (data not shown).
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Figure 3.2 (a) Fetal body weight, ft) placental weight and (c) feaUplacental weight ratio in offspring
from ad libitum fed (n:6 litters) (tr) and restricted fed (nd litters) dams (30% ad libinm) (r) from days
16 to22 of gestation. Values are expressed as mean * SEM. * p<0.05, *+ p<0.01, **t' p<0.001 compared
to ad libinm offspring by one-way ANOVA followed by bonfenoni test.
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(a)

(c)
50

40 60 100
Age (days)

Figure 3.3 (a) Neonatal body weight of offspring from ad libitum fed (n= 6 litters) (El) and resticted fed (nd
litters) dams (30% ad libilum) (l) (b) growth rate as a percentage of birth weight from birth until 2l days of age in
offspring from ad libinm fed (n:6 litters) (O) and restricted fed (n:6 litters) dams (30% ad libitum) (o) and (c)
body weight from 2l until 90 days of age of male (O) and female (tr) otrspring from ad libitum fed (n:6 litters)
and male (a) and female (l) offspring from restricted fed (nd litters) dams (30% ad libitum\. Values are mean +
SEM. * p<0.05 compared to ad libitum offspring by on-way ANOVA followed by bonferroni test.
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Table 3.2 Liver weight expressed as a percentage of body weight, (% bwt) and nose-rump length of offspring from

ad libitum (ad lib.) and restricted fed dams (30% ad lib.) from day l6 until day 22 of gestation.

day 16 day l8 day 20 dav 22

ad lib. 30o/o

ad lib.
ad lib 30%

ad lib.
ad lib. 30%

ad lib.
ad lib. 30%

ad lib.
Liver wt
(% bwt)

5.77 3.57a
+ 0.58 + 0.68

L4l 1.37
+ 0.04 + 0.05

8.39 7.87
+ 0.39 + 0.41

1.83 t.73
+ 0.02 + 0.04

8.4s 7.78
+ 0.45 + 0.34

2.76 Z.Sg^
+ 0.05 + 0.05

6.49 6.31
+ 0.20 + 0.28

3.79 3.28b
+ 0.03 + 0.08

Nose-
rump
(cm)

Values are meanstSEM; the number of litters in each group is 6,ap<0.05; bp<0.01 compared to ad lib. offspring
one-way ANOVA followed by bonfenoni test.

Table 3.3 Liver weight expressed as a percentage of body weight (% bwt), nose-mmp length, plasma insulin, blood

glucose, plasma GIIBP *6 1251-56H specific binding of offspring from ad libitum (ad tib.)and restricted fed dams
(30% ad lib. from birth until2l of

Birth day 5 day 15 day 2l
ad lib. 30%

ad lib.
ad lib. 30%

ad lib.
ad lib. 30%

ad lib.
ad lib. 30Yo

ad lib.
Liver wt
(% bwt)

4.64
+0.2

4.65
+ 0.1

0.51
+ 0.1

ND

3.58b
+ 0.1

4.42
+ 0.1

0.19 b

+ 0.1

ND

253.7* 136.5#

+62.7 +103.9

ND ND

3.E4
+ 0.1

5.97
* 0.1

0.77
+0.2

4.80
+ 0.8

3.06b
+ 0.1

535b
+ 0.1

0.99
+0.2

3.2
+ 0.8

t43.4* 178.2#

*33.5 +137.0

3.35
+ 0.1

8.78
+ 0.3

0.3s
+ 0.1

7.t4
* 0.6

330b
+ 0.1

7.sp
+ 0.t

0.44
+ 0.t

5.5
+0.2

267.4+ 342.2#

+71.9 +79.2

4.03 33a
+ 0.1 + 0.1

I l.l5 rc.47a+0.2 + 0.1

0.88 0.9s
+0.2 +0.2

7.77
+ 0.5

6.97
+ 0.3

600.8 549.3
+160.4 *187.t

18.98 16.30a
*.0.7 + 0.9

Nose-
rump
(cm)

Plasma

Insulin
(ng/ml)

Blood
Glucose

(mmoUl)

Plasma

GHBP
(ng/ml)
1251-6611

Specific
Binding
(%)

Values are means+SEM; the number of litters in each group is 6.ap<0.05; bp<0.01 compared to ad /lb.offspring,
*p<0.05 compared to 2l day old ad libinm offspring, "p.0.05 compared to 30Vo ad lib. offspring by one-way
ANOVA followed bv bonferroni test. ND=no data.

by
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Table 3.4 Plasma IGF-I, plasma insulin *6 1251-66H specific binding of 90 day old offsprin g from ad
Iibitum and restricted fed dams (30% ad libitum.).

Ad libitum 30Yo Ad libitum
male
(n:7)

female
(n:l l)

male
(n:12)

female
(n:12)

Plasma
IGF.I
(ng/ml)

1061.0 799.9a
*28.1 +24.2

1.85 1.38a
+ 0.18 * 0.15

15.13 21.99a
+ 1.0 r 0.83

1037.0 777.3a
+ 33.5 + 33.5

1.68 1.65
+ 0.14 + 0.15

14.14 2t.6ta
+0.79 *0.79

Plasma
Insulin
(ng/ml)
l25I_bcH

Specific
Binding
('/o)

Values are meanslsElvf, a p<0.05 compared to males within nutritional group by one-way ANOyA
followed by bonferroni test.

Plasma IGF-|, insulin, blood glucose, plasma GHBP and hepatic speciJic I2sI-bGH binding

Maternal plasma IGF-I levels were significantly reduced in the restricted fed group throughout
gestation (p<0.001). Following parturition, IGF-I levels were reduced at day 3 postnatally but
were not significantly different from the control group at the later time points @igure 3.4). The
mean plasma concentrations of IGF-I in fetuses and neonates, determined from the pools of each

litter, were significantly reduced from day 22 of gestation until day 9 postnatally (p<0.05)
(Figure 3.5) but were not different at the later time points. Plasma IGF-I levels measured in 90
day old offspring of restricted fed dams were not significantly different (Table 3.4).

Maternal plasma insulin levels were significantly reduced in the restricted fed dams from day 14

until day 22 gestation (p<0.01) (Table 3.1). Insulin levels were significantly increased in the
restricted fed dams at day 3 (ad libitum:1.06+0.09, 30% ad libitum:2.&0.36nglmt, p<0.01) and

day 5 postnatally (ad libitum: 0.89+0.16,30oh ad libitum: 2.50*0.3lng/ml, p<0.01). Insulin
concentrations were significantly reduced in the offspring from restricted fed dams at birth

@<0.01) but were not different at the later time points (Table 3.3). No dif,ferences were observed
in plasma insulin levels in the 90 day old offspring (Table 3.4) of reshicted fed dams.

Matemal blood glucose levels were significantly reduced (p<0.05) in the restricted fed dams in
mid gestation (Table 3.1) but after refeeding at delivery, glucose levels were the same as the ad

53



Chapter 3: Animal model of IUGR
libitum controls (p<0.5). Blood glucose levels were not different in the offspring posftratally
(Table 3.3).

Maternal plasma GHBP levels were significantly elevated (p<0.05) in both ad libitum and,

restricted fed dams at day 20 of gestation. Following delivery of offspring, plasma GHBp levels
declined throughout gestation (Table 3.5). There were no significant differences (p0.2) between
ad libitum and restricted fed dams at any time point measured. Plasma GHBp levels were low in
the offspring from ad libitum and restricted fed dams until postnatal day 15 and increas ed at 2l
days of age 0r<0.05). There were no significant differences (p>0.4) observed between ad libitum
and restricted fed offspring (Table 3.3).

11tt l2s1-fGH specific binding of liver membranes was significantly reduced by 20%(p<0.05) in
offspring from restricted fed dams at 21 days of age (Table 3.3) but was not different at 90 days

of age (Table 3.4).

Table 3.5 Plasma GHBP levels in ad libitum and restricted fed (30% Ad lib.) dams from day 20 of
gestation (E20) to day 2l of lactation.

E20
(6)

birth
(6)

day 5

(6)
day 9
(6)

day 15

(4)
t564.2^
+339.4

I145.8b
+362.6

949.3

+205.3

858.0
+423.9

913.3

+151.1

720.7
+160.3

622.8
+214.3

703.7
*t43.7

787.8
*156.5
669.3

+248.1

493.3

+t07.6
509.3

+156.4
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Figure 3.5 Plasma IGF-I levels in fetal and neonatal offspring fuom ad libitun fed (n=6 litters) (O) and restricted
fed (nd litters) (r) dams (30Vo ad libitun). Values are exiresied as mean + SEM. * p.O.OS compared to ad libitum
offspring by one-way ANovA followed by bonferroni tesi. ezO is gestational day 20.

Plasma IGFBPs

Figures 3.6 and 3.7 show representative ligand blots of IGFBPs of restricted fed and control
dams and their offspring. The comparison of relative quantities of different IGFBp, as

determined by densitometry, is shown in Figures 3.6 and 3.7. The ligand blots shown represent
plasma collected at days 16 and 22 of gestation, at birth and at day 9 postnatally. Ligand blots of
the plasma from the dams showed a distinct 38- to 44-kDa band (IGFBP-3) in early gestation

which had disappeared by day 16 of gestation (Figure 3.6i). This band became apparent again at
birth (Figure 3.6iii) and was 2.5 fold more intense in the restricted fed dams (p<0.05) in
comparison to control dams. The 28-kDa band flGFBP-I and -2), was 3 fold more intense in the
restricted fed dams (p<0.05) at days 16 and 22 of gestation and at birth (Figure 3.6). However,
by day 3 postnatally, plasma IGFBP-I, -2 and -3 concentrations in the previously restricted fed
dams were the same as in ad libitum fed dams (data not shown).
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3.4 Discussion

Maternal nutritional restriction throughout gestation was utilized in the rat as an experimental

approach to induce IUGR. A 25% growth retardation in 22 day old fetuses and persistent

postnatal growth failure was observed with no evidence of catch-up growth at least until 90 days

of age. Other studies in which maternal nutritional restriction has been used to retard fetal

growth have shown a reduction in fetal weight varying between l4Vo to 2l% depending on the

amount and timing of the nutritional restriction (Berg 1965, Anderson et al. 1980, Lederman &
Rosso 1980, Ahokas et al. 1983). Failure to catch-up in growth indicates the strong influence of

dietary restriction during gestation and supports earlier findings of Chow & Lee (1964),

Blackwell et al. (1969), Rasmussen & Warman (1983), Schnoknecht et al. (1993) and Dauncey

et al. (1994).

In the present study and in the studies presented in Chapters 4 and 5,30yo of ad libitum pups

were not cross-fostered from nutritionally restricted dams onto ad libitum fed mothers after birth.

However it is unlikely that any possible effects undernutrition during pregnancy may have on

milk supply or composition after birth would have contributed significantly to the observed

postnatal growth failure. This is because, firstly, litter size was reduced immediately after birth to

assure that matemal milk supply would not be a limiting fatctor. Secondly, the results presented

in chapters 6-8 demonstrate that when nutritionally restricted offspring are cross-fostered at birth

onto ad libitum fed mothers, the failure to show any catch-up growth still occurs. This suggests

that the postnatal growth failure occurs as a result of matemal undernutrition during pregnancy

rather than through failure in lactation after ad libitum feeding is re'established. Although an

attempt was made to measure the amount and composition of maternal milk, the data obtained

was inconsistent due to technical difficulties with harvesting procedures. However, it is

recognised that nutrient availability in the neonatal period is not necessarily the same as food

intake. Similarly, the possiblility that maternal undernutrition may have a postnatal effect on

appetite clearly warrants further investigation. Although this possiblity was not investigated in

this thesis, studies in piglets have demonstrated that this may well be the case (Dauncey et al.

t994). These studies demonstrated that when appropriate-for-gestational age piglets are pair-fed

to the intake of their small-for gestational age littermates, plasma IGF-I concentrations are

similar by day 14 postnatally and suggest that reductions in plasma IGF-I may be a consequence

of reduced food intake.
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Chapter 3: Animal model of IUGR
The undernourished dams exhibited severe weight loss during gestation until day 15 and only
gained enough weight during gestation to match initial body weight prior to mating. placental

weights were significantly reduced at the later stages of gestation which is in agreement with
other studies of protein restriction (Levy & Jackson lggi) and nuhient restriction (Ahokas e/ a/.

1983, Bernstein ef al. l99l).In the present study, body length was reduced in the IUGR fetuses

in late gestation and pups up until 21 days of age. Liver weights were also reduced in the IUGR
group from birth until 2l days of age in the offspring, while maternal liver weight was reduced

in the restricted group during gestation only. At birth, the undemourished dams showed a very
fast and significant increase in liver weight, probably due to the ad libitum food they were
offered at this time.

This study suggests that at least one mechanism by which matemal undernutrition might lead to
intrauterine growth retardation is through reduced substrate supply to the fetus mediated by
decreased plasma concentrations of both maternal and fetal IGF-I. There is evidence that both
maternal and fetal IGF-I are regulated by nutrient availability and in turn influence fetal growth.

Administration of IGF-I to pregnant rats reduces matemal constraint on fetal growth (Gluckman

et al. 1992b). In pregnant sheep, maternal administration of IGF-I has been shown to enhance

amino acid and glucose uptake by the placenta and to enhance glucose delivery to the fetus
(Oliver et al. 1993). The studies of Efshatiadis and colleagues clearly demonstrate the cental
role of IGF-I and IGF-II as fetal growth factors (Baker et at. l993,Liu et al. 1993). previous

studies (Vileisis & D'Ercole 1986, Unterman et al. 1993) in the rat show that IUGR is associated

with reduced plasma and tissue IGF-I levels. Optimal fetal growth may be dependent on optimal
maternal and fetal IGF-I concentrations (Liu et at. 1994).

Significant reductions were detected in plasma IGF-I levels in IUGR fetuses and pups up until
day 9 postnatally. Interestingly, pup weight expressed as a percentage of binh weight was
significantly lower in offspring from restricted fed dams during this period. With increasing IGF-
I plasma concentrations after day 9 postnatally, the relative growth rate of IUGR pups

normalised, suggesting that plasma concentrations of IGF-I and growth rates may be related
during the perinatal period (Breier et at. 1988b, 1988c). Matemal plasma IGF-I levels were also

reduced throughout gestation in nutritionally restricted dams but returned to the same levels as

the controls after birth' The changes observed in IGF-I in this study are consistent with previous
data evaluating changes in IGF-I in the growth retarded fetus and in early postnatal life. Serum
IGF-I concentrations ars decreased in the serum of rat fetuses whose mothers are given a low
protein diet (Pilistine et al. 1984) and in IUGR caused by uterine artery ligation (Vilesis &

6l



Chapter 3: Animal model of IUGR
D'Ercole 1986, Unterman et al. 1993). In contrast, serum IGF-I levels remained the same in
IUGR fetuses caused by maternal hypoxia (Tapanainen et al. lgg4).

Circulating GHBP levels were developmentally regulated, both on the maternal side and the
offspring. Plasma GHBPs were high in the dams in late gestation with a progressive fall
throughout lactation. This gestational rise in serum GTIBP concentration has been reported in
mice (Peeters & Friesen 1977, Cramer et al. 1992a, lggzb) and in dwarf rats (Gargosky et at.

1995). Plasma GFIBP concentrations were, however, not different between ad libitum and,

undernourished dams or between offspring, indicating that GHBP levels are not nutritionally
regulated. Plasma GHBP levels in both ad libitum and 3A% ad libitum offspring were initially
low until 15 days of age before increasing. The age dependent increase in GHBp levels has been

previously reported in rats (Massa et al. 1990, Carmignac et al. 1992, Tiong & Herington 1992,
Bamard et al. 1994).

Earlier studies have indicated that insulin may be essential to normal fetal development (Wang et

al. l99l). Pathological hyperinsulinemia can enhance fetal growth (Ogata et al. lgBB) but the

role of insulin in regulating fetal growth within normal concentrations is probably mediated by
alterations in IGF-I (Oliver et al. 1993). In the present study, plasma levels of insulin were
reduced in the IUGR pups at birth. Insulin is thought to be important in the regulation of both
IGF-I and IGFBP-I in postnatal life (Phillips & Unternan 1984, Hill & Milner 1985, Glaser er

al' 1987)- IUGR after bilateral uterine artery ligation results in increased levels of circulating
IGFBP-I and hepatic IGFBP-I mRNA in liver but a decrease in fetal insulin (.Jnterman et al.

1990, Price et aL.1992).

In the growth retarded fetuses and offspring, both IGFBP-I and/or -2 were elevated, suggesting
that both IGFBP-I and/or IGFBP-2 may be associated with retarded fetal growth. It has been

speculated that IGFBP-I is involved in the regulation of fetal growth, based on the fact that
IGFBP-I levels have been increased in some experimental IUGR models in the rat (Unterman e/
al. 1990, Price er al. 1992, Unterman et al. 1993) and in the human with IUGR (Lassarre et al.

1991, Wang & Chard 1991, Giudice et al. 1992).IGFBP-I and IGFBP-2 rose in fetal sheep
plasma following starvation of the ewe (Gallaher et al. lggz).Increased IGFBp-l can potentially
inhibit growth by binding IGF in the circulation and thereby limiting the availability of IGF to
target fissues (Unterman et al. 1990, Price et at. 1992). The rise in serum IGFBp may restrict the
availability of IGF-I and -II peptides to fetal tissues and thereby reduce fetal growth. The
intensity of IGFBP-3 triplet declined and was undectable by day 22 of gestation. This decline in
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Chapter 3: Animal model of IUGR
IGFBP-3 may be modulated by IGFBP proteases (Gargosky et al. 1993). It is speculated that the
rat IGFBP-3 protease induced in pregnancy is placentally derived and may influence the
maternal metabolic adjustments (Davenport et al. 1990). The observed rapid rise in IGFBp-3 in
the previously undernourished dams at birth could be a result of the increased food intake with
ad libitum food available at this time. Other observations in sheep (Gallaher et al. 1992) showed

that IGFBP-3 fell following maternal starvation.

Hepatic 125 I-bGH specific binding and postnatal growth were reduced in the IUGR pups

compared to ad libitum animals at 2l days of age, despite the normalization of circulating IGF-I,
suggesting that other post GH receptor related factors may be important in the regulation of IGF-
I in this situation. Although the relative rate of growth after l0 days of age in the IUGR pups w.s
the same as in the ad libitum group, the degree of matemal undernutrition was severe enough to
reduce fetal growth rate to such an extent that there was no catch-up growth postnatally. The
postnatal mechanisms responsible for stunting growth in the progeny of darns undernourished

throughout pregnancy may include a re-setting of endocrine and metabolic pathways (D'Ercole

1987), such as the observed reduction in plasma IGF-I and hepatic l2sI-bGH specific binding
neonatally.

A causal relationship between IUGR and the subsequent development of disease in adult life has

been suggested (Barker 1992c). One postulated mechanism to explain this association is that
IUGR may lead to altered programming of endocrine pathways (Barker et al. 1993a). The results
presented in this chapter support the use of maternal undemutrition as a model of IUGR and

indicate that the decreased GH receptors, plasma IGF-I and a change in IGFBp concentrations

may be involved in such progamming pathways leading to fetal growth retardation and impaired
growth postnatally. The following two chapters investigate the changes in gene expression with
IUGR and whether re-programming of the somatotrophic axis is associated with the
development of adult onset diseases as the animals mature.
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Chapter 4

Expression of the genes for insulin-tike growth factor-r
(IGF-r), growth-hormone receptor (GHR) and GH-binding
protein (GHBP) in fetal and neonatal rat under conditions of
intrauterine growth

undernutrition.

retardation caused by maternal

4.1 fntroduction

IUGR remains a dominant cause of perinatal morbidity and mortality. It has been suggested that
IUGR may lead to altered programming of distinct endocrine pathways (Gluckman 1995).

Nutrition is an important regulator of insulin-like growth factor -I (IGF-I) production during fetal
and postnatal life (Davenport e/ al. 1990). Restriction of energy or protein intake in humans and
animals causes prompt and significant reductions in concentrations of serum IGF-I (phillips &
Unterman 1984, D'Ercole 1991, Maes et al. 1991, Straus et al. 1991, Muaku et al. 1995) and
Iiver IGF-I mRNAs (Emler & Schalch 1987, Moats-staats et al. 1989, Thissen et al. l99la).

Understanding of the molecular basis of IGF-I biosynthesis has been vastly improved by
characterisation of the IGF-I gene structure and function (Shemer et al. 1992). The rat IGF-I
gene spans nearly 100 kilobases and is composed of six exons with multiple transcription
initiation start sites (Shemer et al. 1992). The leader exon and E domain variants are expressed in
a tissue-specific pattern; Ea and exon I transcripts are present in all tissues while exon 2 and Eb
mRNAs are relatively liver-specific (Shemer et at. 1992). Based on the differing patterns of
expression between different tissues and during development (Adamo et at. I99lb, Shemer et a/.

1992) and the response to GH therapy and hypophysectomy (Foyt et al. lgg2), it has been
proposed that exon I transcripts and Ea mRNAs encode autocrine/paracrine forms of IGF-I
while exon 2 transcripts and Eb mRNAs encode endocrine IGF-I (Le Roith & Roberts l99l).
Evidence from studies in fasted and diabetic rats (Adamo et al. lggla) and in sheep (pell et al.
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1993) suggest that the different IGF-I mRNA encoding these variants are differentially regulated.

However, the biological significance of the respective variants remains to be elucidated.

IGF-I gene expression in liver and other tissues is GH dependent and is reduced by
hypophysectomy and partially restored with GH replacement (Roberts et al. 1986 Roberts ef a/.

1987). Thus changes in IGF-I gene expression may also reflect changes in GH synthesis and GH
action. Regulation of the GHR is also an important mechanism of control within the

somatotrophic axis. The GH binding-protein (GHBP), a second product of the GHR gene

corresponding to the extracellular domain of the GHR, may also regulate GH action both at an

endocrine and at a local level @aumann 1994). In rodents, the liver is the primary source of
GHBP in plasma, although most non-hepatic tissues also express GHBp mRNA (Tiong &
Herington l99l). GHBP mRNA expression in rat liver increases with age (Tiong & Herington
1992)' similar to the increase observed in hepatic GHR mRNA (Tiong & Herington l992,ymer
& Herington 1992).In diabetic and protein-restricted rats, the expression of GHR and IGF-I
mRNA are both reduced (Bornfeldt et al. 1989), suggesting that these may reflect altered GH
action.

The study presented in this chapter aimed to examine the effect of maternal undernutrition
throughout gestation on expression of IGF-I, GHR and GHBP genes in fetal and neonatal liver,
in order to determine whether altered gene expression may be associated with ruGR and whether
these may persist postnatally.
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4.2 Materials and Methods

Animol Model

The experimental approach to induce IUGR in this study is outlined in section 2.1.1 and Chapter
3. In brief; following confirmation of mating, Wistar dams were randomly assigned to one of two
feeding regimes either ad libitum or restricted fed. Control dams were fed pelleted rat chow
throughout pregnancy ad libitum. The restricted fed group was fed 30% of the ad libitumintake
from day I and then throughout pregnancy.

At birth (postnatal day l), the size of each litter (n:6/dietary group) was reduced to 8 pups per
dam in order to standardise postnatal nutritional availability. Animals were sacrificed at day 22

of gestation, at birth and at postnatal days 5,9, 15 and 2l of age. Fetuses and neonates were
weighed and then killed by decapitation under halothane anaesthesia. Tissue samples collected
were rinsed in saline, snap frozen in liquid Nz and stored at -80oC until RNA extraction.

Preparation of RNA

Total RNA was extracted with Trizolru (Gibco BRL, Life Technologies, Inc, Ny, USA)
according to the manufacturer's instructions as outlined in section2J.l.

Antis e nse RNA constructs

The probes used to detect IGF-I mRNA levels and GHR/GHBP gene expression by RpA have

been described previously (Butler et al. 1994, Butler et al. 1996) and are outlined in section
2'7.3.In brief; two probes were used to detect IGF-I mRNA levels and tanscript variants and a
specific GHR cDNA was used to assess GHR and GHBP gene expression by RpA. A 300bp
cyclophilin cRNA probe served as a sample loading control and to facilitate quantification.
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Solution hybridizatiott/RNase protection assay

Solution hybridization4{Nase protection assays (RPAs) were performed as described previously
(Butler et al. 1994) using standard riboprobe generation procedures (Rioboprobe Gemini System

II kit, Promega, Madison WI, USA), according to the manufacturer's instructions as described in
section 2.7.3.

All RPAs investigating ontogeny of hepatic IGF-I, GHR and GHBP mRNAs and those

comparing expression between ad libitum and 30% ad libium gtoups were all performed in
duplicate. To control for differences in loading, all measurements were calculated as a ratio of
probe mRNAs to cyclophilin mRNA.

Statisfical analysis

Statistical analyses were carried out using the Sigma Stat Statistical package (Jandel Scientific,
San Rafael, Ca, USA). Differences between gestational ages and between ad libitum and31o/o ad
libitum groups were assessed by one-way ANOVA to compare the basal expression of liver IGF-
I mRNA variants and GI{R, GHBP mRNA. In addition, two-way ANOVA was utilized for age

and nuhition comparisons with a post-hoc bonferroni t-test. All data are expressed as percentage

changes from a given time point and are presented as mean t SEM. P values of less than 0.05

were considered significant.
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4.3 Results

The fetal and neonatal effects of nutritional restriction have been described in Chapter 3. In brief,

matemal undemutrition resulted in IUGR which was reflected by a significant decrease in fetal

weight (p<0.001) and placental weight (p<0.01) in the restricted fed group at day 22 of gestation.

In offspring from undernourished dams, body weights were significantly reduced by 20% at birth

(p<0.05) and by 15% when weaned at 2l days of age (p<0.05).

Ontogeny of IGF-I mRNA transcripts in ad, libitum and IUGR rats

In both nutritional groups, transcripts resulting from start sites in exon I and exon 2 were found

to be expressed (Figures 4.1 and 4.2). The developmental regulation of the start sites in exon 1

and exon 2 were the same for both ad libitum and 30Vo of ad libitum offspring with a peak in

expression occurring between postnatal days 15-21 (Figures 4.1, 4.2). Relative abundance of

IGF-I mRNA in start sites l/2, 3 and 2 spliced were low in ad libitum and 30% ad libitum

offspring at day 22 of gestation and at birth. After bffi these transcripts showed a steady

increase (p<0.05) in expression until postnatal day 21. IGF-I mRNA expression in exon 2 was

low until postnatal day 15 before increasing markedly (p<0.05) at 21 days of age (Figures 4.1,

4.2).

Expression of IGF-I mRNA transcripts between od libitum and IUGR rats

Transcripts resulting from start sites in exon I and exon 2 were coordinately reduced in 30% of

ad libitum offspring from day 22 of gestation to postnatal day 5 (Figure 4.3) and at postnatal

days 9 and 15 in selected start sites of exon I and exon 2 (Figure 4.4). Exon I start sites and exon

2 IGF-I nRNA variants were significantly (p<0.05) decreased in both ad libitum and 30% of ad

libitum offspring at day 22 of gestation and at birth compared to postnatal day 5 (Figure 4.3). In

the later time points, relative abundance of exon I start site variants were reduced (p<0.05) in

30Yo of ad libitum rats at postnatal day 9 at start sites 3 and 2 spliced compared to day 2l and

exon 2 at postnatal days 9 and 15 (Figure 4.4). However, in ad libitum offspring, only exon 2

IGF-I mRNA expression was decreased (p<0.05) at day 9 compared to postnatal day 2L (Figr:re

4.4).
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Figure a.f (a) Representative solution hybridization/RNase protection assays (RPAs) and (b) densitometric analysis
of RPAs of hepatic IGF-I mRNAs derived from start sites I and 2 in exon I (ss li2), start site 3 in exon I (ss3), start
site l/2 mRNAs with a l86b sequence deleted (ss2 spliced), start site 4 in exon I (ss4), and all IGF-I mRNAs not
containing exon I sequence (Exon 2) in ad libitum offspring from E22 of gestation to postnatal day 2l (n:4 per time
point). CP=cyclophilin loading control. Cl and C2: control lanes using probe alone with (Cl) and without (C2)
RNase treatment. M=maternal liver. Values are expressed as mean + SEM. 'o"o'p.0.05. Same letter denotes a

significant difference by one-way ANOVA followed by bonfenoni test.
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Figure 4.2 @) Representative solution hybridization/RNase protection assays (RPAs) and (b) densitometric analysis
of RPAs of hepatic IGF-I mRNAs derived from start sites I and 2 in exon I (ss l/2), start site 3 in exon I (ss3), start
site l/2 mRNAs with a l86b sequence deleted (ss2 spliced), start site 4 in exon I (ss4), and all IGF-I mRNAs not
containing exon I sequence (Exon 2) in30Yo of ad libitun offspring fromB2? of gestation to postnatal day 2l (n=4
per time poin$. CP:cyclophilin loading conhol. Cl and C2: control lanes using probe alone with (Cl) and without
(C2) RNase treatment. M=naternal liver. Values are expressed as mean * SEM. "*"p.0.05. Same letter denotes a
significant difference by one-way ANOVA followed by bonferronitest.
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F1s-u1e 4.3 (a) Representative solution hybridization/RNase protection assays (RPAs) and (b) densitometic analysis
o.f RP{s of hepatic IGF-I mRNAs derived from start sites I and 2 in exon i 1ss Uz1, rtutt ritr g in exon I Gs3), start
site l/2 mRNAs with a l86b sequence deleted (ss2 spliced), start site 4 in exon l-(ss4), and all IGF-I mRNAs notcontaining-exon I sequence @xon 2) in ad libitum n ana gd" of ad tibitum r omspiing to m day 22of gestation topostnatal.day 5 (n:4 pel_t!m9 point). cP:cyclophilin loading control. cl and cz: conltrol lanei using frobe alonewith (cl) and without (C2) RNase treatrnent. M=rnaternal l-iver. Values are expressed as mean + SEM. *p<0.05
compared to ad libitum rats, ap<0.05 compared to ad libitum P5, bp<0.05 compared to IUGR p5 by rwo-wayANOVA followed by bonfenonitest.
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Figure 4.4 (a) Representative solution hybridization/RNase protection assays (RPAs) and (b) densitometric analysis
of RPAs of hepatic IGF-I mRNAs derived from start sites I and 2 in exon I (ss l/2), start site 3 in exon I (ss3), start
site l/2 mRNAs with a l86b sequence deleted (ss2 spliced), start site 4 in exon I (ss4), and all IGF-I mRNAs not
containing exon I sequence (Exon 2) in ad libitum ! and 30% of ad libitum I offspring from postnatal day 9 to day
2l (n4 per time point). CP=cyclophilin loading control. Cl and C2: control lanes using probe alone with (Cl) and
without (C2) RNase treatment. M=maternal liver- Values are expressed as mean + SEM. *p<0.05 compared to ad
libitum rats, op<0.05 compared to ad libitum P2 l, h<0.05 compared to IUGR P2l by two-way ANOVA followed by
bonferroni test.
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Ontogeny of IGF-I, GHR and GHBP mRNA expression between ad libitum and IUGR rats

Total IGF-I, GHR and GHBP mRNA expression were measured simultaneously using the E

domain and GHR antisense RNA probes. Eb and Ea IGF-I mRNA expression were

developmentally regulated in both ad libitum and 30% of ad libitum offspring (Figures 4.5,4.6)

where a gradual increase was observed from birth to postnatal day 21.

The expression of Eb IGF-I mRNA was not effected by maternal undernutrition iz utero from

day 22 of gestation to postnatal day 5 (Figure 4.7). Although there appeared to be a

developmental increase during this period, it was not significant (p=6.1;. In the later time points,

relative abundance of Eb IGF-I mRNA was significantly G<0.05) reduced at postnatal day 9 in

both ad libitum and30%o of ad libitum offspring compared to day 21. In contrast, the expression

of Ea IGF-I mRNA was reduced in 30% of ad libitum offspring compared to ad libitum offspring

at day 22 of gestation and postnatal day 5. A developmental increase (p<0.05) was observed in

both groups (Figure 4.7).In the later time points, there were no significant differences observed

between ad libitum and 30% of ad libitum offspring in the expression of Eb IGF-I mRNA while

Ea IGF-I mRNA expression was reduced (p<0.05) in both ad libitum and 30o/o of ad libitum

offspring at postnatal day 9 compared to day 2l (Figure 4.8).

GHR and GHBP mRNAs were also developmentally regulated in both ad libitum and30Yo of ad

libitum offspring (Figures 4.5,4.6) and followed a similar pattern to that observed for Ea and Eb

IGF-I mRNAs.

There was no significant difference in the pattern of developmental GHR and GHBP expression

between ad libitum and 30o/o of ad libitum offspring at any age investigated. In addition, GHR

and GHBP gene expression were not changed by maternal undernutrition throughout gestation at

either the earlier (Figure 4.7) or later (Figure 4.8) time points. At day 22 of gestation and

postnatal day 9, a decrease (p<0.05) in GHR and GFIBP mRNAs was observed in both ad

Iibitum and 30% of ad libitum offspring compared to postnatal days 5 and 2l respectively

(Figures 4.7-4.8).In addition, ad libitum offspring exhibited reduced (p<0.05) hepatic GHR gene

expression at birth compared to postnatal day 5 (Figure 4.7).
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Figure 4.5 (a) Representative solution hybridization/RNase protection assays (RPAs) and (b) densitometric analysis
of RPAs of hepatic IGF-I Ea and Eb mRNAs, GHR and GHBP mRNA expression from ad libitum offspring from
day 22 of gestation to postnatal day 2l (n:4 per time point). CP:cyclophilin loading control. Cl and C2: control
lanes using probe alone with (Cl) and without (C2) RNase heatment. M=naternal liver. Values are expressed as
mean * SEM.'o"o"p<0.05. Same letter denotes a significant difference by one-way ANOVA followed by bonfenoni
test.
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Ffigure a.6 (a) Representative solution hybridization/RNase protection assays (RPAs) and (b) densitometric analysis
of RPAs of hepatic IGF-I Ea and Eb mRNAs, GHR and GIIBP mRNA expression from 30% of ad libium offspring
from 822 of gestation to postnatal day 2l., (n=4 per time point, except birth where n:3). CP-cyclophilin loading
control. Cl and C2: control lanes usingprobe alone with (Cl) and without (C2) RNase tr€atment. M=naternal liver.
Values are expressed as mean * SEM. '*"p<0.05. Same letter denotes a significant difference by one-way ANOVA
followed by bonferroni test
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Figure 4.7 (a) Representative solution hybridization/RNase protection assays (RPAs) and (b) densitometric analysis
of RPAs of hepatic IGF-I Ea and Eb mRNAs, GHR and GHBP mRNA expression in ad libitum D and 30o/o of ad
libitum I offspring from day 22 of gestation to postnatal day 5 (n=4 per time point). CP:cyclophilin toading
control. Cl and C2: control lanes using probe alone with (Cl) and without (C2) RNase treatment. M:maternal liver.
Values are expressed as mean + SEM. *p<0.05 compared to ad libitum rats, ip<0.05 compared to ad libitum P5,
op<0.05 compared to IUGR P5 by two-way ANOVA followed by bonferroni test.
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Figure a.8 (a) Representative solution hybridization/RNase protection assays (RPAs) and (b) densitometric analysis
of RPAs of hepatic IGF-I Ea and Eb mRNAs, GHR and GHBP mRNA expression in ad libinm tr and 30o/o of ad
libitum I offspring from postnatal day 9 to day 2l (n=4 per time point). CP:cyclophilin loading control. Cl and C2:
control lanes using probe alone with (Cl) and without (C2) RNase treatment. M=natemal liver. Values are
expressed as mean + SEM. *p<0.05 compared to ad libitum rats, Np<0.05 compared to ad libitum P2l, bp<0.05

compared to IUGR P2l by two-way ANOVA followed by bonfenoni test.
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4.4 Discussion

The study presented in Chapter 3 demonshated that maternal undemutrition in the rat sufficient

to induce IUGR results in offspring which are significantly 20o/o growth retarded at birth and

15% growth retarded at weaning (21 days). The current study extends the original study and

demonstrates that IGF-I mRNA transcripts in liver are reduced during the neonatal period by

maternal undernutrition throughout gestation. These data are consistent with previously reported

reductions in circulating IGF-I during neonatal development as a consequence of altered

maternal nutrition (Maes et al. 1983b, Pilistine et al. 1984) and of the IGF-I levels reported in

Chapter 3. The current study demonstrates that reduced hepatic IGF-I expression persists into the

neonatal period despite a return of the dam to a diet of normal nutrient intake.

In the present study, low expression of both exons I and 2 transcripts were observed from day 22

of gestation which then increased in abundance from binh. Exons I and 2 IGF-I transcripts have

been reported to show independent ontogenic development. An increase in the expression of

hepatic exon 2 transcripts occurs from approximately 20 days after birth, whereas exon I

transcripts increase in an almost linear manner after birth (Adamo et al. l99lb). Studies in the rat

have shown that hypophysectomy reduces all IGF-I mRNA tanscripts. However, those initiated

at start site (ss) 3 in exon 1 and the major ss in exon 2 appear to be preferentially reduced in adult

(Foyt et al. 1992) and juvenile hypophysectomized rats (Domene et al. 1993) suggesting GH-

dependent regulation of these transcripts. The IGFJ response during postnatal development and

to insulinopenic diabetes and fasting appears to result from the coordinated regulation of

transcription ss within exon I in the liver (Adamo et al. l99lb). Transcription initiation at the

single major site in exon 2 was also reduced in diabetes and fasting. In the GH-deficient dwarf

rat, hepatic IGF-I mRNAs are reduced by 50% compared to normal rats (Butler et al. 1996).

This reduction was coordinate for all of the exon I ss and exon 2 IGF-I mRNA variants. In the

present study, exons I and 2 transcripts were coordinately reduced in 30% of ad libitum

offspring from day 22 of gestation up until postnatal day 9 and selected transcripts at day 15.

This is consistent with the results reported in Chapter 3 where circulating IGF-I levels were

reduced in 30Yo of ad libitum rats until postnatal day 9 but were normalised by about day 15.

Parallel decreases in liver IGF-I mRNA and serum IGF-I levels have also been observed in

growth retarded fetuses from fasted pregnant dams (Straus et al. l99l), protein restricted dams

(Muaku et al. 1995) and during acute protein restriction of neonatal rats (Moats-Staats er a/.

1989). The reductions in serum IGF-I and IGF-I mRNA suggest that these responses are
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mediated by decreased gene expression at the level of transcription or RNA stabilisation (Moats-

Staats et al. 1989). Whether these may also be related to reduced appetite or reduced food intake

is unclear.

The current study has demonstrated that hepatic GH-receptor and GHBP mRNAs are

developmentally regulated in both ad libitum and 30% of ad libitum offspring and are not

influenced by matemal nutrition during pregnancy. The expression of GHBP mRNAs in liver is

regulated by the pattern of GHR stimulation, with high basal levels of GH in the circulation

stimulating GHBP mRNA expression (Carmignac et al. lggz,}ldadrtar et al. 1992, Carmignac et

al. 1993). GH secretion is generally believed to be markedly reduced in catabolic states. Fasting

and a protein-reduced diet decreased specific GH binding and hepatic GH receptor mRNA in

young rats (Maes et al. 1983a, Bornfeldt et al. 1989) which return to normal with refeeding

(Maes et al. 1983a). Whether the lack of alteration in GHR/GFIBP gene expression in the present

study reflects the development of GH resistance or is secondary to altered GH secretion is

unclear and warrants further investigation.

Transcripts for both GHR and GHBP are found in several different tissues in the rat and appear

to be differentially regulated (Carlsson et al. 1990, Frick et al. 1990). In situ hybridization

studies demonstrate a distinct pattem of cellular distribution of GHR and GFIBP in the

developing rat fetus (Edmondson et al. 1995). These data suggest a role for GH or a GHJike

peptide, perhaps acting both directly and indirectly via IGF-I to promote fetal growth and

development. Variation in abundance and developmental profiles of the GHR and GHBP mRNA

in fetal and postnatal tissues by Northern analysis suggests that GHR and GHBP may mediate

differences in GH responsiveness (Walker et al. t992). The increases with age in liver and

kidney GHR mRNA abundance is consistent with the increased metabolic demands of maturing

animals (Walker et al. 1992). Tissue specific regulation of GHR and GHBP mRNA in diabetic

rats (Menon et al. 1994) suggests insulin may also be a regulator of GHR and/or GFIBP gene

expression.

Several reports demonstrate that fasted animals or those subjected to prolonged protein

restriction after a period of fasting show a close correlation between the fall in plasma IGF-I

concentration and the reduction of liver somatogenic binding sites (Maiter et al. 1988). This has

led to the development of the hypothsis that down-regulation of hepatic GHR may contribute to

the development of an insensitivity to GH as a consequence of malnutrition (Maes et al. 1983b,
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Maes et al. 1984b). This hypothesis is supported by observations that young growing rats with
adequate energy intake subjected to short-term protein deprivation exhibit a prompt and marked
decrease in serum concentrations of IGF-I, while hepatic GH binding was only slightly reduced

Maiter et al. (1988). The dissociation between these two parameters suggests that a post-receptor

defect in GH action might contribute to the development of GH resistance as a consequence of
protein malnutrition (Maiter et al. 1988). Reduced circulating IGF-I levels in IUGR offspring
(Chapter 3) in conjunction with the currently reported reduction in IGF-I gene expression with
little change in GHR gene expression may suggest a post-receptor defect in GH action in IUGR
offspring.

In summary, it is postulated that reduced hepatic IGF-I mRNA in the face of unaltered GHR
synthesis or binding may reflect a change in GH sensitivity similar to that demonstated in other

states of GH resistance, such as those induced by nutritional deprivation and diabetes (Straus &
Takemoto 1990, Adamo et al. l99lb). The reduction in hepatic IGF-I mRNA and plasma IGF-I
observed in this study and in Chapter 3 appears to be transient and occurs prior to weaning. Any
possible long term changes within the somatotrophic axis as a consequence of ruGR remain to

be elucidated.
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Chapter 5

Reduced maternal nutrition in the rat during gestation leads

to delayed postnatal growth and elevated blood pressure of
offspring

5.1 Introduction

Epidemiological studies have provided evidence that certain major adult non-communicable

diseases may have their origins in fetal life tbrough exposure to an adverse intauterine

environment. Barker et al. (1993a) proposed that these apparent associations are a consequence

of adverse periconcepfual or intrauterine influences which can alter fetal growth and determine

the "programming" of the developing cardiovascular and endocrine/metabolic control systems.

Thus a sub-optimum intrauterine environment might lead to both an abnorrral birth size

phenotype and to altered cardiovascular and/or metabolic homeostasis. In further reports,

inadequate matemal nuhition in particular has been implicated as an important determinant of
the risk for the subsequent development of hypertension in the offspring @arker & Fall 1993,

Godfrey et al. 1994).

At present, the physiological basis for the observed association between low birth weigbt and

increased risk of developing hypertension in adulthood is unknown. Since none of the human

studies which relate birth weight to adult blood pressure have actually measured nutritional

intake in mothers or babies, their nutritional status has only been inferred indirectly from

measurements of birth weight. In animals, dxperimental evidence linking prenatal events to

postnatal cardiovascular sequelae is limited and has been confined to observations made during

puberty or young childhood. In guinea pigs, induction of IUGR by maternal uterine artery

ligation led to raised blood pressures in the offspring at 3-4 months of age (Persson & Jansson

1992). Elevated systolic blood pressures were also observed in the adolescent and young adult
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offspring of rats exposed to a protein deficient diet shortly before and during pregrumcy

(Langley & Jackson 1994).

The results presented in Chapter 3 demonshated the development of a model in the rat of IUGR

by restricting maternal food intake throughout gestation. Fetal and placental weights were

reduced by 20% when maternal dietary intake was restricted to 30% of ad libitum fed contols.

The present study was designed to determine whether restiction of maternal nutrition

throughout gestation affects blood presswe in the offspring during mid to late adult life.

Significantly higher systolic blood pressure measured from 30-56 weeks of age was observed in

the offspring of nutritionally restricted dams. This study provides further evidence to support the

proposal that maternal undernutrition during pregnancy is associated wittt raised blood pressure

in the adult offspring.

5.2 Materials and Methods

Animols ond Study Design

The experimental approach to induce IUGR in this study is outlined in section 2.1.1 and Chapter

3. tn brief, dams were randomly assigned to one of two feeding regimes either ad libitum or

restricted fed. Control dams were fed pelleted rat chow throughout pregnancy ad libitum. T\e

restricted fed group was fed 30% of the ad libitum intake throughout pregnancy, commencing on

day l.

At parturitioru feeding was ad libitum in both goups and litter size was adjusted to 8 pups per

litter. The pups were weaned at 3 weeks of age on to rat chow and were housed in either pairs

(males) or triplets (females). Animals were weighed weekly from weaning until 90 days of age

and monthly thereafter. All adult offspring were sacrificed at 62 weeks of age by decapitation

under halothane anaesthesia. Body lengths and tail circumferences were measured.

B lood Press ure Meas urements

Systolic blood pressure was measured in a total of 58 conscious male and female offspring from

8 litters (4 ad libitum and 4 restricted fed) by recording tail cuff plethysmography (Blood
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Pressure Analyzer IITC, Life Science, Woodland Hills CA USA) as previously validated @unag

1973) and described in section 2.2. Heart rate was calculated as beats/minute by counting the

number of pulses registering over a 2 second period and multiplying by 30. Training for indirect

tail-cuff blood pressure determination began when the rats were 25 weeks old and blood

pressure measurements were recorded at 30, 40, 48 and 56 weeks of age. Blood pressure was

determined in triplicate for each animal, with average systolic pressure and heart rate recorded as

the mean of 3 readings.

Statisticol analyses

All analyses were carried out using the Sigma Stat Statistical package (Jandel Scientific). A

preliminary multivariate analysis showed no litter effect and differences between groups were

evaluated using ANOVA followed by a post hoc bonferroni t'test. Data are shown as mean *
standard error of the mean (SEM). P values of less than 0.05 were considered significant.

5.3 Results

Maternal effects of nutritional restriction daring pregnancy

Nutritional restriction did not affect litter size (ad libitum 11.95+0.75 pups/litter; 30Yo ad libitum

11.56+0.79 pups/litter). No differences were observed in maternal nursing behaviour between

the nutritionally restricted and ad libitum mothers and no pups were eaten by their mothers in

either group. However, the mortality rate between birth and weaning was higher among the pups

of nutritionally restricted dams. After standardizing all litters at bffi to 8 pups per litter, 4 of 32

pups born to nutritionally restricted dams died before weaning but there were no deaths among

the control pups.

Postnatal somatic growth

Maternal undernutrition resulted in IUGR which was reflected by a significant decrease in fetal

weight (p<0.01) and placental weight G<0.01) in the restricted fed groups at day 22 of gestation

(Table 5.1). In the offspring from the restricted fed dams, body weights were significantly
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reduced by 25% at birth (p<0.05) and by llVo at when weaned at 2l days of age (p<0.05; Table

5.1). The sex of the pups could not be determined with certainty until they were weaned.T\e ad

libitum group comprised l8 males and 14 females, compared with 17 males and I I females in

the 30Vo ad libitum oftspring. Body weights recorded at regular intervals from weaning onwards

are shown in Figure 5.1. By 8 weeks of age males were significantly heavier than females, a

difference which progressively increased with advancing age. For both males and females, pups

ftom ad libitum fed dams were significantly heavier (p<0.05) than the offspring from restricted

fed dams until 12 weeks of age. Progeny of the restricted fed group showed catch-up in growth

between 12 and 30 weeks of age (Figure 5.1). When the animals were killed at 62 weeks of age,

body length (nose-rump and nose-tail) was significantly shorter in the females of both groups

compile with the males but there was no effect of maternal nutrition on body length in either sex

(Table 5.2). Similarly, heart and kidney weights were both significantly less in females than in

males of each group but matemal nuFition did not have a significant effect (Table 5.2).

Table 5.1 Fetal weight and placental weight at day 22 of gestation, birth weight and weight at weaning (21 days of
age) of offspring fron ad libitum (nd litters and30o/o ad libinm (n:6 litters) dams.

Fetal wt (g) Placental wt (g) Birth wt (g) Weight at
weaning (g)

Ad Libitum 5.15 + 0.1I

3.45 L0.24

0.54 r 0.01

0.37 + 0.05"

5.74 * 0.15

4.62* 0.21b

49.60 + 1.38

42.75 + 1.2lb30% Ad libitum

Values are mean + SEM. "p.0.01, 
op<0.05 compared to ad libitum offspring by one-way ANOVA followed by

bonferroni test.
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Table 5.2 Body length, tail circumference, heart and kidney weights of offspring at sacrifice at 62 weeks of age

from ad libitum and 30% ad libitum dams.

Ad Libitum 30o/o Ad Libitum

male

(n=16)

female

(n:13)

male

(n:17)

female

(n:9)

Nose-rump (cm) 27.52+2.09

48.44+7.43

3.30+0.06

24.12+2.46',

42.27+8.49^

2.96*0.07'

27.63L2.09

46.62+7.66

3.38r0.06

24.52+2.96

43.94+9.69

3.18*0.09"

Nose-tail (cm)

Tail
circumference
(cm)

Heart wt (g) 1.6810.04 l.l7*0.04^ 1.55+0.04 1.2310.05"

Kidney wt (g) 4.44t0.17 2.47+0.79" 4.18+0.17 2.92+0.22'

Number of animals are in parentheses. Values are mean + SEM ap<0.05 between sexes within each nutritional
group by one-way ANOVA followed by bonfenoni test.

Systolic blood pressure in adult offspring

The first measurements of systolic blood presslre and heart rate were made when the offspring

were 30 weeks of age (Figure 5.2), an age by which body weights were identical in the nvo

groups. Subsequent measurements were made at 40, 48 and 56 weeks of age. Tail

circumferences were similar thus validating comparison by tail cuff methodology (Table 5.2).

No sex differences were observed in blood pressure measurements between males and females

in either nutritional group (ad libitum males vs females p<0.3; 30o/o ad libitum males vs females

p<0.2).

Systolic blood pressure was significantly (p<0.05) higher in the 30%o ad libitum offspring

(l19.7+1.32mmHg) compared with the offspring of ad libitum fed group (l14.1+0.2ammHg).

Post hoc comparison revealed that systolic pressure was significantly elevated at 30, 48 and 56

weeks of age in the nutritionally restricted offspring (Figure 5.2) but the difference was not

significant at 40 weeks of age. In both groups of offspring there was a trend towards a small

decrease in systolic pressure with advancing age but this was not significant. The effect of prior
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exposure as a fetus to maternal undemutrition was greatest at 58 weeks after birth when systolic

pressure was 8.lmmHg higher in the nutritionally restricted group compared with the control

offspring. At 30 weeks of age the difference in systolic pressure between the two groups w,ls

6.8mmHg and at 56 weeks the difference was 5.0mmHg. At 30 weeks of age systolic pres$ue

was negatively correlated with birth weight (r--0.27; p<0.05) but this association was not

significant at older ages.

120 150

Figure 5.I. Body weight from 2l until 390 days of age in offspring from ad libitam (n=4 litten) and 30o/o ad
libitum (nd litters) dams. Ad libitum males (O), ad libitum females (tr), 30olo ad libitum males (o), 30Yo ad libitum
females (I) Values are mean + SEM. ip<0.05 compared to ad libitum offspring from 2l until90 days of €e by
one-way ANOVA followed by bonferroni test.

o,

-c
.9)o

180 210 240
Age (days)

86



Chapter 5: Systolic blood pressure

lllr
Age (weeks)

Figure 5.2. Systolic blood pressure of adult offspring from ad libitum (n:4 litters) (tr) and 30Yo ad libitum (n4
litters) (r) dams. Values are mean + SEM. *p<0.05 compared to ad libitum offspring by one-way ANOVA
followed bv bonferroni test.

Heart rate of adult offspring

Heart rates calculated from the pulses detected during blood pressure measurement are shown in

Table 5.3. There was no effect of age on heart rate in either group but there was a trend towards

a higher heart rate in the offlspring of nutritionally restricted dams which was significant

0<0.05) at 48 weeks of age.
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Table 5.3 Heart rate measured in beats per minute (BPM) of offspring at 30,40,48 and 56 weeks of age from ad
libitum (n:4 litters) ar rd 30Yo ad libitum (n--4 litters) dams.

30 weeks 40 weeks 48 weeks 56 weeks

Ad libitum 307.9+5.44

315.2t7.32

315.5r5.33

324.1+5.79^

324.7*5.62

344.0+6.13

320.4*7.28

324.3*7.9930% Ad libitum
Values are mean + SEM to ad libitum offspring by one-way ANOVA
test.
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These observations provide direct experimental evidence supporting the theory, derived from

human epidemiological studies, that adult hypertension may originate during fetal life as a result

of exposure to a sub-optimal intrauterine environment (Barker & Martyn 1992). Population

studies have described associations between low birth weight and increased risk of

cardiovascular disease including hypertension (Gennser et al. 1988, Barker et al. 1989b),

ischaemic heart disease and stroke (Barker et al. 19894 Barker et al. 1993b) and Syndrome X

(Barker et al. 1993c). A further report indicated that placental weight predicts adult hypertension

more strongly than reduced birth weight, such that babies born light relative to their placenta are

at greatest risk of hypertension (Barker et al. 1990). Barker (1992a) proposed that such

associations are evidence that the pathogenesis of cardiovascular disease is "programmed"

during critical periods of intrauterine development. Programming is a general process whereby a

stimulus or insult at a critical period of development has lasting or lifelong significance (Lucas

1991). The favoured hypothesis elaborated by Barker and colleagues in recent years is that it is

poor or inadequate maternal nutrition during pregnancy which provides the sub-optimal

intrauterine environment, or insult, which both impairs fetal growth and alters the programming

of fetal cardiovascular and metabolic control systems (Barker et al. 1993a). However, this

proposition is based on retrospective epidemiological observations, and maternal nutritional

intake has not actually been measured in any human studies. Even though the 5-8mmHg rise in

systolic pressure observed in the present study is small in absolute terms, the finding is notable

because it provides a clear demonstration that blood pressrue can be significantly elevated over a

prolonged period from mid to late adult life following fetal exposure to controlled restiction of

maternal nutritional intake during pregnancy.

Two previous experimental studies reported that an adverse intrauterine environment leads to

raised blood pressrue in the offspring, but in both studies blood pressure was only measured in

adolescent or young animals. IUGR, induced in guinea pigs by ligation of a uterine artery in

mid-gestation, was associated with an increase in mean blood pressure of 7 mmHg in those with

severe, but not moderate, IUGR (Persson & Jansson 1992). The same study also noted an

inverse correlation between heart rate and birth weight, and the trend observed in the present

sudy towards higher heart rates in the nutritionally restricted offspring is consistent with this. In

rats, graded restriction of maternal protein intake which was continued from 2 weeks before

conception until parturition, was associated with raised systolic presswe from 9-21 weeks of

age, but these observations were made only on the female offspring (Langley & Jackson 1994)
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and heart rates were not reported. In that study, systolic pressure at 9 weeks of age was inversely

related to both maternal protein intake and maternal energy intake. These authors also noted that

in all nutritional groups blood pressure declined significantly between 9 and 2l weeks of age. In

the present study systolic pressures were measured in both male and female offspring, and at

later ages, but a similar ffend was observed. The reasons for this fall in blood pressure are

unclear, since in humans and many other mammals arterial pressure increases progressively with

advancing age and increasing weight. In humans, it is also suggested that raised blood pressure

initiated in utero is progressively amplified throughout life (Law et al. 1993). Despite this, it is

notable that in both the present study as well as that of Langley & Jackson (1994), systolic

pressure continued to be higher in the nutritionally restricted offspring at all ages except at 40

weeks. The absence of a difference in blood pressure at this one age is unlikely to be of

physiological significance and may suggest that the age-related decline in blood pressure wzrs

slightly delayed in the ad libitum offspring.

The mechanisms by which matemal undernutrition during pregnancy can lead to hypertension in

the adult offspring remain to be elucidated. It has been proposed that the changes in the

intrauterine environment which alter fetal, and possibly placental, growth may also affect the

programming of cardiovascular and metabolic control systems (Barker et al. 1993a). Many

hormones important in fetal adaptation to an adverse intrauterine environment have well known

pressor effects, for example catecholamines, vasopressin and angiotensin IL Fluctuations in fetal

blood pressure may initiate the pathophysiological changes which alter the set points of

autonomic nervous control of the cardiovascular system. This would be consistent with

Folkow's proposal that hypertension develops when an initiating event which raises blood

pressure acutely is followed by a continuing amplification process which progressively

magnifies the differences long after the initial stimulus has disappeared (Folkow 1978). There is

now also some evidence that exposure of the fetus to excessive glucocorticoid levels may be

involved in the reprogramming of cardiovascular control systems. The hypertensive effects of

glucocorticoids are well recognised and exposure of rat fetuses to exogenous glucocorticoids

leads to reduced birth weight and subsequent hypertension in the offspring (Benediktsson et al.

1993). Normally, placental llB-hydroxysteroid dehydrogenase (1IB-OHSD) protects the fetus

from the deleterious effects of maternal glucocorticoids by catalysing the inactivation of cortisol

and corticosterone (Murphy et al. 1974). However, a recent report indicates that maternal protein

deprivation during pregnancy is associated with reduced placental l IB'OHSD activity and this is
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suggested as a possible mechanism which could lead to both IUGR and hypertension in the

offspring (Langley-Evans et al. 1996a).

The observations of Barker and his colleagues, although infriguing, have met with some

conhoversy (Paneth & Susser 1995). The suggestion that inadequate maternal nutition during

pregnancy is a primary factor in the development of hypertension in the next generation has been

criticised because it is based on retospective epidemiological studies in which maternal

nuhition has never been measured. The results presented in this chapter provide direct

experimental support for the hypothesis that maternal malnutrition can alter the development of

cardiovascular control in the fetus and thereby lead to raised blood pr€ssure in the adult

offspring.
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Chupter 6

Administration of growth hormone and insulin-like growth

factor -1 to pregnant rats on a reduced diet throughout

pregnancy does not prevent fetal IUGR and elevated blood

pressure in adult offspring

6.1 Introduction

Barker (1992a) proposed that the cardiovascular adaptations which lead to the development of

hypertension in adult life originate during fetal development in response to a sub-optimal intra-

uterine environment which can also affect fetal and placental growth. There is increasing

experimental evidence that despite adequate food rehabilitation, failure of catch-up growth and

low circulating insulin-like growth factor [GF)-I are observed following maternal undemutrition

(Chapter 3) and protein restriction (Muaku et al.1996). This may lead to elevated blood Pressure

in adult offspring, as observed in Chapter 5 and in protein restricted rats (Langley & Jackson

1994).

Growth hormone (GH) is an important regulator of postnatal linear growth in marnmals. GH may

promote growth both directly and indirectly through its stimulation of IGF-I synthesis (Gargosky

et al. l99l). The anabolic and re-partitioning efflects of both GH and IGF-I have been

demonstrated in non-pregnant rats (Philipps et al. 1988, Sillence & Etherton 1989). Several

groups have studied the effects of administering IGF-I or GH to pregnant rats on the growth of

their fetuses and have obtained conflicting results. While some studies have reported positive

effects of GH on fetal growth (Kuhn et al. 1996), many others have reported little or no effect of

GH or IGF-I on fetal growth (Randall 1989, Behringer et al. 1990, Gargosky et al. l99l,Cellaet

al. 1994) or even a negative effect (Chiang & Nicoll 1991).
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The studies presented in this Chapter were designed to examine the response of dams,

undemourished throughout pregnancy, to bGH and hIGF-I treatment in late pregnancy and the

effects on fetal and placental growth. We tested the hypothesis whether the effect of re-

partitioning of absorbed nutrients commonly observed with GH treatment could alleviate the

degree of growth retardation at birth or postnatal pathophysiology observed by reduced

nutritional supply to the dams during pregnancy. In addition, a cohort of offspring from treated

dams was maintained to examine postnatal growth and to measure their blood pressure. A

growth response was observed in the dams following IGF-I and GH treatment. However,

offspring from undernourished dams remained growth retarded and exhibited elevated blood

pressure later on in life despite GH or IGF-I treatment to the mother during the last half of

gestation.

6.2 Materials and Methods

Animal Model

The experimental approach to induce IUGR in this study has been outlined in section 2.1.1 and

Chapter 3. In brief, dams were randomly assigned to one of two feeding regimes either ad

libitum or restricted fed. Control dams were fed pelleted rat chow throughout pregnancy ad

libitum. The restricted fed group was fed 30o/o of the ad libitum intake throughout pregnancy,

commencing on day l. All 30%o ad libitum animals treated with either saline or hormones were

allocated the same amount of food.

Hormone Treatments

On day 9 of pregnancy, dams from ad libitum and restricted fed $oups were randomly assigned

to one of three treatrnent groups. Dams were given three times daily (0800, 1600 and 2200h) sub

cutaneous (sc) injections of saline, bovine GH (zpglg body weight @W)/day) or recombinant

human IGF-I (rhIGF-l 2ltglgBW/day) from day l0 through to day 20 of gestation. Recombinant

bGH (batch # PR003, a gift from Dr W. Baumbach, American Cyanamid Co. Princeton, NI) was

weighed out and stored at -20oC. It was dissolved in carbonated buffered saline (pH 9.4)
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immediately prior to use. Recombinant hIGF-I (batch # 56820A51, Kabi Pharmacia) was

supptied in suspensionat2 mg/ml and was diluted in0.9oh saline prior to injection.

The body weight of each dam was recorded daily. All dams were killed by decapitation under

halothane anaesthesia 2 hours after the last hormone injection. Fetuses were weighed and body

length was measured before decapitation. Blood was collected from the cervical blood vessels on

to ice and plasma separated by centrifugation at 4oC for 20 min at 3000x g and stored at -20oC

until analyzed. Blood collected from the fetuses within each litter was pooled and analyzed as

one sample. Tissue samples collected were rinsed in saline, weighed and immediately placed in

liquid nitrogen and subsequently stored at -80oC.

A cohort of animals (8 ad libitum litters and 6 30o/o ad libitum litters) were maintained to

measure postnatal weight and blood pressure following maternal administration of IGF-I and GH

during pregnancy. At birth (postnatal day l), the size of each litter was reduced to 8 pups per

dam in order to improve postnatal nutritional conditions. Litters of the restricted fed group were

immediately fostered on to ad libitum fed dams having given birth within 24 hours.

IGF-| RIA

Plasma IGF-l was measured as outlined in section2.4.

Plasma GH binding proteins

Total plasma GH-binding protein (GHBP) was measured using a radioimmunoassay described in

detail previously @arnard et al. 1994) and is outlined in section 2.4.

B lood Press ure Meas urements

Systolic blood pressure was measured in a total of 100 conscious male and female offspring from

14 litters (8 ad libitum and 6 30o/o ad libitum) by recording tail cuff plethysmography @lood

Pressure Analyzer IITC, Life Science, Woodland Hills CA USA) as previously validated (Bunag

1973) and described in detail in section 2.2. Trunrng for indirect tail-cuff blood pressure

determination began when the rats were 15 weeks old and blood pressue measurements were
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recorded at 18 and 50 weeks of age. Blood pressure was deterrrined in tiplicate for each animal,

and average systolic pressure recorded as the mean of 3 readings. Reliable diastolic pressures

could not be obtained.

Statisfical Analyses

All statistical analyses were carried out using the Sigma Stat Statistical package (Jandel

Scientific, San Rafael, CA, USA). To determine the respective influences of gestational diet and

honnonal therapy, differences were analysed using two-way AI.IOVA. To detemrine the

influence of honnonal therapy within gestational diet, one-way ANOVA was used followed by a

post-hoc bonferroni t-test. Data are shown as mean + SEM and P values of less than 0.05 were

considered signifi cant.
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6.3 Results

Maternal weight

Nutritional restriction throughout gestation resulted in a significant reduction (p<0.01) in body

weight from conception until day 16 in the saline treated 30Yo ad libitum group (Figure 6.1).

While not significant (p:0.1), there was a tend towards an increase in body weight in the hIGF-I

and bGH treated 30o/o ad libitum dams, apparent from as early as day 12 of gestation, 2 days

after the start of hormone treatment (Figure 6.1). In the ad libitum grouP, there was a significant

increase (p<0.05) in body weight in the GH heated dams in the latter stages of gestation (Figure

6.1). Body weight gain from day 10-20 of gestation tended to be increased (p<0.06) in 30% ad

libitum dams treated with hIGF-I and bGH (Figure 6.2). Ad libitum dams teated with bGH

significantly increased their body weight gain (p<0.05) compated to saline treated dams (Figure

6.2) while hIGF-I treatment did not significantly increase body weight gain (p:0.1). There was a

marked difference in the arnount of body weight gained between ad libitum and30%o ad libitum

dams (p<0.001) during the treatment period (Figures 6.1 and 6.2).

Ad libitum

30o/o Ad libitum

Treatnent period

Gestation (days)

Figure 6.1 Maternal body weight of ad libitum and 30% ad libitum dams from conception until day 20 of
gestation following 3 times daily sc injection with either saline..(O) or ZpglgBWlday of hIGF-I (I) or

bGH (A) from days 10-20 of gestation. Values are mean+SEM. 
*p<0.05 compared with saline teatrnent

*p<0.01 compared with ad libitum dams by two-way ANOVA followed by bonfenoni test.
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IGF-I

Figure 6.2 Maternal body weight gan of ad libitum (D) and 30% ad libitum dams (I) following 3 times

daily sc injections with either saline or zqglgBWlday of hIGF-l or bGH from days 10-20 of gestation.

Values are meantSEM. Number of dams treated in each group are in parentheses. #p<0.05 compared with
saline treatnent, *p<0.01 compared with ad libitum dams by two-way ANOVA followed by bonferroni

test.

Litter size at the time of sacrifice was not significantly different G>0.1) between ad libitum arlid

30Vo ad libitum groups (Table 6.1). Maternal organ weights were significantly reduced in 30%

ad libitum (p<0.05) group compared to ad libttum dams, however, organ weight ratios

(calculated by dividing wet organ weight by body weight) were not altered with undernutition

(Table 6.1). GH treatrnent significantly increased whole spleen and carcass weights n ad libitum

dams, and kidney and carcass weights of 30% ad libitum dams. Organ weight ratios were

unchanged with hormone treatments.

o)
c'6
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Table 6.1 Litter size, organ weights (g) and organ weight ratios (% body weight) of ad libitum and30To

ad libitum dams at day 20 of gestation following l0 days of treafinent with either saline, IGF-I or bGH.

t/alues are expressed as meantSEM. Number of dams treated in each group are in parentheses. "p<0.05

compared with saline treafinent, tp<0.05 compared with ad libitum danrs by two-way ANOVA followed
by bonferroni test.

Fetal weight

Mean fetal weights and placental weights remained unchanged (p>0.1) following either maternal

IGF-I or bGH treatment (Table 6.2). Body weights of 30Yo ad libitum fetuses were significantly

smaller than ad tibitum fetuses (Table 6.2). Whole organ weights were significantly reduced

0<0.001) in30Yo ad libitum fetuses (data not shown). Liver and kidney organ weight ratios were

significantly reduced (p<0.001) in 30%o ad libitum fetuses and nose-rump length was also

reduced (p<0.001). However, neither organ weights nor body length were affected by hIGF-I or

bGH treatment (Table 6.2)ineither group.

Ad libitum 30Yo Ad libitum

Saline (9) IGF-I (9) bGH (8) Saline (9) IGF-I (9) bGH (E)

Litter size.

Liver
Wt ratio

Heart
Wt ratio

Spleen
Wt ratio

Kidney
Wt ratio

Carcass
Wt ratio

12.810.89 I1.811.02 12.910.89

15.480.45 16.16+0.53 16.9}}0.60
4.46+0.t2 4.44*0.11 4.45+0.11

1.02+0.03 1.07+0.05 Ll l+0.04
2.94+0.08 2.94+0.07 2.93+0.08

0.86+0.04 0.980.05 l.12+0.05#
2.48+0.07 2.72L0.08 2.96*0.09

2.07+0.07 Z.ZB+017 Z.Z7+0.08
5.96+A.27 6.16+0.31 5.98+0.28

210.9+3.4 225.3+4.4 233.6+6.9n

60.7+t.02 62.2+t.13 61.7+t.34

13.8r0.83 14.010.44 10.011.23

8.85+0.24* 8.76+0.351 9.43+0.18i
3.87+0.1I 3.67+0.09 3.54*0.10

0.73+0.24* 0.75+0.02* 0.70j0.02'l
3.1910.09 3.12+0.09 2.94+0.08

0.45+0.02* 0.47+0.03* 0.46+f.02*
1.94+0.05 1.95*0.06 1.95+0.05

1.45+0.03* 1.53+0.05* 1.5910.02**
6.34+0.25 6.41+0.32 6.67+0.34

152.4+4.t* 158.9a3.5* 169.84.8*#
66.6+1.21 66.6+1.24 71.2+1.35
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Table 6.2 Fetal and placental weights (g), organ weight ratios (% body weight) and nose-rump length
(cm) of fetuses from ad libitum and30%o ad libitum dams at day 20 of gestation following l0 days of
ffeatnent with either saline,IGF-I or bGH

Values are expressed as rneantSEM. Number of dams treated in each group are in parentheses. *p<0.05

compared with ad libifzm fetuses by two-way ANOVA followed by bonfenoni test.

Plasma IGF-I and GH binding proteins

Circulating IGF-I levels were significanfly elevated in maternal ad libitum dams treated with

hIGF-I and bGH G<0.001) and in 30%o ad libitum dams treated with bGH G<0.001) compared

to saline treated dams (Table 6.3). Plasma IGF-I levels were significantly reduced (p<0.05) in

30% ad libitum dams compared to ad libitum darns. GH binding protein (GHBP) concentrations

were significantly reduced (p<0.05) following bGH treatment in ad libitum dams but were

unaltered with horrrone treatment in 30% ad libitum group (Iable 6.3). GIIBP concentrations

were not affected by undernutrition.

Plasma IGF-I levels were similar between ad libitum and30Yo ad libitum fetuses (Table 6.4) and

were unchanged (p>0.1) with hIGF-I or bGH treatment.

Ad libitum 30Yo Ad libitum

Saline (9) IGF-I (9) bGH (8) Saline (9) IGF-r (9) bGH (E)

letal wt

Placentalwt

Liver

Heart

Lung

Kidney

Nose-rump

2.26+0.02 2.24t0.05 2.3310.03

0.51r0.01 0.5010.02 0.54t0.02

7.7910.21 7.8810.23 7.49!0.22

0.5210.05 0.4510.06 0.4210.06

3.26t0.r4 3.0610.12 3.17t0.10

0.7110.05 0.5410.04 0.67t0.12

2.72+0.3 2.72t0.04 2.70i0.04

1.77r0.06't 1.5810.05* 1.7110.07*

0.3510.01* 0.3310.02* 0.3810.02*

6.6tr0.22* 6.5110.31* 6.99fl.29

0.4710.06 0.40140.06 0.4010.03

2.89*0.14 2.37!0.15 2.87t0.16

0.48r0.06f 0.3910.05 0.4710.04

2.4910.04* 2.36t0.3* 2.42t0.04*
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Ad libitun 30%o Ad libitum

Saline (9) IGF-r (9) bGH (E) Saline (9) IGF-I (9) bGH (E)

IGF-I
(ng/ml)

GHBP
(nglml)

211.7+14.0 369.6+32.3' 457.9+33.3'

503 .9+62.4 4 1 1 .8+39.6 299. 1+5 1 .5#

112.0+7.3* 158.4+13.7* 223.4*23.7*

402.8+t8.2 423.4+28.5 340.4+23.3

Chapter 6: IGF-I and bGH treatment during pregnancy

Table 6.3 Ptasma IGF-I and GI{BP concenfrations of ad libitum and 30% ad libitum dams at day 20 of
gestation following l0 days of heatrnent with either saline,IGF-I or bGH'

Values are expressed as mean+SEM. Number of dams treated in each group are in parentheses np<0 05

compared with saline treatment, *p<0.05 compared with ad libitum dams by two-way ANOVA followed
bv bonferroni test.

Table 6.4 Plasma IGF-I concentrations of litters of pooled fetuses from ad libitum and30%o ad libitum
dams at day 20 of gestation following l0 days of treatment with either saline, IGF-I or bGH

Values are expressed as meantSEM. Number of dams treated in each group are in parentheses

Postnatal body weight and systolic blood pressure

A cohort of animals (8 ad libitum litters and 6 30o/o ad libitum litters) were maintained to

measure postnatal weight and blood pressure following administration of hIGF-I and bGH to the

dams during gestation. IGF-I or bGH treatment to the mother had no effect (P0.1) on postnatal

growth of the offspring. Body weights in the 30To ad libitum offspring remained significantly

reduced compared to ad libitum offspring 0<0.01) throughout the time points shown (Figure

6.3). However, by 50 weeks of age, body weights were similar between male ad libitum

(702.7+7.85) and 30o/o ad libitum offspring (689.4t4.86, p<0.08) and between female ad libitum

(404.8+14.4) and 30%o ad libirum offspring (387.8t9.50, p>0.4).

Ad libitum 30o/o Ad libitum

Saline (9) IGF-I (9) bGH (8) Saline (9) IGF-I (9) bGH (8)

IGF-I
(ng/ml)

6l.t+4.24 70.9+1.87 64.4+3.09 49.9+3.68 60.1+3.73 62.6+3.62
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(a) Males

Figure 6.3 Postnatal body weights of (a) male and (b) female offspring fiom ad libinn and 30Vo ad libitum dmts

treated 3 times daily sc injections from days 10-20 of gestation with ei&er saline (O - ad libitum, n14; O - 30o/o ad
Iibitum, n:16 litters) or 2pglgBWday of hIGF-I (E - ad libinm rr24; a- 3lo/o ad libinm n=16) or bGH (V - 4d
libitum n:16; V- 30Yo ad libitum n=16). Values are meantSEM. *p<0.01 compared with ad libitum offspring by
two-way ANOVA followed bybonfenoni test.
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Systolic blood pressures were measured on two separate occasions, at 18 and 50 weeks of age.

hIGF-I or bGH treatnent to the mother had no effect (p>0.1) on systolic blood pressures of the

offspring (Table 6.5). In addition, there were no differences (p>0.1) in blood pressure between

male and female offspring within ad libitum and 30% ad libitum fed groups so the systolic

readings of males and females were pooled within each nutritional group. At l8 weeks of age,

there was no difference in systolic blood pressure (p>0.2) between sd libitum and 30o/o ad

libitum rats but at the later age, systolic blood pressure was significantly increased (p<0.03) in

the30%o ad libitum group by mean of 9 mmHg (Table 6.5).

Table 6.5 Systolic blood pressures (mmHg) at l8 and 50 weeks of age of adult offspring from ad libitum
and30Yo ad libitum (30% Ad lib.) dams following l0 days of treafrnent with either saline, IGF-I or bGH

Ad libitum 30% Ad lib.
Age Saline (24) IGF-I (24) bGH (16) Saline (16) IGF-I (16) bGH (16)

l8 weeks

50 weeks

tl7.l+2.27 120.2+3.97 122.4t1.84

I l3.l+4.21 124.3t4.86 107.9+3.76

115.4+2.66 I15.5+2.84 121.0+3.67

122.3+2.92' 128.8+4.33' 122.9+6.74'

EM.Numbersoflittersineachgroupareinparentheses.*p<0'05
compared to ad libitum saline offspring by two-way ANOVA followed by bonferroni test.
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6.4 Discussion

This study was designed to investigate whether hIGF-I or bGH treatment during the second half

of pregnancy administered to rats undernourished throughout pregnancy ameliorates growth

retardation of their fetuses and/or affects blood pressure or growth rate later in life. IUGR was

induced experimentally by undemourishing pregnant rats to 30o/o of the ad libitum diet

throughout gestation and administered bGH or hIGF-l for the second half of pregnancy.

Administering bGH at 2pglg of body weight per day significantly increased maternal weight

gain during the treatment period in both ad libitum and 30% ad libitum dams. An increase in

body weight was observed in the undernourished dams early in the treatment period, while saline

administered dams exhibited severe weight loss until day 15 of gestation, as reported previously

in Chapter 3. Plasma IGF-I levels were also significantly elevated in both ad libitum and

undernourished dams following bGH treatment. These results contrast with the findings of

Gargosky et al. (1991) who reported that infusion of GH at a similar dose to our study during the

second half of pregnancy did not significantly increase IGF-I levels or maternal weight. In the

present study, GH was administered by injection, which has previously been reported to enhance

body weight gain over administration by infusion (Clark et al. 1995) and may also have

contributed to the increased plasma IGF-I levels. Fetal and placental weights were unaffected by

bGH treatment to the dams and 30% ad libitum litters remained significantly smaller than ad

Iibitum litters.

Administration of IGF-I during the second half of pregnancy, when IGF-I concentrations were

otherwise depressed, significantly increased circulating IGF-I levels of ad libitum fed dams.

Plasma IGF-I levels were also elevated, but not significantly, in undernourished dams. Matemal

body weight gain was increased with IGF-I treatrnent in the undernourished dams but not in ad

libitum dams. This could be explained by changes in IGFBP concentrations in dams as observed

in Chapter 3. Plasma IGF-I levels were previously shown to be significantly reduced in

undemourished dams compared to ad libitum fed dams during pregnancy (refer to Chapter 3).

The observed increase of plasma IGF-I levels in the undernourished dams following IGF-I and

bGH treatment shows that under conditions of acute undemutrition, hormone therapy can

improve matemal weight. Neither fetal nor placental weights were influenced by IGF-I

treatment, consistent with a re-partitioning of nutrients to maternal tissues (Gargosky et al.
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1991). Kuhn-Sherlock ef al. (1996) reported that}tglglday of bGH given three times daily was

effective in promoting matemal and fetal growth when administered throughout gestation. In

addition, the authors reported that IGF-I treatment increased maternal weight but not fetal

growth when administered throughout gestation. Chiang & Nicoll (1991) however, reported a

reduction in fetal and placental weights following bGH treafinent to dams on a restricted diet.

These authors administered a very high dose of GH which resulted in almost complete resorption

of the fetuses and placentae. In the present study, the lack of effect of IGF-I or bGH treatrnent of

fetal and placental weights may suggest a degree of hormonal resistance during pregnancy, or a

lack of ability of the placenta to respond to maternal treatnent. Alternatively, the lack of

response in the offspring may have been due to the selection of an ineffective dose of IGF-I or

GH. However, this seems unlikely given that the doses administered in this study were based on

those previously reported to increase maternal body weight (Woodall et al. l99l), and maternal

body weight and carcass weight was increased with bGH or IGF-I treatment. To my knowledge,

administering IGF-I combined with bGH during pregnancy has not been addressed. There are a

number of reports of the additive effects of combination treatment to non-pregnant rats (Kupfer

et al. 1993, Clark et al. 1994,Hazel et al. 1994,Zhao & Donovan 1995). One could speculate

that combination therapy might have further increased body weight gain of both ad libitum and

undernourished dams in this study and perhaps affected an increase in the body weight of the

offspring.

GH binding protein (GHBP) levels were down-regulated in ad libitum dams following bGH

administration while remaining unchanged in the undernourished dams. The GHBP levels

reported in this study were rather low for pregnant rats, as during pregnancy, circulating levels of

GHBP are expected to increase (Barnard & Waters 1997). A 5 fold increase in GHBP levels has

been previously observed in pregnant rats compared to non-pregnant rats (R Barnard, SM

Woodall & BH Breier, unpublished observations), which were similar to that observed in the

dwarf rat (Gargosky et al. 1995). The low levels of GFIBP in the present study cannot be

explained as the samples were analysed on two separate occasions to confirm the data. Plasma

GHBP levels in the saline-treated undernourished dams were similar to those measured in the

saline treated ad libitum rats. Gargosky el al. (1995) also observed similar serum GHBP levels in

pregnant dwarf rats (which have an isolated GH deficiency) compared to normal rats. The effect

of GH and IGF-I treatment to pregnant rats on GHBP concentrations has not been reported to

date. Other studies have reported different effects of hormone treatment on circulating GFIBP
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levels in male rats. Barnard et al. (1994) observed no effect on serum GHBP levels following

one week or four weeks of twice daily injections of GH and one week of continuous infusion of

IGF-I to 12 week old male Lewis dwarf rats. Maiter et al. (1992) also reported that serum GHBP

in hypophysectomised rats was not affected by one week of repeated GH injections. In contrast,

Carmignac et at. (1992) observed an up-regulation of serum GFIBP in male rats following one

week of GH infusion. In the present study, whilst we observed no significant effect of IGF-I

treatment, GH administration significantly down-regulated GIIBP levels in ad libitum darns,

while having no effect in the undernourished dams. These data therefore suggest that there may

be some nutritional interaction of GH action on the regulation of plasma GHBP concentrations

during pregnancy.

Treatment with hIGF-I or bGH of dams during pregnancy had no effect on body weight of the ad

libitum or 30% ad libitum oflspring postnatally. Offspring from undernourished dams showed

persistent growth failure and remained markedly smaller than offspring of ad libitum fed dams

from birth until l8 weeks of age. Catch-up growth did not occur until between 18 and 50 weeks

of age, when the second blood pressure measurements were taken. Limited experimental data

from animal studies support the epidemiological observations linking low bffi weight with

increased risk of adult hypertension. IUGR induced in guinea pigs by maternal uterine artery

ligation resulted in elevated blood pressures at 34 months of age (Persson & Jansson 1992).

Raised systolic blood pressures were also noted in adolescent and adult female offspring of rats

exposed to a protein deficient diet in pregnancy (Langley & Jackson 1994). In that study, systolic

pressure at 9 weeks of age was inversely related to both maternal protein intake and maternal

energy intake. In the present study, systolic pressures were measured in both male and female

offspring on two separate occasions, at 18 and 50 weeks of age. Hormone treatment to the

mother during pregnancy had no effect on systolic blood pressure of the offspring at l8 weeks of

age. However, at 50 weeks of age, elevated systolic blood pressures were measured in the 30%

ad libitum offspring, similar to the blood pressures reported in Chapter 5. These findings contrast

with those reported by Langley et al. (1996b) in which offspring from dams fed a low protein

diet throughout pregnancy exhibited elevated systolic blood pressures as early as 3 weeks of age.

The fact that the elevated blood pressures observed in the present study were only evident at 50

weeks and not earlier suggests that the appearance of elevated blood presure occurs at a later

stage of development in this animal model of undernutrition. Clearly, the mechanisms that

contribute to this later onset of elevated blood pressure remain to be investigated.
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There was no effect of hIGF-I or bGH on fetal or placental weight, while maternal weight was

significantly increased. While some studies have reported increased fetal and placental weights

with human placental lactogen (Collins et al. 1988) and thyroxine (Spencer & Robinson 1993)

administered to the pregnant rat, other studies have not observed an effect. Daily injections of

GH throughout pregnancy to dwarf and normal rats significantly increased postnatal growth of

offspring but had no effect on fetal weight in late gestation (Spencer et al. 1994). Gargosky er a/.

(1991) failed to show any effect of human GH infusion to pregnant dams on fetal or placental

size. Treatment of pregnant pigs with purified porcine GH from days 28-40 of gestation

increased fetal lenglh but not weight (Kelley et al. 1995). In addition, studies of the pregnant

sheep have shown that maternal GH therapy in late gestation increased placental diffirsion

capacity but did not increase fetal or placental growth (Harding et al.1997). Tracer studies have

shown that human GH does not cross from the mother to the fetus of pregnant rats (Fholenhag et

al. 1994). Therefore, the elevated maternal IGF-I levels following GH freatment observed in the

present study appear to have promoted weight gain in the mother while exerting no such actions

in the placentae or fetuses.

In conclusion, administation of IGF-I and GH to rats during late pregnancy increased plasma

IGF-I concentrations, down regulated plasma GHBP and resulted in increased maternal weight

without influencing fetal or placental growth. In addition, maternal IGF-I or GH treatment did

not prevent the development of elevated systolic blood pressure in 30o/o ad libitum offspring

which exhibited prolonged postnatal growth retardation. Whether maternal undernutition

throughout gestation initiates changes in early pregnancy that prevent maternal hormone

treatment being effective in promoting fetal gowth is unclear in the current study. Hormone

treatment throughout pregnancy may be more efficacious, and remains to be investigated with

this animal model.
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Chapter 7

Effects of hormone treatment on postnatal development and

endocrine responses of rats following intrauterine growth

retardation

7.1 Introduction

Postnatal growth of mammals is dependent on many factors, however hormonal and nutritional

factors appear to play a key role (Skottner et al. 1989). A deficiency of these factors may

significantly reduce growth rate as seen in hypophysectomy (Domene et al. 1993) and starvation

(O'Sullivan et al. 1989). IUGR is associated with reprogftunming of the somatotrophic axis and

metabolic pathways which may lead to altered hormone sensitivity later in life (Gluchnart et al.

1996). Despite adequate food rehabilitation, failure of catch-up growth and low serum insulin-

like growth factor (IGF)-I are observed during postnatal development in rat pups with IUGR

caused by matemal undernutrition throughout gestation (Chapter 3).

According to the classic somatomedin hypothesis of Salmon & Daughaday (1957), IGF-I

treatment should have the same effects as GH treatment and act as a direct stimulator of growth

(Isaksson et al. 1987, Skottner et al. 1987, Daughaday 1989). However, several studies have

shown that GH and IGF-I can have independent and differential activities (Skothrer et al. 1987,

Guler et al. 1988, Ctark et at. 1994) and when given together can have additive (Clark et al.

I994,Haznl et al. 1994, Clark et al.1995) or synergistic actions (Kupfer et al.1993). Although

IGF-I is growth promoting in animals (Skottner et al.1987, Guler et al.1988, Clark et al. 1994,

Hazel et al. 1994) and humans (Walker et al.1993), compared with GH, it appears to have weak

activity on whole body growth in GH-deficient rodents animals (Skottner et aI. 1987, Guler et al.

1988, Clark et al. 1994, Clark et al. 1995). It has been suggested that the anabolic effects of GH

and IGF-I can be enhanced by their simultaneous administration (Kupfer et al.1993). lndeed, a

number of studies have shown that combination therapy appears to be more effective at

promoting body weight gain than when given alone (Clark et al. 1995, Zhao & Donovan 1995,

Fielder et al.1996).
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The studies in this chapter were designed to investigate whether IGF-I or GH or a combination

of IGF-I and GH teatment could stimulate postnatal growth of neonatal rats and juvenile rats

which were growth retarded due to maternal undernutrition tbroughout gestation. The effects of

hormone treatrnent on somatic growth and on the somatotrophic axis were studied. A growth

response was observed in IUGR offspring following 10 days of GH therapy at 50 days of age but

not at 2l days ofage.

7.2 Materials and Methods

Animal Model

The experimental approach to induce IUGR in this study is documented in section 2.1.1 and

Chapter 3. In brief, dams were randomly assigned to one of rwo feeding regimes either ad

libitum or restricted fed. Control dams were fed pelleted rat chow throughout pregnarcy ad

libitum. The reshicted fed group were fed 30Yo of the ad libitum intake throughout pregnancy,

commencing on day l.

At birth (postnatal day 1), the size of each litter (n:5/dietary group) was standardized to 8 pups

per dam in order to improve postnatal nutritional conditions. Litters of the restricted fed group

were immediately fostered anto ad libitum fed dams having given birth within 24 hours.

Hormone Treatments

A factorial design was used to analyse the effects of gestational undernutrition and hormonal

therapy on postnatal growth. Pups (2 pups/litter) within each ad libitum or 30Vo ad libitum litter

were randomised to receive three times daily (0800, 1600 and 2200h) sub-cutaneous (sc)

injections of recombinant human IGF-I (rhIGF-l 4ryle body weight (BW)/day), recombinant

bovine GH (rbGH 2pg/gBW/day) or both bGH and rhIGF-l at the same doses as were given

individually. An equivalent volume of 0.9% saline was administered from either day I I through

postnatal day 2t (7-10 pups treated with each hormone or saline in each nutritional group) or

from day 40 though postnatal day 50 (8-l I male and 6-12 female rats). Gender-related
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differences could not be detected in ad libitum or IUGR offspring before they reached sexual

maturity. Consequently, both males and females were pooled in the ll- 21day treatment period.

The body weight of each rat was recorded daily, whereas body length (crown-tail) was measured

at the beginning and end of the treatment period.

All rats were killed by decapitation under halothane anaesthesia 2 hours after the last hormone

injection. Blood was collected from the cervical blood vessels onto ice and plasma separated by

centrifugation at 4oC for 20 min at 3000x g and stored at -20oC until analysed. Tissue samples

collected were rinsed in saline, weighed and immediately placed in liquid nitrogen and

subsequently stored at -80oC.

Plasma IGF-| and Glucose Measurements

Plasma IGF-I, and blood glucose levels were measured as outlined in section 2.4.

Plasma GH binding proteins

Total plasma GH-binding protein (GIIBP) was measured using a radioimmunoassay described in

detail previously (Bamard et al. 1994) and is outlined in section 2.4.

Statistical Analyses

All statistical analyses were carried out using the Sigma Stat Statistical package (Jandel

Scientific, San Rafael, CA, USA). Two-way ANOVA was used to determine the respective

influences of gestational diet and hormone therapy. To determine the influence of honnonal

therapy within gestational diet, one-way ANOVA was used followed by a post-hoc bonferroni t-

test. Data are shown as mean t SEM and p<0.05 was considered significant.
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7.3 Results

Maternal undemunition caused significant growth retardation in newborn pups (ad libitum:

5.9+0.4, 30Yo od libitum:4.010.4g, p<0.05) without affecting litter size (ad libitum: 13.2t0.5,

30% ad libitum: 14.3t0.5, p>0. I ).

Body weight

Neonatal ad libitum offspring (postnatal age ll-21days) treated with bGH and the combination

of IGF-I and bGH (I+G) gained significantly more weight (p<0.05) compared to saline treated

offspring. Ad libitum offspring did not significantly (p>0.1) increase body weight in response to

IGF-l treatment (Figure 7.1). Body weight was significantly increased G<0.05) from l9 days of

age in bGH and I+G heated ad libitum offspring (Figure 7.2). Neonatal offspring from

undernourished dams (30% ad libitum) did not exhibit an increase (p>0.1) in body weight in

response to either IGF-I, bGH or I+G treatnent (Figures 7.1-7.2).

In contrast to the neonatal period, bGH and I+G fieatment significantly increased body weight

gain (p<0.05) compared to saline treated rats in both ad libitum and 30% ad libitum juvenile

offspring (postnatal age 40-50 days) of both males and females (Figures 7.3-7.4). Female ad

libitum offspring also significantly increased their body weight gain (p<0.05) in response to IGF-

I administration (Figue 7.3). Body weight significantly increased (p<0.05) in male and female

ad libitum and30Yo ad libitum offspring from 46 days of age (Figure 7.4).

il0



Chapter 7: Postnatal resporute to hormone treatment

Figure 7.1 Body weight gain of ad libitum (!) and 30% ad libium (I) offspring following 3 times daily
injictions with saline, hIGF-I, bGH and IGF-I+bGH from I l-21 days of age. Number of animals treated

in each goup are as for Table 7.1. Values are meantSEM. #p<0.05 compared with saline treated rats,
*p<0.05 compared with ad libitum rats by two-way ANOVA followed by bonfenoni test.
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Chapter 7: Postnatal response to hormone treatment
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Ad rib.
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Figure 7.2 Body weight from 11-21 days of age of ad libitum and 30% ad libitam (ruGR) offspring
duiing 3 times daily injections with saline (I), hIGF-I (.), bGH ([) and IGF-I+bGH- (A) for l0 days.

Number of animals treateA in each group are as for Table 7.1. Values are meantSEM. 'p<0.05 compared

with saline treated rats by one-way ANOVA followed by bonfenoni test.
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Chapter 7: Postnatal response to hormone treatment

(a) Maleq

Saline tcF-1 bGH IGF-|+bGH

(b) Females

Figure 7.3 Body weight gain of (a) male and (b) female ad libinm (tr) and 30% ad libittm (I) offspring
following 3 times daily injections with saline, hIGF-I, bGH and IGF-I+bGH from 40-50 days of age.

Number of animals treated in each group are as for Table 7.2. Values are meantSEM. "p<0.05 compared

with saline treated ad libitum rats, bp<0.05 compared with saline treated 30% ad libitum rats by two-way
ANOVA followed by bonfenoni test.
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Ad libitum

IUGR

150

Ad libitum

IUGR

Age (days)

Figure 7.4Body weight from 40-50 days of age of (a) male and (b) female ad libitum and30% ad libitum
(IUGR) offspring during 3 times daily treatnent with saline (I), hlcF-l (o), bGH (tr) and IGF-I+bGH
(A) for l0 days. Number of animals treated in each group are as for Table 7 .2. Values are meantSEM.
0p.0.05 compared with saline treated rats by one-way ANOVA followed by bonferroni test.
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Chapter 7: Postnatal response to hormone treatment

Body length

Body lengths were not significantly altered (p>0.1) following hormone treatnent in either

neonatal or juvenile ad libitum or 30Yo ad libinm offspring (Tables 7.1 and7.2).

Organ l{eights

Tables 7.3-7.5 summarise organ weights

tissue weight by total body weight) of

treatment.

and organ weight ratios (calculated by dividing wet

neonatal and juvenile oflspring following hormone

ln the ll-21 day treatnent period, whole liver and carcass weights were significantly increased

fotlowing bGH treatnent (p<0.05) in ad libitum offspring. Liver weight ratio was increased

0<0.05) with IGF-I teatrnent. Organ weights were not significantly increased in30Yo ad libitum

offspring following hormone treatment. Whole liver, heart, kidney and carcass weights were

significantly reduced G<0.05) in IUGR compared to adlibinra offspring (Table 7.3).

In the 40-50 day treatment period, wet heart and spleen weights were significantly heavier

b<0.05) with bGH and I+G treatment in ad libitum and30Yo ad libitum male offspring but organ

weight ratios were not significantly altered (P0.1). Selected organs remained sigpificantly

reduced (p<0.05) in ruGR male offspring (Table 7.4). In conhast, wet liver, heart, kidney, spleen

and carcass weights were all significantly increased (p<0.05) with bGH and I+G administration

n sd libitum female offspring, while heart, kidney and spleen weight were significantly

increased (p<0.05) with I+G treatrrent l.rl'30% ad libitum female offspring (Table 7.5).
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Chapter 7: Postnatal response to hormone treatment

Plasma IGF-L, glucose and GHBPs

In the ll-21 day treatment period, plasma IGF-I concentrations in ad libitum and 30Yo ad

libitum neonatal offspring were not altered (p>0.1) following IGF-I and bGH treatment (Table

7.6). Blood glucose levels were significantly reduced (p<0.05) n ad libitum offspring teated

with bGH and I+G (Table 7.6). Circulating GHBPs were not significantly altered following

hormone treatnent in either ad libitum or 30% ad libitum offspring (p>0.1) (Table 7.6).

In the 40-50 day treatment period, plasma IGF-I concentrations were elevated tn ad libitum

juvenile males and females following I+G treatnent (p<0.05) compared to saline treated

offspring. IGF-l levels were also elevated in IUGR females with I+G administration (Table 7.7).

Blood glucose levels were not altered (p>0.1) following hormone treafinent. Circulating GHBP

levels were significantly reduced (p<0.05) in female ad libitum and 30% ad libitum juvenile

offspring following bGH and I+G administration respectively. GHBP levels were markedly

lower (p<0.01) in the saline treated male ad libitum offspring compared to the females, while

there was no significant gender difference (p>0.3) observed in the 30% ad libitum offspring

(Table 7.7).
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Chapter 7: Postnatal response to hormone treatment

7.4 Discussion

This study was designed to assess whether hormone treatrnent of neonatal and juvenile rats with

IUGR due to matemal undernutrition throughout gestation could enhance growth and reverse

postnatal growth retardation. Growth hormone (GH) and insulin-like growth factor-I (IGF-I)

were chosen because of their key roles during posfiratal growth and development (Glasscock et

al. 1992) and their potential for improving whole body protein anabolismo s shown during food

deprivation (Asakawa et al. 1992) and dexamethasone treatment (Tomas et al. 1992). IUGR

pups significantly weighed 20% less at birth and l5% less at weaning (21 days of age) compared

to sd libitu,?? pups, which is in agreement with the results presented in Chapter 3.

When ad libitum neonates were treated 3 times daily from I l-21 days of age with bGH and IGF-

I+GH, pups significantly increased their body weight by approximately 160/o compared to ad

libitum-saline treated pups. 30% ad libitum neonates however, did not respond to hormone

treatment and remained growth retarded. This is in contrast to other studies where hormone

therapy to growth retarded offspring as a result of matemal undernutrition (Chow & Lee 1964,

Muaku et al. 1997) or maternal hypoxia (Tapanainen & Rosenfeld 1996), has improved postnatal

somatic growth. In the study of Muaku et al. (1997), offspring were growth retarded as a result

of a protein restricted diet to the mother throughout gestation, and were treated with IGF-I and

GH for a longer period of time. The lenglh of the treatment regime in the present study may have

contributed to a lack of response in the 30oh ad libitum neonates to hormone therapy. A growth

response may have been observed had hormone treatment been administered for a longer period

of time. Body composition could have been altered in the 30Vo ad libitum neonates, such as

increased protein or a reduction in body fat, without altering body weight. GH treatment may

have increased water retention in the ad libitum neonates, thereby increasing body weight.

However, the 30Yo ad libitum neonates did not increase their body weight which would appear to

rule out water retention as the main cause of increased body weight. The lack of grovdh response

in the 30Yo ad libitum neonates raises the possibility of GH and/or IGF-I resistance in these

animals.

In the present study, bGH and IGF-I+GH treatment in the juvenile age group (40-50 days)

increased body weight gain by approximately 25o/o in both ad libitum and 30Yo ad libitum

offspring. In addition, female ad libitum offspring administered with IGF-I showed a significant
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Chapter 7: Postnatal response to hormone treatment

increase in body weight which was not observed in neonatal offspring, and juvenile male and

female 30o/o ad libitum offspring. These results are in agreement with those of Glasscock et al.

(lgg2) and Domene et al. (1993) in which GH stimulated greater somatic growth than IGF-I in

neonatal and adult male hypophysectomised rats. Skottner et al. (1987) found that rhIGF-I given

by subcutaneous infusion, twice daily injections or by continuous iv infusion had a very small

effect on growth parameters in hypophysectomised rats compared to GH treatnent.

Administration of anti-rGH to neonatal rats resulted in the suppression of body weight gain

whilst immunoneutralization of IGF-I had no effect on growth of rats (Robinson et al. 1993).

However, in well nourished GH deficient animals, IGF-I treafinent has been reported to stimulate

growth (Skottner et al. 1989) and decrease weight loss induced by fasting (O'Sullivan et al.

l9S9). IGF-I treatment has also been reported to counteract the catabolic effects of

dexamethasone treatment in rats (Tomas et al. 1992) to some degree and energy restriction in

humans (Clemmons & Underwood 1992). It has been suggested that the anabolic effects of GH

and IGF-I can be enhanced by their simultaneous administration (Kupfer et al. 1993). Clark et al.

(1994) observed an increase in body weight gain in adult rats with both IGF-I and hGH

treatment, and in combination the effects were additive. GH and IGF-I therapy appeared to be

the most effrcacious in promoting complete body weight recovery in rats following

malnourishment during lactation (Zbao & Donovan 1995).

Body length was not increased with hormone treatnent in either age group. As the treatnnent

period was only for 10 days, perhaps a longer treatment period would have resulted in an

increase in body length. In contrast, organ growth was differentially increased in neonatal ad

libitum offspring with only the liver and carcass weights being affected by bGH treatment.

Juvenile male offspring showed an increase in heart and spleen weight, while growth of the liver,

heart, kidney, spleen and carcass were all enhanced by bGH and IGF-I+GH administration in

female offspring. Glasscock et al. (1992) reported individual organ growth following infusion of

IGF-I to hypophysectomised pups, despite no significant increases in body weight.

Disproportionate organ growth was observed in GH-deficient rats following hIGF-I infusion,

while hGH induced a relatively proportional growth in most organs studied (Skottner et a/.

19S9). The mode of bGH and IGFJ administration is known to effect weight gain in

hypophysectomised and GH-deficient dwarf rats (Clark et al. 1995). In particular, whole body

growth has been shown to be best maintained by trvice daily injections, while organ growth is

most pronounced with continuous hGH administration. Infusions of hGH plus hIGF-I have been

reported to cause weight loss in obese GH-deficient dwarf rats (Clark et al- 1996).
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Chapter 7: Postnatal response to hormone treatment

Circulating IGF-I concentrations were not altered with hormone treatment in neonatal offspring,

despite the increase observed in somatic growth. In contrast, IGF-I+GH treatment increased

plasma IGF-I levels by approximately 24Yo in juvenile male and female offspring in comparison

to saline-treated rats. Other studies (Glasscock et al. 1992, Robinson et al. 1993) have found that

IGF-I is not essential for growth in the neonatal rat. Gargosky et al. (1994) found that

administration of GH did not increase serum IGF-I concentrations, while Thissen et al. (1990)

reported that pharmacological doses of exogenous GH produced a modest increase in serum

IGF-I but failed to prevent the growth retardation caused by protein restriction. The results

presented in this chapter and those of others indicate that somatic growth in neonatal offspring

may be more dependent on the paracrine or autocrine actions of IGF-I than on the endocrine

actions (Orlowski et at. 1988). Even when given in combination with GH, IGF-I had little effect

on somatic growth of hypophysectomised rats (Skottner et al. I9S7) which raises the question of

the importance of circulating IGF-I as an endocrine mediator of the growth-promoting actions of

GH. Glasscock e/ al. (1992) demonstrated that systemically administered IGF-I is a relatively

poor promoter of somatic growth in the hypophysectomised neonatal rat while GH proved most

effective in stimulating body weight gain.

In 2l day old ad libitum and 30% ad libitum offspring, plasma GH-binding protein (GIIBP)

concentrations were unaffected by hormone treatment. Whilst GHBP levels tended to be reduced

in 30% ad libitum pups, the differences observed were not significant. In the 50 day old

offspring, GHBP concentrations were reduced in female ad libitum rats following GH treatnent

and in female 30Yo ad libitum rats following the combined treatment of IGF-I and GH, compared

to saline-treated rats. In additiorU female ad libitum offspring had significantly higher circulating

GHBP levels than males which was not observed in the 30Yo ad ltbitum grouP, suggesting that

maternal dietary restriction during gestation may remove the sex difference in GIIBP

concentrations commonly observed in the rat (Barnard & Waters 1997). This observation is in

agreement with observations in GH deficient rats (Carmignac et al. 1993), which implies that

normal GH secretion may be necessary for sexual dimorphism in GTIBP concentrations. Bamard

et al. (1994) reported a small but significant sexual dimorphism in the concentration of GFIBP in

dwarf rats, with females having higher mean GHBP concentrations than males. Infusion of IGF-I

and twice daily GH injections in ll-week old Lewis dwarf rats at similar doses to the present

study had no effect on serum GHBP concentrations (Bamard et al. 1994), while Carmignac et al.

(1992) observed an up-regulation of serum GHBP in male rats infused with GH for 1 week. This
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Chapter 7: Postnatal response to hormone treatment

contrasts with the findings of the present study where in normal ad libitum fed offspring a

reduction in plasma GHBP concentrations was observed in GH injected females. The differences

observed between our study and others may relate to the mode of GH administration. GTIBP

levels in the rat are observed to be lower in males than in females and are raised by continuous

but not pulsatile GH therapy (Gevers et al. 1996).

In the present study, the female offspring tended to respond to hormone treatment better than the

males. In the rat, GH secretion is highly episodic, with female rats having higher basal levels of

plasma GH (Carmignac & Robinson 1990, Painson & Tannenbaum 1991). Therefore, female rats

may be more responsive to the effects of hormone therapy.

Fielder et al. (1996) reported that the administration of GH and IGF-I together resulted in larger

growth responses compared with IGF-I alone. In the present study, the lack of response to IGF-I

treatment may also indicate prolonged IGF-I resistance following ruGR, and requires further

investigation. The results presented in Chapter 3 showed that maternal undernutrition throughout

gestation causes postnatal growth retardation and decreases plasma IGF-I concentrations. While

IGF-I concentrations are restored by 2l days of age in the IUGR rats, administration of

exogenous IGF-I and/or GH failed to prevent growth retardation in the neonatal period but

restored growth in the juvenile age group. This suggests that maternal undernutrition which leads

to IUGR, causes temporary GH resistance in early life. Mediators that might lead to resistance to

GH remain to be identified. Maes et al. (1988) suggested that a post-receptor defect in GH action

might play a role in the GH resistance induced early in protein malnourished rats. It is possible

that the importance of post-receptor resistance to GH varies with time following IUGR, such that

neonatal resistance to GH therapy is abolished later in life.

In conclusion, hormone therapy with GH or the combination of GH and IGF-I enhanced growth

of neonatal ad libitum offspring and juvenile ad libitum and IUGR offspring but failed to reverse

growth retardation of IUGR neonates. This observation suggests that matemal undernutrition

causing IUGR leads to partial GH resisknce during the neonatal period which could present a

mechanism for a delay in catch-up growth. The following study presented in Chapter 8 examines

further the incidence of GH resistance by administering increasing doses of GH to neonatal and

juvenile offspring.
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Reduced maternal nutrition during

to temporary growth hormone

neonatal period.

gestation in the rat leads

resistance during the

8.1 Introduction

Despite adequate food rehabilitation, failure of catch-up growth and low serum insulinJike

growth factor (IGF)-l are observed during early postnatal development in rat pups with IUGR

caused by maternal undernutrition (Chapter 3) and protein restriction (Muaku et al. 1996). Fetal

growth in mammals has been presumed to be less pituitary dependent (Cooke & Nicoll 1983)

while GH is known to be an important regulator of postnatal growth. In the neonatal rat, pituitary

regulation of somatic growth is, in part, mediated via GH (Glasscock et al. 1992) which

stimulates circulating IGF-I and promotes body growth. Glasscock et al. (1990) demonstrated by

hypophysectomy studies a marked increase in pituitary dependency with increased postnatal age

for maintenance of normal somatic growth. lncreased rates of growth have been demonstrated in

rats when GH is administered to neonatal rats following IUGR (Tapanainen & Rosenfeld 1996)

and to malnourished pups during lactation (Zhao & Donovan 1995).

The study in Chapter 7 showed that neonatal 30% ad libitum offspring did not increase in body

weight or length in response to bGH treatment. The study presented in this Chapter was designed

to investigate whether GH resistance is present during the neonatal period and to establish a bGH

dose-response relationship in neonatal and juvenile rats who were growth retarded in utero due

to matemal undemutrition throughout gestation. The effects of GH treafitent on somatic gfowth

and on the somatotrophic axis were studied. While juvenile offspring who were growth retarded

in utero exhibited a dose-response relationship to bGH teatment, neonatal growth retarded

offspring did not exhibit a growth response with bGH. This suggests a temporary GH resistance

in the neonatal period leading to delayed catch-up growth in IUGR offspring'
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Chapter 8: GH resistance in neonatal IUGR ofspring

8.2 Materials and Methods

Animal Model

The experimental approach to induce IUGR in this study is documented in section 2.1.1 In brief,

dams were randomly assigned to one of two feeding regimes either ad libitum or restricted fed.

Control dams were fed pelleted rat chow throughout pregnancy ad libium. The restricted fed

group were fed 30% of the sd libitum intake throughout pregnancy, commencing on day l.

At birth (postnatal day l), the size of each litter (n:S/dietary group) was standardized to 8 pups

per dam in order to improve postnatal nutritional conditions. Litters of the restricted fed group

were immediately cross-fostered on to ad libitum fed dams having given birth within 24 hours'

Hormone Treatments

A factorial design was used to analyze the effects of gestational undernutrition and hormone

therapy on postnatal growth similar to that described in section 2.3 and Chapter 7. Pups were

randomised to receive 2 times daily (0900 and 1700h) sub-cutaneous (sc) injections of

recombinant bovine GH GbGH) at21tg,5pg, l2.5pg or 25pg/g body weight (BW/day' or an

equivalent volume of carbonated buffered saline (CBS) pH 9.4 from either day 1l though

postnatal day 2l (approximately 8 pups per treatment for each nutritional group), or from day 40

through postnatal day 50 (approximately 8 male and 8 female rats). Gender-related differences

could not be detected in ad libitum or 30o/o ad libitum offspring before they reached sexual

maturity. Consequently, both males and females were pooled in the Il- 21day treafrnent period.

The body weight of each rat was recorded daily whereas body length (crown-tail) was measured

at the beginning and end of the treafrnent period.

All rats were killed by decapitation under halothane anaesthesia 2 hours after the last hormone

injection. Btood was collected from the cervical blood vessels on to ice and plasma separated by

centrifugation at 4oC for 20 min at 3000x g and stored at -20oC until analysed. Tissue samples

collected were rinsed in saline, weighed and immediately placed in liquid nitrogen and

subsequently stored at -80oC.
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Chapter E: GH resistance in neonatal IUGR offspring

Specifrc binding o7l2sl-bovine GH (bGH) to hepatic rtcrosomol memhrane preparations

Hepatic microsomal membrane preparations (MMP) were prepared as previously described

(Breier et al. 1988b) and the receptor assays were performed as validated for the rat liver (Singh

et al. 1992). Detail of the methods used is outlined in section 2.6.

IGF-I EIA and blood glucose

Plasma IGF-1, and glucose were measured as outlined in section 2.4.

Preparation of RNA

Total RNA was extracted with TrizolrM (Gibco BRL, Life Technologies, Inc, NY, USA)

according to the manufacturer's instructions as outlined in section 2.7.1.

Antisens e RNA constructs

The probes used to detect IGF-I mRNA levels and GHR/GFIBP gene expression by RPA have

been described previousty (Butler et al. 1994, Butler et al. 1996) in section 2.7.3 and Chapter 4.

Solution hy bridization/RNase protection ossay

Solution hybridization/RNase protection assays (RPAs) were performed as described previously

@utler et al. 1994) and are outlined in section 2.7.3 and Chapter 4.

All RPAs investigating the effects of bGH treatment on hepatic IGF-I, GHR and GHBP mRNAs

were all performed in duplicate. To control for differences in loading, all measurements were

calculated as a ratio of probe mRNAs to cyclophilin mRNA.

Stotistical Analyses

All statistical analyses were carried out using the Sigma Stat Statistical package (Jandel

Scientific, San Rafael, CA, USA). To determine the respective influences of gestational diet and

hormonal therapy differences were analysed using two-way ANOVA. To determine the

influence of hormone therapy within gestational diet one-way ANOVA was used followed by a
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post-hoc bonfenoni t-test. For the RPAs, all data were expressed as percentage change of CBS

controls. Data are shown as mean t SEM and p<0.05 was considered significant.

8.3 Results

Maternal undernutrition caused significant growth retardation in newborn pups (ad libitum:

5.5+0.5, 30Yo ad libitum: 4.1+0.2g, p<0.05) without affecting litter size (ad libitum: 12.?*0.5,

30% ad libitum:11.5+0.7, p>0.1).

Somatic growth

Neonatal offspring from ad libitum fed dams (postnatal age ll-21 days) gained significantly

more body weight following bGH treatment. There was no significant difference observed in

body weight gain between the doses of bGH administered (p>0.1) (Figure 8.1). Body growth

significantly increased in ad libitum offspring treated with bGH from 15 days of age (Figure

8.2).30% ad libitum offspring however showed no significant response (P0.2) in body growth

to bGH treatment (Figures 8.1-8.2) during this period.

In contrast, juvenile 30oh ad libitum offspring (postnatal age 40-50 days) responded to bGH

treatment. Both ad tibitum and 30% ad libitum offspring responded to all doses of bGH

administered. Figures 8.3-8.4 show body weight gain and body growth of ad libinm and30Yo ad

libitum juvenile offspring. In both sexes, the highest dose of bGH (2spelgBw) induced the

greatest body weight gain (p<0.05). There was a dose response relatiorship observed in ad

libitum and 30% ad tibitum female offspring (Figure 8.3). Body growth was significantly

increased (p<0.05) in male and female offspring from 48 days of age (Figure 8.4).
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Figure 8.4 Body weight from 40-50 days of age of male and female ad libitum and 30% ad libium
(IUCR) offspring with rwice daily injections with CBS or bGH for l0 days. Number of animals teated in

each group are as for Table 8.2. Values are meaniSEM.'p<0.05 compared with CBS heated rats by one-

way ANOVA followed by bonfenoni test.
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Body length

Ad libitum neonatal offspring feated with 5,12.5 and 25pg bGtVgBWday significantly

increased @<0.05) their body lengths compared to CBS treahent. 30Yo ad libitum offspring did

not significantly increase (p0.1) body length following bGH treament (Table 8.1).

In the juvenile Soup, there was no siguificant increase (p>0.1) in body length following bGH

treatment in either male or female ad libitum and30Yo ad libitum offspring (Table 8.2)-

Organ Weights

Tables S.3-8.5 summarise organ weights and organ weight ratios (calculated by dividing wet

tissue weight by total body weight) of neonatal and juvenile offspring treated with bGH.

In the ll-21 day teatment period, wet liver and heart weights were significantly increased

0<0.05) following bGH treatrrent in ad libitum offspring. Heart weight ratios tended to increase

with the 25pg dose of bGH (p<0.06). All other tissues weighed were not affected by bGH

treatment. Organ weights were not significantly increased (P0.2) n 30% sd libinm offspring

following bGH treatment (Table 8.3).

In the 40-50 day treatnent period, most of the wet organ tissues weighed were significantly

increased (p<0.05) in both ad libitum and 30% ad libitum male and female juvenile offspring

following bGH beatment (Tables 8.4-8.5). In addition, spleen weight ratio of female ad libitum

and 30Vo ad libitum offspring was significantly increased (p<0.05) with bGH treaftnent (Table

8.s).
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Chapter 8: GH resistance in neonatal IUGR offspring

Hepatic specfu tttl-hcV binding

In the ll-21 day treatment period, t25I-bGH specific binding of liver membranes was

significantly reduced (p<0.05) in both ad libitum and 30% ad libitum offspring following bGH

treatment (Figure 8.5). No significant differences G>0.2) were observed between ad libitum and

30Yo ad libitum offspring.

In the 40-50 day treatment period, bGH treatment significantty reduced tttl-bcH specific

binding of liver membranes in both male and female ad libinm and 30% ad libitum offspring

(Figwe 8.6). As observed in the neonatal offspring, there were no significant differences (p0.1)

in specific binding between ad libitum and30o/o ad libitum offspring.

Plasma IGF-I and glacose levels

Plasma IGF-I concentrations of ad libitum and 30% ad libitum offspring were not changed

(p>0.2) by bGH treatnent in either neonatal (Table 8.6) or juvenile (Table 8.7) offspring

following bGH administration. However, plasma IGF-I concentrations were significantly lower

$<0.05) at all doses of bGH administered to neonatal30% ad libitum offspring compared to ad

libitum offspring. Blood glucose levels were not altered (P0.1) following bGH teatnent

(Tables 8.6-8.7).
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Chapter 8: GH resistance in neonatal IUGR ofspring

Saline 4tg Spg 12.5p9 bGH

Figure 8.5 r"I-bGH specific binding of liver membranes of ad libitum and 30% ad libitum OUCR)
offspring at 2l days of 

"g" 
following twice daily injections with CBS or bGH from l1-21 days of age.

Number of animals treated in each group are as for Table 8.1. Values are mean+SEM. *p<0.05 compared

with CBS treated rats by one-way ANOVA followed by bonferroni test.
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Chapter 8: GH resistance in neonatal IUCR ofspring

Females

Saline Spg 12.5p9 25pg bcH

Figure 8.6 "tI-bGH specific binding of liver membranes of male and female ad libitum (tr) and 30o/o ad
libitum (I) offspring at 50 days of age following twice daily injections with CBS or bGH from 40-50
days of age. Number of animals treated in each group are as for Table 8.2. Values are meaniSEM.
"p<0.05 compared with CBS teated ad libitum offspring, bp<0.05 compared with CBS treated ruGR
offspring by two-way ANOVA followed by bonfenoni test.
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Chapter 8: GH resistance in neonatal IUGR ffipring

IGF-I, GHR and GHBP mRNA expression

Total hepatic IGF-I, GHR and GHBP mRNA expression were measured simultaneously using

the E domain and GHR antisense RNA probes. An initial pilot study with a sample size of 3 per

treatment group showed that Eb IGF-I mRNA expression was significantly increased G<0-05)

with bGH treatment rn ad libitum but not 30o/o ad ltbitum neonatal offspring, compared to CBS

treated offspring (data not shown). This initial observation was expanded into a study with larger

sample sizes (n:5 per treatment group), the results of which are presented below.

In the ll-Zl day treatment period, the expression of GHR and GHBP mRNA in ad libitum

neonatal offspring was not affected (p>0.2) by bGH treatment (Figure 8.7). Ea IGF-I mRNA was

also unaffected (p>0.1) by bGH neatment. In contrast, Eb IGF-I mRNA was significantly

increased (p<0.01) with all doses of bGH administered compared to CBS treated offspring

(Figure 8.7).

In the 30Yo ad libitum neonatal offspring, GHR mRNA expression was unchanged (p>0.6) with

bGH treatment. GHBP gene expression tended to be reduced with bGH treatnent but was not

significant (p>0.3). Ea and Eb IGF-I mRNA expression were not significantly altered (P0.1)

with bGH treatment compared to CBS treated offspring (Figure 8.8).

In the 40-50 day treatment period, female hepatic tissue only was used to investigate GH&

GHBP and IGF-I mRNA expression. The initial pilot study showed no significant response in

GHR, GHBP or IGFJ gene expression with bGH treatment in either ad libitum or 30%o ad

libitum female offspring (data not shown). This observation was confirmed with the additional

studies shown below. GHR, GHBP mRNA and Eb, Ea IGF-I mRNA expression were all

unchanged (p>0.2) with bGH treatment in either ad libitum or 30%o ad libitum female offspring

(Figures 8.9-8.10).

Expression of IGF-I mRNA transcripts

In the 11-21 day treatment period, the expression of hepatic IGF-I transcripts resulting from start

sites in exon I and exon 2 in ad libitum neonatal offspring were not affected G>0.1) by bGH

treahnent, with the exception of start site 2 spliced, where IGF-I mRNA expression was

significantly reduced with 2pg dose of bGH (Figure 8.11). In3}Yo ad libitum neonatal offspring,

all hepatic IGF-I start sites were significantly coordinately reduced 0<0.05) with the l2.51tg

t45



Chryter E: GH resbtwnein ruonstd IUGR offtgbrg

dose of GH. Start site 2 sBliced was significantly reduced with all tbrae doses of GH uihile start

site 1/2 was reduced at the two higher doses of GH trreahent (Figure 8.12).

In the 40.50 day treatuent p€riod, female hepatic IGF-I gtaft site 1/2 elpression nms

significanfly reduscd (p<0,.05) in ad libinm offspring fo[owpg GH ftament at 12.5pg and

Zspedoses, qfuile in the ttr/a sd libttumt offspring, hepdio IOF-I shrt sites 2 spliced ftr<0-05)

and qron 2 (p<0.01) hanscripts were significantly increased with the 25pg dose of GH Gigurcs

Ll3 and 8.14).
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(a)

c1 c2 CBS 2pg bGH 12.5pg bGH 25pg bGH
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Figure 8.7 (a) Representative solution hybridization/RNase protection assays (RPAs) and (b) densitometric analysis c

Ries of hepatic GHR and GHBp mRNA, IGF-I Eb and Ea mRNA expression in ad libinm offspring at 2l days of ag

following twice daily injections with CBS or bGH treatment from ll-21 days of age (n=5 per bGH dose

Cp:cyclophilin loading contol. cl and C2: control lanes using probe alone with (Cl) and without (c2) RNas

treabnent. Values *, ,*pr.rr.d as mean + SEM. *p<0.01 compared to CBS treated offspring by one-way ANOV'

followed by bonfenoni test.
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(a)

c2 c1 CBS 2pg bGH 12.5p9 bGH
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Figure S.8 (a) Representative solution hybridization/RNase protection assays (RPAs) and (b) densitometric analysis c

RPAs of hepatic GHR and GHBP 6RNA, IGF-I Eb and Ea mRNA expression ln.3}o ad libinm offspring at 2l days c

age following twice daily injections with CBS or bGH treatment from I l-21 days of age (n:5 per bGH dose

Cp:cyclophiiin loading control. Cl and C2: control lanes using probe alone with (Cl) and without (C2) RNas

treatment. Values are expressed as mean + SEM.
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(a)

c2 c1 CBS 2pg bGH 12.5pg bGH 25pg bGH

(b)

tm
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Figure 8.9 (a) Representative solution hybridization/R|{ase protection assays (RPAs) and O) densitometric analysis c

RpAs of hepatic dgn and GHBp mRNA, IGF-I Eb and Ea mRNA expression in female ad libinm offspring at 50 dal

of age following twice daily injections with CBS or bGH treafinent from 40-50 days of age (n=5 per bGH d9,se.

Cp=iyclsphilin loading rontot. Cl and C2: control lanes using probe alone with (Cl) and without (C2) RNas

treatment. Values are oxpressed as mcan + SEM.
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2pg bGH 12.5p9 bGH 25pg bGH

GHR
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CP
GHBP

Ea

(b)
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2pg 12.5u9 25pg bGH 2vg 12.5p9 25pg bGH

Figure 8.10 (a) Representative solution hybridization/RNase protection assays (RPAs) and (b) densitometric analysis o

Rp4s of hepatic GHR and GHBP mRNA, ICF-I Eb and Ea mRNA expression in female 30Vo ad libinm offspring at 5t

days of aga following twice daily injections with CBS or bGH freatment from 40-50 days of age (n=5 per bGH dosel

CP=cyclophilin loading control. CI and C2: control lanes using probe alone with (Cl) and without (C2) RNas

treatrnent. Values are expressed as mean + SEM.
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2pg bGH 12.5p9 bGH 25pg bGH

ss1/2

ss3

CP

ss2 spliced

ss4

Exon 2

,$,'-

' i.:s
...,w iq\ii,.r'r4

(b)

:i+s :3h

, i:j

ss1/2

Figure 8.ll (a) Representative solution hybridization/RNase protection assays (RPAs) and (b) densitometric analysis c

RPAs of total hepaiic RNA hybridized with the complementary RNA probe used to detect IGF-I mRNAs derived fror

startsitesland2inexonl(ssl/2),startsite3inexonl(ss3),startsitel/2mRNAswitha186sequencedeleted(ss
Spliced), start site 4 in exon I (ss4), and all IGF-[ mRNAs not containing exon I sequence (Exon 2) from ad libiW
oifspring ar 2l days of age following twice daily injections with CBS or bGH treatnent from I l-21 days of age (n=

per bGH dose). CP:cyclophilin loading control. Cl and C2: control lanes using probe alone with (Cl) and without (C2

RNase treahnent.
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(a)

c2c1 CBS 2pg bGH 12.5p9 bGH 25pg bGH

ss1/2

ss3

CP

ss2 spliced

ss4

Exon 2

2pg 12.5p9 25pg 2trg 12.5119 25pg bGH

Figure S.l2 (a) Representative solution hybridization/RNase protection assays (MAs) and (b) densitometric analysis c

RpAs of total hepaiic RNA hybridized with the complementary RNA probe used to detect IGF-I mRNAs derived frot

startsitesland2inexonl(ssl/2),startsite3inexonl(ss3),startsitel/2mRNAswitha186sequencedeleted(ss
Spliced), start site 4 in exon I (ss4), and all IGF-I mRNAs not containing exon I sequence (Exon 2) from 30o/o a

libitum'at21 days of age offspring following twice daily injections with CBS or bCH treatnent from I l-21 days of ag

(n:5 per bGH dose). CP:cyclophilin loading conhol. Cl and C2: control lanes using probe alone with (C1) and withot
(CZ; ifNug treatment. Values are expressed as mean * SEM. **p<0.01, *p<0.05 compared to CBS fieated offspring b

one-way ANOVA followed by bonferroni test.
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25pg bGH 12.5p9 bGH 2pg bGH cBs

ss1/2
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CP

ss2 spliced
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Exon 2

2pg 12.5p9 25pg bGH 12.5p9 25pg bGH

Figure 8.f3 (a) Representative solution hybridization/RNase protection assays (RPAs) and (b) densitomeftic analysis o

RpAs of total hepaiic RNA hybridized with the complementary RNA probe used to detect IGF-I mRNAs derived fron

startsitesland2inexonl(ssl/2),startsite3inexonl(ss3),startsitel/2mRNAswithals6sequencedeleted(ssi
Spliced), start site 4 in exon I (ss4), and all IGF-I mRNAs not containing exon I sequence (Exon 2) from female a

tibttum offspring at 50 days of age following nrice daily injections with CBS or bGH heatment from 40-50 days of ag

(n:5 per UdH Oosel. CP=cyclophilin loading control. Cl and C2: control lanes using probe alone with (Cl) and withou

(C2) itNase treatment. Values are expressed as mean + SEM. *p<0.05 compared to CBS treated offspring by one-wa'

ANOVA followed by bonferroni test.
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(a)

25pg bGH 12.5p9 bGH 2pg bGH cBs c1c2

ss1/2
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ss2 spliced
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2pg 12.5p9 25pg bGH 2pg 12.5p9 25pg bGH

Figure g.f4 (a) Representative solution hybridization/RNase protection assays (RPAs) and (b) densitometric analysis c

RpAs of total hepaiic RNA hybridized with the complementary RNA probe used to detect IGF-I mRNAs derived fror

starrsitesland2inexonl(ssl/2),startsite3inexonl(ss3),startsitel/2mRNAswitha136sequencedeleted(ss
Spliced), start site 4 in exon I (ss4), and all IGF-I mRNAs not containing exon 1 sequence @xon 2) from female 30o'

ia mii^ offspring at 50 days of age following twice daily injections with CBS or bGH treafrrent from 40-50 days c

age (n:5 per bGHlose). CFcyclophilin loading control. Cl and C2: control lanes using probe alone with (Cl) an

without 1CZ; nNase treahnent. Values are expressed as mean + SEM. *p<0.05 compared to CBS treated offspring b

one-way ANOVA followed by bonferroni test.
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8.4 Discussion

These studies demonstrated a significant increase in body weight of ad libitum neonatal offspring

which did not appear to be dose dependent. During the neonatal period, the ability to respond to

GH matures which may explain the lesser response in neonates in comparison to juvenile rats.

Growth responses following GH treatment have also been observed in other studies in the rat

(Byatt et al. 199L, Glasscock et aI. 199| Palmer et al. 1993, Gargosky et al. 1994). The role of

GH in vivo was assessed by Gardner & Flint (1990) who observed a marked reduction in body

weight gain following treatment of neonatal rats with antibodies against rat GH. In addition,

Cella et al. (1990) showed that transient deprivation of GH releasing factor in the immediate

postnatal period of the rat leads to pennanent impairment of growth rate and somatotophic

function. Body length and organ weights, particularly liver and heart tissues, were also increased

in ad libitum neonatal offspring following bGH treatrnent. 30Vo ad libitum neonatal offspring,

however, did not respond to bGH therapy. Somatic growth, body length and organ weights all

remained unchanged despite the large doses of bGH administered. 30% ad libitum neonates

continued to be significantly smaller than ad libitum offspring. This is in contrast to other studies

where GH administration has improved somatic growth of 30o/o ad libitum offspring' Chow &

Lee (1964) reported that injection of GH for 3 weeks corrected growth retardation of IUGR rats

from undernourished dams. Hypoxia-induced IUGR rats also responded to GH administration

(Tapanainen & Rosenfeld 1996) whereby body weight gain, tail length and organ weights

demonstrated significant increases. In addition, rats subjected to malnutrition in the neonatal

period resulting in growth retardation, then given gfowth hormone, demonstrated a significant

increase in body weight gain (Zhao & Donovan 1995).

In juvenile rats, full GH responsiveness was established in both control and growth retarded

groups. Juvenile offspring of both groups exhibited a marked growth response to GH therapy. A

dose response relationship was observed with bGH teatment in body weight gain, particularly in

the female offspring. Body length remained unchanged following bGH therapy, however, organ

weights were increased with bGH administration. Relatively proportional GH-induced organ

growth has also been observed by others in GH-deficient neonatal (Glasscock et al' 1992) and

mature (Skottner et al. 1989) rats. Differences in somatic growth were observed, with male rats

having significantly higher body weight, weight gain and organ weights than females. This

observation has also been reported elsewhere (Zhao & Donovan 1995). eden(1979) reported

155



ChapterS:GH resistance in neonatal IUGR ofspring

that female rats have a higher number of tissue GH receptors than male rats which might explain

the increased sensitivity to GH observed in body weight gain of the female offspring in the

present study.

Hepatic r25I-bGH specific binding capacity was reduced in both ad libitum and IUGR offspring

in both age groups following bGH heaftnent. The turnover of GHR protein is rapid (Amit et al-

1993). A single injection of GH to hypophysectomized male rats reduces the amount of GH

binding sites within l-2 hours of injection, with GH binding returning to normal levels within 8

hours (Maiter et at. 1988b). In the present study, the down regulation of specific r2sI-bGH

binding by rbGH injections supports in vivo data which suggests that a reduction in somatogenic

binding sites occurs following a GH pulse in the rat (Hochberg et al. 1993). In a previous study

investigating the somatogenic activity of bGH and ovine placental lactogen (oPL) in the dwarf

rat, injections of rbGH were reported to have no effect on specific l2sI-bGH binding to hepatic

MMP (Singh et al. 1992). However, in that study, the rats were sacrificed 12 hours after the last

injection compared to the present study where the rats were sacrificed}-3 hours after the final

injection. The results presented in this Chapter concur with a more recent study in dwarf rats

(Butler et al. 1996) where a reduction in l2sI-bGH specific binding was observed following a

similar treatment regime of bGH administration. Thus, the reduction in specific l2sI-bGH binding

in 30% ad libitum neonatal offspring treated with bGH may be due to posthanscriptional

mechanisms.

Plasma IGF-I concentrations were not altered v/ith bGH treatment in either neonatal or juvenile

offspring, despite the observed increase in body and organ weights. Growth induction by GH in

young rats is possible with or without an accompanying rise in circulating IGF-I (Orlowski &

Chernausek 1988). Other studies have shown (Glasscock et al. 1992, Robinson et al. 1993) that

an elevation in IGF-I is not essential for growth in the neonatal rat. However, there have been

many studies reporting an apparent rise in circulating IGF-I levels following GH treatment in

adult female rats (Byatt et al. l99l), malnourished neonatal rats (Zhao & Donovan 1995) and

30% ad libitum rats (Tapanainen & Rosenfeld 1996). There is evidence that the GMGF-I axis

matures between 2 and4 weeks of age in the rat (reviewed by Isakss on et al. 1987) and that prior

to this age, regulation of IGF-I may be independent of GH, a suggestion which is supported by

previous findings from the anti-GH fieatment of neonates (Flint & Gardner 1989). As IGF-I is

synthesised at multiple sites (D'Ercole et al. 1984, Maor et al. 1993), an autocrine or paracrine

action rather than an endocrine action of IGF-I may be responsible for the growth promoting
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effects of GH (Turner et at. 1988, Bates et al. 1993). Clark et al. (1995) showed that the mode of

GH administration may determine whether an elevation in serum IGF-I levels is observed. They

reported that circulating IGF-I levels were not elevated in dwarf rats following trvice daily

injections of rhGH but were elevated when administered as a continuous infusion.

A summary of somatic, endocrine and molecular responses following bGH teatment is tabulated

below (Table 8.8).

Table 8.8 Summary of growth and somatotrophic responses following bGH treahrent to

neonatal (11-21 days of age) and juvenile (40-50 days of age) rats (- no change,t increase, J

decrease).

11-21 days 40-50 days

weight gain

GHR MRNA

GHBP MRNA

GH binding

EamRNA

Eb mRNA

ss 1/2

ss3

ss 2 spliced

ss4

Exon 2

.t

t
t
t

J

I
+

I.{/

.t

J

J

J

J

J

t

J

.{\
I

.t

ad libitum

t
ad libitum

t

A significant elevation in Eb IGF-I mRNA transcripts was observed in the neonatal ad libitum

offspring following bGH treatment. The rise in the Eb IGF-I tanscript, however, was not

observed in neonatal 3}o/o ad libitum offspring or in the juvenile female offspring of either

nutritional group. The lack of any rise in Eb IGF-I mRNA in the juvenile offspring was

unexpected due to the observed growth response following bGH treatnent. Somatic growth in

the rat is less pituitary dependent in the neonatal period (Glasscock et al. l99l) than at an older

age. It is possible that GH secretion is already maximally induced at the older age which could
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explain why the Eb IGF-I transcript was not elevated. In the rat, the IGF-I E domain variants are

expressed in a tissue-specific pattern, with Ea transcripts present in all tissues while Eb mRNAs

are relatively liver-specific (Shemer et al. 1992). Butler et al. (1996) reported that GH treatment

of dwarf and normal rats increased the expression of Eb IGF-I transcripts, although the increase

observed in Eb transcripts was higher in the dwarf compared to the normal rat, suggesting that

Eb IGF-I mRNA is more responsive to GH manipulation in the GH-deficient state. It is therefore

possible to speculate that IGF-I mRNA could explain the delayed tempo of development of

responsiveness to GH.

The lack of any efFect of bGH treatment on IGF-I transcripts in neonatal ad libitum offspring and

only a small effect in juvenile ad libitum offspring indicates that GH may have no effect on start

site regulati onin ad libitum rats. [n addition, the increase in IGF-I start site regulation in juvenile

30%o ad libitum offspring occurred only at the 25pg dose of bGH, which is a high dose of GH.

Butler et al. (1996) reported an increase in the expression of all hepatic exon I and exon 2

transcripts in both normal and GH deficient rats following bGH treatment. Howevero they used

Lewis rats and administered a dose of 21tg/g GH. Therefore, the inuease in body weight

following GH treatment in the present study may not be via hepatic IGF-I start site regulation but

via a direct effect on the tissues or metabolism. In addition, GH could upregulate IGF-I mRNA

in other tissues such as muscle or fat. The expression of hepatic IGF-I transcripts in IUGR and

ad libitum offspring have been shown previously to be the same by 2l days of age (refer to

Chapter 4). Therefore, the coordinate reduction in IGF-I transcripts observed in neonatal 30o/o ad

libitum offspring fotlowing bGH treatment is real. The lack of weight gain in neonatal 30%o ad

libitumoffspring following bGH treatrnent may be due to down-regulation of IGF-I start sites.

Reduced maternal nutrition throughout gestation results in growth retardation and reduces

plasma IGF-| concentrations in neonatal 30%o ad libitum offspring (Chapter 3) and in IGF-I gene

expression (Chapter 4) with little change in GHR gene expression (Chapter 4). In the current

study, hepatic GH binding was reduced in neonatal 30% ad libitum offspring following GH

administration, despite observing no somatic responses to GH. This suggests that a post-receptor

defect in GH action may play a role in the GH resistance observed in neonatal 30o/o ad libitum

offspring. This also concurs with the observation by Thissen et al. (l99lb) who postulated that a

post-receptor defect maybe responsible for the GH resistance observed in protein restricted rats.

A number of studies have reported that the restriction of dietary protein in young rats stunts
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growth, reduces serum IGF-I concenfiations and causes relative resistance to GH Qv{aes et al.

1988, Maiter et at. 1988a, Thissen et al. l99A). The relative resistance to GH teafinent observed

in the neonatal 30%o ad libitum offspring in the present study cannot be related to the GH

preparation administered to the animals, as firstly, its administration stimulated the growth of ad

libitumoffspring of the same age, and secondly, GH therapy produced grouith of liver, heart and

spleen in both neonatal and juvenile offspring.

In conclusion, failure of IUGR neonatal offspring to respond to bGH treatment confirms the data

presented in Chapter 7. This observation suggests that maternal undernutrition induced ruGR

leads to delayed maturation of the somatogenic response to GH and to temporary GH-resistance

during the neonatal period. The mechanism of the temporary GH resistance may be due to a

post-receptor defect in GH action leading to delayed catch-up growth in 30% ad libitum

offspring. Whether these changes may contribute to the development of subsequent adult-onset

disease remains to be elucidated in futrue studies.

I59



Chapter 9

Final Discussion

9.1 Introduction

Over the past decade, a number of epidemiological studies have provided significant evidence

that certain major adult noncommunicable diseases, such as hypertension, ischaemic heart

disease and non-insulin dependent diabetes mellitus, may be associated with impaired fetal

growth. This phenomenon has been termed "programming" which is essentially the term used

for persisting changes in structure and function caused by undernutrition or other adverse

influences acting during critical periods of early development. Prograrnming has been used as

the mechanistic basis to explain the long-term sequelae of IUGR. The mechanisms underlying

the epidemiological observations remain to be elucidated and developed. While it is well

established that severe matemal undernutrition during pregnancy leads to IUGR, there has been

relatively little well defined animal studies of the somatotrophic axis and postnatal development

of growth retarded offspring.

The studies presented in this thesis were undertaken to examine the mechanisms which lead to

IUGR and postnatal pathophysiology. This involved the establishment of an animal model in the

rat of IUGR using undemutrition of the dam throughout gestation and then examining the effect

of reduced growth in utero on the somatotrophic axis and on growth during gestation and in

offspring postnatally. Subsequent studies investigated the effects of IUGR in adult rats by

determining if maternal undernutrition might be an important contributory factor in the etiology

of adult hypertension, one of a number of adult diseases thought to be associated with poor

growth in utero. Treatment studies were also undertaken to determine if hormone therapy could

stimulate growth in rats who were growth retarded in utero. The findings of these studies and

subsequent endocrine and molecular analyses suggest that fetal progamming caused by maternal

undernutrition throughout gestation leads to transient resistance to GH during the neonatal period

as a consequence of IUGR, and may potentially be the underlying cause of long-term postnatal

growth retardation and hypertension.

160



Chapter 9: Final Discussion

9.2 Nutritional regulation of the somatotrophic axis

9.2.1 Effects of undernutrition on the dams

previous experimental models of growth retardation have generally used either interference with

placental function (Owens et al. 1994), uterine blood flow (Unterman et al. 1993), maternal

hypoxia (Tapanainen et al. 1994) or limitation of protein intake to restrict fetal growth (Levy &

Jackson 1993, Muaku et al. 1996). The establishment of the model used in this thesis is a reliable

method of achieving growth retardation in utero which is continued into postnatal life. The

reduction in food intake caused a dramatic loss in body weight of the dams and lowered IGF-I

concentrations. However, litter sizes were unchanged with undernutrition and postnatal losses of

the IUGR offspring were low. In the early studies characterizing the IUGR model (Chapters 3-

t, ruGR offspring were not fostered onto ad libitum fed dams after birth. This was a fault in the

design of the animal studies which was remedied in later experiments (Chapters 6-8). The latter

chapters showed that IUGR neonates cross-fostered at birth on to ad libitum fed dams showed

identical growth rates postnatally to those neonates who were not cross-fostered. Therefore, the

postnatal growth retardation observed in the earlier studies could not have been due to a failure

in lactation of dams which were undernourished during gestation. However, it is unknown

whether postnatal appetite was altered as a result of maternal undemutrition, as has been

demonstrated in studies of piglets (Dauncey et al. 1994). Ad libitum and undernourished dams

showed a marked increase in body weight with bGH or IGF-I treatment during pregnancy with

no effect on fetal or placental weight. This may suggest a modification in the mode of maternal

nutrient repartitioning during mid to late pregnancy.

The studies presented in this thesis have shown that maternal undernutrition leads to IUGR and

is mediated by decreased plasma concentrations of both maternal and fetal IGF-I. Plasma IGF-I

levels were reduced in dams subjected to undernutrition from mid-gestation (when sampling first

began) but returned to nonnal levels soon after delivery. In normally fed rats, there is a dramatic

decline in the senrm concentrations of IGF-I during late pregnancy (Davenport et a/. 1990). At

least two mechanisms may lead to decreased IGF-I during normal late gestation. Firstly, there is

a decrease in IGFBP-3, the principal IGF-I carrier protein in serum associated with an increase in

proteolysis of IGFBP-3 (Davenport et al. 1990, Hossenlopp et al. 1990). This reduces the

concentration of IGF-I bound in serum and increases its clearance (Chiang & Nicoll l99l).

Secondly, steady state IGF-I mRNA and peptide levels in hepatic tissue have been reported to
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decrease in late-gestation pregnant rats, suggesting that there is decreased IGF-I synthesis

(Davenport et al. 1990, Muaku et al. 1995).

In the present studies, proteolysis of IGFBP-3 in plasma was not assessed and therefore cannot

be mled out as a regulatory role of decreased IGF-I in the undemourished dams. In addition,

IGF-I 6RNA was not measured in the dams but is likely to have decreased since plasma IGF-I

levels were reduced, and in agreement with other studies of dietary protein restriction during

pregnancy (Thissen et al. l99la, VandeHaar et al. 1997, Muaku et al. 1995) whereby IGF-I

mRNA levels in liver and other tissues are markedly reduced.

Plasma IGFBPs were also affected by maternal undernutrition, with increased levels in

circulation of IGFBp-I, -2 in late gestation. At birth, plasma IGFBP-3 levels were elevated in

undemourished dams, but by day 3 of lactation IGFBP levels had returned to normal. This may

have been a limitation in the experimental design of these studies. Food was offered ad libitum

from birth to avoid offspring being eaten by the dams. Perhaps all dams sacrificed at birth should

have been offered a limited food source, as the endocrine data reported in Chapter 3 showed that

the undernourished dams responded immediately to the increased food supply. Others have

observed no change in the rat with protein restriction (Muaku et al. 1995) or a fall in sheep with

matemal undemutrition (Gatlaher et al. lg92), in circulating IGFBP-3 levels. This indicates that

there are species specific differences in animals and that the mode of nutritional restriction plays

an important role in determining the effect on IGFBPs.

Serum GHBP concentrations were measured in the dams in late gestation and at various time

points postnatally. Matemal GHBP concentrations at day 20 of gestation were high in both ad

Iibitum and undernourished rats with a progressive fall in GHBP concentrations observed

throughout lactation. Pregnancy in rodents is the only physiological state in which there is a

dramatic change in serum GHBP concentrationo which strongly suggests a role for GHBP in

normal pregnancy (Barnard & Waters 1997). This gestational rise in serum GHBP

concentrations was observed initially in mice (Peeters & Friesen 1977) and accurately quantified

by Cramer et al. (1992a, 1992b). Gargosky et at. (1995) observed a gestational increase in

GHBP in the dwarf rat which was not dependent on any increase in serum GH concentration.

These rats also showed similar GHBP levels as normal rats. In the present studies, plasma GTIBP

concentrations were not different between ad libitum and undernourished dams, indicating that

GHBP levels are not nutritionally regulated in this animal model. However, GH treatment of
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these rats reduced matemal plasma GHBP concentrations in ad libitum but not in undernourished

dams. The effect of GH treatment in pregnant rats on plasma GHBP concentrations has not been

reported to date but may suggest a nutritional regulation and an interaction between GH on

GHBP concentrations during pregnancy.

9.2.2tr;trects of maternal undernutrition on growth and the somatotophic axis iil offspring

The studies of Chapter 3 examined the effects of maternal undernutrition throughout gestation on

fetal and postrnatal growth of the offspring. These data showed that maternal undernutrition

throughout gestation resulted in growh retardation in utero which persisted in postnatal life.

programmin g in utero may have led to a delayed tempo of growth and transient alteration in the

somatotrophic axis. While growth retarded offspring grew at the same rate as control animals

from 9 days of age, they remained significantly smaller in body weight until approximately 30

weeks of age. Failure to catch-up in growth indicates the sfiong influence of dietary restriction

during gestation and supports earlier findings of Chow &Lee (1964), Blackwell et al. (1969),

Schoknecht et at. (1993), Dauncey et al. (1994) and Muaku et al. (1995' 1996).

The adverse effects of matemal undernutrition on fetal and postnatal growth of the offspring

were accompanied by parallel changes in plasma IGF-I concentrations. During the weaning

period, body and organ growth of the IUGR pups were impaired. At the same time, plasma IGF-I

concentrations were low. However, by 15 days of age plasma IGF-I concentrations were

normalized. These results suggest that the failure of somatic growth during early postnatal

development may result from decreased plasma IGF-L They also support a role for IGF-I in the

control of postnatal growth and development in the rat (Donovan et al. 1991, Breese et al. 1993)-

Plasma IGFBP-I and -2 measured by ligand blotting were significantly increased n 30% ad

libitum offspring in late gestation" at birth and at 9 days of age but were normalized by 15 days

of age. Therefore, the decrease in plasma IGFBPs at 15 days of age may have increased the

avaitability of IGF-I to the peripheral tissues and allow the relative growth rate of 30Yo od

libitum offspring to match that of ad libitum offspring. This suggests that plasma concentrations

of IGF-I and IGFBP -Il-2 andgrowth rates may be related during the perinatal period.
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9.2.3 Effects of maternal undernutrition on gene regulation of IGF-I and GHR/GIIBP

The studies in Chapter 4 demonstrate that the adverse effects of maternal undernutrition during

gestation on postnatal growth and development of the pups are accompanied by parallel changes

in IGF-I gene expression. IGF-I mRNAs of both exons I and 2 were coordinately significantly

reduced in 30% ad libitum offspring from late gestation through to 15 days of age, again

corresponding to the age at which both relative growth rates and plasma IGF-I levels were

increased. parallel decreases in liver IGF-I mRNA and plasma IGF-I levels were observed in

growth retarded fetuses from fasted pregnant dams (Straus et al. l99l) and protein restricted

dams (Muaku et al. 1995) but not postnatally (Muaku et al. 1996). Other studies have reported

differential regulation of the start sites in exon I in rats (Foyt et aI. 1992, Domene et al. 7993)

and sheep (Pell e/ at. 1993),which was not observed in this study.

IGF-I Eb mRNAs were unaltered in 30% ad libitum offspring, while Ea mRNAs were

significantly reduced. While Ea and exon I mRNA transcripts are present in all tissues, exon 2

and Eb mRNAs are relatively liver-specific (Shemer et al. 1992). Eb mRNAs would therefore

have been expected to show a similar decrease as observed in exon 2IGF-I mRNAs. However, it

must be noted that the expression of Eb mRNA transcripts in the pre-weaning period were

generally low and as such, little emphasis should be placed on the lack of response to maternal

undemutrition.

The results presented in chapter 4 also showed that GHR and GHBP mRNAs were not

influenced by maternal undemutrition during pregnancy. Bomfeldt et al. (1989) reported a

reduction in GHR mRNA expression in diabetic and protein-restricted rats, while fasted rats

have been shown to have decreased specific GH binding and hepatic GIIR mRN A (Maes et al.

l9S3) with refeeding retuming specific GH binding levels to normal (Maes et al. 1983).

However, Maiter et al. (1988) reported only slight reductions in hepatic GH binding in rats

subjected to protein deprivation, while exhibiting a marked decrease in circulating IGFJ

concentrations. Maiter et al. (1938) suggested that the disassociation between IGF-I and GH

binding might indicate a post-receptor defect in GH action and play a role in GH resistance

induced as a result of protein malnutrition.

The marked decrease in circulating IGF-I levels and increase in plasma IGFBPs observed in late

gestation fetuses and in early neonatal life suggests that the endocrine system has been markedly
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affected, which influences long-term postnatal growth despite the apparent normalization of the

somatotrophic axis from as early as 2 weeks of age. In addition, the reduction in IGF-I gene

expression in 30% ad libitum offspring without alteration in GHR gene expression might suggest

a post-receptor defect in GH action and was further investigated in Chapter 8.

9.3 Hormone resistance

9.3.1 Postnatal growth resPonses

The lack of catch-up growth before 30 weeks of age observed in the growth retarded offspring,

despite normalization of their plasma IGF-I levels, may be due to fetal programming of

responsiveness to the growth-promoting effects of IGF-I and GH. The studies in Chapter 7 and

extended in Chapter 8 suggested a temporary GH resistance in the neonatal growth retarded

offspring which was not observed in the juvenile growth retarded offspring.

There have only been a few studies reporting the growth responses of neonatal rats with GH

adminishation that were growth retarded in utero (Chow & Lee 1964, Muaku et al. 1995'

Tapanainen & Rosenfeld 1996) and during lactation (Zhao & Donovan 1995). The studies

presented in this thesis are the first in yivo demonstration of a lack of response to the growth-

promoting effects of GH in neonatal IUGR offspring, and suggest that these rats are GH resistant

as a result of an insult in utero to the somatotrophic axis which has long-lasting effects on

postnatal growth and development.

9.3.2 Circulating IGF-I concentrations

plasma IGF-I concentrations were not significantly altered with GH or IGF-I fieatrnent in

neonatal or juvenile offspring. However, growth induction by GH in young rats is possible with

(Byatt et al. lggl,Muaku et al. 1995,Zhao & Donovan 1995, Tapanainen & Rosenfeld 1996) or

without (Robinson et al. 1993, Palmer et al. 1993) an accompanying rise in circulating IGF-I'

and other studies have suggested that circulating IGF-I is not a main regulator for grorvth in the

neonatal or juvenile rat (Glasscock e/ al. 1992). Therefore, this questions the importance of

circulating IGF-I as a key endocrine mediator of the growth promoting actions of GH (Gargosky

et al. 1994). However, the lack of a rise in circulating IGF-I concentrations reported in Chapters

7 and 8 may altematively be due to the mode of hormone administration. Clark et al. (1995)
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observed that serum IGF-I levels were not elevated following twice daily injections of GH but

were elevated when administered as a continuous infusion.

9.3.3 Circulating GIIBP concentrations

The results from Chapter 7 showed that GH but not IGF-I treatrnent tended to reduce plasma

GHBp levels in juvenile female ad libitum and IUGR offspring. These results contast with the

findings of Carmignac et al. (1992,1993) who observed an upregulation of GHBPs after I week

of continuous infusion of GH to male dwarf rats, and Bamard et al. (1994) who reported no

change in serum GHBP after twice daily injections of GH to Lewis dwarf rats. The decreased

expression of GHBp observed in Chapter 7 could ssrve to increase the bioavailability of GH and

thus increase stimulation of growth, or may relate to the mode of GH administration.

The concentration of GHBP in serum has been reported to be higher in females than in males in

humans (Barnard et at. 1989, Ho ef al. 1993), rats (Massa et al. 1990, Carmignac et al. 1992,

Barnard et al. 1994), and in rabbits (Barnard & Waters 1986). In rodents, the sexual dimorphism

is dependent upon the pattern of GH seuetion, with females having higher baseline GH levels

but less marked GH pulsatility than males. However, in the dwarf rat Carmignac et al. (1993)

reported no sexual dimorphism in GHBP concentration. The findings in Chapter 7 showed that in

the IUGR animal model GHBP levels were higher in female than male ad libitum offspring but

no such sexual dimorphism was observed in the IUGR offspring, suggesting that maternal

dietary restriction during pregnancy removes the sex difference in the GFIBP concentration of

the offspring.

9.3.4 Hepatic gene expression following GH treatment

The molecular data presented in Chapter 8 showed that GH treatment lo ad libitum and IUGR

offspring following matemal dietary undernutrition during pregnancy induced an increase in

hepatic Eb IGF-I mRNA expression in neonatal ad libitum offspring, but had no effect in

neonatal IUGR offspring and juvenile ad libitum and IUGR offspring. In addition, Ea IGF-I,

GHR and GHBP pRNA expression were unchanged with GH treatnent. The expression of IGF-

I exon I transcripts were unchanged in neonatal and juvenile ad libitum offspring, perhaps

indicating that GH does not have an affect on IGF-I start site regulation in nonnal rats. Exon I

transcripts were increased in juvenile IUGR rats with pharmacological doses of GH, but were
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otherwise unchanged. However, in neonatal IUGR offspring exon I transcripts were coordinately

reduced. This observation may play a key role in understanding one of the mechanisms involved

in postnatal growth retardation as a result of IUGR. The observed reduction in hepatic GH

binding capacity in both ad libitum and IUGR offspring observed in Chapter 8 may serve to

increase the availability of GH and thus increase the expression of IGF-I mRNA. However, the

observation that GH treatment produced a down-regulation in IGF-I start sites and no change in

IGF-I Eb 6RNA in neonatal IUGR offspring, suggests that a post GH receptor mechanism may

be involved in inducing poor growth in utero,leading to prolonged postnatal gowth retardation

and poor growth responses to GH administration.

In summary, the hormone treatment studies in postnatal offspring demonshate that maternal

undernutrition during pregnancy leads to a temporary reduction in GH responsiveness during the

neonatal period in the IUGR rat and thus to a delay in catch-up growth. This may be related to

post receptor mechanisms involving alterations in exon specific expression of IGF-I mRNA. A

limitation of this study was that only 5 samples per GH dose were run on the gels ard ad libitum

and IUGR tissue were not run on the same gel, thus creating difficulties in interpreting the data.

Although the data is still incomplete, these results suggest an interesting mechanism to explain

transient GH resistance during the neonatal period. This is also an example for programming

within the somatohophic axis. Further studies should address these recent findings and are

discussed below in section 9'5.

9.4 Postnatal consequences of IUGR

There has been much interest in the association between IUGR and the increased risk of adult

hypertension (Gennser et al. 1988, Law et at. 1993), cardiovascular disease @arker et al. 1989b)

and syndrome X, a condition characterized by hypertension, impaired glucose tolerance and

hypertriglyceridemia (Barker 1994). Although the underlying pathophysiological mechanisms

are unclear, re-programming of endocrine relationships may result from an adverse intrauterine

environment. The studies presented in Chapters 5 and 6 aimed to investigate the effects of

maternal undernutrition on the incidence of elevated blood pressure and GH sensitivity during

postnatal life. The results from these chapters demonstrated that nutritional manipulation of the

fetus throughout gestation can lead to "programming'0, resulting in IUGR and affecting the IGF

system and cardiovascular homeostasis. Blood pressure measurements were made when the

offspring were aged between 18 and 50 weeks of age. Given that the average life-span of the rat
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is 18 months, the blood pressure recordings were made in mid to late adult life. This is an age

comparable with human population studies in which blood pressure measured in adults of both

sexes aged 46-54 years and 60-71years was inversely related to birth weight (Law et al. 1993).

The persistent elevation of adult blood pressure in the IUGR offspring together with the failure

to show catch-up growth until adult life emphasise the profound influence of maternal diet

during pregnancy.

Although the rise in systolic blood pressure observed in Chapters 5 and 6 was small in absolute

terms, the frnding is notable as it provides a clear demonstation that blood pressure can be

significantly elevated over a prolonged period from mid to late adult life following fetal

exposure to controlled restriction of maternal nutritional intake during pregnancy. This was one

of the first studies providing experimental evidence for programming of endocrine systems'

Other experimental studies have also reported elevated blood pressure in offspring following an

adverse intrauterine environment. Female offspring from protein restricted rats throughout

gestation exhibited elevated systolic pressures (Langley-Evans et al. 1996b). Maternal anaemia

in pregnant and lactating rats has also been shown to lead to reduced body weight and

predisposes offspring to elevated systolic blood pressure (Crowe et al. 1995). Interestingly, the

authors' noted a greater rate of growth after weaning in the anaemic offspring, suggesting that

growth rate might be associated with elevated blood pressure.

The work of Barker and colleagues has come under criticism due to the somewhat general

hyothesis that the group proposed (Paneth lgg4, Paneth & Susser 1995). None of the published

Southhampton studies provide an acfual measure of nufritional intake in mothers or babies and

early nutrition is inferred indirectly from fetal or infant growth. However, epidemiological

studies are currently underway which address these issues (Godfrey pers. comm.). The results

presented in this thesis provide direct experimental evidence to support the hypothesis that

matemal undernutrition can lead to altered tempo in the development of the somatotrophic axis

in the fetus and alter the development of cardiovascular control, leading to elevated blood

pressure in the adult offspring. However, the mechanisms by which maternal undemutrition

during pregnancy can lead to hypertension in adult offspring remain to be elucidated. Recent

work by Seckl and associates showed that fetoplacental exposure to matemally administered

dexamethasone throughout gestation in rats reduces birth weight and produces hypertensive adult

offspring (Levitt et al. 1996). It has been suggested that dysfunction of the placental

glucocorticoid barrier leading to exposure in utero is a link between low birth weight, high
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placental weight and subsequent development of adult hypertension (Benediktsson et al. 1993,

Edwards et al. 1993\.

9.5 Future directions

The current results, together with previous findings from other studies, provide a growing picture

of the complex series of events and mechanisms which lead to IUGR following maternal

undemutrition during pregnancy, and to the postnatal consequences of IUGR. Important

questions however, remain to be answered. The following questions raised by the results

presented in this thesis could now be addressed:

Nutritional regulation of circulating IGF-II, GH secretion and other endocrine axes

The main endocrine analyses carried out to date have been to investigate the effects of maternal

undernutrition on circulating IGF-I, insulin, GFIBPs, and IGFBPs of the dams and offspring. The

effects of maternal undemutrition on IGF-II were not investigated in this study due to the current

methodology set up in the laboratory using a G-75 column. This RIA required a large sample

volume of approximately l00pl of plasma. The development of an IGF-II RIA requiring lower

sample volume would have enabled quantification of plasrna IGF-II levels. Circulating IGF-II

levels are known to be relatively high in rat fetal life, with a marked decrease after birth (Moses

et al. l9g0). The nutritional effects on circulating IGFJI are not well known, with conflicting

data in the literature. Serum IGF-II levels were reduced in fetal rats from undernourished dams

(Rivero et al. 1995), unchanged in fetal rats from fasted dams (Davenport et al. 1990, Straus el

al. l99l) or protein restricted dams (Muaku et al. 1995) and even increased following maternal

hypoxia (Tapanainen et aL |gg4). These data suggest that nutrition may not be a major regulator

of fetal IGF-II expression. The relationship between undernutrition, fetal growth and plasma

IGF-II levels in the rat remains unclear and should be addressed in the future.

GH concentrations were not measured in offspring, but it is likely that GH secretion would have

been altered by undemutrition. Temporary dietary protein restriction in rats after weaning caused

reductions in peak GH concentrations (Harel & Tannenbaum 1995). Little is known about GH in

relation to early events in humans, although IUGR babies have high GH and low IGF-I

concentrations at birth (Ackland et a/. 1988, Leger et at. 1996). A recent study examining GH

secretion and bone density suggested a correlation with growth during infancy which might be
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programmed by environmental factors during intrauterine or early postnatal life (Fall et al.

1998).

There are other endocrine axes which may be altered by maternal undernutrition, such as the

adrenocortical hormones and endogenous opioids. ACTH and corticosteroid concentrations are

measurable but low throughout most of fetal life until the last portion of gestation and during

labour (Iwamoto 1996). ACTH and cortisol in the fetus increase in response to haemorrhage,

hypotension and hypoxemia. In addition to the important eflects of cortisol on lung and liver

maturation, cortisol also has effects on the cardiovascular system during development (Iwamoto

1996). Reprogramming by environmental factors during intrauterine development could impact

on the cardiovascular system later in life. Different classes of endogenous opioids are present in

the fetus. The effects of hormones derived from proopiomelanocortin (POMC), p-endorphin and

a-melanocyte stimulating hormone (MSLD on the developing cardiovascular system have been

examined. Large amounts of a-MSH increases heart rate and blood flow through the ascending

aorta and decreases arterial blood pressure in fetal sheep (Iwamoto 1996). Naloxone treatmenf a

sterospecific opiate antagonist, during uterine artery compression dramatically increases mean

arterial pressure in fetal sheep, suggesting a modulatory role of fetal endorphins in the response

to acute intrauterine stress (Iwamoto 1996). Melanoccortin receptors may also play an important

role in the development of insulin resistance and non-insulin dependent diabetes (NIDDM)

(Mountjoy & Wong 1997)'

Gene expression of IGFBPs and IGF I receptor

It has been speculated that IGFBP-I is involved in the regulation of fetal growth, based on the

fact that IGFBp-l levels have been increased in some experimental models of IUGR in the rat

(Unterman et at. 1990. Straus et al. lggl,Price et al. 1992, Unterman et al. 1993, Tapanainen e/

al. 1994). There is also evidence in human fetuses concerning the importance of IGFBP-I in the

fetal growth-retarded state. IGFBP-I levels determined by RIA in cord serum have been shown

to be higher in small-for-gestational-age babies (Lassarre et al. 1991, Wang & Chard 1991).

Following insulin-induced hypoglycaemia in fasting states and in diabetic rats, serum IGFBP-I

levels are increased (Unterman et al. 1993, Lewitt et al. 1994). [n contrast, the data concerning

changes in IGFBp-2 in growth retarded states are conflicting. Increased (Tapanainen et al. 1994)

and unchanged (Unterman et al. 1990, Straus et al. 1991) levels have been reported, depending

on the experimental model used. These different results may reflect either the different models of
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IUGR used or the lack of specific antibodies to detect individual IGFBP. It would, therefore, be

of interest to determine if IGFBP mRNA expression in the present IUGR animal model reflected

the changes observed in plasma IGFBP levels. In addition, insulin resistance in IUGR would

suggest that IGFBP-I regulation may also be altered.

IGF-I receptor (IGF-IR) mRNA levels in non-hepatic tissue tend to be highest around birth in the

rat and then subsequently decrease during postnatal development (Wemer et al. 1989). Butler el

al. (lgg6) reported that IGF-IR mRNA abundance was unchanged in non-hepatic tissues of

dwarf rats. However, the IGF-IR may play an important role in the nutritional regulation of

growth, as nutritional deprivation in rats has been shown to increase IGF-I mRNA expression in

most rat tissues (Olchovsky et at. 1993). Postnatally, the expression of IGF-IR mRNA is very

low in hepatic rat tissue and therefore, non-hepatic tissues such as muscle, kidney or heart could

be used to investigate the effects of maternal undernutrition on the abundance of the IGF-IR.

Non-hepatic gene expression of IGF I, GHR and GHBP mRNA

The results reported in the thesis have only used hepatic tissue to investigate the effects of

matemal undernutrition on mRNA levels of IGFJ, GHR and GHBPs. It would be interesting to

also examine the effects of undernutrition on non-hepatic tissues, as these may be differently

regulated. IGF-I 6RNA levels are known to be reduced in lung, kidney and muscle by starvation

(Olchovsky et al. 1993) with no efFect on IGF-I mRNA levels in the heart. IGF-I mRNA levels

have been reported to be reduced with diabetes in muscle (Bornfeldt et al. 1992), unchanged in

lung (Catanese et al. 1993) and an increased in kidney (Werner et al. 1990, Catanese et al.

1993). The signifrcance of the tissue-specificity of these results is unknown. The preservation of

IGF-I synthesis is important in many tissues, such as the heart and brain. Thus, under conditions

such as malnutrition, organs critical for survival may be protected at the detriment of other

tissues.

GHR and GHBP 6RNA expression in non-hepatic tissues is generally thought to follow that of

the liver in most states of undernutrition. Under conditions of fasting, GIIR and GFIBP mRNA

expression are reduced in heart and diaphragm of rats (Bornfeldt et al. 1989, Straus & Takemoto

r990).
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Elfects on the timing of undernutrition

Nutritional manipulation of the fetus throughout gestation appears to contribute to the

development of 'oprogramming", affecting the IGF system and cardiovascular homeostasis.

These observations have lead to the hypothesis that hormone sensitivity is programmed in utero

and that alterations in sensitivity may contribute to the development of IUGR. However, the

effects of undernutrition on fetal growth may be detemrined by the duration and time of onset of

the insult. preliminary data undertaken in a pilot study, not discussed in this thesis, showed that

undemutrition in early pregnancy (days 1-7 of gestation) did not affect fetal size, while

undernutrition in late gestation (days 16-22 of gestation) led to decreased fetal size and postnatal

growth retardation. There may, therefore, be critical times in development during which specific

components of "programming" occur and which may alter the development of resistance to GH.

The matemal undemutrition model of IUGR throughout gestation could therefore be extended to

evaluate undemutrition restricted to either early, mid or late gestation. In addition, previous work

has shown that a low protein diet given to pregnant rats induced fetal growth retardation and

elevated blood pressure in adult offspring (Langley & Jackson 1994). A comparison of these two

paradigms may indicate whether the availability of protein is a key nutritional factor leading to

the development of IUGR.

Postnatal nutritional manip ulatio ns

Recent data have shown that rats fed on a high fat diet postnatally develop obesity and GH

resistance in adult life (Clark et al. 1996). The severity of hypertension postnatally may therefore

be influenced both by maternal nutrition during fetal development and by postnatal nutritional

conditions. postnatal nutitional manipulations of offspring derived from dams undernourished

throughout gestation might also be considered for investigation as to whether some aspects of

programming in utero can either reverse or ampliff the development of postnatal

pathophysiology. After weaning, offspring could be offered one of a number of different diets

including a low protein diet or a high protein diet with a high fat content. Hormone sensitivity

could be assessed at different ages and blood pressures measured. Preliminary investigations

have shown that IUGR offspring fed a high fat diet postratally exhibit higher systolic blood

pressure than control animals or IUGR animals on a normal diet (Vickers pers. comm.)
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Hormone Sensitivity

The data discussed in 9.3 suggested that undernutrition rn utero resulted in the apparent

development of transient GH resistance. This study could be further developed by administering

GH at an earlier age and for a longer period of time or at older ages from those already

investigated. It is possible that the "window" of responsiveness to GH treafinent during the pre-

weaning period was missed. If the neonatal offspring remained insensitive to hormone therapy,

this would reinforce the hypothesis that IUGR has programmed the somatotophic axis and

induced hormone resistance, thus affecting long-term outcome. In addition, cohorts of animals

treated with GH could be maintained to measure blood pressure in adult life. The results showed

that juvenile offspring responded to GH therapy, therefore, these offspring may not exhibit

elevated blood pressures.

The lack of postnatal responsiveness to IGF-I administration of both ad libitum and 30%o ad

libitum oflspring observed in Chapter 7 suggests that relative resistance to IGF-I might exist. A

dose-response trial with IGF-I, similar to the protocol presented in Chapter 8 might be performed

in order to ascertain that the conect dose of IGF-I was used. In addition, further hormone

treatment studies could be conducted during pregnancy by extending the experimental paradigm

outlined in Chapter 6. GH and IGF-I could be administered to the dams throughout pregnancy to

test the hypothesis that prolonged hormone treatment causes a growth response in the offspring.

Insulin sensitivity and glacose homeostosis

The notion that insulin resistance may be a consequence of IUGR in the rat was first suggested

by De Prins & Van Asche (1982) and more recently supported by the rodent studies of Dahri er

al. (1991) and Langley-Evans et al. (1996). In addition, the apparent increase in the incidence of

non-insulin dependent diabetes mellitus (NIDDM) in adults bom with IUGR (Hales et al. 1991,

Barker et al. 1993c, Phillips et al. 1994) provides further evidence for the development of insulin

resistance in IUGR. Insulin resistance was not addressed in these studies. It would have required

fasting insulin and glucose measurements which were not appropriate for the studies undertaken.

However, recent studies in children with IUGR suggest that insulin resistance may also be

present, with IUGR children having higher insulin levels and being less insulin sensitive

(Hofrnan et al. 1997). Therefore, the IUGR animal model could be studied for in vivo insulin

sensitivity by the method developed by Smith et al. (1987) and glucose levels measured at the

time of blood sampling.
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Other triggers for programming

The studies presented in this thesis have used undernutrition throughout gestation to reduce total

fetal substrate delivery and to induce IUGR. The trigger associated with such an intervention

remains to be clarified. It may be a limitation of a specific nutrient, such as protein (addressed

above) or alternatively it may be gluococorticoid mediated. Benediktsson et al. (1993) and

Edwards et al. (1993) first suggested that elevated maternal glucocorticoids might be a 'trigger'

to programming and demonstrated that offspring of dexamethasone treated dams developed

hypertension (Levitt et al. 1996). In addition, Langley-Evans et al. (1996a) showed that

undernutrition can also reduce placental I l-B hydroxysteroid dehydrogenase (HSD) activity,

thus allowing greater fetal glucocorticoid exposure. Corticosterone levels should therefore be

measured in the rat using the maternal undernutrition model to see if a rise in glucocorticoids as

a stress or adaptive response to inadequate nutritional supply could be a mechanistic explanation

for programming.

9.6 Conclusions

The results presented in this thesis have made a significant contribution to the investigation of

the origin, significance and mechanisms that contribute to IUGR and to subsequent postnatal

sequelae. Previously reported changes associated with IUGR concur with the results discussed in

this thesis. In the ruGR fetus and in neonatal offspring, circulating IGF-I and IGF-I mRNA

concentrations were markedly reduced. These reductions were observed before the offspring

were 15 days of age and prior to weaning. However, despite the apparent nonnalization of the

IGF system beyond this age, profound growth retardation continued, with no evidence of catch-

up growth occurring until the offspring were mature adults. In addition, the bGH treatment study

showed that offspring that were undernourished in utero did not demonstrate a growth response

to bGH treatment between postnatal days 11-21, but were capable of a normal growth response

to GH heatment between postnatal days 40-50. These data suggest that undernutrition leads to a

delay in the ability of the offspring to respond to postnatal GH treannent and to a relative GH

resistance at this age. The molecular data suggest that a post GH receptor mechanism may be

involved in the observed GH resistance. In addition, these studies confirm the recent

epidemiological observations that rats bom with IUGR secondary to maternal undernutrition

develop hypertension in adulthood.
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Cardiovascular disease remains one of the leading causes of morbidity and mortality in New

Zealand as in the rest of the Western world. Despite intensive public health prograrnmes

attempting to modiff lifestyle risk factors, there has been little change in the incidence of the

disease in recent years. Investigating the physiological basis for the epidemiological

observations, particularly in relation to the impact of maternal diet and nufiition during

pregnancy on the health of the next generation, may have important implications for the health

care of expectant mothers.

In conclusion, these data are believed to be some of the first reporting a specific endocrine

abnonnality in growth failure associated with IUGR. This suggests that these data may reflect a

delay in the development of GH sensitivity induced directly or indirecfly by maternal

undernutrition, and that this is causally related to the pattern of postnatal growth. These data also

suggest that IUGR may be associated with an altered tempo, rather than a permanent failure of

development, of the somatotrophic axis. The molecular data following GH treatnent may hold

the key to unravelling some of the complex mechanisms of IUGR leading to long term growth

retardation and development of postnatal sequelae.
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