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“The Road goes ever on and on 

Down from the door where it began. 

Now far ahead the Road has gone, 

And I must follow, if I can, 

Pursuing it with eager feet, 

Until it joins some larger way 

Where many paths and errands meet. 

And whither then? I cannot say.” 

 

-J.R.R. Tolkien, The Fellowship of the Ring 
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ABSTRACT  

 

Based on a large series of epidemiological studies, it has been proposed 

that exposure to an increased nutrient supply before birth increases the risk 

of developing obesity in postnatal life. The physiological mechanisms 

underlying the association between increased nutrition before birth and later 

obesity are, however, poorly understood. This thesis has investigated the 

impact of an increased fetal nutrient supply on the programming of key 

systems within the appetite-regulating network and/or the adipocytes before 

and after birth. 

 

The studies in this thesis have demonstrated that plasma concentrations of 

the adipostatic hormone leptin are directly related to adiposity and the size 

of adipose cells in fetuses of ewes fed at or above maintenance energy 

requirements, which suggests that leptin may act as a peripheral signal of 

fat mass before birth. It has also been demonstrated that the components of 

the central network for appetite regulation are expressed in the 

hypothalamus of the fetal sheep from at least 110 d gestation (term = 150 ± 

3 d gestation), and that the expression of the appetite-regulating 

neuropeptides is responsive to signals of increased nutrient supply before 

birth.  
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This thesis has also demonstrated that an increase in maternal nutrition in 

late pregnancy results in increases in both food intake and glucose 

concentrations in the lamb in early postnatal life and in a significant increase 

in subcutaneous adiposity on postnatal day 30. Importantly, increased 

maternal nutrition resulted in an altered relationship between signals of 

increased fat mass and nutrition and expression of a central appetite-

inhibitory neuropeptide, CART, in the lamb hypothalamus. It was also 

demonstrated that there was an interaction between the prenatal and 

postnatal nutritional environments in the determination of lipogenesis in the 

early postnatal period.  

 

The findings presented in this thesis provide evidence that programmed 

changes to the sensitivity of the appetite-regulating neuropeptides to signals 

of increased adiposity and nutritional status in early postnatal life are an 

important part of the physiological pathway through which exposure to an 

increased nutrient supply before birth may lead to an increased risk of 

obesity in later life. 
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CHAPTER 1: LITERATURE REVIEW  

 
1.1 THE FETAL ORIGINS OF ADULT OBESITY 

 

There has been a marked increase in the incidence of being overweight or 

obese in both developed and developing countries in the past two decades, 

culminating in the current global epidemic of obesity (Friedman 2000; 

Cameron et al. 2003). Overweight and obesity have been defined in terms 

of body mass index (BMI), an expression of weight divided by height 

squared (kg/m2). According to current criteria, being overweight is defined 

as having a BMI in excess of 25 kg/m2 and being obese as having a BMI in 

excess of 30 kg/m2. According to these definitions, more than 50% of all 

adults in the United States and the United Kingdom are currently 

overweight, and 24% of US adults and are classified as obese (Prentice 

2001; Baskin et al. 2005). There has also been an increase in the incidence 

of childhood obesity in the past two decades, and more than 20% of primary 

school children in Australia are currently classified as being overweight, and 

around 6% of these children are obese (Waters 2003)(Australian Summit on 

Childhood Obesity, 2002). 

 

1.1.1. Maternal Obesity, High Birth weight and Obesity in Later Life 

 

A wide range of epidemiological studies support a role for increased 

maternal body mass before and during pregnancy in the programming of 
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child and adult obesity. In most studies, it has been demonstrated that there 

is a positive relationship between maternal BMI before pregnancy, maternal 

weight and weight gain during pregnancy and birth weight of the infant 

(Ogunyemi et al. 1998; Parsons et al. 1999). A recent study has also 

demonstrated that obese women have an increased incidence of delivering 

large for gestational age infants with an increased neonatal adiposity. 

(Ehrenberg et al. 2004). Therefore, increased maternal BMI, overweight or 

obesity are all associated with increased body weight and adiposity in the 

offspring.  

 

Parsons and colleagues examined the relationship between birth weight and 

BMI at age 33 in some 11,000 individuals in Sheffield, and demonstrated 

that there was a significant positive correlation between weight at birth and 

adult BMI in these individuals. Importantly, this relationship was largely 

explained by maternal BMI, but was not influenced by any other potential 

confounding variables including smoking, paternal weight and socio-

economic classification (Parsons et al. 2001). This suggested, therefore, 

that heavier mothers give birth to heavier infants who go on to have a higher 

BMI as adults (Parsons et al. 2001). Dang and colleagues have also 

demonstrated that in a group of women with gestational diabetes (GDM), 

maternal BMI was the only factor which remained a significant predictor of 

birth weight in stepwise multiple linear regression analyses which also 

included age, gravity, gestational age, mode of delivery, type of treatment 
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for diabetes (i.e. diet or insulin) and gender of baby. Furthermore, maternal 

BMI was also correlated positively with birth weight in both diabetic and non-

diabetic pregnancies (Dang et al. 2000).  

 

In a separate study, Gillman and colleagues demonstrated that an odds 

ratio of 1.4 for the development of overweight in adolescence was 

associated with each 1 kg increment in birth weight (Gillman et al. 2003). 

The presence of maternal GDM during pregnancy was also associated with 

an increased incidence of adolescent overweight in the offspring. This 

relationship was, however, only partly explained by the influence of GDM on 

birth weight, and adjustment for maternal BMI attenuated the GDM 

associations (Gillman et al. 2003). Importantly, Frisancho concluded that, in 

a cohort of American adolescents, those who were heavy at birth become 

fatter as children and adolescents only if the mother had a high BMI 

(Frisancho 2000). These studies therefore provide evidence that there is an 

interaction between maternal body composition, maternal nutrition and 

metabolism, fetal growth and the development of obesity in later life.  

 

1.1.2 Fetal Hyperglycemia, Maternal Diabetes and the Programming of 

Obesity 

 

It has been suggested that the positive relationship which exists between 

maternal weight or fat mass and subsequent risk of infant adiposity or adult 

obesity is a consequence of the higher maternal nutrient intake in 
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overweight and obese women. This would result in increased nutrient 

supply to the developing fetus and thereby promote fetal overgrowth and 

induce fetal adaptations to this increased nutrient availability (Catalano 

2003). This is supported by the wide range of studies which have shown 

that maternal hyperglycemia in pregnancies complicated by maternal 

diabetes, gestational diabetes or even mildly impaired glucose tolerance is 

associated with an increase in birth weight and adiposity of the infant 

(Pedersen 1954; Plagemann et al. 1997).  

 

According to the fuel-mediated teratogenesis model, an increase in 

maternal glucose concentrations results in an increase in fetal glucose 

supply, which stimulates insulin secretion by the fetal pancreas and hence 

promotes growth of insulin-sensitive fetal tissues (Metzger 1991; Aerts et al. 

2003). In pregnancies complicated by maternal glucose intolerance, 

maternal and fetal glucose concentrations are elevated and the fetus is 

hyperglycemic and hyperinsulinemic throughout late gestation (Metzger 

1991). These infants have an increased body weight and adiposity at birth, 

and leptin concentrations in the cord blood at birth are elevated in parallel 

with the increased adiposity (Tapanainen et al. 2001). Importantly, it has 

been demonstrated in a number of studies that these infants are also at 

increased risk of obesity in later life (Silverman et al. 1991; Plagemann et al. 

1997; Silverman et al. 1998). In one study, the body weight and BMI of 

infants of diabetic mothers was determined at birth and subsequently 
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monitored at regular intervals throughout childhood. This study 

demonstrated that these infants were heavier at birth, and by 8 years of age 

had an incidence of obesity that was 50% higher than in infants from non-

diabetic pregnancies (Plagemann et al. 1997). It therefore appears that 

exposure to high substrate concentrations in late gestation is associated 

with an increased risk of obesity in child and adult life. Whilst the 

physiological mechanisms underlying this association are unknown, a 

number of potential mechanisms have been proposed (Figure 1.1). In the 

next section I will review the evidence for the programming of altered 

development of the adipocyte and of the appetite regulatory system after 

exposure to an increased fetal nutrient supply.  
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Figure 1.1 A summary of the potential mechanisms which have been 
proposed to underlie the development of obesity after exposure to 
maternal overnutrition or maternal obesity before birth 
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1.2 ADIPOSE TISSUE DEVELOPMENT AND FUNCTION  

1.2.1 Morphology of White and Brown Adipose Tissue 

 

In adults, adipose tissue acts as a storage depot for triglycerides (TG) and 

the amount of adipose tissue increases when there is a chronic excess of 

energy intake relative to energy utilisation (Kersten 2001). In the adult, the 

predominant function of adipose tissue has traditionally been regarded as 

one of protection and insulation. It is increasingly being recognised, 

however, that the adipose tissue is an active and dynamic participant in the 

physiology of whole body energy balance; capable of secreting and 

responding to a range of hormonal and metabolic factors (Ahima et al. 2000; 

Bradley et al. 2001). Whilst in humans an excess accumulation of adipose 

tissue (overweight or obesity) is associated with a range of co-morbidities, 

most notably type 2 diabetes and cardiovascular disease (Boden et al. 

2004), it is clear that adipose tissue and adipose cells also have an 

important role in the maintenance of energy balance homeostasis.   

 

1.2.2 Adipose Tissue Development 

 

The adipose cell lineage arises from multipotent stem cells within the 

mesenchymal stroma which become committed to the adipose cell lineage 

through differentiation. These pre-adipocytes pass through several 

intermediary stages of differentiation on their way to becoming fully mature 
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adipose cells (Ailhaud et al. 1992; Klaus 1996; Gregoire et al. 1998; Martin 

et al. 1998).  

 

1.2.3 Determinants of Adipose Cell Maturation 

 

The progression of multi-potent precursor cells through the stages of 

adipocyte maturation is under the control of both autocrine and paracrine 

mediators (reviewed in (Smas et al. 1995; Hwang et al. 1997)). The principal 

autocrine factors involved in adipocyte differentiation are insulin, IGF-I, 

glucocorticoids, thyroid hormone and cAMP (Spiegelman et al. 1980; 

Chapman et al. 1984). The IGF-I receptor is expressed abundantly on the 

surface of pre-adipose cells, and the addition of IGF-I to pre-adipocytes in 

serum-free medium is sufficient to induce adipocyte maturation (Smith et al. 

1988). Insulin exerts its effects through the IGF-I receptor, and is therefore 

only effective in influencing adipocyte maturation at relatively high doses. In 

a study by Smith and colleagues, 30-70 fold greater levels of insulin were 

required to obtain the same effects on adipocyte differentiation in vitro 

compared to the optimal dose of IGF-I (Smith et al. 1988). During adipocyte 

maturation, the expression of the insulin receptor increases and the adipose 

cells become increasingly responsive to the actions of insulin at 

physiological concentrations. Pre-adipocytes also express the glucocorticoid 

receptor, and glucocorticoids promote the maturation/differentiation of TA-1 

pre-adipocyte cells in culture (Chapman et al. 1985). Growth hormone (GH) 

is also involved in promoting adipocyte differentiation (Catalioto et al. 1992), 
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and depleting culture medium of GH in vitro results in arrested differentiation 

of pre-adipose cells (Nixon et al. 1984). Other growth factors, including 

EGF, TGFα and TGFβ, have also been shown to arrest adipocyte 

differentiation in culture and therefore to have a role in the regulation of 

adipocyte differentiation in vitro and in vivo (Smas et al. 1995; Hwang et al. 

1997). 

   

The regulation of adipose cell differentiation and adipose cell function is also 

under the control of paracrine factors, notably acylation-stimulating protein 

(ASP), angiotensinogen and prostaglandins PGE2 and PGI2, which promote 

differentiation, and TGFα, which inhibits differentiation (Cianflone et al. 

1995; Hwang et al. 1997). These adipocyte-derived factors act locally to 

direct the maturation of adipose cells in their immediate surroundings. 

 

1.2.4 Transcription Factors in Adipocyte Maturation  

 

The progression of adipose cells through the differentiation pathway is 

under the control of a series of transcription factors, in particular those of the 

bZIP class (Hwang et al. 1997). In addition to their role in the regulation of 

adipocyte maturation, these transcription factors are also important markers 

of the stage of maturity of existing adipose cells. Important early markers of 

commitment to the adipocyte lineage are the transcription factors C/EBPβ 

and C/EBPγ. These peptides are expressed in proliferating pre-adipocytes 

but are absent following the growth arrest stage, and appear to play a role in 
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the switch from proliferation to differentiation during adipocyte maturation 

(Hwang et al. 1997). Ectopic expression of C/EBPβ in NIH-3T3 cells 

upregulates the expression of PPARγ in vitro (Wu et al. 1995). The C/EBPβ 

complex also activates the transcription factor C/EBPα, which causes 

growth arrest and ends the proliferative phase of adipose cell development 

(Umek et al. 1991). Binding sites for C/EBPβ are present in the promoter 

regions of both the C/EBPα (Christy et al. 1991) and PPARγ (Tang et al. 

2004) genes. The expression of C/EBPβ therefore induces the expression 

of both PPARγ and C/EBPα, which then act synergistically to promote 

further differentiation of the adipocytes (Tang et al. 2004). 

 

The peroxisome proliferator-activated receptors (PPARs) are nucleur 

receptors expressed in adipose cells early in development. Activation of 

PPARs promotes differentiation of pre-adipocytes and expression of PPARs 

in vitro increases dramatically during adipocyte conversion (Chawla et al. 

1994). The PPARs form heterodimeric complexes with the retinoid-acid-

receptor (RXR) which then migrate to the nucleus and interact directly with 

specific DNA regions to promote gene expression. In the final stage of 

adipocyte maturation there is activation of genes which encode factors 

important for metabolic and physiological function of the mature adipocyte: 

including those involved in fatty acid (FA) synthesis and genes encoding the 

 adipokines, e.g. leptin and adiponectin (Gregoire et al. 1998) (Figure 1.2).



Chapter  1                                                                                                        Literature Review  

   

                                                                                                                            

  

11 

 

 
Figure 1.2 Overview of stages in adipocyte differentiation.  
 

PPAR-γγγγ : peroxisome proliferator-activated receptor-γ; C/EBP: CCAAT/enhancer 
binding protein; pref-1: preadipocyte factor, FA : fatty acid 
 
Adapted with permission from (Gregoire et al. 1998) 
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1.2.5 Regulation of Lipogenesis and Lipolysis  

 

The size of the fat stores within adipose tissue depots depends on the 

balance between lipid synthesis (lipogenesis) and lipid breakdown 

(lipolysis/fat oxidation) (Kersten 2001). Increases in fat mass, and thus 

excess body fat storage, occur when the rate of lipogenesis exceeds the 

rate of fat oxidation/lipolysis, and is ultimately due to chronic positive energy 

balance as a result of either excessive energy intake, a reduced total energy 

expenditure or a combination of both (Friedman 2000; Zigman et al. 2003). 

Lipogenesis and lipolysis are regulated by a number of key metabolic, 

endocrine and hormonal factors whose levels are largely dependent on 

current nutritional status (Kersten 2001).  

 

Lipogenesis encompasses the processes of fatty acid synthesis and, 

ultimately, the synthesis of triglycerides (TG), which are the main form in 

which fats are stored within adipose tissue (Hellerstein 1999). The process 

of de novo fatty acid biosynthesis is controlled by a number of enzymes, 

including ATP-citrate lyase, acetyl-CoA carboxylase, fatty acid synthase 

(FAS), malic enzyme, and glucose-6-phosphate dehydrogenase (G6PD). 

The activity of these enzymes is regulated in a co-ordinate fashion such that 

the synthesis of fatty acids is high during times of positive energy balance 

and low during negative energy balance, when fatty acids are being utilised 

as an energy source (Hellerstein 1999; Kersten 2001). The rate-limiting step 

in fatty acid synthesis is catalysed by the enzyme acetyl-coA carboxylase 
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(ACC), whose activity is regulated by nutritionally derived factors, including 

palmitoyl-coA (inhibition) and citrate (activation) (Girard et al. 1994).  

 

Glucose and insulin are the most important physiological regulators of 

lipogenesis (Kersten 2001). Insulin increases cellular uptake of glucose by 

adipocytes and increases the activity of key glycolytic and lipogenic 

enzymes (ACC and FAS) (Etherton et al. 1986; Girard et al. 1994; 

McTernan et al. 2002). Glucose acts as a substrate for the de novo 

synthesis of fatty acids and the metabolic product of glucose metabolism, 

acetyl-coA, is the precursor for fatty acid synthesis in adipose tissue. 

Glucose also acts directly to increase the expression of key lipogenic genes 

(Foufelle et al. 1996; Kersten 2001). Both glucose and insulin also increase 

the expression of the transcription factor sterol regulatory element binding 

protein–1 (SREBP-1), which activates expression of several lipogenic 

enzymes (Kersten 2001). Growth hormone (GH) inhibits lipogenesis via an 

increase in FAS and promotes a loss of fat with concomitant increases in 

muscle mass (Yin et al. 1998). The adipocyte-derived hormone, leptin, acts 

to increase fat oxidation and fat mobilisation, and down-regulates activity of 

genes involved in lipogenesis. It has recently been shown that leptin also 

inhibits the activity of SREBP-1, therefore blocking the potential stimulatory 

effects of this transcription factor on the transcription of other lipogenic 

genes (Soukas et al. 2000).  
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Whilst adipose cells are able to synthesise fatty acids de novo, most of the 

fatty acids utilised for the synthesis of TGs are derived from the circulation 

(Ullrich et al. 2001; Large et al. 2004). The process of fatty acid uptake by 

the adipose cell is facilitated by the actions of lipoprotein lipase (LPL), which 

is secreted by adipose tissue and which is responsible for hydrolysing TGs 

from circulating chylomicrons and very low density lipoproteins, allowing 

them to be taken up and stored by adipose cells (Ullrich et al. 2001). The 

uptake of these circulating fatty acids occurs via specific transmembrane 

channels, including fatty acid transport protein and CD-36, and the process 

is facilitated by fatty acid binding protein (Large et al. 2004). 

 

The peroxisomal proliferator activator receptors (PPARs) are a recently 

identified group of transcription factors which play an important role in the 

regulation of lipogenesis. The PPARγ isoform is highly expressed in adipose 

tissue, and its expression is further stimulated by fatty acids and insulin 

(Vidal-Puig et al. 1997) and by the transciption factor SREBP-1 (Fajas et al. 

1999). PPARγ ligands act to decrease the expression of leptin and increase 

the expression of the insulin sensitising hormone, adiponectin, within 

adipose tissue (Hsueh et al. 2003). They also upregulate the expression of 

genes involved in increasing storage of lipids within adipose cells, including 

fatty acid binding protein, LPL, fatty acid transport protein, acyl-coA 

synthase and phospho-enol pyruvate carboxylase (Spiegelman 1998; 

Kersten et al. 2000; Kersten 2001). The actions of PPARγ therefore 
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promote the storage of lipid in adipose tissue and reduce circulating free 

fatty acid concentrations. 

 

Under normal physiological conditions, the process of lipogenesis in 

adipose tissue is in balance with the process of adipose tissue breakdown 

(lipolysis). Lipolysis is activated by the enzyme hormone sensitive lipase 

(HSL), which is constitutively expressed in adipose cells and which is 

activated via PKA-dependent phosphorylation (Kopecky et al. 2002). The 

process of HSL activation is under the control of a suite of circulating 

factors. The most important physiological regulators of lipolysis are the 

catecholamines adrenaline and noradrenaline, which act via the β-

adrenergic receptors on the surface of the adipocytes to increase HSL 

activity (Atige et al. 1997). Other circulating factors also act to regulate 

lipolytic activity: GH, ACTH, glucagon and thyroid hormone, which all 

stimulate lipolysis, and insulin, which inhibits lipolysis (Kersten 2001). Leptin 

also acts directly on white adipose cells to increase the rate of lipolysis 

(Wang et al. 1999; Kopecky et al. 2002, Newby, 2001 #274). The sensitivity 

of adipocytes to cathecholamine-mediated lipolysis is influenced by their 

anatomical location, such that the visceral adipose tissue has a greater 

sensitivity to lipolytic signals compared to subcutaneous adipose tissue in 

humans (Arner et al. 1990; Arner 1998).  
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1.2.6 White Adipose Tissue and Brown Adipose Tissue 

 

The two sub-types of adipose tissue, white and brown, differ in their 

functional, morphological and biochemical properties. White adipocytes 

contain a central large lipid locule and a peripherally located nucleus and 

their principal function is in the storage of triglycerides during periods of 

energy excess (Bjorntorp 1991). Conversely, the brown adipose cells 

consist of a multitude of smaller lipid locules which can vary in size. Aside 

from morphological differences, these two types of adipose tissue can also 

be distinguished on the basis of their profile of gene expression, in particular 

the expression of leptin and UCP-1 mRNA (Cinti et al. 1997; Cinti 2001). 

White adipose cells express high levels of leptin and low levels of UCP-1, 

whilst brown adipose cells express relatively lower levels of leptin and 

higher levels of UCP-1 (Cinti et al. 1997). There is also evidence that the 

expression of leptin and UCP-1 is reciprocally regulated and that during 

thermogenic activation, there is an increase in UCP-1 expression and 

decrease in leptin mRNA expression within brown adipose cells (Cancello et 

al. 1998).  

 

In humans and most adult mammals, white adipose tissue is the 

predominant adipose tissue subtype (Lean 1989). Brown adipose tissue is 

normally only present in fetal and early neonatal life, after which it is lost and 

does not reappear (Hahn et al. 1975; Casteilla et al. 1987; Lean 1989). This 
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is in contrast to rodents and hibernating mammals such as the Siberian 

hamster and squirrel, in which there are substantial deposits of brown 

adipose tissue (BAT) throughout adult life (Nicholls et al. 1984). BAT is also 

the major adipose tissue sub-type in both sheep and humans during fetal 

development and in early postnatal life (Gemmell et al. 1972; Hahn et al. 

1975, Merklin, 1973 #332; Gemmell et al. 1978). 

 

1.3 ADIPOSE TISSUE IN THE FETUS 

 

During development, adipose tissue depots begin as small clusters of lipid 

droplets which are surrounded by extensive stroma and a network of 

capillaries (Ailhaud et al. 1992). As development progresses, lipid 

accumulates within these adipose cell clusters and they increase in size, 

whilst the number of clusters remains relatively constant (Ailhaud et al. 

1992). There are detectable adipose tissue depots present before birth in 

humans (Merklin 1973), pigs (Hausman et al. 1982) and sheep (Alexander 

1978; Alexander et al. 1980). In these different species there are, however, 

differences in the amount and distribution of adipose tissue that is deposited 

before birth and adipose tissue makes up a higher proportion of total body 

weight in the human infant (~16%) compared to the neonatal lamb 

(~1.5%)(Fowden 1995).  

 

 



Chapter  1                                                                                                        Literature Review  

   

                                                                                                                            

  

18 

1.3.1 Morphometry of the Fetal Adipose Tissue 

 

In both the sheep and human fetus, the adipose cells of the internal fat 

depots are all classified as brown adipocytes on the basis of their molecular 

and morphometric characteristics (Gemmell et al. 1978). Thus, fetal adipose 

cells contain several lipid locules within a single plasma membrane and 

express high levels of UCP-1 mRNA. Despite this, however, there are 

variations in the size of these lipid locules within these fat depots, such that 

they can be seen to comprise of both a unilocular and multilocular 

component. The unilocular component represents larger single lipid locules 

(10µm2), whilst the multilocular component is defined as regions containing 

only multiple smaller lipid droplets (Figure 1.3). In the fetal sheep, plasma 

leptin concentrations are positively correlated with the mass of the 

unilocular, but not the multilocular, component of the perirenal adipose 

tissue, which makes up 80-90% of the total adipose tissue mass in this 

species (Muhlhausler et al. 2002), suggesting that the unilocular component 

of the tissue may be the predominant site of lipid storage before birth. In the 

human infant, the visceral fat depots are comprised predominantly of brown 

adipocytes, whilst the peripheral (subcutaneous and interscapular) fat 

depots are predominantly comprised of white adipose tissue (Merklin 1973). 

In sheep, there is an increase in the size of the lipid locules present within 

the internal and subcutaneous fat depots during late gestation (Gemmell et 

al. 1972; Gemmell et al. 1978). After birth, the size of the lipid locules in the 

adipocytes increases during the first 2-3 weeks of life,  the percentage of 
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multilocular tissue decreases and the tissue takes on the morphometric and 

molecular characteristics of adult white adipose tissue (Gemmell et al. 

1972).  

 

1.3.2 Maternal Factors Influencing Adipose Cell Development 

 

In non-diabetic, non-smoking women, the impact of maternal obesity on the 

deposition of fat in the fetus in late gestation appears to be relatively small. 

In one study, fetal weight gain was only ~0.6g per day greater in obese 

pregnant women compared to those of normal body weight and height 

between 37 and 40 weeks gestation (Nahum et al. 1995). This may have 

been due to the relatively small number of subjects (326) in this study, as 

larger studies have consistently reported small but significant positive 

relationships between maternal weight and birth weight (Parsons et al. 

1999). In pigs, maternal obesity results in an altered metabolic profile in the 

offspring, despite no change in fetal weight or body composition, with 

significant increases in the activity of LPL in the adipose tissue and elevated 

serum TG concentrations reported (Campion et al. 1988). Minor changes in 

diet or maternal energy status do not appear to markedly alter fat mass in 

the human infant (Martin et al. 1998).  
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Figure 1.3 Examples of the of the composition of perirenal adipose 
tissue in (A) the fetal sheep at 141d gestation and (B) the lamb at 
postnatal day 30. 
 

M: multilocular, U: unilocular, Scale bar = 0.5mm 
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Human clinical studies have, however, reported an accumulation of adipose 

tissue in infants of pregnancies complicated by maternal diabetes, clearly 

highlighting that an excess of glucose or insulin in the fetal circulation 

promotes lipogenesis and fat deposition before birth (Metzger 1991; 

Catalano et al. 2003). The macrosomic infant of the diabetic mother has a 

higher percentage of body fat than infants of non-diabetic mothers, and this 

fat is predominantly accumulated in subcutaneous depots in these infants 

(Metzger 1991). 

 

Whilst it has been suggested by Metzger and colleagues that the 

hyperinsulinemia in infants of diabetic mothers before birth is the main factor 

driving the deposition of adipose tissue, it has been difficult for researchers 

to separate the independent effects of insulin and glucose in the promotion 

of lipogenesis. Intra-fetal glucose infusion in the late gestation fetal sheep 

increases total and relative mass of the perirenal and subcutaneous adipose 

tissue depots (Stevens et al. 1990), and fetal hyperglycemia has also been 

shown to increase the size of the lipid locules in the perirenal fat depot 

(Hausman et al. 1987). Whilst it appears that glucose at supra-physiological 

doses is able to increase adipose tissue deposition before birth, the role of 

glucose at physiological concentrations is less clear. 
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1.4 LEPTIN AND THE CENTRAL REGULATION OF ENERGY BALANCE 

 

The important role of a circulating factor in the regulation of whole energy 

balance in the adult was first demonstrated by Coleman (1969), who 

connected the circulations of mice who were deficient in leptin (ob-/ob-) with 

the circulations of mice deficient in the leptin receptor (db/db). In these 

studies, the leptin-deficient mice rapidly lost body weight and fat mass, 

whilst those mice deficient in the leptin receptor were unaffected (Coleman 

1973). This led these researchers to conclude that the ob-/ob- mice were 

deficient in a circulating factor whose receptor was absent in db/db mice. 

The leptin gene (ob) was subsequently cloned and characterised in 1994 

(Zhang et al. 1994), and there is now a considerable body of knowledge of 

the physiology and pathophysiology of this hormone in both humans and 

animals.  

 

Leptin is a 16kDa polypeptide hormone, synthesised predominantly in 

adipocytes, which is secreted into the circulation in proportion to total body 

fat mass (Campfield et al. 1996; Caro et al. 1996; Ahima et al. 2000). Leptin 

therefore acts as a peripheral signal of total body fat stores, and leptin 

concentrations in the circulation of adult humans, rodents and sheep 

correlate positively with measures of adiposity including percentage fat 

mass and fat cell size (Lonnqvist et al. 1997; Blache et al. 2000; Zhang et 

al. 2001).  
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In the adult rodent, central or peripheral infusion of leptin inhibits food intake 

and weight gain (Mistry et al. 1997), decreases the mass of white adipose 

tissue and the expression of leptin within white adipocytes (Barzilai et al. 

1997; Halaas et al. 1997), increases expression of the UCP-1 gene in brown 

adipocytes and promotes lipolysis and reduces lipogenesis in white 

adipocytes (Cusin et al. 1998) (Figure 1.4). Leptin infusion also increases 

the overall rate of insulin-stimulated glucose utilization in adipose tissue and 

increases metabolic rate such that nutrients are utilized for cellular activities 

in the adipose cells rather than being stored (Mistry et al. 1997; Cusin et al. 

1998; Rouru et al. 1999). Thus, an increase in circulating leptin 

concentrations causes a shift from fat storage to fat mobilisation and 

oxidation (Ceddia et al. 1998). The effects of leptin on lipolysis occur 

independently of leptin-induced changes in appetite and food intake 

(Siegrist-Kaiser et al. 1997), and this suggests that leptin has a direct effect 

on adipocyte metabolism.  
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Figure 1.4 A summary of the role of leptin in the regulation of energy 
balance and adipose tissue metabolism in rodents  
 

Based on reviews (Campfield et al. 1996; Caro et al. 1996; Ahima et al. 2000).  
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1.4.1 The Regulation of Leptin Synthesis and Secretion: Fat Mass and 

Leptin Synthesis 

 

In adult sheep, rodents and humans the concentration of leptin in the 

circulation correlates positively with measures of fat mass, including fat cell 

size and BMI. In humans and rodents, leptin expression within individual 

adipose cells is correlated positively with their lipid content (Lonnqvist et al. 

1997; Zhang et al. 2001). The mechanism by which the increased lipid 

content in adipocytes upregulates the expression of leptin is not fully 

understood. It has been suggested that the accumulation of lipid may invoke 

a stretch-activated signalling cascade which upregulates transcription of the 

leptin gene. 

 

1.4.2 The Regulation of Leptin Synthesis and Secretion: Nutrient-

Related Signals  

 

Delavaud and colleagues have previously demonstrated that 34% of the 

variation in circulating plasma leptin concentrations in a cohort of adult 

sheep could be explained by differences in percentage adiposity, whilst 17% 

of the variation was attributed to nutritional status (Delavaud et al. 2000). 

Thus, whilst leptin concentrations are influenced by current nutritional 

status, they are more closely related to total energy reserves. Both leptin 

expression in adipose cells and circulating leptin concentrations are 
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increased by feeding in rodents (Ahren et al. 1997), cows (Chilliard et al. 

1998) and sheep (Blache et al. 2000), and are reduced or inhibited by 

fasting and hypoglycemia (Blache et al. 2000; Chilliard et al. 2001). These 

changes in leptin synthesis and secretion precede any changes in fat mass 

or body weight, which suggests that they are initiated by peripheral signals 

of the prevailing nutritional status. Subsequent studies, both in vitro and in 

vivo, have demonstrated that the expression of leptin mRNA in both brown 

and white adipose cells is under the control of a range of nutrient-related 

hormonal and metabolic factors, including glucose, insulin and products of 

glucose metabolism (Hardie et al. 1996; Chen et al. 1998; Chilliard et al. 

2001; Considine 2001). Leptin concentrations are also modulated by 

photoperiod, and leptin expression in adipose cells increases during long 

photoperiods (long days), and decreases in short photoperiods (short days) 

in ruminants (Bocquier et al. 1998).  

 

Glucose and insulin-responsive elements have been identified in the 

promotor region of the leptin gene, and binding of glucose or insulin to the 

leptin promoter displaces a specific binding protein which usually blocks 

synthesis of leptin mRNA, resulting in upregulation of leptin mRNA 

synthesis (Wang et al. 2000). Furthermore, the addition of insulin has been 

shown to increase the expression of leptin mRNA in vitro and in vivo 

(Saladin et al. 1995; Hardie et al. 1996) and increase the secretion of leptin 

from adipose cells (Barr et al. 1997). Peripheral infusion of insulin increases 
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plasma leptin concentrations in humans (Boden et al. 1997) and rodents 

(Koopmans et al. 1998). In humans, fasting for 52 hours (0 Kcal) 

significantly decreases plasma glucose and insulin concentrations and 

concomitantly reduces circulating plasma leptin concentrations in both lean 

and obese human subjects (Boden et al. 1996). In this study, changes in 

plasma leptin concentrations were directly related to changes in both 

glucose and insulin concentrations during the study period (Boden et al. 

1996). Acute insulin administration does not, however, restore leptin mRNA 

expression in rodents after a 4 day fast (Sivitz et al. 1996), and does not 

increase circulating leptin concentrations in sheep (Kauter et al. 2000), 

which has led to the suggestion that insulin may not acutely regulate leptin 

expression and secretion in vivo.  

 

The ability of insulin to increase serum leptin concentrations is also 

dependent on the presence of sufficient glucose, since hyperinsulinemia is 

not sufficient to produce a significant increase in plasma leptin 

concentrations in rodents who are hypoglycemic (Sivitz et al. 1996). Several 

studies have also suggested that glucose and products of glucose 

metabolism are more important than insulin in the regulation of leptin 

synthesis and secretion in adipose tissue (Mueller et al. 1998). In mice, 

UDP-N-acetylglucosamine (UDP-GlcNAc), the product of the hexosamine 

biosynthetic pathway of glucose metabolism (the favoured metabolic 
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pathway in the presence of high glucose concentrations), increases leptin 

expression in muscle (Wang et al. 1998) and fat (Considine et al. 2000).  

 

1.4.3 The Regulation of Leptin Synthesis and Secretion: 

Glucocorticoids 

 

The role of glucocorticoids in the regulation of leptin mRNA synthesis was 

identified from the observation that patients with Cushing’s disease, a 

condition characterised by chronic elevation of circulating glucocorticoid 

concentrations, also have elevated serum leptin concentrations (Veldman et 

al. 2001). It has since been demonstrated that administration of 

glucocorticoids to cultured adipose cells significantly increases the 

expression of leptin mRNA both independently and in synergy with insulin, 

as well as increasing the rate of secretion of leptin into the circulation 

(Hardie et al. 1996; Buyse et al. 2001).   

 

1.4.4 Leptin and the Sympathetic Nervous System: Negative Feedback  

 

The synthesis of leptin mRNA is also subjected to feedback inhibition which 

acts to maintain circulating leptin concentrations within relatively narrow 

limits. The increase in circulating plasma leptin concentrations which occurs 

in response to increases in nutrient intake and fat deposition acts in a 

classic negative feedback arc to suppress the synthesis of leptin mRNA in 

individual adipocytes (Ahima et al. 2000). Activation of the neurons of the 
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sympathetic nervous system (SNS) which innervate adipose cells results in 

a suppression of leptin mRNA expression (Deng et al. 1997; Commins et al. 

1999). In the mouse, the presence of β3-adrenergic receptors is required for 

leptin-mediated regulation of leptin mRNA gene expression in white adipose 

tissue, and leptin mRNA abundance is decreased by the administration of 

β3-adrenergic receptor agonists (Li et al. 1997). It therefore appears that 

leptin acts to regulate its own expression through the activation of 

descending SNS pathways which innervate adipose tissue depots. 

 

1.4.5 Leptin Receptors and Leptin Signalling  

 

The leptin receptor was first cloned from the mouse choroid plexus 

(Tartaglia et al. 1995), and was later confirmed to be the gene product 

encoded by the db locus in the mouse (Chen et al. 1996). There are at least 

5 splice variants of the leptin receptor (OBRa, OBRb, OBRc, OBRd, OBRe) 

(Houseknecht et al. 1998), which are all derived from the same RNA 

transcript through alternative splicing (Tartaglia 1997). However, only one of 

these isoforms, OBRb, possesses a full-length intracellular domain and is 

therefore capable of activating downstream signalling pathways (White et al. 

1996; Houseknecht et al. 1998) and of activating c-fos gene expression in 

hypothalamic nuclei (Bjorbaek et al. 1997). The presence of OBRb is critical 

for mediating the effect of leptin on energy balance and db/db mice, which 

express only a truncated form of the leptin receptor, are leptin resistant, 
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hyperphagic and severely obese (Coleman 1979). OBRb is highly 

expressed in the hypothalamus in mice and sheep (Dyer et al. 1997; Fei et 

al. 1997) and is also expressed in other known leptin targets, including 

adipose tissue and the pituitary (Dyer et al. 1997; Lin et al. 2000).  

 

The short forms of the leptin receptor each have a truncated intracellular 

domain of between 32-40 amino acids, compared with 302 amino acids in 

the full-length transcript, and have a limited signalling capacity compared to 

OBRb (Bjorbaek et al. 1997). The OBRe isoform is a soluble form of the 

leptin receptor which lacks an intracellular domain and is thought to function 

as a circulating leptin binding protein (Houseknecht et al. 1998). The OBRa 

isoform is expressed at high levels at the blood-brain-barrier and has been 

assigned a putative role as a transport protein for leptin into central sites 

(Houseknecht et al. 1998). At present, the role of the isoforms OBRc and Rd 

remain unclear.  

 

The leptin receptor belongs to the growth hormone receptor subfamily of the 

cytokine receptor superfamily and exists as a constitutive homodimer on the 

surface of target cells (Houseknecht et al. 1998). Leptin binding induces a 

conformational change in the intracellular domain of the receptor, which 

leads to transactivation of JAK2 kinases associated with this intracellular 

region. The activated JAK2 rapidly phosphorylates the tyrosine residues at 

position 985 and 1138 in the intracellular domain of the receptor, thereby 
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creating a binding site for the signal transducers and activators of 

transcription (STATs), STAT3 and STAT5 (Bjorbaek et al. 1997). Once 

activated, the STATs homodimerise and translocate to the nucleus, where 

they are able to regulate the expression of target genes. Signalling through 

the leptin receptor can also lead to direct tyrosine phosphorylation of STAT 

binding sites (authphosphorylation), and recruits additional intracellular 

pathways, including the MAP-Kinase pathway and insulin receptor substrate 

1 (IRS-1) (Bjorbaek et al. 1997).  

 

1.4.6 Leptin Signalling and Leptin Resistance 

 

The concept of leptin resistance arose from the observation that obese 

humans had higher circulating leptin concentrations compared to lean 

individuals, but that these higher leptin levels were ineffective in reducing 

appetite or inhibiting further weight gain. It has since been suggested that 

the development of leptin resistance may be an important factor which 

contributes to the development of human obesity (Ur et al. 1996) and to the 

programming of the obese phenotype by specific nutrient exposures in 

utero.  

 

The aged Wistar rat has been used extensively as an animal model of leptin 

resistance, since these rats exhibit a steady increase in body weight with 

advancing age in association with an increase in leptin mRNA expression in 
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adipose tissue and raised serum leptin levels (Li et al. 1997; Scarpace et al. 

2000). These rats are also moderately hyperphagic relative to young rats 

and exhibit a blunted responsiveness to leptin in terms of its effects on food 

intake and energy expenditure (Scarpace et al. 2000). In rodents, 16-days 

of high-fat feeding (45% of calories from fat) also results in the development 

of a resistance to the appetite-reducing effects of peripherally administered 

leptin (Van Heek et al. 1997).   

 

In both these models of leptin resistance, the transport of leptin across the 

blood brain barrier is impaired (El-Haschimi et al. 2000; Fernandez-Galaz et 

al. 2001), however these rats remain responsive to leptin administered via 

the intracerebroventricular route (i.c.v.) (Van Heek et al. 1997). It has 

therefore been suggested that an important component of leptin resistance 

is a reduced ability of leptin in the circulation to gain access to leptin 

receptors at central sites, where the principal actions of this hormone are 

mediated. This is supported by human data showing that the ratio of leptin 

concentrations in the circulation and in the cerebrospinal fluid is increased in 

obese humans compared to lean individuals, suggesting that there is a 

reduced transport of circulating leptin across the blood brain barrier (Caro et 

al. 1996).  

Recent evidence suggests that leptin resistance is also associated with 

defects in leptin signalling downstream of the receptor (El-Haschimi et al. 

2000). The increase in the phosphorylation of STAT3 in hypothalamic 



Chapter  1                                                                                                        Literature Review  

   

                                                                                                                            

  

33 

tissues after leptin treatment is reduced in both the fat-fed rodent and the 

aged Wistar rat compared to control rats which are normally leptin 

responsive (Scarpace et al. 2000). Furthermore, peripherally administered 

leptin fails to reduce expression of the appetite-stimulating neuropeptide, 

NPY, in the hypothalamus of the obese aged rats (Scarpace et al. 2000). 

The expression of suppressor of cytokine signalling 3 (SOCS3), which 

switches off leptin signalling at the level of the leptin receptor, is increased 

in hypothalamic tissues of rodents who are leptin resistant (Bjorbaek et al. 

1999), which suggests that there is a decreased capacity for activation of 

the leptin receptor in these animals. It has also been demonstrated that the 

abundance of OBRb in hypothalamic tissues is reduced in rodent models of 

leptin resistance (Lin et al. 2000).  

 

Whilst the molecular mechanisms which lead to the development of leptin 

resistance are not fully understood, evidence from rodent models would 

suggest that prolonged exposure to high levels of leptin results in a reduced 

leptin sensitivity and leptin signalling capacity. It would therefore appear that 

leptin resistance may be the result of the combined effects of a reduced 

leptin transport across the blood brain barrier, reduced expression of the 

leptin receptor and reduced leptin signalling capacity downstream of ligand 

binding. 
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1.5 LEPTIN SYNTHESIS AND SECRETION DURING FETAL AND 

NEONATAL DEVELOPMENT. 

 

1.5.1 Leptin Before Birth  

 

In human neonates, leptin concentrations in the umbilical cord blood are 

correlated positively with birth weight and neonatal adiposity (Harigaya et al. 

1997; Mantzoros et al. 1997; Schubring et al. 1997; Shekhawat et al. 1998). 

Importantly, the concentration of leptin in the majority of studies is reported 

to be higher in the arterial cord blood, suggesting that this leptin is derived 

predominately from fetal tissues (Schubring et al. 1997). This is supported 

by several studies showing that leptin is synthesised in a range of 

uteroplacental and fetal tissues in a number of species including the mouse, 

pig and sheep (Hoggard et al. 1997; Chen et al. 2000; Devaskar et al. 2002; 

Ehrhardt et al. 2002; Yuen et al. 2002). Ehrhardt and colleagues have 

demonstrated that leptin mRNA is expressed in adipose tissue as early as 

70 days gestation in the fetal sheep (Ehrhardt et al. 2002). In a separate 

study, the expression of leptin mRNA was detected in the perirenal adipose 

tissue of the fetal sheep at 90 days gestation, and there was an increase in 

the relative abundance of leptin mRNA with increasing gestational age 

(Yuen et al. 1999). Importantly, there was also a positive relationship 

between the relative abundance of leptin mRNA in fetal perirenal adipose 

tissue (which comprises > 80% of the fetal fat mass in the sheep) and fetal 

plasma leptin concentrations (Yuen et al. 2002), which suggests that fetal 
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adipose tissue is a major source of circulating leptin throughout late 

gestation. In the sheep, leptin is detected in the fetal circulation prior to the 

deposition of adipose tissue depots, and it has been suggested that this 

leptin may be derived from other fetal tissues. It has been shown that, unlike 

in the adult, leptin mRNA is expressed in non-adipose tissue of the fetal 

sheep such as the liver and lung, as early as 40 days gestation (Ehrhardt et 

al. 2002).  

 

1.5.2 Placental Leptin 

 

In some species, including rats and humans, leptin mRNA is expressed by 

the placental tissues, and a proportion of this leptin is secreted into the fetal 

compartment (Hoggard et al. 1997; Linnemann et al. 2000; Hoggard et al. 

2001). The sheep placenta, however, does not express significant amounts 

of leptin mRNA (Thomas et al. 2001; Ehrhardt et al. 2002), although it does 

express a short form of the leptin receptor. This leptin receptor isoform is 

similar to the putative transporter isoform at the blood brain barrier. It is 

therefore possible that the leptin receptor may act to transport leptin from 

the maternal to fetal circulation. This would account for the positive 

relationship which exists between maternal and fetal leptin concentrations 

throughout late gestation in the sheep (Yuen et al. 2002). An alternate 

possibility, however, is that the placental leptin receptor may sequester 

maternal leptin and protect the fetus against exposure to excessive leptin 

concentrations during development. It has been reported that expression of 
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the leptin receptor in the ovine placental is low in comparison to other 

tissues (Bispham et al. 2003), and the role of the receptor in regulating 

placental function on leptin transfer remains to be fully elucidated.  

 

1.5.3 Leptin and Fetal Adiposity 

 

In both humans and sheep, changes in plasma leptin concentrations in the 

fetus occur in parallel with changes in intrauterine fat deposition. In the 

human infant, in whom there is an exponential increase in relative fat mass 

between 32 weeks and term, there is a parallel increase in leptin 

concentrations in the cord blood during this period of development (Jaquet 

et al. 1998). In the fetal sheep, adipose tissue deposition occurs 

predominantly between 70 and 110 days gestation (Alexander 1978). After 

110 days gestation, however, there is no further increase in mass of 

adipose tissue depots relative to fetal body weight (Alexander 1978), and 

the majority of studies in this species have shown that there is no change in 

fetal leptin concentrations between 115 and 140 days gestation (Yuen et al. 

2002, Yuen, 2003 #836). The exception is a recent study by Forhead and 

colleagues, which reported an ontogenic rise in fetal plasma leptin 

concentrations in the Welsh Mountain Ewe, a breed of sheep which appears 

to be relatively hypoleptinemic in comparison with other breeds (Forhead et 

al. 2002).  
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In human neonates, there is a positive correlation between leptin 

concentrations in the umbilical cord blood at delivery and anthropometric 

measures of neonatal adiposity including BMI, ponderal index and 

subscapular skinfold thickness (Shekhawat et al. 1998; Cetin et al. 2000) }. 

Furthermore, in pregnancies complicated by maternal diabetes the fetus is 

hyperglycemic and hyperinsulinemic, and cord blood leptin concentrations 

are increased in parallel with increases in infant adiposity (Tapanainen et al. 

2001). In the fetal sheep, plasma leptin concentrations in late gestation are 

positively correlated with the relative mass of unilocular fat (Muhlhausler et 

al. 2002). It therefore appears that leptin has a potential role as a signal of 

fat stores before birth in both humans and sheep.  

 

Whilst there was a direct relationship between circulating leptin 

concentrations and relative fetal fat mass, there was no relationship 

between fetal leptin concentrations and fetal body weight in this same study 

(Muhlhausler et al. 2002), consistent with the results of other studies 

(Devaskar et al. 2002; Ehrhardt et al. 2002; Forhead et al. 2002). In the 

human infant, the relationship between birth weight and leptin 

concentrations is no longer present if the relative fat mass of the infants is 

controlled for in a partial correlation analysis (Schubring et al. 1999). It 

appears, therefore, that leptin concentrations in the fetus and newborn are 

more closely correlated with fetal fat stores than to growth rate or current 

body weight per se. 
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1.5.4 The Regulation of Leptin Synthesis and Secretion in the Fetus 

 

Plasma leptin concentrations in macrosomic infants of diabetic mothers are 

higher than in large for gestational age infants born to non-diabetic women 

(Gross et al. 1998; Tapanainen et al. 2001), which suggests that glucose 

and/or insulin may act to stimulate leptin synthesis and secretion before, as 

after, birth. In the fetal sheep, maternal glucose infusion in late gestation 

increases fetal glucose and insulin concentrations, and also increases the 

abundance of leptin mRNA in the perirenal adipose tissue, whilst chronic 

hypoglycemia and hypoinsulinemia reduces the expression of leptin mRNA 

(Devaskar et al. 2002). Importantly, in this same study, leptin mRNA 

expression in fetal adipose tissue was also increased when insulin 

concentrations were increased over a 4-5 day period during which 

euglycemia was actively maintained, suggesting that insulin, rather than 

glucose, may be the key determinant of leptin mRNA expression in the fetal 

adipose tissue (Devaskar et al. 2002). In the pregnant ewe, increasing 

maternal nutrient intake to ~155% of maintenance energy requirements in 

late pregnancy increases fetal glucose and insulin concentrations and 

maternal leptin concentrations, but does not result in an increase in either 

fetal fat mass or plasma leptin concentrations (Muhlhausler et al. 2002). 

Similarly, maternal undernutrition reduces fetal glucose and insulin 

concentrations, but has no effect on fetal leptin (Yuen et al. 2002). 
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It therefore appears that the synthesis and secretion of leptin in the sheep 

fetus is relatively resistant to the changes in fetal glucose and insulin 

concentrations associated with moderate maternal undernutrition or 

overnutrition. The synthesis of fetal leptin can, however, be regulated in the 

presence of profound and chronic hypo- or hyper-glycemia and insulinemia, 

resulting from either pharmacological interventions or severe maternal 

diabetes or nutritional deficit. The role of glucose and/or insulin in the 

regulation of fetal leptin synthesis and secretion under normal physiological 

conditions remains to be determined. 

 

 In the adult, cortisol stimulates the synthesis and secretion of leptin from 

adipocytes in vitro, and increases circulating plasma leptin concentrations 

(Slieker et al. 1996). Leptin concentrations in the umbilical cord blood at 

delivery are increased by maternal steroid treatment (Shekhawat et al. 

1998) and are elevated in growth-restricted fetuses, in which circulating 

concentrations of cortisol are increased in the fetal circulation. It would 

therefore appear that circulating leptin concentrations may also be regulated 

by glucocorticoids before birth (Forhead et al. 2002). The results of studies 

by Mostyn and colleagues, however, have demonstrated that fetal cortisol 

status have little impact on the abundance of leptin mRNA in fetal adipose 

depots and therefore suggest that other factors may be more important 
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determinants of leptin synthesis and secretion within fetal adipose depots 

(Mostyn et al. 2003).  

 

1.5.5 Actions of Leptin Before Birth 

 

In the fetal sheep, increasing fetal leptin concentrations by intrafetal leptin 

infusion for 4 days in late gestation alters the morphology of fetal perirenal 

adipose tissue. Specifically, leptin infusion increases the proportion of 

multilocular tissue in the fetal perirenal adipose tissue and results in a shift 

in the size distribution of the lipid locules within this adipose tissue depot, 

with an increase in proportion of smaller lipid locules (Yuen et al. 2003). 

Importantly, there is a corresponding reduction in the proportion of 

unilocular tissue in fetal perirenal fat, and a consequent decrease in relative 

unilocular fat mass. The relative abundance of leptin mRNA expression in 

the fetal adipose tissue is also decreased in the leptin infused fetuses 

compared to saline infused controls (Yuen et al. 2003). 

 

These changes are consistent with the impact of leptin infusion in adult 

rodents, from which it appears that leptin may have a ‘lipostatic function’ 

before birth. The perirenal adipose tissue of the sheep fetus is innervated by 

SNS neurons from at least 125 days gestation (Alexander et al. 1980), 

which suggests that the leptin-mediated changes in adipose tissue 

morphology may be due to activation of the SNS, i.e. central actions of 

leptin. The long form of the leptin receptor is also expressed in the perirenal 
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adipose tissue of the fetal sheep in late gestation, and it is therefore 

possible that the leptin-mediated effects occur via the interaction of leptin 

with receptors on the fetal adipose cells themselves (Yuen et al. 2004). 

 

 1.5.6 Leptin and the Neonate 

 

The majority of studies in rodents, sheep and humans report a distinct 

ontogenic profile of circulating leptin concentrations in early postnatal life. In 

rats, mice, sheep and humans, plasma leptin concentrations are higher than 

in the adult immediately after birth, increase to a peak within the first few 

days after birth, and then decrease to adult levels over the first month of life 

(Devaskar et al. 1997; Ahima et al. 1998; Herrera et al. 2000; McFadin et al. 

2002; Ehrhardt et al. 2003). In lambs, the increase in leptin concentrations 

post-partum is abolished in lambs maintained on a low plane of nutrition 

(Ehrhardt et al. 2003), which supports a nutritional influence on the 

ontogenic profile of leptin in the neonatal circulation. In species such as 

mice and rats, the decline to adult leptin concentrations occurs after 

weaning, and it has been speculated that this could be due to the switch 

from a high-fat (milk) diet to a high-carbohydrate diet at weaning (Ahima et 

al. 1998).  

 

Interestingly, the decline in plasma leptin concentrations in early neonatal 

life occurs despite significant increases in both body weight and body fat 
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mass during the early neonatal period (Bispham et al. 2002, Herrera, 2000 

#103), and suggests that leptin may not be an accurate indicator of body fat 

stores during early neonatal development. Several studies in rodents have 

reported that there is no correlation between plasma leptin concentrations 

and adiposity during the early postnatal period. In the sheep, whilst leptin 

concentrations are positively correlated with relative perirenal fat mass in 

the first 7 days of postnatal life, this relationship is no longer present after 

the first week of postnatal life (Bispham et al. 2002). A recent study by 

Ehrhardt and colleagues, however, demonstrated that plasma leptin 

concentrations a day before slaughter were positively correlated with body 

fat mass in lambs who were maintained on either a low or high plane of 

nutrition in early neonatal life (Ehrhardt et al. 2003). Leptin is also not 

acutely regulated by food restriction in neonatal rodents, and leptin infusion 

in neonatal lambs paradoxically decreases, rather than increases, 

thermogenic activity of the brown adipose tissue and expression of UCP-1 

mRNA (Mostyn et al. 2001). This may suggest an important role for leptin in 

the regulation of thermogenesis in the immediate postnatal period (Mostyn 

et al. 2001).  
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1.6 THE CENTRAL REGULATION OF ENERGY BALANCE 

 

1.6.1. The Central Neural Network for the Regulation of Energy Balance  

 

The control of appetite and energy balance is mediated by a collection of 

hypothalamic neuropeptides which are expressed principally in the arcuate 

nucleus (ARC) of the hypothalamus (Schwartz et al. 1996; Kalra et al. 1999; 

Williams et al. 2000; Williams et al. 2001). This hypothalamic neural network 

integrates signals relating to energy supply, energy utilisation and total 

energy reserves, in order to appropriately regulate food intake and energy 

expenditure to maintain energy balance homeostasis (Williams et al. 2001). 

The neurons which express these neuropeptides have extensive projections 

to other hypothalamic nuclei including the dorsomedial hypothalamus 

(DMH) and paraventricular nucleus (PVN), where other orexigenic signals 

are recruited (orexin, MCH, galanin) (Kalra et al. 1999). The ARC-PVN 

pathway plays a central role in the regulation of energy balance (Saper et al. 

2002). The hormonal and metabolic signals relating to energy intake, energy 

utilisation and total energy reserves are received by the first order neurons 

in the ARC, and from here are relayed to second-order neurons in other 

hypothalamic nuclei. The terminals from all orexigenic and anorexigenic 

signals converge finally on the PVN, and it has been suggested that this 

hypothalamic region is responsible for integrating these signals and for 

initiating the appropriate metabolic adjustments to maintain energy balance 

(Saper et al. 2002) (Figure 1.5).
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Figure 1.5 Summary of the appetite regulatory mechanisms in the 
hypothalamus in response to an increased energy intake. Adapted 
(Schwartz et al. 1996; Kalra et al. 1999; Williams et al. 2000; Williams et al. 2001). 
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1.6.2 Neuropeptide Y   

 

Neuropeptide Y (NPY) is a 36 amino acid neuropeptide predominantly 

located in the ARC, with lower levels of expression in the DMH in rodents 

(Mercer et al. 1996) and sheep (Sorensen et al. 2002). NPY is the most 

potent stimulator of appetite thus far identified, and central administration of 

NPY into the PVN results in a significant increase in appetite drive and food 

intake (Stanley et al. 1985; Woods et al. 1998; Gehlert 1999; Raposinho et 

al. 2004). Both the expression of NPY mRNA in the ARC and the release of 

NPY into the PVN are markedly increased in response to fasting or food 

restriction both in vivo and in vitro (Schwartz et al. 1998). Conversely, NPY 

expression is down-regulated in response to signals of increased energy 

stores, including leptin, insulin and glucose (Dallman et al. 1995; Elias et al. 

1999; Williams et al. 2001).  

 

It has been demonstrated that the neurons within the ARC which express 

NPY also express the long form of the leptin receptor (OBRb), and that 

these neurons are regulated by leptin. Central (Wang et al. 1997) or 

peripheral (Stephens et al. 1995) administration of leptin decreases NPY 

gene expression in the hypothalamus, and the increase in circulating leptin 

concentrations that occurs during periods of increased food intake therefore 

results in a decrease in hypothalamic NPY mRNA and a suppression of 

voluntary feeding behaviour (Woods et al. 1998).   
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The highest level of NPY expression in the ARC is within the internal lamina 

of the median eminence (ME). It has been suggested that the blood brain 

barrier overlying this region of the hypothalamus is substantially reduced, 

and that these neurons are therefore in direct contact with the peripheral 

circulation (Cone et al. 2001). The ARC contains the first-order neurons, 

which respond to a range of peripheral hormonal and metabolic signals of 

energy intake, energy requirements and total energy reserves, including 

glucose, insulin, ghrelin, peptide YY and leptin (Cone et al. 2001). The 

neurons which contain NPY have extensive terminals projecting to other 

hypothalamic regions known to play an important role in the regulation of 

energy balance, including the PVN, DMN, perifornical region, lateral 

hypothalamic area (LHA) and the brainstem (Broberger et al. 1998).  

 

The perifornical region and DMH also play important, though less well 

characterised, roles in the regulation of energy balance (Currie et al. 1995; 

Bernardis et al. 1998), since both receive extensive projections from the 

ARC and brainstem, and send efferent projections to the PVN (Bernardis et 

al. 1998). In normal animals there is only limited expression of NPY in the 

DMH. In rodent models of obesity in which melanocortin signalling is 

compromised (e.g. the agouti mouse), however, NPY expression in the 

DMH is upregulated (Bi et al. 2001). This is not, however, the case in 

models of obesity which are due to defects in the leptin signalling system, 

which implies that increased expression of NPY in this region of the 
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hypothalamus is not a necessary pre-requisite for hyperphagia. NPY 

expression in the DMH is also increased in physiological models of negative 

energy balance, such as lactation, which suggests that expression of NPY 

in this hypothalamic region may have a potential role in promoting appetite 

(Li et al. 1998). The functional significance of NPY expression in the DMH 

is, however, not yet fully understood.  

 

Within the brain, the actions of NPY are mediated via the NPY receptor, of 

which several subtypes have been described. The Y1 and Y5 receptors are 

expressed at high levels in those hypothalamic neurons which are directly 

innervated by the NPY-containing projections, and have the most direct role 

in the regulation of appetite and thermogenesis (Gehlert 1999). The Y2 

receptor has an autoregulatory role, and acts to control the release of NPY 

from NPY-containing hypothalamic neurons (Broberger et al. 1997). The full 

extent of the mechanism by which NPY in the PVN acts to regulate appetite 

and thermogenesis is not understood, but electrophysiological data 

suggests that NPY may act to inhibit pre-synaptic GABA-release, leading to 

the suppression of inhibitory pre-synaptic currents and an increase in the 

activity of PVN neurons (Cowley et al. 1999).  
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1.6.3 The Melanocortin Signalling System  

 

Interestingly, NPY null mutant mice are able to respond with relative 

normality to dietary challenges, which implies that there is some redundancy 

in the hypothalamic neural network which regulates energy balance in 

normal adults (Erickson et al. 1997). The importance of the melanocortin 

signalling system in the regulation of energy balance has been extensively 

documented in both rodents and mammals (Tritos et al. 1999), and the 

agouti mouse, in which there is ectopic expression of the agouti peptide 

which acts to block melanocortin signalling, is characterised by profound 

and persistent hyperphagia and obesity (Wolff et al. 1999).  

 

Agouti-related protein (AGRP) acts as an endogenous antagonist of 

melanocortin receptors, and increases in AGRP expression therefore inhibit 

melanocortin signalling and increase appetite (Rossi et al. 1998). The 

melanocortin signalling system consists of the melanocortin peptides 

(melanocortin-concentrating hormone (MCH) and proopiomelanocortin 

(POMC)-derived α-MSH) which act via the melanocortin receptors MC3R 

and MC4R to regulate energy intake and energy expenditure (Tritos et al. 

1999; Vergoni et al. 2000; Yeo et al. 2000; Hwa et al. 2001).  

 

POMC is a neuropeptide precursor molecule which is expressed 

predominately in ARC neurons, and is cleaved to produce the melanocortin 

peptide alpha-melanocyte stimulating hormone (α-MSH), which then acts 
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via the melanocortin receptors in the PVN and other hypothalamic regions 

to upregulate melanocortin signalling and to suppress food intake (Woods et 

al. 1998; McMinn et al. 2000). The expression of POMC mRNA is 

upregulated during periods of high energy intake and is reduced by fasting 

or food restriction (Pritchard et al. 2002) (Mizuno et al. 1999). Thus, the 

physiological effects of melanocortin signalling are dependent on the 

balance between POMC (α-MSH) and AGRP expression within the ARC. 

 

The leptin receptor is co-expressed with POMC in hypothalamic neurons 

(Cheung et al. 1997) and leptin treatment increases the expression of α-

MSH and POMC in the ARC. In rodents, the expression of AGRP mRNA is 

localised exclusively to NPY-expressing neurons in the ARC (Hahn et al. 

1998; Dhillo et al. 2002), and AGRP expression is increased by food 

restriction and decreased by overfeeding (Hahn et al. 1998). A significant 

proportion of the neurons in the ARC which express AGRP also express the 

long form of the leptin receptor (Wilson et al. 1999), and expression of 

AGRP is decreased by leptin infusion (Korner et al. 2001).  

 

1.6.4 Cocaine and Amphetamine Regulated Transcript 

 

Cocaine and Amphetamine Regulated Transcript (CART) is another 

important component of the central appetite-regulating network. In addition 

to its role in the regulation of feeding behaviour, CART is also implicated in 
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reward and reinforcement processes, development, sensory processing, 

endocrine regulation and stress (Kuhar et al. 2000). CART mRNA 

expression is detected in discrete neuronal populations within the central 

nervous system, gut and pituitary. Within the hypothalamus, expression of 

CART mRNA and CART immuno-reactivity is localised to populations of 

neurons within the ARC, DMH, LHA and PVN (Li et al. 2002). CART acts as 

a potent inhibitor of feeding: central administration of CART peptide 

dramatically reduces feeding in rodents, whilst blocking the actions of CART 

with CART antibodies results in significant increases in food intake (Hunter 

et al. 2004). In the rodent, CART is co-expressed with POMC in the ARC 

and with MCH in the LHA, which suggests that CART interacts with the 

melanocortin signalling system. CART-containing neurons in the 

hypothalamic nuclei are also located in close proximity to NPY-containing 

nerve terminals in the medial PVN, which suggests a possible interaction 

between these two neuropeptides. Leptin receptors are present on CART 

positive cells in the hypothalamus, and leptin increases c-Fos activity in 

CART peptide-positive neurons (Oliveira et al. 2005, Vrang, 2002 #1278). 

CART mRNA in the ARC is reduced during fasting in rodents (Li et al. 

2002). Some of the CART positive neurons also project to the spinal cord 

and act to increase thermogenesis in brown adipose tissue (Hunter et al. 

2004).  
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1.7 THE NEURAL NETWORK IN THE FETUS 

 
There are obvious distinctions between the fetus and the adult in the 

requirement of a system for the regulation of energy balance. The fetus 

receives its nutrient supply via transplacental transfer from the maternal 

circulation and therefore has a limited capacity to respond to alterations in 

nutrient supply by altering nutrient intake (Hay 1994). At birth, however, the 

newborn has an immediate requirement for a functional system for 

controlling energy intake and energy expenditure. Furthermore, the neonate 

must be able to maintain a state of positive energy balance, in order to 

promote growth and adipose tissue deposition during early neonatal life. It is 

therefore clear that, whilst the energy balance system must be functional at 

birth, the neuronal circuitry undergoes continued maturation in early 

postnatal life. The majority of studies of the development of the 

hypothalamic neural networks have been conducted in species such as 

rodents, in which the majority of hypothalamic development occurs after 

birth and in which the hypothalamic neural network is poorly developed 

during fetal life (Grove et al. 2003, Woodhams, 1985 #1481). More recent 

studies have delineated the ontogenic profile of neuronal development in 

species in which, like the human, the major period of hypothalamic 

development occurs before birth (Grove et al. 2003, Warnes, 1998 #41).  
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1.7.1 Ontogeny of the NPY System 

 

The importance of NPY in the regulation of whole body energy balance and 

thermogenesis has meant that the development of the NPY system has 

been the focus of a range of studies. In rodents, NPY neurons are present 

within the ARC and DMH from day 14.5 of gestation (term = 21 days 

gestation) (Grove et al. 2001; Grove et al. 2003). NPY mRNA is expressed 

at high levels throughout the remainder of fetal development, before 

declining to lower levels by postnatal day 2 (Grove et al. 2001). In the 

rodent, the expression of NPY mRNA peaks at day 15-16 after birth, before 

declining to adult levels by day 30 (Grove et al. 2003). NPY Y1 receptors are 

also present in the hypothalamus of the rodent in late gestation.   

 

In the rodent, there are NPY immunoreactive fibres within the hypothalamus 

throughout development, and the concentration of these fibres increases 

progressively throughout the early postnatal period (Woodhams et al. 1985). 

Whilst NPY immunoreactivity is present before birth, however, projections 

from the ARC to the DMN are not fully developed until some 10-11 days 

after birth and projections from the ARC to the PVN are not complete until 

postnatal day 15-16 (Grove et al. 2003). This delay in the development of 

the neuronal circuitry may explain why administration of leptin in early 

postnatal life does not affect food intake and energy expenditure in rodents 

until at least the third postnatal week (Proulx et al. 2002). There is evidence 
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that cathecholaminergic neurons within the brainstem express NPY early in 

development, and that these neurons may be a source of NPY projections 

in fetal life (Grove et al. 2003) 

 

In the fetal sheep, NPY mRNA is present in the ARC and protein is present 

in the PVN by at least 110 days of gestation (term = 150 ± 3 days gestation) 

(Warnes et al. 1998). In both the rodent and the sheep, NPY mRNA is also 

detected in other brain regions, including the DMH, perifornical region and 

PVN. In the rodent, expression of NPY in these regions is transient, which 

implies that the neuronal circuitry in the fetus is distinct from that in the 

normal adult in this species, and that the system continues to undergo 

developmental maturation in early postnatal life (Grove et al. 2003).  

 

In the fetal sheep, NPY immunopositive fibres from the ARC to the PVN are 

present from at least 110 days gestaion (Warnes et al. 1998). Recently, it 

has been demonstrated that there are also NPY-positive terminals in the 

PVN before birth in both the human (Koutcherov et al. 2003) and non-

human primate (Grove et al. 2003), suggesting that in all these species the 

neural circuitry of the appetite-regulating network is established at birth.  

The extent to which the appetite-regulating neural network in humans and 

large mammals is functional in its capacity to respond to signals of nutrient 

status before birth is, however, unclear.  
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1.7.2 Ontogeny of the Melanocortin Peptides 

 

In rodents, the components of the melanocortin system (POMC, AGRP and 

the MC4R) are all expressed in the hypothalamus during early postnatal life 

(Ahima et al. 2000; Grove et al. 2003). Thus, the components of the 

melanocortin signalling system are present early in development and may 

have a function in the regulation of energy balance in fetal and early 

neonatal life. In the rodent, α -MSH immunoreactive fibres are present within 

the PVN as early as 2 days after birth (Grove et al. 2003). Thus, in the 

neonatal rodent it would appear that there are α-MSH projections to the 

PVN in the absence of AGRP projections, creating a situation in which α -

MSH is presumably able to exert its actions independent of the countering 

influence of AGRP. The potential significance of this is, however, unknown. 

 

 

1.7.3 Programming of the Appetite-Regulating Neural Network 

 

There is still limited understanding of the function of the appetite-regulating 

neural network in prenatal and early postnatal life. In the rodent, Singh and 

colleagues have shown that exposure to hyperglycemia and 

hyperinsulinemia before birth in the rat is associated with a significant 

decrease in NPY expression in the fetal hypothalamus in late gestation 

(Singh et al. 1997). Although this study was not able to identify the 

respective levels of expression in distinct hypothalamic nuclei, it did provide 
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evidence that the fetal rat is responsive to signals of nutritional status before 

birth (Singh et al. 1997). It has also been demonstrated that depriving rat 

pups of access to maternal milk for 24 to 36 hours results in a significant 

increase in the expression of NPY mRNA in the ARC from as early as 

postnatal day 2, suggesting that the appetite-regulating system is 

responsive to nutrient deprivation early in postnatal life (Grove et al. 2003).  

 

A series of rodent studies have now provided clear evidence that exposure 

to either an excessive (Plagemann et al. 1999) or reduced (Plagemann et 

al. 2000) nutrient supply in fetal and/or early postnatal life has important 

long-term consequences for the regulation of appetite and energy balance 

in later life. Offspring of rat dams in which gestational diabetes is induced by 

streptozotocin, and who are therefore exposed to hyperglycemia and 

hyperinsulinemia before birth, are hyperphagic in early postnatal life and 

develop obesity and hyperinsulinemia by 21 days of age (Plagemann et al. 

1999). Similar changes are seen when the overnutrition is confined to the 

suckling period, and increasing postnatal nutrition by raising rats in small 

litters (from 10 pups/litter to 3 pups/litter), which increases milk availability to 

the pups throughout the postnatal period until weaning or raising rats from 

control mothers on milk from diabetic dams, also results in persistent 

hyperphagia, increased weight gain, impaired glucose tolerance and obesity 

in the adult offspring (Plagemann et al. 1999; Fahrenkrog et al. 2004).  
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A decreased nutrient supply during prenatal and early postnatal 

development has also been show to produce programmed changes in the 

appetite regulation and body compostion. Pups born to severely nutrient 

restricted rat dams are growth restricted at birth, are hyperphagic in 

postnatal life and develop obesity, insulin resistance and hyperleptinemia in 

adulthood (Vickers et al. 2000; Breier et al. 2001). This hyperphagia is 

amplified when the offspring are fed a hypercaloric diet in the post-weaning 

period (Vickers et al. 2000), which provides evidence of an altered set point 

for the regulation of appetite in these offspring. In the low-protein model of 

maternal malnutrition, maternal protein restriction (8% protein; control diet, 

17% protein) maintained during gestation and lactation is associated with 

reduced fetal and postnatal growth, hypoglycemia and hypoinsulinemia in 

the postnatal period and a reduced body weight at weaning compared to 

control offspring (Plagemann et al. 2000).  

 

Importantly, there is now substantive evidence that exposure to an 

increased or decreased nutrient supply during critical windows of 

hypothalamic development results in permanent changes in the 

hypothalamic architecture, and in the structural and functional properties of 

the neurons which express the appetite-regulating neuropeptides (Harder et 

al. 1998; Davidowa et al. 2003). In rodents, exposure to a diabetic 

environment before birth or exposure to increased early postnatal nutrition 

as a result of small litter rearing results in a significant increase in the mean 
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areas of neuronal nuclei and cytoplasm within the PVN and VMN, and a 

decrease in the mean area of neuronal cytoplasm in the ARC by postnatal 

day 21 (Plagemann et al. 1999).  

 

These changes in hypothalamic architecture are associated with an 

increase in the number of ARC neurones immunoreactive for the orexigenic 

factors NPY and galanin at the end of the suckling period (postnatal day 21) 

(Plagemann et al. 1998; Plagemann et al. 1999) and at 17 months of age 

(Plagemann et al. 1999). In offspring of control mothers who are raised 

exclusively on milk from diabetic dams, NPY and AGRP levels are 

increased and POMC and α-MSH levels are decreased in the ARC, 

changes which are consistent with an increased orexigenic drive 

(Fahrenkrog et al. 2004). These hypothalamic alterations are detectable at 

the end of the critical hypothalamic differentiation period (postnatal day 21 in 

the rodent) and precede the onset of obesity. It would appear, therefore, 

that these alterations play an important role in the development of the obese 

phenotype in these offspring 

 

The low-protein offspring exhibit hypoplasia of neurons expressing NPY and 

GAL in the ARC, PVN and LHA at weaning (postnatal day 20) (Plagemann 

et al. 2000; Plagemann et al. 2000). It would therefore appear that a 

programmed decrease in the number of neurons expressing the orexigenic 

peptides could be one factor contributing to the continued hypophagia and 
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low body weight in this model. It has been suggested that hypoplasia of 

neurones expressing the orexigenic peptides such as NPY is the result of 

perinatal hypoinsulinism, whereas hyperplasia of these neurones is a 

consequence of perinatal hyperinsulinism (Plagemann et al. 2000).   

 

The morphological changes in hypothalamic architecture are also 

associated with changes in the responsiveness of hypothalamic neurons to 

nutrient-related signals, particularly leptin and insulin. The capacity of leptin 

to inhibit the activity of ARC neurons is permanently diminished in 

postnatally overnourished rats (Davidowa et al. 2000a). Furthermore, whilst 

signals of increased nutrient supply, such as insulin, leptin and AGRP, 

activate ventromedial hypothalamus (VMH) neurons of normal rats, the 

VMH neurons of postnatally overnourished rats are mainly inhibited by 

these same factors (Davidowa et al. 2000b; Davidowa et al. 2001) 

(Davidowa et al. 2002; Li et al. 2002).  The excitatory role of CART, 

melanocortins and NPY on PVN neurons is also ablated in the postnatally 

overnourished offspring (Davidowa et al. 2003).  

 

Whilst the underlying mechanisms for the programming of the appetite-

regulating neural network are still poorly understood, evidence from a range 

of studies has implicated insulin as an important regulator of these 

adaptations. Both maternal diabetes and early postnatal overnutrition result 

in perinatal hyperinsulinism, and peripheral or intra-hypothalamic insulin 
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treatment during the perinatal period also results in hyperphagia, increased 

weight gain, obesity, hyperinsulinemia and insulin resistance in adult life 

(Harder et al. 1998; Harder et al. 1999). In rodent models of maternal 

diabetes, treatments which normalise maternal glucose concentrations also 

prevent the development of obesity and metabolic disturbances in the 

offspring (Harder et al. 2001).  

 

Recent evidence suggests that nutrient-related signals also play an 

important role in the prenatal developmental of neuronal connections. 

Bouret and colleagues have demonstrated that neural projection pathways 

from the ARC are permanently disrupted in leptin deficient (Lepob/Lepob) 

mice. Importantly, treatment of these mice with leptin in neonatal, but not in 

adult life, rescues the development of the ARC projections (Bouret et al. 

2004). This suggests that leptin is critically involved in the development of 

the neuronal connections between distinct hypothalamic nuclei which are 

critical for the leptin-mediated effects on appetite regulation in postnatal life 

(Bouret et al. 2004b). Vickers and colleagues have also reported that 

subcutaneous delivery of leptin to growth-restricted offspring of nutrient 

restricted rat dams in the early postnatal period completely normalises the 

postnatal hyperphagia, and prevents the later development of obesity and 

hyperleptinemia in the offspring (Vickers et al. 2005). It has also been 

reported, however, that leptin administration to postnatally overnourished 

(small litter reared) rodents during the suckling period does not ameliorate 
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the hyperinuslinemia and excessive fat deposition in small litter pups 

(Schmidt et al. 2001). Therefore, whilst leptin appears to have an important 

role in the development of the hypothalamic circuitry, there is still a need for 

further study of the potential role of leptin in the programming of the 

appetite-regulating system.  

 

It is clear that, in the rodent, nutrition during early postnatal development is 

of critical importance for the long-term programming of feeding behaviour. 

As discussed above, the ontogenic development of the appetite-regulating 

neural network during fetal and postnatal development is likely to be 

different in the rodent than in precocial species, such as humans and sheep, 

in which the main period of hypothalamic development occurs before birth. 

There are few studies which have examined whether the appetite-regulating 

neural network can be programmed by exposure to either decreases or 

increases in nutrient supply before birth in the sheep. It has been 

demonstrated that maternal undernutrition in late pregnancy is associated 

with a significant increase in the expression of NPY in the fetal sheep 

hypothalamus in late gestation (Warnes et al. 1998), which suggests that 

NPY is responsive to signals of nutritional status before birth. Greenwood 

and colleagues have also reported that low birth weight lambs have a higher 

voluntary feed intake relative to current body weight in the immediate 

postnatal period (Greenwood et al. 1998). These findings suggest that 

exposure to a reduced nutrient supply before birth may result in permanent 
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induction of orexigenic pathways which persist after birth. It is unclear, 

however, whether and to what extent the appetite-regulating neural network 

can be programmed by exposure to increased nutrient supply before birth in 

these species.  

 

 

1.8 THERMOGENESIS IN THE ADULT  

 

In addition to the regulation of food intake, the recruitment of 

metaboloregulatory thermogenesis in brown adipose tissue (BAT) is also an 

important component of energy balance regulation (Rothwell et al. 1983; 

Nicholls et al. 1984; Stock 1999). In species such as rodents and 

hibernating mammals, in which there are appreciable depots of BAT in adult 

life, BAT thermogenesis is an important determinant of metabolic efficiency, 

and its recruitment during periods of excessive energy intake increases 

endogenous energy expenditure, reduces metabolic efficiency and limits 

weight gain (Stock 1999). Whilst there is a limited amount of BAT expressed 

in normal adult humans and sheep, BAT represents the major adipose 

tissue subtype in the fetal and neonatal sheep and human (Gemmell et al. 

1978; McLean et al. 1986; Symonds 1995; Symonds et al. 1999). UCP-1 is 

expressed at high levels in fetal adipose tissue of sheep (Clarke et al. 

1997), and its expression increases in late gestation and again at birth 

(Clarke et al. 1997). The activation of BAT thermogenesis is a critical 
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determinant of neonatal survival, and allows the neonatal lamb to maintain 

its body temperature before the development of insulating adipose tissue 

depots (Symonds et al. 1992; Symonds et al. 1998; Symonds et al. 1999). 

 

1.8.1 Uncoupling Protein 1 and Thermogenesis in the Adult Rodent 

 

The thermogenic properties of BAT are due to the presence of UCP-1, a 

member of the mitochondrial membrane family, which is expressed at high 

levels in the mitochondrial membrane of brown adipose cells (Palou et al. 

1998; Ricquier et al. 2000; Argyropoulos et al. 2002). UCP-1 is a 32,000kDa 

protein which spans the inner mitochondrial membrane of brown adipose 

cells, where it acts as a channel for the movement of protons across the 

mitochondrial membrane (Nicholls et al. 1984). This allows for controlled 

proton leakage to occur with the production of heat rather than energy, and 

thereby uncouples dissipation of the proton motive force from the production 

of energy (Nicholls et al. 1984; Collins et al. 2001). Where energy intake 

exceeds energy requirements, a signal is transmitted via the SNS neurons 

which synapse on individual brown adipose cells. These SNS projections 

secrete the neurotransmitter noradrenaline, which rapidly increases lipolysis 

within the tissue, and initiates a signalling cascade culminating in the 

upregulation of UCP-1 expression.  
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1.8.2 Leptin and Thermogenesis 

 

Leptin plays a central role in both the thermoregulatory and 

metaboloregulatory recruitment of BAT thermogenesis in adult rodents. In 

mice which are deficient in leptin or the leptin receptor, BAT lacks leptin 

stimulation and atrophies, and these mice have a reduced body temperature 

and low metabolic rate (Cannon et al. 2004). These leptin deficient mice 

also rapidly develop obesity when placed on high-energy palatable diets, as 

they lack the capacity to initiate dietary-induced thermogenesis (Cannon et 

al. 2004). The regulation of thermoregulation by leptin is probably mediated 

centrally. Leptin receptors are present in the VMH, and injection of leptin 

into this hypothalamic nucleus activates BAT thermogenesis (Shek et al. 

2000; Dhillon et al. 2001).  

 

The thermogenic response to leptin is also increased by activation of the 

melanocortin signalling system (Satoh et al. 1998; Williams et al. 2003). 

Other hypothalamic nuclei have also been implicated in the regulation of 

BAT thermogenesis. Inhibitory inputs from the LHA to the VMH have an 

attenuating effect on BAT stimulation, and lesions of the LHA increase the 

stimulation of the brown adipose tissue (De Luca et al. 1987). It has 

therefore been postulated that the LHA may be a sensing site which acts to 

limit BAT recruitment in states of relative hypoglycemia. Neurons in the PVN 

express NPY-Y5 receptors through which NPY exerts tonic restraint on BAT 
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thermogenesis. The anorexigenic neuropeptide CART is also present in the 

PVN and has been shown to block NPY-mediated inhibition of BAT 

thermogenesis, thereby promoting the activation of the tissue (Kuhar et al. 

2000).  

 

1.8.3 The Regulation of the UCP-1 Gene 

 

The most physiologically relevant and most dramatic measure of BAT 

recruitment is the change in the total amount of UCP-1 per BAT depot, 

which takes into account both changes in UCP-1 mRNA expression, and 

increase in mitochondrial UCP-1 bio-synthesis (Cannon et al. 2004). The 

expression of UCP-1 gene is under the control of a selection of metabolic 

and hormonal factors, including noradrenaline (Atige et al. 1997). The 

activation of UCP-1 mRNA expression is mediated predominately via cAMP 

response elements within the UCP gene. The proximal promoter region of 

the UCP-1 gene contains a cAMP response element (CRE), two C/EBP 

binding sites and additional sites which as yet are relatively uncharacterised 

(Silva et al. 1997). The UCP-1 gene promotor region also contains PPARγ 

and retinoic acid (RAR and RXR) response elements and both retinoic acids 

and PPARγ agonists increase the transcription of the UCP-1 gene in vitro 

and in vivo.  
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1.8.4 Thermogenesis in the Fetus and Neonate 

 

Whilst BAT is present only in small amounts in adult humans and sheep, 

brown adipose tissue is the major adipose tissue sub-type present before 

and immediately after birth in these species. In precocial species, such as 

sheep, BAT thermogenesis is rapidly activated after birth (Clarke et al. 

1997), and the ability to generate sufficient body heat for maintaining body 

temperature in early neonatal life is a critical determinant of neonatal 

viability in newborn lambs (Symonds et al. 1995). In precocial species, BAT 

atrophies in early postnatal life, and disappears almost completely by 30 

days of postnatal life in lambs maintained at thermoneutrality (Gemmell et 

al. 1972). UCP-1 mRNA is expressed in the adipose tissue throughout late 

gestation and increases again at birth (Clarke et al. 1997). Thereafter, the 

abundance of both UCP-1 mRNA and UCP-1 protein decreases over the 

first month of postnatal life as the amount of BAT decreases and the lamb 

deposits the insulatory white fat stores which reduce its reliance on non-

shivering thermogenesis for maintaining body temperature (Gemmell et al. 

1972; Clarke et al. 1997). 

 

 There is also evidence to suggest that that UCP-1 gene expression can be 

regulated before birth. As stated above, the BAT depots of the fetal sheep 

are innervated by SNS neurons by 125 days gestation and, interestingly, it 

has been shown that maternal overnutrition in late gestation (Budge et al. 
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2000) and peripheral administration of the β-adrenergic receptor agonist, 

Ritodrine (Basset et al. 1998), each increase thermogenic activity in fetal 

BAT. It would therefore appear that the descending pathways which 

regulate thermogenic activation are present before birth, and that there is 

the potential for the central regulation of these pathways before birth. There 

is, however, little knowledge of the physiological regulators of BAT 

thermogenesis before birth.  
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1.9 EXPERIMENTAL HYPOTHESES 

 

Whilst there is a large body of evidence which has shown that individuals 

who are exposed to an increased nutrient supply before birth have an 

increased risk of obesity in later life, the underlying physiological 

mechanisms are poorly understood. Previous studies have shown that the 

adipostatic hormone leptin is expressed in the adipose tissue of the fetal 

sheep in late gestation and that plasma leptin concentrations are directly 

related to the expression of leptin mRNA in fetal adipose depots. It has also 

been demonstrated that plasma leptin concentrations are related to the 

relative mass of unilocular adipose tissue in the late gestation fetal sheep, 

which suggests that adipose tissue is the major source of leptin in the fetal 

circulation. Furthermore, there are now a number of studies which have 

shown that leptin concentrations in the umbilical cord blood at delivery are 

increased in infants of diabetic mothers who are exposed to high circulating 

glucose and insulin levels during late gestation and are directly related to 

increases in fetal adiposity in these infants.  

 

In Chapter 2, I hypothesised that fat mass and leptin mRNA expression 

in adipose tissue increase in response to an increase in fetal nutrient 

supply in late gestation. I further hypothesised that exposure to an 

increased nutrient supply would result in increased expression of 

UCP-1 in fetal adipose tissue. I therefore investigated the effect of 

increasing maternal nutrition in late gestation on the morphometric 
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features of the adipose tissue in late gestation and explored 

determinants of adipose tissue deposition and leptin and UCP-1 mRNA 

expression in fetuses of ewes fed at or above maintenance energy 

requirements in late pregnancy.  

 

Whilst it has been argued that the fetus does not have a need to regulate its 

appetite, since it receives nutrients via transplacental transfer from the 

maternal circulation, the newborn lamb has an immediate requirement for a 

functional appetite-regulating system after birth. Previous studies have 

shown that the appetite-regulating neural network is present in early 

postnatal life in rodents, however it is unknown whether this network is 

present in late gestation in species in which, like the human, the major 

period of brain development occurs before birth.  In Chapter 3, I 

hypothesised that the leptin receptor and the appetite-regulating 

neuropeptides would be expressed in the hypothalamus of the fetal 

sheep before birth. I therefore utilised in situ hybridisation to 

determine the localisation of expression of the components of the 

central neural network for the regulation of appetite in the 

hypothalamus of the fetal sheep in late gestation.  

 

It has been suggested that the fetus has a limited capacity to regulate its 

energy intake and expenditure. It has previously been shown, however, that 

the expression of the central appetite-stimulator, NPY, in the late gestation 
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fetal sheep is increased in response to a reduction in nutrient supply during 

fetal development. I have therefore proposed that the central neural network 

for appetite regulation is functional before birth and that the fetus has the 

capacity to respond to signals of increased nutrient supply by altering the 

expression of appetite-regulating neuropeptides and increasing endogenous 

energy expenditure. Specifically, in Chapter 4, I hypothesised that 

increasing glucose concentrations in the fetus by intra-fetal glucose 

infusion would increase fat mass and increase the expression of leptin 

mRNA and UCP-1 in fetal adipose tissue. I further hypothesised that 

glucose infusion would increase the expression of appetite-inhibitors, 

POMC and CART, and decrease the expression of appetite-stimulators, 

NPY and AGRP, in the hypothalamus of the fetal sheep in late 

gestation. I therefore investigated the effect of intrafetal glucose 

infusion in late gestation on fetal growth, fat deposition and the 

hypothalamic expression of the appetite-regulating neuropeptides and 

receptors in the late gestation fetal sheep. 

 

Epidemiological studies have shown that individuals who are exposed to an 

increased nutrient supply before birth in pregnancies complicated by 

maternal diabetes, gestational diabetes or even mildly impaired glucose 

tolerance can each result in an increased risk of overweight and obesity in 

later life. It has been proposed that exposure to an increased nutrient supply 

before birth results in permanent changes within the appetite-regulating 
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neural network and/or the adipocytes which subsequently predispose the 

offspring to increased weight gain and later obesity. In Chapter 5, I 

hypothesised that exposure to an increased nutrient supply before 

birth would alter the relationship between expression of these 

appetite-regulating neuropeptides and signals of increased fat mass 

and nutritional status in early postnatal life. In Chapter 6, I investigated 

the hypothesis that exposure to increased nutrition before birth would 

alter the expression of key adipogenic, lipogenic and adipokine genes 

within the adipose tissue to increase the subsequent lipogenic 

capacity of these fat depots. I have therefore investigated the impact 

of maternal overnutrition in late gestation on the expression of central 

appetite-regulating neuropeptides and the expression of key lipogenic 

and adipogenic genes in adipose tissue in the offspring at 30 days of 

postnatal age. 

 

 



 

  

 

 

CHAPTER 2 
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CHAPTER 2: DETERMINANTS OF FETAL LEPTIN SYNTHESIS, FAT 

MASS AND CIRCULATING LEPTIN CONCENTRATIONS IN WELL 

NOURISHED EWES IN LATE PREGNANCY  

 

 2.1 INTRODUCTION 

 

In adult mammals, the 16kDa protein hormone, leptin, is principally 

synthesised and secreted by adipose tissue and acts as a circulating signal 

of fat mass (Ahima et al. 2000). Plasma leptin concentrations are directly 

related to body fat content and to the prevailing level of nutrient intake 

(Ahima et al. 2000; Blache et al. 2000; Delavaud et al. 2000). In the human 

infant, there is a positive relationship between cord blood concentrations of 

leptin at delivery and birth weight or neonatal adiposity (Koistinen et al. 

1997; Matsuda et al. 1997; Jaquet et al. 1998; Shekhawat et al. 1998). 

Furthermore, as highlighted in the preceding literature review, in 

pregnancies complicated by maternal diabetes the fetus is hyperglycemic 

and hyperinsulinemic, and cord blood leptin concentrations are increased in 

parallel with increases in infant adiposity (Cetin et al. 2000; Tapanainen et 

al. 2001).  

 

It has also been shown that a high maternal pre-pregnancy weight, maternal 

diabetes mellitus, gestational diabetes or even mildly impaired glucose 

tolerance during pregnancy are all risk factors for the development of 

obesity or glucose intolerance in the offspring (Whitaker et al. 1990; 
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Silverman et al. 1991; Plagemann et al. 1997; Parsons et al. 2001). Serum 

leptin concentrations are also elevated early in the development of 

childhood-onset obesity and obese children have a high serum leptin 

concentration even when normalised to fat mass (Lahlou et al. 1997).  

There is therefore considerable interest in the mechanisms whereby an 

increase in fetal nutrient supply initiates changes in the development of the 

adipocyte and leptin signalling system which may underlie the association 

between enhanced fetal nutrition and postnatal obesity.  

 

In animals such as the sheep and pig in which fat is deposited before birth, 

leptin is synthesised in fetal adipose tissue and is present in the fetal 

circulation through late gestation. (Yuen et al. 1999; Chen et al. 2000; 

Devaskar et al. 2002; Ehrhardt et al. 2002; Forhead et al. 2002; Muhlhausler 

et al. 2002). In the sheep, fetal adipose tissue is comprised of multilocular 

adipocytes (Gemmell et al. 1972; Gemmell et al. 1978; Muhlhausler et al. 

2002). Whilst some of these adipocytes may contain one ‘dominant’ lipid 

locule along with other smaller locules, all of them possess an abundance of 

mitochondria and express UCP-1 (Symonds et al. 1999; Yuen et al. 2003). 

These characteristics are typical of thermogenic or brown adipocytes (Cinti 

2001). Interestingly, in a cohort of well nourished sheep, we found that fetal 

plasma leptin concentrations were directly related to the relative mass of the 

lipid contained within the dominant lipid locules (unilocular lipid) present in 

the perirenal and interscapular adipose tissue, which are the major internal 
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fat depots in the sheep fetus (Muhlhausler et al. 2002). There is relatively 

little known, however, about the factors which determine relative unilocular 

fat mass or regulate the leptin synthetic capacity of fetal adipose tissue.  

 

In the adult human, rat and cow, circulating leptin concentrations are directly 

related to the size of the unilocular white adipocytes, i.e. large fat cells are 

associated with higher circulating leptin concentrations (Lonnqvist et al. 

1997; Chilliard et al. 2001; Zhang et al. 2001). We have therefore 

determined whether the relationship that exists between lipid locule size and 

circulating leptin after birth also exists before birth in the two major fat 

depots present in the fetus - the perirenal and interscapular depots. We 

have also investigated the relative roles of circulating glucose and insulin in 

determining fetal adiposity and the relationship between prevailing fetal 

glucose and insulin concentrations and the expression of leptin and UCP-1 

mRNA in fetal perirenal adipose tissue in a cohort of pregnant ewes fed at 

or above maintenance energy requirements.  

 

2.2 METHODS 

 

2.2.1 Animals and surgery 

 

All procedures were approved by the University of Adelaide Animal Ethics 

Committee. Singleton pregnancies were confirmed in 17 adult Merino ewes 

by ultrasound scanning in early gestation. Surgery was then performed on 
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these ewes between 103 and 120 d gestation (term = 147 ± 3 d) using 

aseptic techniques. General anaesthesia was induced by intravenous 

injection of sodium thiopentone (1.25 g i.v., Pentothal, Rhone Merieux, 

Pinkenba, Qld, Australia) and maintained with 2.5 - 4% halothane 

(Fluothane, ICI, Melbourne, Vic, Australia) in oxygen. Vascular catheters 

were implanted in a jugular vein and carotid artery of the ewe and fetus, and 

in the amniotic cavity, as previously described (Edwards et al. 2001). During 

surgery intramuscular injections of antibiotics (2 ml procaine penicillin 250 

mg/ml, Dihydrostreptomycin 250 mg/ml, procaine hydrochloride 20 mg/ml, 

Lyppards, Adelaide, SA, Australia or 0.1 ml/kg Terramycin 100, 100 mg/ml 

oxytetracycline hydrochloride, Pfizer, NSW, Australia) were administered to 

each ewe and fetus. All catheters were filled with heparinised saline and the 

fetal catheters exteriorised through an incision in the ewe’s flank. Before 

and after surgery the ewes were housed in individual pens in animal holding 

rooms with a 12 h:12 h light/dark cycle. Ewes were allowed at least 3 d to 

recover from surgery prior to experimentation.  

 

2.2.2 Feeding regime 

 

Ewes were fed twice daily at 0900 and 1600 h with water provided ad 

libitum. Between 103 and 114 d gestation, ewes were fed a diet consisting 

of lucerne chaff (85% dry matter, metabolisable energy (ME) content = 8.3 

MJ/kg) and concentrated pellets containing: straw, cereal, hay, clover, 
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barley, oats, lupins, almond shells, oat husks and limestone (90% dry 

matter, ME content = 8.0 MJ/kg; Johnsons and Sons, Kapunda, SA, 

Australia) (Muhlhausler et al. 2002). The diet was calculated to provide 

100% of the energy requirements for the maintenance of a pregnant ewe 

bearing a singleton fetus, as specified by the Ministry of Agriculture, 

Fisheries and Food, UK (Aldermann et al. 1975). 

 

At 115 d gestation, i.e. prior to the commencement of the rapid fetal growth 

phase in late gestation (Fowden 1995), ewes were randomly assigned to 

either a Control (n=9) or Well Fed (n=8) group. There was no difference in 

maternal weight between ewes assigned to the Control and Well Fed  

groups (Control, 52.3 ± 1.6 kg, Well Fed, 51.7 ± 2.4 kg, Range 48 kg – 62.5 

kg). Between 115 and 124 d gestation, Control ewes were provided with 

19.0 ± 1.1 g of lucerne chaff and 4.7 ± 0.3 g of pelleted concentrate per kg 

body weight and Well Fed ewes were provided with 29.6 ± 2.6 g lucerne 

chaff and 7.4 ± 0.8 g pelleted concentrate per kg body weight each day. All 

feed refusals were weighed and recorded daily. The total ME intake for the 

Well Fed group (0.26 ± 0.02 MJ/kg/day) was ~55% greater than the total ME 

intake in the Control group (0.17 ± 0.01 MJ/kg/day). The feed allowance of 

all ewes was proportionately increased by 15% every 10 d in order to meet 

the increasing substrate demands of the growing fetus in late gestation 

(Aldermann et al. 1975). 
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2.2.3 Blood sampling regime, post mortem and tissue collection 

 

Between 116 and 139 d gestation, maternal (5.0 ml) and fetal (3.0 ml) 

arterial blood samples were collected three times per week (on alternate 

days) prior to morning feeding at 0900 h. Blood samples were centrifuged at 

1500 g for 10 min at 4ºC and plasma stored at -20ºC for subsequent 

determination of glucose, insulin and leptin concentrations. Fetal arterial 

blood (0.5 ml) was also collected three times per week for determination of 

fetal blood gases (PO2, PCO2, oxygen saturation (sO2), pH, hematocrit and 

hemoglobin) using an ABL 520 analyzer (Radiometer, Copenhagen, 

Denmark) to ensure that fetal arterial blood gas status was within the normal 

range for fetal sheep in this gestational age range (Muhlhausler et al. 2002). 

Between 139 and 141 d gestation all ewes were euthanased with an 

overdose of sodium pentobarbitone (Virbac Pty Ltd, Peakhurst, NSW, 

Australia). All fetuses (Control, 3 females and 6 males; Well Fed, 5 females 

and 3 males) were alive at post mortem. Fetal sheep were delivered by 

hysterotomy, weighed and killed by decapitation. All adipose tissue from the 

perirenal and interscapular sites was dissected and weighed. A sample of 

adipose tissue from each site was fixed in 4% paraformaldehyde in 0.2 M 

phosphate buffer (PB) for subsequent processing and histological analyses. 

A second sample from each site was snap frozen in liquid N2 and stored at  

–80ºC for subsequent determination of leptin and UCP-1 mRNA by RT-PCR 

and Northern Blot respectively.  
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2.2.4 Glucose assay 

 

Maternal and fetal plasma glucose concentrations were determined by 

enzymatic analysis using the COBAS MIRA automated analysis system 

(Roche Diagnostica, Basel, Switzerland), previously validated for sheep 

plasma (Edwards et al. 2001). Briefly, hexokinase and glucose-6-

phosphate-dehydrogenase were added to 4-5 µL of plasma to catalyse the 

conversion of glucose to gluconate-6-phosphate via the oxidation of NADP. 

The formation of NADPH was then measured photometrically at 340 nm. 

The intra- and inter- assay coefficients of variation were both < 5%. 

 

2.2.5 Insulin and leptin assays 

 
Insulin concentrations were determined in fetal plasma samples using a 

radioimmunoassay kit (Phadaseph radioimmunoassay kit, Pharmacia & 

Upjohn, Uppsala, Sweden) previously validated for sheep plasma (Edwards 

et al. 2001). Briefly, guinea pig-anti insulin antisera (100 µl) and 125I-human 

insulin (100 µl) were added to plasma samples (100 µl) that were incubated 

for 2 h at room temperature before the addition of 2 ml sheep anti-guinea 

pig IgG. Samples were allowed to stand at room temperature for a further 

30 min before being centrifuged at 1500 g for 10 min. The detection range 

of the assay was 1.5 - 240 µU insulin/ml. The inter- and intra- assay 

coefficients of variation were both <20%.  
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A competitive enzyme-linked immunosorbent assay (ELISA), previously 

validated for sheep plasma (Kauter et al. 2000) was used to determine 

plasma leptin concentrations in fetal plasma samples. Briefly, an ELISA 

plate was pre-incubated with recombinant bovine leptin in 50 µL of 0.1 M 

bicarbonate buffer and blocked with 200 µL of 5 % skim milk in ELISA 

buffer. Chicken anti-recombinant bovine leptin antiserum (50 µL) was added 

to the wells, followed by the addition of samples (100 µL) in duplicate. 

Following an overnight incubation at 37°C, a biotinylated phosphatase-

Strepavidin conjugate (Amrad Biotech, Boronia, Vic, Australia) was added, 

incubated for 1 h, and the plate developed with p-nitrophenylphosphate 

disodium salt hexahydrate. The sensitivity of the assay was 0.5 ng/ml and 

the intra- and inter- assay coefficients of variation were <16%. 

 

2.2.6 RNA extraction 

 

Total RNA was extracted from PAT samples as previously described (Yuen 

et al. 1999). Briefly, approximately 100 mg of adipose tissue was 

homogenised with 1 ml of Sigma Tri-Reagent (Sigma Chemical Co., 

St.Louis, MO, USA) and allowed to stand at room temperature for 5 min.  

1-bromo-3-chloro-propane (100 µl) was added, the samples incubated at 

room temperature for 8 min and then centrifuged at 3500 g for 15 min at 

4oC. An aliquot of the aqueous layer (~600 µl) was recovered and RNA was 

precipitated by the addition of isopropanol (500 µl) followed by a 6 min 
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incubation at room temperature with subsequent centrifugation at 3500 g for 

10 min at 4oC. The pellet was washed in 70% ethanol, air-dried and 

resuspended in sterile water (20 µl). The spectrophotometric absorbance at 

260 and 280 nm was determined for each sample and the 260 nm: 280 nm 

absorbance ratio was always >1.6. The RNA yield was 0.81 ± 0.45 µg RNA / 

mg adipose tissue. Integrity of RNA preparations was evaluated by agarose 

gel electrophoresis, followed by ethidium bromide staining and identification 

of ribosomal RNA under transillumination. 

 

2.2.7 Leptin and β-actin mRNA 

 

Ovine leptin and β-actin cDNA were amplified by reverse transcription (RT)-

PCR as previously described (Yuen et al. 1999; Yuen et al. 2002; Yuen et 

al. 2003). Briefly, 2 µg total RNA was reverse transcribed with random 

hexamer oligonucleotides (Invitrogen, Adelaide, SA, Australia) and Super-

ScriptTM Reverse Transcriptase (Invitrogen, Adelaide, SA, Australia). The 

reverse transcribed product (5 µl) was used as a template for the 

amplification of a fragment of ovine leptin cDNA (183 bp) and ovine β-actin 

cDNA (349 bp) using Taq DNA polymerase (Biotech International, Bently, 

WA, Australia) according to the manufacturer's protocol. The PCR 

parameters were 26 cycles of 60 sec @ 94oC, 15 sec @ 53oC and 60 sec 

@ 72oC (Hybaid PCR Express, Teddington, UK). The primers for the 

amplification of the leptin cDNA fragment were 5'-GAC ATC TCA CAC ACG 
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CAG-3' and 5'-GAG GTT CTC CAG GTC ATT-3' (GeneWorks, Adelaide, 

SA, Australia), and the primers for the amplification of the β-actin fragment 

were 5'-TGG ATG GTG GGT ATA TGG GTC-3' and 5'-TAG ATG GGC ACA 

GTG TGG GT-3'. Both RT-PCR products were sequenced to confirm their 

identity (Yuen et al. 1999). Each PCR product (8 µl) was electrophoresed 

through a 2.0% (w/v) agarose gel, stained with ethidium bromide, 

transilluminated with UV radiation, photographed using a digital camera and 

quantified using 1D Image Analysis Software Electrophoresis 

Documentation and Analysis System 120 (Kodak dS Ditigal Science, Kodak, 

Rochester, NY, USA). The RT-PCR was performed in duplicate on RNA 

from each adipose tissue sample. The relative abundance of leptin mRNA 

was calculated by referencing the intensity of the leptin amplicon to the 

intensity of the β-actin amplicon for each fetus. 

 

2.2.8 UCP-1 mRNA and 18S rRNA  

 

An oligonucleotide radiolabelling kit (Amersham Pharmacia Biotech Inc, 

Piscataway, NJ, USA) was used to end-label 1 ng of UCP-1 oligonucleotide 

(Geneworks, Adelaide, SA Australia) with [32P]-dATP (4000 Ci/mmol; GRA-

32U, Geneworks, Adelaide, Australia) according to the manufacturer’s 

instructions. The UCP-1 oligonucleotide, 5’-CGG ACT TTG GCG GTG TCC 

AGC GGG AAG GTG AT- 3’, was complementary to nucleotides 267-298 of 

the 1194 nucleotide cDNA of rat UCP-1 (Genbank Acc. No. NM 012682) 

(Bouillaud et al. 1986; Schermer et al. 1996). An oligonucleotide 
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complementary to nucleotides 151-180 of rat 18S ribosomal RNA (Chan et 

al. 1984) was also end labeled with [γ-32P]-ATP (Adams et al. 1999).  

 

Samples of total RNA (10 or 20 µg) from PAT were electrophoresed through 

a 1.5% agarose gel containing 2.2 M formaldehyde and 1x northern buffer 

(containing 0.1 M MOPS (3-(N-Morpholino) propanesulphonic acid) at pH 

7.0, 40 mM sodium acetate, 5 mM EDTA (ethylenediaminetetracetate.2H20 

disodium salt pH 8.0). Total RNA was transferred overnight at room 

temperature onto a Zeta-Probe nylon membrane (Bio-Rad Laboratories, 

Richmond, CA, USA) by capillary transfer in 10 x SSC (saline sodium 

citrate). Membranes were then washed twice in fresh 10 x SSC and baked 

at 80oC for 50 min. Before probing, the blots were prehybridised with 100  

µg/ml of heat denatured salmon sperm DNA at 52oC for 2 h in 5 x SSC, 20 

mM NaH2PO4, 7% SDS and 5 x Denhardt’s solution at pH 7.2 (Adams et al. 

1999). The UCP-1 oligonucleotide probe was labelled with [γ-32P]-ATP, 

purified through a Sephadex column, and added to the hybridization 

solution. The probe was allowed to hybridise for 14-16 h at 52oC. 

Membranes were then washed in 1 x SSC, 0.1% SDS at 52oC for 30 min, 

and were then washed again in fresh 1 x SSC, 0.1% SDS for a further 10 

min at 52oC. Membranes were exposed to a phosphorimaging screen for 

2.5 d (Fuji-BAS MP2040, Fuji Photo Film Co. Ltd., Tokyo, Japan), and 

visualised using a Fuji-BAS 1000 phosphorimager (Fuji Photo Film Co. Ltd., 

Tokyo, Japan). The hybridisation signal was quantified with Fuji-MacBAS 
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software (ver. 2.21). Membranes were then washed in stripping solution 

containing 0.1 x SSC and 0.5% SDS at 85oC for 30 min before being re-

hybridised with a probe for 18S rRNA. The procedure was performed in 

duplicate for each adipose tissue sample. The relative abundance of UCP-1 

mRNA was calculated by referencing the intensity of the UCP-1 mRNA 

band to the intensity of the 18S rRNA band for each fetus.  

 

2.2.9 Volume density of unilocular and multilocular adipose tissue 

 

Samples of perirenal and interscapular adipose tissue were fixed in 4% 

paraformaldehyde in 0.2 M PB at 4oC for a maximum of 3 d. Tissues were 

then washed in 0.01 M PBS and immersed in 70% ethanol for 24 h before 

being processed and embedded in paraffin wax. Sections were cut (4µm), 

stained with Hematoxylin and Eosin (HE) and examined using an Olympus 

BH2 microscope (20X objective and 2.5X NFK photo eyepiece). Standard 

point counting techniques were used with Video Image Analysis (VIA) using 

Video Pro software (Leading Edge, Adelaide, SA, Australia) to determine 

the volume density of unilocular tissue in the perirenal and interscapular fat 

depots as described previously (Muhlhausler et al. 2002; Yuen et al. 2003). 

Regions of the adipose tissue containing lipid locules with a cross-sectional 

area >10µm2 (Gemmell et al. 1972; Gemmell et al. 1978) were classified as 

the unilocular component, whilst the remaining regions were classified as 

the multilocular component of the depot (Figure 2.1). For each adipose 

tissue depot, one section was selected for each animal, and systematic 
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random sampling used to select ten fields (360 points) for each section.  

The volume density (Vd) of unilocular and multilocular adipose tissue was 

calculated as described previously (Roberts et al. 2001; Muhlhausler et al. 

2002; Yuen et al. 2003) using the formula: Vd=N /T, where N is the number 

of points falling on the unilocular or multilocular component, and T is the 

total number of points counted.  
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Figure 2.1 Light micrograph of a typical sample of fetal PAT at  
139-141 d gestation.  
 
M: Multilocular, U: Unilocular, Scale bar= 0.5mm 
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2.2.10 Cross sectional area and density of lipid locules  

 

In each field of view, the perimeter of each of the lipid locules with a cross-

sectional area >10µm2 was manually traced and the Area-Pro software 

package (Video Pro Image Analysis, Leading Edge, Adelaide, SA, Australia) 

used to determine the enclosed area. The program was validated by the 

measurement of a known area using a hemocytometer. The mean cross 

sectional areas of the dominant lipid locules within the perirenal and 

interscapular fat depots represented the average cross-sectional area of all 

lipid locules falling completely within each of 10 fields of view within a 

section. The total number of lipid locules for which areas were determined in 

each fetus was 258 ± 25 and 285 ± 20 in the perirenal and interscapular 

depots respectively. The distribution of the size ranges (<400µm2, 401-

800µm2 or >800µm2) of lipid locules in the perirenal and interscapular 

adipose depots was then determined for fourteen experimental animals. The 

total number of lipid locules in the 10 selected fields, and the area of each 

field, was determined for each animal and used to calculate the number of 

lipid locules / mm2 (ie the density of the lipid locules) in each of the perirenal 

and interscapular adipose depots for these fourteen fetuses (n=6 Control; 

n= 8 Well Fed).  
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2.2.11 Statistical Analysis 

 

Data are presented as the mean ± standard error of the mean (SEM).  The 

mass of the unilocular and multilocular component for each fat depot was 

calculated by multiplying the mass of each fat depot by the volume density 

of the unilocular or multilocular component of that depot. Total unilocular 

and multilocular fat masses were calculated as the sum of the respective 

interscapular and perirenal fat masses. The relative unilocular and 

multilocular fat masses (g/kg) were each calculated by dividing the total 

unilocular or multilocular fat mass by fetal weight. 

 

The effect of an increase in maternal nutrition or fetal gender on measures 

of fat composition and relative leptin mRNA and UCP-1 mRNA abundance 

in fetal PAT was determined using a Student’s t-test. Plasma concentrations 

of glucose and insulin between 115 and 139 d gestation were averaged to 

obtain a mean gestational value for each ewe and fetus. Simple linear 

regression analyses were then used to determine relationships between 

mean fetal glucose or insulin concentrations and measures of fetal 

adiposity. Relationships between the mean fetal plasma concentrations of 

leptin in the last 5 d before post mortem and fetal unilocular fat mass or 

mean lipid locule size were determined using linear regression analysis.   
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The total leptin synthetic capacity of fetal PAT was estimated as the product 

of relative abundance of leptin mRNA, the yield of RNA per mg of tissue 

(µg/mg) and total PAT mass. This was then divided by fetal body weight to 

give an estimate of total leptin synthetic capacity of PAT per kg of fetal body 

weight.  

 

Simple linear regression analyses were used to determine relationships 

between mean fetal glucose or insulin concentrations and the leptin: β-actin 

mRNA or UCP-1 mRNA: 18S rRNA ratios. The independent effects of leptin 

synthetic capacity and mean lipid locule size in PAT on plasma leptin 

concentrations were analysed by partial correlation and multiple linear 

regression analyses. A probability of 5% (P<0.05) was taken as the level of 

significance in all analyses.  

 

2.3 RESULTS 

 

2.3.1 Maternal and fetal plasma glucose and insulin concentrations 

 

Maternal plasma glucose concentrations were significantly increased in the 

Well Fed group when compared to the Control ewes (Table 2.1). Fetal 

plasma glucose and insulin concentrations were also significantly higher in 

the Well Fed group when compared to Controls (Table 2.1).  
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2.3.2 Size and density of lipid locules in fetal fat depots 

 

In both the Control and Well Fed groups, the perirenal depot made up a 

greater (P<0.05) proportion of the total fetal fat mass (Control, 91.4 ± 3.6 %, 

Well Fed, 86.3 ± 4.7 %, n=17) compared to the interscapular fat depot 

(Control, 8.6 ± 3.6 %; Well Fed, 13.7 ± 4.7 %, n=17). There was no effect of 

an increase in maternal nutrition on the mass of either the perirenal, 

interscapular, total or relative fetal fat mass (Table 2.2). There was also no 

difference in the size distribution, mean size or density of the lipid locules in 

either the perirenal or interscapular depots between the Control and Well 

Fed groups (Table 2.2 and Figures 2.2A and B). There was a positive 

relationship, however, between the proportion of each fetal fat depot that 

was comprised of unilocular adipose tissue and the mean size of the lipid 

locules within the fat depot (PAT: Proportion of unilocular tissue = 

0.04(mean lipid locule size) + 22.3; r2=0.45; P<0.005, n=17; Interscapular 

fat depot: Proportion of unilocular tissue = 0.11(mean lipid locule size) – 

13.7; r2=0.71; P<0.01, n=10) (Figures 2.2C and D). There was no 

relationship between the proportion of fetal perirenal or interscapular 

adipose tissue comprised of unilocular tissue and the density of lipid locules 

per mm2 within each fat depot. 
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2.3.3 Glucose, insulin and unilocular fat mass 

 

The relative total mass of the unilocular adipose tissue component in the 

PAT and interscapular fat depots was directly related to fetal glucose 

concentrations (relative mass of unilocular fat = 1.1(fetal glucose) + 0.2; 

r2=0.25; P<0.04, n=17) (Figure 2.3). Within the fetal PAT, but not the 

interscapular depot, there was also a direct relationship between the mean 

size of the lipid locules and fetal glucose concentrations (mean lipid locule 

size = 249 (fetal glucose) + 112; r2=0.42; P<0.005, n=17). There was no 

relationship, however, between the relative mass or the mean size of the 

lipid locules and fetal insulin concentrations in either the PAT or the 

interscapular depot. 

 

2.3.4 Leptin and UCP-1 mRNA expression in fetal perirenal adipose tissue 

 

There was no difference between the Control and Well Fed groups in the 

relative abundance of leptin mRNA: β-actin mRNA or UCP-1 mRNA: 18S 

rRNA in PAT (Table 2.2).  In the Well Fed, but not Control group, there was 

a positive relationship between leptin mRNA expression in PAT and fetal 

insulin concentrations (leptin mRNA: β-actin mRNA = 0.07(fetal insulin) + 

0.95; r2=0.64; P<0.02, n=8) (Figure 2.4A) and in the Well Fed animals, there 

was also an inverse relationship between the relative abundance of UCP-1 

and leptin mRNA (UCP-1 mRNA: 18S rRNA = -0.51 (leptin mRNA: β-actin 

mRNA) + 1.53; r2=0.64; P<0.02, n=8) (Figure 2.4B). There was no 
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significant relationship between leptin or UCP-1 mRNA expression and fetal 

plasma insulin or glucose concentrations in the Control animals.   
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Table 2.1: The effect of an increase in maternal nutrient intake on 
plasma glucose, insulin and leptin concentrations  
Asterisks (*) denotes P<0.05, ** denotes P<0.01 compared to the Control group. 
 

  

Control 

(n=9) 

 

Well Fed 

(n=8) 

 

Maternal glucose  

 

 

3.0 ± 0.2 mmol/l 

 

3.5 ± 0.2 mmol/l * 

 

Fetal glucose  

 

 

1.5 ± 0.1 mmol/l 

 

2.0 ± 0.1 mmol/l** 

 

Fetal insulin  

 

 

7.0 ± 0.9 µU/ml 

 

9.8 ± 1.4 µU/ml ** 

 

Fetal leptin  

 

 

4.66 ± 0.73 ng/ml 

 

4.57 ± 1.43ng/ml 
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Table 2.2: The effect of increasing maternal nutrient intake on fetal fat 
deposition and morphology. 

 

  

Control 

(n=9) 

 

Well Fed 

(n=8) 

Total perirenal fat mass  19.4 ± 1.3 g 19.9 ± 1.3 g 

Total interscapular fat mass 3.4 ± 1.3 g 4.0 ± 3.4 g 

Relative perirenal fat mass 4.4 ± 0.2 g/kg 4.1 ± 0.2 g/kg 

Relative interscapular fat mass 0.5 ± 0.2 g/kg 0.8 ± 0.4 g/kg 

Total relative fat mass 4.9 ± 0.4 g/kg 5.0 ± 0.5 g/kg 

Relative unilocular fat mass 2.0 ± 0.3 g/kg 2.3 ± 0.4 g/kg 

%unilocular tissue in perirenal adipose depot 39.5 ± 2.5 % 45.4 ± 2.9% 

Mean lipid locule size in perirenal adipose 

depot 

499 ± 41.6 µm2 594 ± 58.4 µm2 

Mean lipid locule size in interscapular 

adipose depot 

567 ± 49.3 µm2 615 ± 41.8 µm2 

Leptin mRNA: β-actin mRNA in PAT  

1.55 ± 0.15 

 

1.60 ± 0.12 

 

UCP-1 mRNA: 18S mRNA in PAT 

 

0.78 ± 0.10 

 

0.73 ± 0.07 
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Figure 2.2 The size distribution of the lipid locules in the perirenal (A) 
and interscapular (B) fetal fat depots and relationship between lipid 
locule size and the proportion of unilocular adipose tissue in perirenal 
(C) and interscapular (D) adipose depots. 
 
Closed symbols: Control; Open symbols: Well Fed  
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Figure 2.3 The relationship between fetal plasma glucose 
concentrations and the relative mass of unilocular adipose tissue in 
PAT 
 
There was a signficant postive relationship between relative PAT mass and mean 
plasma glucose concentrations during late gestation when data from all fetuses 
were combined (r2=0.25; P<0.04). 
Closed symbols:Control; Open symbols: Well Fed.
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Figure 2.4 The relationship between the relative abundance of leptin 
mRNA: β-actin mRNA in PAT and fetal plasma insulin concentrations 
at 139 d gestation and UCP-1 expression in the Well Fed group. 
 
In the Well Fed group, there was a positive relationship between relative leptin 
mRNA expression in PAT and plasma insulin concentrations (r2=0.64; P<0.02). In 
the Well Fed group, there was also an inverse relationship between relative leptin 
and UCP mRNA expressions in PAT at 139-141d gestation (r2=0.64; P<0.02). 
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2.3.5 Leptin and lipid locule size  

 

There was no difference in the mean fetal plasma concentrations of leptin 

between the Well Fed and Control groups (Table 2.1). Fetal leptin 

concentrations were positively related to mean size, but not density, of the 

lipid locules in the PAT (fetal leptin = 0.008 (mean lipid locule size) + 0.05; 

r=0.69; P<0.005, n=16) but not interscapular adipose depot. Fifty five 

percent of the variation in the mean fetal plasma concentrations of leptin 

was explained by a combination of the estimated total leptin synthetic 

capacity of PAT and the mean size of the lipid locules within this fetal fat 

depot in both the Well Fed and Control groups (fetal leptin = 0.28(estimated 

leptin synthetic capacity) + 0.009(mean lipid locule size) – 1.87; r=0.74; 

P<0.01, n=16).  

 

2.4 DISCUSSION 

 

We have demonstrated that there is a significant relationship between the 

relative mass of unilocular fat and fetal glucose, but not insulin, 

concentrations in ewes fed at or above maintenance energy requirements 

and that an increase in unilocular fat mass is related to an increase in the 

mean size of the dominant lipid locules within the fat depot. A moderate 

increase in maternal and hence fetal nutrient supply resulted in a strong 

reciprocal relationship between leptin and UCP-1 expression in fetal fat in 
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late gestation and we have shown that around half of the variation in 

circulating leptin concentrations in the fetus can be explained by a 

combination of the estimated total leptin synthetic capacity of fetal perirenal 

adipose tissue and the mean size of the lipid locules within this fetal fat 

depot. 

 

2.4.1 Glucose and fetal fat deposition  

 

In a previous study, Stevens and Alexander (1990) reported that infusion of 

glucose in fetal sheep for around 30 days in late gestation resulted in a ~3 

fold increase in plasma glucose concentrations and in an increase in the 

total and relative mass of fetal perirenal and subcutaneous adipose tissue 

(Stevens et al. 1990).  In the present study we have determined the impact 

of a more moderate (~1.25 fold) increase in fetal plasma glucose 

concentrations on fetal fat depots. We found evidence that an increase in 

fetal glucose within the range of 1.1 - 2.6 mmol/l resulted in an increase in 

the mean size of the lipid locules in fetal fat depots and in the total or 

relative mass of unilocular adipose tissue in the perirenal and interscapular 

depots. Interestingly, there was no correlation between fetal insulin 

concentrations and the mean size, number or mass of the lipid locules in the 

fetal fat depots. Thus, glucose appears to be the principal determinant of 

lipid storage in fetal adipose depots under normal physiological conditions in 

fetuses of well nourished ewes. It also appears that the uptake of substrate 
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into fetal adipose cells occurs primarily via an insulin-independent 

mechanism. This is consistent with previous reports that the abundance of 

the insulin-independent glucose transporter (GLUT1) is greater than that of 

the insulin-dependent (GLUT4) glucose transporters in the adipose tissue of 

the sheep fetus in late gestation (Das et al. 1999; Anderson et al. 2001). In 

contrast, insulin appears to play a major role in lipid synthesis in the brown 

adipocytes of fetal rats through actions via the Insulin Receptor Substrate 1 

(IRS1) pathway and GLUT4 (Valverde et al. 1997; Hernandez et al. 2003). 

The relative roles of insulin and glucose in the regulation of lipid synthesis 

within brown adipose tissue may also be dependent on the extent to which 

the tissue is exposed to a range of circulating factors such as 

glucocorticoids, triiodothyronine (T3) and Insulin like Growth Factors (IGFs) 

during critical stages of adipose tissue development.    

 

2.4.2 Leptin and UCP -1 mRNA expression in fetal adipose tissue 

 

In Well Fed animals, there was a strong positive relationship between leptin 

mRNA expression and insulin, but not glucose, concentrations. Insulin 

stimulates leptin expression in white and brown adipose tissue 

(MacDougald et al. 1995; Saladin et al. 1995; Sivitz et al. 1996) and it has 

also been reported that intrafetal infusion of insulin for 24 hours resulted in 

high fetal insulin concentrations (50-180 µU/ml) and an increase in leptin 

mRNA expression in the perirenal adipose tissue of the sheep fetus 
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(Devaskar et al. 2002). Thus it appears that as fetal insulin concentrations 

increase beyond the moderate elevation achieved by an increase in 

maternal nutrition (10-15 µU/ml), leptin expression in fetal adipose tissue is 

significantly increased.  

 

In the adult, an increase in nutrient intake is associated with an increase in 

UCP-1 mRNA and protein in brown adipose tissue (Nicholls et al. 1984; 

Margareto et al. 2001). Budge and colleagues have also previously reported 

that an increase in maternal nutrient intake to 50% above maintenance 

requirements during late pregnancy increased the abundance of UCP-1 

protein and the total thermogenic capacity of the fat depot at 144 days 

gestation (Budge et al. 2000). The impact of the increase in maternal 

nutrition on fetal plasma glucose and insulin concentrations was not 

measured in this latter study and it is possible that the increase in fetal 

nutrient supply achieved exceeded that in the present study and resulted in 

a recruitment of sympathetic stimulation of UCP-1 expression in fetal 

adipose tissue. It appears, however, from the present study that a moderate 

increase in maternal nutrition differentially affects leptin and UCP-1 mRNA 

expression, resulting in a clear reciprocal relationship between their 

expression in adipose tissue in late gestation. These results are consistent 

with the findings of Bispham and colleagues, who also found that maternal 

nutrition during mid-late pregnancy had no effect on mRNA abundance for 

UCP1 mRNA in fetal perirenal adipose tissue (Bispham et al. 2005). 
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2.4.3 Leptin synthesis, adiposity and circulating leptin 

 

In the adult, circulating leptin concentrations are related to both body fat 

content and current nutritional status (Blache et al. 2000; Delavaud et al. 

2000). Delavaud and colleagues (2000) have reported that, in the adult ewe, 

body fat content explains ~34% of the variation and current nutritional status 

explains 17% of the variation in circulating leptin concentrations (Delavaud 

et al. 2000). In the present study, the relative mass of unilocular fat or the 

mean size of the lipid locule in the fetal adipose cells also explained around 

40-50% of the variation in plasma leptin concentrations. This is consistent 

with the results of studies in a range of species which have demonstrated 

that there is a positive relationship between circulating leptin concentrations 

and the size of the unilocular adipocytes in adult fat depots (Lonnqvist et al. 

1997; Chilliard et al. 2001; Zhang et al. 2001). The results of our study 

indicate that the relationship between circulating leptin and the lipid storage 

capacity of the adipocyte is established from before birth. Interestingly, a 

greater proportion (~55%) of the variation in circulating leptin concentrations 

was explained by the combination of the estimated total leptin synthetic 

capacity of the fetal fat depots and the mean size of the lipid locules, than 

by mean locule size alone.  

 

 

 



 Chapter 2                                                                            Maternal Overnutrition and Fetal Leptin  

   

                                                                                                                            

  

102 

2.4.4 Summary 

 

 We have demonstrated that glucose, rather than insulin, is a major 

determinant of the mean size of the lipid locules in unilocular adipose cells 

in the major internal fat depot of the sheep fetus in late gestation. We have 

also shown for the first time that there is a positive relationship between the 

size of lipid locules in the unilocular adipose cells of the perirenal depot and 

circulating leptin concentrations. An increase in maternal, and hence fetal, 

nutrition resulted in a change in the relationship between leptin expression 

and insulin such that the variation in leptin mRNA expression was directly 

related to the variation in fetal insulin concentrations.  Interestingly, an 

increase in fetal nutrient supply is also associated with the emergence of a 

strong reciprocal relationship between UCP-1 and leptin mRNA expression 

in fetal adipose tissue in late gestation. Finally, both the leptin synthetic 

capacity of the adipose tissue and the mean size of the lipid locules 

contribute to the variation in circulating leptin concentrations in late 

gestation. These results provide evidence that increases in nutrient supply 

to the developing fetus can alter the regulation of leptin synthesis within 

adipose depots before birth, which may have consequences for the 

regulation of leptin synthesis and secretion in later life. 

 



 

  

 

 

CHAPTER 3 
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CHAPTER 3: APPETITE REGULATORY NEUROPEPTIDES ARE 

EXPRESSED IN THE SHEEP HYPOTHALAMUS BEFORE BIRTH  

 

3.1 INTRODUCTION 

 

As highlighted in the literature review, several neuropeptides expressed 

within the hypothalamus in the adult act to regulate energy balance. These 

include the orexigenic neuropeptides, neuropeptide Y (NPY) and agouti-

related protein (AGRP), the anorexigenic neuropeptide cocaine-and 

amphetamine-regulated transcript (CART) and the anorexigenic 

neuropeptide precursor pro-opiomelanocortin (POMC) (Kalra et al. 1999; 

Williams et al. 2001). Leptin signals via the long form of the leptin receptor 

(OBRb) to regulate expression of these hypothalamic neuropeptides, and 

plays an integral role in the maintenance of energy balance homeostasis 

(Williams et al. 2001). OBRb is expressed predominantly in neurons that 

express NPY, AGRP, POMC and CART in the arcuate nucleus (ARC) of the 

hypothalamus (Mercer et al. 1997; Elias et al. 1999). Infusion of leptin either 

centrally or peripherally results in an upregulation of POMC and CART 

mRNA, and downregulation of NPY and AGRP mRNA, thus inhibiting 

appetite and the accumulation of body fat (Ahima et al. 2000; Hillebrand et 

al. 2002).  
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There are major differences between the adult and the fetus in the 

regulation of energy balance. Fetal nutrients are supplied by transplacental 

transfer from the maternal circulation, and the fetus is unable to alter its 

nutrient intake when there is a change in maternal nutrient supply (Hay 

1994). At birth, however, there is a rapid transition to an environment in 

which the ability to regulate food intake and energy expenditure is essential 

for neonatal survival (Symonds 1995). It is unclear, however, to what extent 

hypothalamic appetite regulatory neuropeptides are expressed before birth.  

 

It has been demonstrated that NPY is present in the ARC and that there are 

NPY-containing terminals within the paraventricular nucleus (PVN) of the 

fetal sheep hypothalamus in late gestation (Warnes et al. 1998). It has also 

been demonstrated that leptin is synthesized in the adipose tissue of the 

fetal sheep (Yuen et al. 1999), and that the abundance of leptin mRNA in 

fetal adipose tissue is related directly to circulating fetal leptin 

concentrations (Yuen et al. 2002). Importantly, we have reported in the 

previous Chapter that there is a direct relationship between plasma leptin 

concentrations and the mean size of adipose cells in perirenal fat in the late 

gestation fetal sheep, which supports previous evidence to suggest that 

leptin may be a signal of body fat stores in the fetus (Muhlhausler et al. 

2002). There have been no studies, however, which have investigated 

whether OBRb and the appetite regulatory peptides NPY, AGRP, POMC or 

CART are expressed in the sheep hypothalamus before birth. In the present 
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study, we have therefore used in situ hybridization to determine the 

localization of mRNA expression for these components of the central neural 

network for appetite and energy balance regulation. We report here that 

genes both for OBRb and for leptin-sensitive neuropeptides that are known 

to regulate energy balance in adult life are expressed in the fetal sheep 

hypothalamus in late gestation.  

 

3.2 MATERIALS AND METHODS 

 

3.2.1 Animals and tissue collection 

 

Multiparous ewes carrying singleton fetuses and fed according to 

recommended husbandry guidelines were euthanased with an overdose of 

sodium pentobarbitone (Euthesate, Willows Francis Veterinary, Sussex, UK 

or Virbac Pty Ltd, Peakhurst, NSW, Australia) at 110 d (n=12) or at 140 d 

(n=5) of gestation (term = 150 ± 3 d gestation). Fetal sheep were delivered 

by hysterotomy and killed by decapitation. The whole brain was excised, 

frozen immediately in isopentane over dry ice and stored at –80°C until 

sectioning. All procedures complied with the Animals (Scientific Procedures) 

Act of 1986 and were approved by the Animal Ethics Committees of the 

University of Adelaide (140 d fetuses) or the Macaulay Institute (110 d 

fetuses). 
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3.2.2 Hypothalamic gene expression 

 

Coronal sections (20µm) through fetal hypothalami were collected from the 

mamillary body (caudal) to the optic chiasm (rostral). Sections were thaw-

mounted onto slides double-coated with gelatin and poly-L-lysine and stored 

at –80°C until analysis of mRNA expression.   

 

A riboprobe complementary to fragments of the intracellular domain of 

OBRb was generated from cloned sheep cDNA as described previously 

(Mercer et al. 1998). The NPY riboprobe was generated from a rat cDNA 

(Higuchi et al. 1988). The CART riboprobe was generated from a cloned 

sheep cDNA as previously described (Barrett et al. 2001).  AGRP and 

POMC probes were generated from cloned Siberian hamster cDNA (Mercer 

et al. 2000). All probes were previously validated for use with sheep brain 

tissues (Adam et al. 1997; Adam et al. 2002).  

 

Expression of mRNA for OBRb, NPY, AGRP, CART and POMC in the fetal 

hypothalamus was detected by in situ hybridisation using methods 

described in detail elsewhere (Mercer et al. 1995; Adam et al. 1997). Briefly, 

sections were fixed in 4% paraformaldehyde, acetylated, dehydrated 

through an ethanol gradient and hybridised overnight at 55°C using [35S]-

labelled cRNA probes (5-10 x 106 cpm/ml). On the following day, the 

sections were treated with RNAse A to remove unhybridised probe and 

desalted with a high stringency wash (30 min) in 0.1 x saline-sodium citrate 
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(SSC) at 55°C (Adam et al. 2002). The slides were air-dried at room 

temperature, and apposed to Hyperfilm B-max (Amersham Pharmacia 

Biotech, UK Ltd, Little Chalfont, Buckinghamshire, UK) for 3 d (CART) or 7 d 

(NPY, OBRb, POMC, AGRP). For each probe, up to nine sections spanning 

the caudal, medial and rostral extent of the hypothalamus were examined 

from each fetus. For cellular resolution, a selection of hybridised sections 

were also coated with autoradiographic emulsion (LM-1; Amersham, UK), 

exposed for 8 weeks and stained with Toluidine blue. All reagents were 

obtained from Sigma (Sigma UK, Poole, Dorset, UK) unless otherwise 

stated. 

 

3.3 RESULTS 

 

All antisense probes showed specific hybridisation to hypothalamic sections 

and corresponding sense probes showed no hybridisation.  

 

3.3.1 NPY and AGRP gene expression 

 

NPY mRNA expression was detected predominantly in the ARC, but also 

more sparsely in the dorsomedial hypothalamus (DMH) at both 110 and 140 

d gestation. In all fetuses, the strong hybridisation signal for NPY mRNA in 

the ARC extended across the base of the third ventricle in the internal 

lamina of the median eminence (ME) (Figures 3.1A and B). 

Photomicrographs revealed a high density of silver grains localised over 
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oval and fusiform neuronal cell bodies within the medial region of the ARC 

(Figure. 3.2A).  AGRP gene expression was also present in the ARC and 

internal lamina of the ME of all fetuses (Figures 3.1C and D and 3.2B) but 

was not seen in any other hypothalamic nuclei. 

 

3.3.2 POMC and CART gene expression 

 

Examination of autoradiographs and photomicrographs revealed 

hybridisation of POMC riboprobe throughout the ARC in all fetuses (Figures 

3.1E and F and 3.2 C). 

 

At both 110 and 140 d gestation, CART gene expression was present in the 

ARC, with the hybridisation signal extending upward along the lateral wall of 

the third ventricle and outward to the ventromedial hypothalamus (VMH); 

here CART gene expression was limited to the lateral and ventral 

boundaries, with little or no expression in the central VMH. CART mRNA 

hybridisation signal was also present in the paraventricular nucleus (PVN) 

and scattered in the lateral hypothalamic area (LHA) (Figures 3.1G, H, I, 

and J and 3.2D). 
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Figure 3.1 Autoradiographic images of coronal sections through fetal 
sheep hypothalamus showing expression of NPY, AGRP, POMC and 
CART at gestational days 110 and 140 
 

Gene expression for NPY (A,B), AGRP (C,D), POMC (E,F) and CART (G,H,I,J) at 
gestational days 110 (A,C,E,G,I) and 140 (B,D,F,H,J). Sections A-H are from the 
medial hypothalamic region. Section I is approximately 1.2 mm rostral from G, and 
section J is approximately 0.6 mm rostral from H. 
3V: third ventricle; ARC: arcuate nucleus; ME: median eminence; VMH: 
ventromedial hypothalamus; DMH: dorsomedial hypothalamus; PVN: 
paraventricular nucleus; R: reuniens thalamic nucleus; OC: optic chiasm. 
Scale Bar = 1.5 mm. 

  110 d              140 d                           110 d               140 d  
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Figure 3.2 Photomicrographs illustrating mRNA expression in 
neurones of the hypothalamic arcuate nucleus of fetal sheep at 140 d 
of gestation.  
 

NPY (A) AGRP (B) POMC (C) and CART (D) and positive cells are identified by 
overlying silver grains (arrows highlight typical examples).  
3V: third ventricle.  
Magnification x 40. Scale Bar = 70 µm. 
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3.3.3 OBRb gene expression  

 

In all fetuses there was expression of OBRb mRNA in the ARC, the internal 

lamina of the ME and the VMH (Figure 3.3). OBRb gene expression 

appeared greater in the VMH compared to the ARC at both 110 and 140 d 

gestation. Weak OBRb hybridisation signals were also seen in the PVN and 

DMH (Figure 3.3).  
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Figure 3.3 Autoradiographs showing leptin receptor (OBRb) gene 
expression in coronal sections of fetal sheep hypothalamus at 
gestational days 110 and 140  
Sections A to C span approximately 2.4 mm of a single hypothalamus. Sections D, 
E and F are from the medial hypothalamus of three different fetuses.  
3V: third ventricle; ARC: arcuate nucleus; ME: median eminence; VMH: 
ventromedial hypothalamus; DMH: dorsomedial hypothalamus; PVN: 
paraventricular nucleus; OC: optic chiasm. Scale Bar = 1.3 mm 

  110 d                        140 d 
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3.4 DISCUSSION 

 

We have demonstrated that genes for both OBRb and the leptin-sensitive, 

appetite-regulating neuropeptides NPY, AGRP, POMC and CART, are 

expressed in the hypothalamus of the fetal sheep by 110 days of gestation. 

Importantly, we have further demonstrated that expression of these genes is 

localised to the ARC, a region of the brain involved in energy balance 

regulation in the adult. These data provide direct evidence that a central 

neural network for the regulation of energy balance exists in the late 

gestation sheep fetus. 

 

3.4.1 Hypothalamic NPY expression before birth 

 

We have demonstrated that expression of NPY mRNA is present in the cell 

bodies of the ARC and DMH of the fetal sheep hypothalamus by 110 days 

of gestation. Whilst we have previously detected the presence of NPY 

mRNA in hypothalamic extracts of the late gestation fetal sheep by Northern 

Blot analyses (Warnes et al. 1998), the present study is the first to provide 

anatomical resolution of NPY mRNA expression in the fetal sheep brain. We 

have shown that the highest intensity of NPY mRNA expression at both 110 

and 140 days gestation was localised to the internal lamina of the ME and 

ARC. This is consistent with the localisation of NPY immunoreactivity 

previously reported in the late gestation sheep fetus (Warnes et al. 1998) 

and is also similar to the localisation of NPY mRNA expression in the 
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hypothalamus of the adult sheep (Adam et al. 2002) and rodent (Mercer et 

al. 1996). Both NPY mRNA expression in the present study and the NPY 

immunoreactivity reported previously (Warnes et al. 1998), were localised to 

oval or fusiform cell bodies within the ventromedial portion of the ARC. This 

cellular localisation of NPY mRNA has also been reported in the postnatal 

lamb (McShane et al. 1983).  

 

In the adult, the actions of the ARC NPY neurons on the regulation of 

appetite are mediated by second-order neurons within other hypothalamic 

regions, in particular the paraventricular nucleus (PVN) (Hillebrand et al. 

2002). It has been demonstrated that there are NPY positive projections 

from the ARC to the PVN in the fetal sheep by 110 days of gestation 

(Warnes et al. 1998), which suggests that neuronal connections between 

these anatomically distinct hypothalamic nuclei are present early in 

development in this species. The presence of NPY-positive terminals in the 

hypothalamus before birth has also been demonstrated in the non-human 

primate (Grove et al. 2003) but not in the rodent, in which projections from 

the ARC to the PVN do not develop fully until more than 2 weeks after birth 

(Grove et al. 2003). The presence of NPY mRNA in the sheep DMH has 

previously been observed only during chronic negative energy balance, 

such as during lactation (Sorensen et al. 2002). Its role in the fetal DMH is 

open to speculation, but it is unlikely to be part of the primary leptin 

signalling pathway since a recent study of adult rats has suggested that, 
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unlike in the ARC, NPY-expressing neurons in the DMH are not directly 

leptin-responsive (Bi et al. 2003). 

 

3.4.2 Hypothalamic expression of POMC, AGRP, CART in the fetal sheep  

 

Genes for the appetite-regulating neuropeptides AGRP, NPY and CART 

and for the precursor molecule POMC, were each highly expressed in the 

ventromedial portion of the ARC by 110 days gestation, which is consistent 

with their pattern of expression in the hypothalamus of the adult sheep 

(Adam et al. 2002) and rodent (Mercer et al. 2000). In the adult, this region 

of the ARC contains the first-order neurons of the central neural network, 

which respond to peripheral signals of energy balance (Hillebrand et al. 

2002).  

 

3.4.3 Hypothalamic expression of OBRb in the fetal sheep 

 

We have demonstrated that the long form of the leptin receptor (OBRb) is 

expressed in both the ARC and VMH of the fetal sheep, and to a lesser 

extent in the DMH, consistent with the reported pattern of expression in the 

adult rodent (Guan et al. 1997) and sheep (Williams et al. 1999) 

hypothalamus. This suggests that there are neurons within the fetal 

hypothalamus with the potential to respond to the actions of leptin before 

birth.  
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Whilst the sites of OBRb expression were similar to those in the adult 

sheep, there were differences in the relative intensity of hybridisation within 

these hypothalamic nuclei. Specifically, the intensity of OBRb expression 

appeared higher in the VMH compared to the ARC in all fetuses at both 110 

and 140 days gestation, although quantitative analyses will be required to 

confirm this observation. In the adult, however, the ARC is the predominant 

site of expression of OBRb (Guan et al. 1997; Williams et al. 1999). It is 

possible that this difference in the pattern of OBRb expression between the 

fetus and the adult represents an ”immaturity” of the central neural network 

in the fetus compared to the adult. This is supported by recent data, which 

suggests that there is remodelling of the neuronal circuitry of the appetite 

regulatory system within the hypothalamus after birth in the non-human 

primate (Grove et al. 2003).  

 

Whilst we have demonstrated that the components of the central neural 

network for the regulation of energy balance are present in the developing 

brain, a key question is whether this system is functional before birth. As 

discussed in the literature review, previous studies have demonstrated that 

maternal undernutrition in late gestation results in an increased abundance 

of NPY mRNA in the hypothalamus of the fetal sheep at 145 – 146 days 

gestation (Warnes et al. 1998), whilst maternal hyperglycemia results in 

suppression of NPY mRNA expression in the fetal rat (Singh et al. 1997). 

These data provide evidence that the abundance of NPY mRNA, and hence 
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the central neural network, in the fetal hypothalamus may be responsive to 

alterations in nutritional status before birth.  

 

The demonstration of OBRb gene expression within the mediobasal 

hypothalamus indicates that leptin may play a role in the regulation of 

energy balance before birth. In the late gestation fetal sheep, peripheral 

leptin infusion results in a decrease in unilocular fat mass and in leptin 

mRNA expression in fetal perirenal adipose tissue (Yuen et al. 2003). It is 

unknown, however, whether these actions of leptin occur at central 

hypothalamic receptors or at peripheral leptin receptors on the adipocyte. 

 

In the adult, the principal function of the neural network for energy balance 

regulation is to maintain constant body fat mass and body weight. The fetus 

and lamb, however, are in positive energy balance to promote growth and 

fat deposition in early neonatal life. It has been demonstrated that new-born 

rodents (Ahima et al. 2000) and lambs (Mostyn et al. 2002) are relatively 

resistant to the effects of leptin on feeding behaviour and energy 

expenditure during the early postnatal period. It is likely that this state of 

relative leptin resistance is important to ensure that adequate growth and fat 

deposition occur to ensure neonatal survival.  

 

Whilst leptin may be the principal factor regulating the expression of 

appetite-regulating neuropeptides in the adult brain, alternate hormonal and 
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metabolic factors, in particular glucose, insulin and glucocorticoids, also act 

to modulate their expression (Sahu et al. 1992; Dallman et al. 1995; 

Figlewicz 2003). In the fetal sheep, cortisol infusion between 109 and 116 

days of gestation significantly increases the abundance of NPY mRNA 

abundance in the fetal hypothalamus (Warnes et al. 1998), which suggests 

that cortisol may have a role in regulating neuropeptide expression before 

birth in this species.  

 

3.4.4 Summary 

 

In summary, the results of the present study provide direct evidence that the 

components of the central neural network that regulates appetite and 

energy balance in the adult are also expressed in the developing fetal brain. 

This implies that this system for maintaining energy balance homeostasis is 

present at birth and therefore has the potential to operate immediately post-

partum. This study provides the foundation for further investigations of the 

potential short- and long-term consequences of altered nutrient supply in 

utero on the central neural network regulating energy balance before and 

after birth. Such investigations are required to understand the mechanisms 

by which such altered states of nutrition may act to predispose the offspring 

to disorders of energy balance regulation, such as obesity, in later life 

(Plagemann et al. 1997). 



 

  

 

 

CHAPTER 4 
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CHAPTER 4: DIFFERENTIAL REGULATION OF THE EXPRESSION OF 

APPETITE REGULATORY NEUROPEPTIDES IN THE HYPOTHALAMUS 

OF THE SHEEP FETUS FOLLOWING INTRAFETAL INFUSION OF 

GLUCOSE DURING LATE GESTATION  

 
 
4.1 INTRODUCTION 

 

As highlighted previously in this thesis, a high maternal pre-pregnancy 

weight, maternal diabetes mellitus, gestational diabetes or even mildly 

impaired glucose tolerance during pregnancy, all of which are conditions 

which result in fetal hyperglycemia and hyperinsulinemia, are all risk factors 

for the development of obesity or glucose intolerance in the offspring 

(Silverman et al. 1991; Plagemann et al. 1997 ; Silverman et al. 1998; 

Parsons et al. 2001). It has therefore been proposed that exposure to an 

excess nutrient supply during critical windows of fetal development may 

result in permanent changes within either the appetite regulatory system or 

the adipocyte which subsequently lead to an increased adiposity in adult life 

(Whitaker et al. 1990; Martin et al. 1998; Plagemann et al. 1999). 

  

In the adult, glucose, insulin and leptin act through a range of mechanisms 

to alter the expression of the orexigenic neuropeptides, neuropeptide Y 

(NPY) and agouti-related protein (AGRP), and the anorexigenic precursor 

pro-opiomelanocortin (POMC) and neuropeptide, cocaine-and 
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amphetamine-regulated transcript (CART) in the hypothalamus and thereby 

regulate energy balance (Ahima et al. 1996, Kalra, 1999, Williams et al. 

2001). In species such as the rat, which have significant amounts of brown 

fat, leptin also acts centrally to control energy expenditure by regulating the 

expression of the uncoupling protein, UCP-1, in the brown adipocytes 

(Scarpace et al. 1997). 

 

In Chapter 3, we demonstrated that the appetite-regulating neuropeptides 

NPY, AGRP, POMC and CART and the long form of the leptin receptor, 

OBRb, are each expressed in the hypothalamus of the fetal sheep by 110 

days gestation (term= 150 ± 3 days gestation). It was also demonstrated in 

Chapter 2 that glucose and insulin are positive regulators of fat deposition 

and leptin mRNA expression in the fetuses of ewes fed above maintenance 

energy requirements in late pregnancy (Muhlhausler et al. 2003). It is not 

known, however, whether increases in nutrient supply can alter the 

expression of ‘appetite regulatory’ neuropeptides during fetal life. 

 

In the present study, we have therefore investigated the effect of chronic 

intrafetal infusion of glucose in sheep between 130 and 140 days gestation 

on the deposition of fetal perirenal adipose tissue (the largest fat depot in 

the sheep fetus), leptin and UCP-1 mRNA expression within this depot, 

circulating insulin and leptin concentrations and on the expression of OBRb, 
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NPY, AGRP, POMC, CART, and MC3R within the fetal sheep 

hypothalamus.  

 

4.2 METHODS 

 

4.2.1 Animals and surgery 

 

All procedures were approved by the University of Adelaide Animal Ethics 

Committee. Singleton pregnancies were confirmed in 12 adult Merino ewes 

by ultrasound scanning in early gestation. Surgery was then performed on 

these ewes between 118 and 120 d gestation (term = 150 ± 3 d) using 

aseptic techniques as described in Chapter 2. During surgery, each ewe 

received an intramuscular injection of antibiotics (3.5 ml of Norocillin 

(Norbrook Laboratories Ltd., New Gisborne Vic, Aust.), and 2 ml of 125 

mg/ml Dihydrostreptomycin in sterile saline (Sigma, St Louis, MO, USA). 

Each fetus also received 1 ml of Norocillin and 1 ml of 125 mg/ml 

Dihydrostreptomycin in sterile saline by intramuscular injection at the time of 

surgery. Before and after surgery the ewes were housed in individual pens 

in animal holding rooms with a 12 h:12 h light/dark cycle. Ewes were 

allowed at least 4 d to recover from surgery prior to experimentation.  
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4.2.2 Feeding regime 

 

Each ewe was fed once daily at 0900 h with water provided ad libitum. 

Ewes were fed a diet consisting of 1 kg lucerne chaff (85% dry matter, 

metabolisable energy (ME) content = 8.3 MJ/kg), and 300 g concentrated 

pellets containing: straw, cereal, hay, clover, barley, oats, lupins, almond 

shells, oat husks and limestone (89% dry matter, ME content = 10.1 MJ/kg; 

Ridley Agriproducts Sheep Nut Ration, Murray Bridge, SA). The diet was 

calculated to provide 100% of the energy requirements for the maintenance 

of a pregnant ewe bearing a singleton fetus, as specified by the Ministry of 

Agriculture, Fisheries and Food, UK (Aldermann et al. 1975). 

 

4.2.3 Blood sampling regime 

 

All catheters were flushed daily with heparinised saline for the first four days 

after surgery. Between 124 and 130 d gestation, maternal (3.0 ml) and fetal 

(3.0 ml) arterial blood samples were collected three times per week until the 

start of the infusion. Fetal blood was collected 3 h prior to the start of 

glucose or saline infusion (130 d gestation) each day for the first four d of 

infusion, and every 2 d thereafter until post mortem (139 ± 1 d gestation). 

Blood samples were centrifuged at 1500 g for 10 min at 4ºC and plasma 

stored at -20ºC for subsequent determination of glucose, insulin and leptin 

concentrations. On each occasion fetal blood was collected, an additional 

0.5 ml of fetal arterial blood was withdrawn for the measurement of fetal 
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blood gas status (PO2, PCO2, oxygen saturation (sO2), pH, hematocrit and 

hemoglobin) using an ABL 520 analyzer (Radiometer, Copenhagen, 

Denmark) to ensure that fetal arterial blood gas status was within the normal 

range for fetal sheep in this gestational age range.  

 

4.2.4 Glucose infusion 

 

At 130 d gestation, fetuses were randomly assigned to receive either saline 

(n=6) or glucose (n=6) via continuous intravenous infusion. Infusion of 

glucose (50% dextrose 250 g/L in sterile saline) or sterile saline (vehicle) via 

the fetal jugular vein was commenced at an initial rate of 1.9 ml/h at 130 d 

gestation. The infusion rate was then increased incrementally by 1.9 ml/h 

per day for the subsequent 3 days, until the final infusion rate of 7.5 ml/h 

was achieved on day 4 of the infusion. This infusion rate was then 

maintained until post mortem (139 ± 1 d gestation). Samples of fetal arterial 

blood were collected on each day of the infusion in order to determine fetal 

blood gas status and thereby confirm fetal well-being throughout the 

infusion protocol and prior to any changes in infusion rate. 

 

4.2.5 Postmortem and tissue collection 

 

Between 138 and 140 d gestation (8-10 days following the commencement 

of glucose or saline infusion) ewes were euthanased with an overdose of 

sodium pentobarbitone (Virbac Pty Ltd, Peakhurst, NSW, Australia). All 
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fetuses (Saline infused, 3 male and 3 female; Glucose infused, 3 male and 

3 female) were alive at post mortem. Fetal sheep were delivered by 

hysterotomy, weighed and killed by decapitation. Fetal organs were 

dissected out and individually weighed in all fetuses. All adipose tissue from 

the perirenal adipose tissue (PAT) depot was carefully excised and 

weighed. A sample of PAT was fixed in 4% paraformaldehyde in 0.1 M 

phosphate buffer (PB) for subsequent processing and histological analyses. 

A second PAT sample was snap frozen in liquid N2 and stored at –80ºC. 

The whole brain was excised, frozen in isopentane and stored at –80° C for 

subsequent determination of hypothalamic neuropeptide expression by in 

situ hybridisation. 

  

4.2.6 Glucose, insulin and leptin assays 

 

Glucose, insulin and leptin concentrations in fetal plasma were determined 

as described in Chapter 2.  

 

4.2.7 RNA extraction 

 

Total RNA was extracted from PAT samples as described in detail in 

Chapter 2. The spectrophotometric absorbance at 260 and 280 nm was 

determined for each sample and the 260 nm:280 nm absorbance ratio was 

always >1.6. The RNA yield was 0.13 ± 0.02 µg RNA/ mg adipose tissue. 

Integrity of RNA was evaluated by agarose gel electrophoresis, followed by 
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ethidium bromide staining and identification of ribosomal RNA under 

transillumination. 

 

4.2.8 Leptin and β-actin mRNA 

 

Ovine leptin and β-actin cDNA were amplified by reverse transcription (RT)-

PCR as described in detail in Chapter 2. The RT-PCR was performed in 

duplicate on RNA from each adipose tissue sample. The relative abundance 

of leptin mRNA was calculated by referencing the intensity of the leptin 

amplicon to the intensity of the β-actin amplicon for each fetus. 

 

4.2.9 UCP-1 mRNA and 18S rRNA  

 

The expression of UCP-1 mRNA and 18S rRNA was determined as 

described in Chapter 2. The hybridisation signal was quantified with Fuji-

MacBAS software. The procedure was performed in duplicate for each 

adipose tissue sample. The relative abundance of UCP-1 mRNA was 

calculated by referencing the intensity of the UCP-1 mRNA band to the 

intensity of the 18S rRNA band for each fetus.  

 

4.2.10 Hypothalamic gene expression 

 

The riboprobes for OBRb, NPY, AGRP, CART and POMC were as 

described in Chapter 3. The MC3R riboprobe was generated from human 
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genomic cDNA (Adam et al. 2002). All probes were previously validated for 

use with sheep brain tissues (Adam et al. 1997; Adam et al. 2002).  

 

The hypothalamic expression of the appetite-regulating neuropeptides and 

receptors (OBRb and MC3R) was determined using in situ hybridisation 

techniques as described in Chapter 3. The resulting autoradiographic films 

were scanned at high resolution and the localisation of specific hybridisation 

signals confirmed in the resulting images using computerised densitometry 

measurements (Image-Pro Plus, Media Cybergenetics, Silver Spring, MD, 

USA) as described previously (Archer et al. 2002). The integrated intensity 

of the hybridisation signal was computed using standard curves generated 

from 14C autoradiographic microscales (Amersham Pharmacia Biotech). For 

each probe, up to nine sections spanning the caudal, medial and rostral 

extent of the hypothalamus from each fetus were examined and the data 

were averaged to give a single value for each animal.  

 

4.3.11 Volume density of unilocular and multilocular adipose tissue and 

cross sectional area and density of lipid locules 

 

Volume density of unilocular and multilocular adipose tissue and the cross 

sectional area and density of lipid locules were determined as describe in 

Chapter 2. For all fetuses, the mean cross sectional areas of the 200 lipid 

locules within the unilocular component of PAT were averaged to obtain the 

mean cross sectional area of dominant lipid locules within this fat depot.  
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4.2.12 Statistical Analysis 

 

Data are presented as the mean ± SEM. The effect of glucose infusion on 

fetal plasma glucose, insulin and leptin concentrations was determined by 

multifactorial ANOVA with repeated measures using SPSSX (Statistical 

Package for Social Scientists) on a VAX mainframe computer, with animal, 

group and gestation as the specified factors. Where group by time 

interactions were identified by ANOVA, Duncan’s post hoc was used to 

identify significant differences between values.  

 

The mass of the unilocular and multilocular component of fetal PAT was 

calculated by multiplying total PAT mass by the volume density of the 

unilocular or multilocular component. The relative unilocular and multilocular 

fat masses (g/kg) were each calculated by dividing the total unilocular or 

multilocular fat mass by fetal weight as previously described (Muhlhausler et 

al. 2002). 

 

Fetal weight, placental weight and fetal organ weights, measures of fat 

mass and fat morphology, mean lipid locule size and relative leptin mRNA 

and UCP-1 mRNA abundance in fetal perirenal adipose tissue in the saline 

and glucose infused fetuses were compared using a Student’s t-test. The 

effect of glucose infusion on the expression of mRNA for NPY, AGRP, 
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POMC and CART and for OBRb and MC3R in the hypothalamus was also 

determined using a Student’s t-test. 

 

Fetal plasma concentrations of glucose, insulin and leptin between 135 and 

140 d gestation (i.e., the values obtained closest to post mortem at 139 ± 1 

d gestation) were averaged to obtain a mean value for glucose, insulin and 

leptin concentrations during this period in late gestation. Simple linear 

regression analysis was then used to determine the relationships between 

mean fetal glucose, insulin and leptin concentrations, and the mean lipid 

locule size in PAT, total PAT mass and the leptin: β-actin mRNA or UCP-1 

mRNA:18S rRNA ratios. Linear regression analysis was also used to 

determine relationships between fetal glucose, insulin or leptin 

concentrations and the expression of NPY, AGRP, POMC, CART, MC3R 

and OBRb mRNA in the fetal ARC or VMH. Relationships between the 

expression of the respective appetite-regulating neuropeptides and between 

the neuropeptides and the expression of OBRb mRNA in the ARC and VMH 

were also determined by simple linear regression. Relationships between 

the expression of OBRb mRNA and MC3R mRNA in the ARC were similarly 

determined. A probability of 5% (P<0.05) was taken as the level of 

significance in all analyses.  
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4.3 RESULTS 

 

4.3.1 Fetal arterial blood gas status and plasma glucose and insulin  

 

There were no differences in fetal arterial blood gas and pH values between 

the saline and glucose infused groups either before or during the infusion 

period (Table 4.1). Before the start of the infusion, there were no differences 

in fetal plasma glucose and insulin concentrations between fetuses 

assigned to the saline or glucose infusion protocols. Fetal plasma glucose 

and insulin concentrations were significantly higher (P<0.05) than pre-

infusion concentrations at 24 h and 72 h respectively after the start of 

glucose infusion (Figures 4.1A and B). Plasma glucose and insulin 

concentrations did not change during the saline infusion period. 

 

4.3.2 Fetal and placental growth 

 

There was no effect of glucose infusion on placental or fetal weight (Table 

4.2). Glucose infusion resulted in an increase in fetal kidney weight (P<0.05) 

and kidney weight was correlated with fetal glucose concentrations when 

data from the glucose and saline infused groups were combined (fetal 

kidney weight (g) = 4.62 (glucose) +21.2; r2=0.40; n=12; P<0.05). There 

was also a trend (P=0.07) towards a decrease in the relative weight of the 

pancreas in the glucose compared to saline infused fetuses (Table 4.2). 



Chapter  4                                                                                 Glucose and Fetal Energy Balance 

 

   

                                                                                                                            

  

132 

Table 4.1. The effect of glucose infusion on fetal arterial blood gas and 
pH status 
 

 

 Saline infused 

(n=6) 

Glucose infused 

(n=6) 

 

Mean arterial PO2 

 

 

21.0 ± 1.8 mmHg 

 

20.7 ± 0.5 mmHg 

 

Mean arterial PCO2 

 

 

46.3 ± 1.3 mmHg 

 

45.8 ± 1.4 mmHg 

 

Mean arterial pH 

 

 

7.40 ± 0.01 

 

7.39 ± 0.01 

 

Mean arterial oxygen 

saturation 

 

 

63.0 ± 5.0 % 

 

63.7 ± 1.4 % 

 

Mean arterial 

hemogloblin content 

 

 

10.4 ± 0.7 mg/dL 

 

9.2 ± 0.4 mg/dL 
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Figure 4.1. Fetal plasma glucose, insulin and leptin concentrations in 
saline infused and glucose infused fetuses 
 

Open bars: Saline infused, closed bars: Glucose infused. Asterisks (*) denote a 
significant effect of glucose infusion (P<0.05). 
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Table 4.2. The effect of intrafetal glucose infusion on placental, fetal 
and organ weights 
 

 Saline infused 

(n=6) 

Glucose infused 

(n=6) 

 

Placental weight  

 

436.3  ±  52.8  g 

 

468.9  ±  24.9  g 

Fetal weight  

 

4.84  ±  0.2  kg 5.12  ±  0.2  kg 

Crown Rump Length  

 

56.6  ±  1.7  cm 57.1  ±  1.7  cm 

Relative liver weight 24.3  ±   2.2  g/kg 

 

28.1  ±  1.2  g/kg 

 

Relative heart weight  6.9 ±  0.4  g/kg 

 

7.5  ±  0.4  g/kg 

 

Relative lung weight 28.0  ±  0.7  g/kg 

 

31.2 ±  1.5  g/kg 

 

Relative kidney weight 5.5  ±  0.5  g/kg 

 

6.4  ±  0.3  g/kg 

 

Relative pancreas weight 0.75  ±  0.03  g/kg 

 

0.62  ±  0.06  g/kg 

 

Relative brain weight 

 

12.8 ±  0.7  g/kg 11.5  ±  0.6  g/kg 
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4.4.3 Size of lipid locules and mass of fetal perirenal adipose tissue 

 

Glucose infusion resulted in an increase (P<0.05) in the mean size of the 

lipid locules in PAT (Table 4.3). There was also a direct correlation between 

the mean size of the lipid locules and the mean plasma glucose, but not 

insulin, concentrations (mean locule size (µm2) = 42.9 (fetal glucose) + 422; 

r2=0.62, n=10; P<0.01). Glucose infusion resulted in a significant increase 

(P<0.05) in total unilocular, but not multilocular, PAT mass at 140 d 

gestation (Table 4.3).  

 

4.3.4 Leptin mRNA and UCP-1 mRNA expression in fetal perirenal adipose 

tissue and circulating leptin concentrations 

 

There was no effect of glucose infusion on the relative expression of leptin 

mRNA (saline, 0.58 ± 0.06; glucose, 0.66 ± 0.12) or UCP-1 mRNA (saline, 

0.46 ± 0.06; glucose, 0.49 ± 0.07) in fetal PAT. In the glucose infused, but 

not saline infused fetuses, however, there was a positive correlation 

between the relative abundance of leptin mRNA in fetal PAT and the mean 

plasma concentrations of either insulin (leptin mRNA: β-actin mRNA = 0.07 

(fetal insulin) – 0.096; r2=0.65; n=6; P<0.05) or glucose (leptin mRNA:β- 

actin mRNA = 0.52 (fetal glucose) – 0.70; r2=0.88; n=6; P<0.01).  
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Table 4.3. The effect of intrafetal glucose infusion on the total and 
relative mass of unilocular and multilocular perirenal fat  
Asterisks (*) denote a significant effect of glucose infusion (P<0.05). 
 

 

 

Saline Infused 

(n=6) 

Glucose Infused 

(n=6) 

  

Mean lipid locule size in PAT 

(µm2) 

 

456.7 ± 14.8 µm2 

 

 

532.8 ± 3.3 µm2 * 

 

Total mass of unilocular PAT 

(g) 

 

8.9  ±  0.6g 

 

11.7 ± 0.6 g * 

 

Total  mass of multilocular 

PAT (g)   

 

12.0 ± 1.3 g 

 

16.6 ± 2.7 g 

 

Total mass of PAT (g) 

 

 

22.1 ± 1.4 g 

 

27.4 ± 2.4 g 

 

Relative mass of PAT (g/kg) 

 

 

4.6 ± 0.3 g/kg 

 

5.4 ± 0.4 g/kg 
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 Before the start of the infusion, there was no difference in fetal plasma 

leptin concentrations between fetuses assigned to either the saline (3.5 ± 

0.6 ng/ml) or glucose (4.7 ± 0.8 ng/ml) infusion protocols. Fetal plasma 

leptin concentrations did not change during the infusion period in either the 

glucose or saline infused fetuses (Figure 4.1C). There was no relationship 

between circulating leptin concentrations and either the total or relative fat 

or unilocular fat mass in either the glucose or saline infused fetuses. 

 

4.3.5 OBRb, MC3R, POMC and CART mRNA expression in the fetal 

hypothalamus 

 

In all fetuses OBRb mRNA was expressed in the ARC, the internal lamina of 

the ME and the VMH, with a weaker hybridisation signal detected in the 

PVN and DMH (Figures 4.2A and B). The localisation of MC3R expression 

in the ARC and VMH was similar to that of OBRb in all fetuses (Figures 

4.2C and D). The level of OBRb mRNA expression was higher (F=8.04; 

P<0.01) in the VMH than in the ARC in both the glucose and saline infused 

fetuses (Figure 4.2E). There was, however, no effect of intrafetal glucose 

infusion on the level of either OBRb or MC3R mRNA expression in the ARC 

or VMH.  There was a direct relationship between the relative expression of 

mRNA for OBRb and MC3R in the ARC when the data from glucose infused 

and saline infused fetuses were combined (MC3R mRNA = 4.2 (OBRb 

mRNA) + 0.06; r2=0.65; n=11; P<0.005).  
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Figure 4.2. The distribution of expression of OBRb mRNA and MC3R 
mRNA in the hypothalamus of the sheep fetus at 138-140 d gestation. 
OBRb (A and B) and MC3R mRNA (B and C) was expressed in the arcuate 
nucleus (ARC) and ventromedial hypothalamus (VMH) in both saline infused (left 
panel) and glucose infused (right panel) fetuses. The expression of OBRb mRNA 
was higher in the VMH compared to the ARC in both saline infused (open bars) 
and glucose infused (closed bars) fetuses (E). Scale Bar = 1.5mm 
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Expression of POMC mRNA was predominantly localised within the ARC in 

all fetuses (Figures 4.3A and B). The level of POMC mRNA expression in 

the ARC was higher (P<0.04) in the hypothalamus of glucose infused 

compared with saline infused fetuses at 140d gestation (Figure 4.3C).  

There was no relationship, however, between circulating glucose, insulin or 

leptin concentrations and POMC mRNA expression in either the glucose or 

saline infused groups. In the glucose but not saline infused fetuses, there 

was a direct correlation between the expression of POMC mRNA in the 

ARC and the total expression of OBRb in the ARC and VMH combined 

(POMC mRNA = 0.21 (total OBRb mRNA) + 0.2; r2=0.67; n=6; P<0.05). In 

the saline infused group, however, there was an inverse relationship 

between the expression of POMC mRNA in the ARC and the total 

expression of OBRb (POMC mRNA = -0.34 (total OBRb mRNA) + 0.4; 

r2=0.86; n=5; P<0.05) (Table 4.4). 

 

CART gene expression was present in the ARC, and the hybridisation 

signal extended upward along the lateral wall of the third ventricle and 

outward to the VMH. CART was also expressed in the PVN and in the 

lateral hypothalamic area (Figures 4.4A and B). There was no effect of 

glucose infusion on the localisation or level of expression of CART gene 

expression within the fetal hypothalamus. In glucose but not saline infused 

fetuses, however, CART mRNA expression outside the ARC was positively 

correlated with POMC mRNA expression within the ARC (CART mRNA = 
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0.5 (POMC mRNA) – 0.09; R=0.87; n=6; P<0.05). When data from glucose 

and saline infused fetuses were combined, there was an inverse correlation 

between the expression of CART mRNA in the ARC and OBRb mRNA in 

the VMH (CART mRNA = - 0.9 (OBRb mRNA) + 1.0; r2=0.37; P<0.05) 

(Table 4.4). 

 

4.3.6 NPY and AGRP mRNA expression in the fetal hypothalamus 

 

NPY and AGRP mRNA were expressed predominantly in the ARC and 

internal lamina of the median eminence (Figures 4.4D, E, G and H). There 

was no effect of intrafetal glucose infusion on the localisation or level of 

NPY or AGRP mRNA within the ARC (Figures 4.4F and I). In the glucose 

infused group there was a direct relationship between the expression of 

NPY mRNA and both AGRP mRNA (AGRP mRNA = 0.07 (NPY mRNA) + 

0.25; r2=0.72; n=6; P<0.05) and CART mRNA (CART mRNA = 0.22 (NPY 

mRNA) + 0.21; r2=0.77; n=6; P=0.02) in the ARC (Table 4.4). 

 

When data from glucose infused and saline infused fetuses was combined, 

there was an inverse correlation between the expression of OBRb mRNA in 

the VMH and the expression of NPY mRNA (NPY mRNA = - 1.3 (OBRb 

mRNA) + 2.0; r2=0.37; n=11; P<0.05) in the ARC (Table 4.4). 
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Figure 4.3. The localisation of POMC expression in the fetal sheep 
hypothalamus at 138-140 d gestation.  
POMC was expressed in the ARC of the hypothalamus in both saline and glucose 
infused fetuses (A and B). Hypothalamic POMC expression was significantly higher 
in the glucose infused fetuses compared to saline infused fetuses (C). 
Asterisks (*) denote  significant effect of glucose infusion (P<0.05). 
Scale Bar = 1.5mm 
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Figure 4.4. The distribution of expression of CART mRNA, NPY mRNA 
and AGRP mRNA in saline and glucose infused fetuses at 138-140 d 
gestation. 
There was no difference in the localisation or level of expression of CART (A-C), 
NPY (D-F) or AGRP (G-I) mRNA between the saline and glucose infused groups. 
ARC: arcuate nucleus, PVN: paraventricular nucleus, 3V: third ventricle, ME: 
medien eminence, VMH: ventromedial hypothalamus, DMH: dorsomedial 
hypothalamus, Scale Bar = 1.3 mm 
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Table 4.4:  Relationships between the expression of OBRb in the VMH 
and the expression of NPY, CART and AGRP mRNA and between NPY 
mRNA and the expression of CART and AGRP in the hypothalamus of 
glucose infused and saline infused fetuses at 138-140d gestation.  
 

 Saline Infused 

(n=5) 

Glucose Infused 

(n=6) 

All Fetuses 

(n=11) 

OBRb mRNA VMH:    

 

CART mRNA  (total) 

 

ns 

 

ns 

 

r2 = 0.36, P=0.05 

CART mRNA (ex-

ARC) 

 

ns 

 

ns 

 

r2 = 0.41, P<0.05 

 

AGRP mRNA 

 

ns 

 

ns 

 

ns 

 

NPY mRNA 

 

ns 

 

ns 

 

r2= -0.37, P<0.05 

NPY mRNA:    

 

CART mRNA (total) 

 

ns 

 

r2 = 0.77, P<0.05 

 

ns 

CART mRNA (ex-

ARC) 

 

ns 

 

ns 

 

ns 

 

AGRP mRNA 

 

ns 

 

r2 = 0.72, P<0.05 

 

ns 
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4.4 DISCUSSION 

 

We have demonstrated that infusion of glucose into the late gestation fetal 

sheep increases fetal glucose and insulin concentrations, increases the size 

of the lipid locules within the major fetal fat depot, and increases the 

expression of mRNA for the appetite-inhibiting precursor molecule POMC in 

the arcuate nucleus of the hypothalamus at 140 days gestation. These 

results provide direct evidence that the expression of a hypothalamic 

neuropeptide known to regulate energy balance in adult life also responds 

to changes in nutritional status before birth.  

 

4.4.1 Glucose and fetal fat deposition  

 

      Intrafetal glucose infusion for 10 days in late gestation resulted in an 

increase in the size of the dominant lipid locules and in the total mass of 

unilocular perirenal adipose tissue. There was also a direct relationship 

between circulating glucose concentrations (which ranged between 1 and 3 

mmol/l) and the mean size of the lipid locules in the saline and glucose 

infused groups.  This is consistent with results described in Chapter 2, in 

which we found a similar direct relationship between fetal glucose 

concentrations and the mean lipid locule size in fetal perirenal adipose 

tissue in a cohort of ewes fed at or above maintenance energy requirements 

in late pregnancy. In both studies, however, there was no relationship 

between fetal insulin concentrations and lipid locule size or any measure of 
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unilocular fat mass. Glucose, rather than insulin, therefore appears to be the 

principal determinant of lipid storage in fetal adipose depots during late 

gestation.  

 

Whilst a 10 day period of glucose infusion resulted in an increase in lipid 

locule size, it did not result in a significant increase in either the total or 

relative mass of perirenal adipose tissue. In a previous study, Stevens and 

Alexander (1990) reported that infusion of glucose in fetal sheep for around 

30 days in late gestation resulted in a ~3 fold increase in plasma glucose 

concentrations and in an increase in the total and relative mass of fetal 

perirenal and subcutaneous adipose tissue (Stevens et al. 1990). Thus, the 

fetus may be able to adapt to a 10 day, but not 30 day, period of 

hyperglycemia through mechanisms which limit the impact of an increase in 

fetal glucose on fetal adiposity. There is evidence that prolonged fetal 

hyperglycemia is associated with a decline in adipose GLUT-1 levels in the 

sheep fetus (Das et al. 1999) which may be one mechanism which acts to 

counter a chronic increase in fetal nutrient supply. 

 

4.4.2 Leptin expression  

 

In the present study, there was no effect of chronic glucose infusion on 

leptin mRNA expression in the fetal perirenal adipose tissue. There was, 

however, a strong positive relationship between either plasma insulin or 

glucose concentrations and leptin mRNA expression in fetal adipose tissue 
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in the glucose infused, but not saline infused fetuses. These findings are 

consistent with the results presented in Chapter 2, where an increase in 

maternal nutrition in late gestation resulted in the emergence of a positive 

relationship between leptin mRNA expression and circulating fetal insulin 

concentrations (Muhlhausler et al. 2003). Insulin-responsive elements have 

been identified within the promoter of the leptin gene in the adult mouse, 

and insulin binding to the promoter region acts to repress the binding of 

transcription factors to a negative regulatory sequence within the leptin gene 

promoter (Wang et al. 2000). One possibility is that fetal adipose tissue may 

be relatively insensitive to the actions of insulin or that, in the presence of a 

moderate elevation in fetal plasma insulin concentrations, other 

mechanisms act to limit the stimulatory actions of insulin on leptin gene 

expression in the fetal adipocyte. 

 

4.4.3 Glucose infusion, POMC and CART expression  

 

We have demonstrated that an increase in fetal glucose concentrations 

between 130 and 140 days gestation resulted in a significant increase in the 

expression of mRNA for the appetite-inhibiting precursor molecule POMC in 

the arcuate nucleus of the fetal sheep hypothalamus. In the adult, OBRb 

receptors are localised on POMC-containing neurons in the hypothalamus, 

and central or peripheral infusion of leptin results in a significant increase in 

POMC expression in the arcuate nucleus (Cheung et al. 1997; Mizuno et al. 

1998). In the present study, whilst intrafetal glucose infusion resulted in an 
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increase in circulating glucose and insulin concentrations, there was no 

increase in circulating leptin throughout the infusion period. There is recent 

evidence that a subpopulation of POMC-containing neurons in the mouse 

hypothalamus are glucose-responsive and that increases in extracellular 

glucose levels are transduced via the KATP channel leading to an increase in 

excitability and neuronal firing (Ibrahim et al. 2003). POMC neurons also 

express glucokinase, a necessary enzyme for glucose-sensing cells (Dunn-

Meynell et al. 2002). Furthermore, populations of hypothalamic POMC-

containing neurons have also been found to co-express insulin receptors 

and administration of insulin into the third ventricle of fasted rats increases 

POMC mRNA expression (Benoit et al. 2002). The findings of the current 

study suggest that expression of POMC in the arcuate neurons of the fetal 

hypothalamus may be responsive to increases in glucose or insulin, acting 

either alone or in combination.  

 

Interestingly, there was a direct correlation between POMC expression in 

the arcuate nucleus and the expression of OBRb within the arcuate and 

ventromedial nuclei in glucose infused fetuses. This relationship may be 

explained in part by glucose stimulation of a population of POMC-containing 

neurons within the arcuate nucleus which co-express OBRb (Cheung et al. 

1997) and may also reflect activation of a subpopulation of neurons within 

the ventromedial hypothalamus which express OBRb and which are also 

glucoresponsive (Williams et al. 2001). The direct relationship between the 
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expression of OBRb and MC3R expression is consistent with the known co-

expression of these receptors on POMC neurons in the arcuate nucleus 

(Cone et al. 2001). Whilst there was no change in the expression of the 

anorexigenic neuropeptide CART in the hypothalamus of the glucose 

infused fetuses, there was a direct relationship between POMC expression 

within the arcuate nucleus and CART expression outside this nucleus in 

glucose infused fetuses. This may indicate a role for CART in ‘second order’ 

neurons as part of a neural network within the fetal hypothalamus which is 

activated by an increase in nutrient supply.  

 

As described in the literature review, cleavage of the neuropeptide 

precursor, POMC, in the adult hypothalamus produces the melanocortin 

agonist, α-MSH, and POMC expression and α-MSH levels are each 

increased during periods of energy excess, and are decreased during 

fasting or food restriction (McShane et al. 1983; Pritchard et al. 2002). 

Activation of the melanocortin receptors reduces appetite and body weight, 

and also prevents the decrease in UCP-1 expression in brown adipose 

tissue during periods of food restriction (Cettour-Rose et al. 2002). Unlike 

the adult, the fetus cannot actively regulate its nutrient intake through 

regulation of ‘appetite’ dependent mechanisms but UCP-1 is expressed 

within fetal perirenal adipose tissue (Yuen et al. 2003) and this brown 

adipose tissue depot is innervated by sympathetic neurons during late 

gestation (Alexander et al. 1980). Whilst there was no increase in the 
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expression of UCP-1 mRNA within the fetal perirenal adipose tissue of the 

glucose infused fetuses in the present study, there is not a direct 

relationship between the expression of UCP-1 mRNA and the abundance of 

UCP-1 protein in this fat depot (Yuen et al. 2003). It has also been shown 

that a 50% increase in maternal nutrition for 60 days in late gestation in the 

sheep resulted in an increase in fetal weight, a decrease in fetal perirenal 

adipose tissue and an increase in the thermogenic activity and in the 

abundance of UCP-1 protein in this depot (Budge et al. 2000). It is possible 

therefore that an increase in hypothalamic POMC expression may act to 

limit accumulation of fat in the fetus when the nutrient supply is excessive.  

 

4.4.4 Glucose infusion, NPY and AGRP expression  

 

There was no effect of intrafetal glucose infusion and concomitant increases 

in circulating glucose and insulin concentrations on the expression of the 

orexigenic neuropeptides NPY and AGRP. This is surprising given that 

circulating glucose and insulin concentrations in the fetus are relatively low 

compared with those measured in adult life and that fetal hypothalamic NPY 

content is increased following maternal undernutrition in sheep (Warnes et 

al. 1998). It may be that hypothalamic expression of NPY and AGRP in the 

fetus is relatively insensitive to an increase in glucose or insulin 

concentrations, which may be an adaptive mechanism to preserve the 

orexigenic drive to ensure adequate growth and survival after birth. An 

alternate possibility is that the expression of these neuropeptides may be 
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more sensitive to changes in circulating leptin, rather than glucose or insulin 

concentrations. There was a strongly positive relationship between NPY and 

AGRP expression in the arcuate nucleus which suggests that, as in the 

adult, these neuropeptides may be co-expressed within this region of the 

fetal hypothalamus (Hahn et al. 1998; Williams et al. 2001).  

 

4.4.5 OBRb expression in the fetal hypothalamus 

 

We have demonstrated that the expression of OBRb is higher in the VMH 

compared to the ARC in the fetal sheep hypothalamus, which is different to 

the adult sheep or rodent in which OBRb mRNA is predominantly expressed 

within the ARC (Guan et al. 1997; Williams et al. 1999). This suggests that 

the leptin axis undergoes further development after birth in the sheep. 

Whilst the ARC is the principal site for the integration of peripheral signals in 

the regulation of energy balance, the VMH has been implicated as important 

for the regulation of thermogenesis in the brown adipose tissue of the rodent 

in postnatal life (Shek et al. 2000). The higher level of OBRb expression in 

the fetal VMH may therefore indicate that leptin has a greater role in the 

regulation of the thermogenic activity of brown adipose tissue, rather than 

‘energy intake’ during the prenatal and perinatal period.  Consistent with this 

role is the observation that infusion of leptin into fetal sheep in late gestation 

resulted in an increase in the proportion of multilocular tissue and UCP-1 

protein abundance in fetal perirenal adipose tissue (Yuen et al. 2003). 
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4.4.6 Summary 

 

In summary, we have demonstrated that an intrafetal infusion of glucose 

differentially regulates the expression of neuropeptides in the fetal 

hypothalamus which normally play a role in the regulation of energy intake 

and energy expenditure in adult life. We have also supported the findings 

presented in Chapter 2 demonstrating that glucose is an important regulator 

of fetal adipose tissue deposition and leptin synthesis in fetal adipose 

depots. Based on these findings, further investigations of the role of such 

hypothalamic peptides in the regulation of fetal adiposity and in the control 

of the leptin synthetic and thermogenic capacity of fetal fat are clearly 

warranted. Furthermore, the demonstration that hypothalamic neural 

networks which respond to peripheral nutritional signals are present before 

birth suggests it would be important to determine whether a prolonged 

increase in fetal nutrition leads to an altered function of such networks in 

postnatal life. This is clearly one potential mechanism whereby a 

transplacental increase in substrate supply, such as occurs when maternal 

nutrient intake is increased or when pregnancies are complicated by 

maternal glucose intolerance and fetal hyperglycemia, leads to an increase 

in childhood and adult obesity.  
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CHAPTER 5: INCREASED MATERNAL NUTRITION ALTERS 

DEVELOPMENT OF THE APPETITE-REGULATING NETWORK IN THE 

BRAIN 

 

5.1 INTRODUCTION 

 

As highlighted in the preceding chapters, whilst there is strong 

epidemiological evidence which has shown that infants exposed to an 

increased supply of nutrients before birth are at increased risk of becoming 

overweight or obese in later life (Plagemann et al. 1997; Silverman et al. 

1998), the physiological mechanisms underlying this relationship are poorly 

understood.  

 

In Chapter 4, it was demonstrated that the appetite-regulating network in the 

fetal hypothalamus is responsive to changes in fetal nutrient supply (Warnes 

et al. 1998; Muhlhausler et al. 2005) and that intrafetal glucose infusion 

increases hypothalamic expression of POMC in the late gestation fetal 

sheep (Muhlhausler et al. 2005). It is not clear, however, whether an 

increased nutrient supply before birth results in altered expression of 

‘appetite regulatory’ neuropeptides in the hypothalamus or affects the 

responsiveness of these neuropeptides to nutrient signals in postnatal life. 

 



Chapter 5                                    Maternal Overnutrition and Postnatal Appetite Regulation 

 

   

                                                                                                                            

  

154 

As highlighted in the literature review, NPY-containing projections develop 

between the arcuate nucleus (ARC), the dorsomedial nucleus (DMN) and 

paraventricular nucleus (PVN) of the hypothalamus during the first two 

weeks of life in the rodent (Grove et al. 2003). This early postnatal period is 

also a critical period for the programming of appetite and body fat mass. 

Overnutrition during this time induces permanent alterations in the 

hypothalamic neurons that express the appetite-regulating neuropeptides, 

leading to persistent hyperphagia and associated obesity (Plagemann et al. 

1999). It has also been demonstrated that leptin exposure in the neonatal 

period alters the development of neuronal connections between the ARC 

and hypothalamic nuclei which mediate changes in feeding behaviour 

(Bouret et al. 2004). Whilst the appetite regulatory system develops 

postnatally in the rat, components of this neural network are expressed 

before birth in precocial species such as the human and sheep (Chapter 3) 

(Koutcherov et al. 2003; Muhlhausler et al. 2004), and it is therefore 

possible the neural network may be programmed by exposure to excess 

nutrient supply before birth in these species.  

 

Our aim therefore was to determine whether an increase in maternal 

nutrition in late pregnancy increased fat deposition in postnatal life and 

resulted in changes in the expression of the leptin receptor (OBRb) and of 

the appetite regulatory neuropeptides NPY and AGRP (appetite stimulators) 
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and POMC and CART (appetite inhibitors) within the hypothalamus of the 

postnatal lamb at 30 days of postnatal age.   

 

5.2 METHODS 

 

5.2.1 Animals and feeding regime 

 

All procedures were approved by the University of Adelaide Animal Ethics 

Committee. Merino ewes were mated and pregnancy confirmed by 

ultrasound scanning in early gestation. From 90 d gestation ewes were 

individually housed and were acclimatized to a control diet which consisted 

of 1 kg lucerne chaff (85% dry matter, metabolisable energy (ME) content = 

8.3 MJ/kg) and 300 g concentrated pellets containing: straw, cereal, hay, 

clover, barley, oats, lupins, almond shells, oat husks and limestone (89% 

dry matter, ME content = 11.6 MJ/kg; Ridley Agriproducts Sheep Nut 

Ration, Murray Bridge, SA). The diet was calculated to provide 100% of the 

energy requirements for the maintenance of a pregnant ewe bearing a 

singleton fetus or twin fetuses as appropriate, as specified by the Ministry of 

Agriculture, Fisheries and Food, UK (Aldermann et al. 1975). At 115 d 

gestation, i.e. prior to the commencement of the rapid fetal growth phase in 

late gestation (Fowden 1995), ewes were randomly assigned to either a 

Control (n=8) or Well Fed group (n= 8). Between 115 and 124 d gestation, 

Control ewes were provided with 14.0 ± 0.4 g of lucerne chaff and 6.5 ± 0.4 
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g of pelleted concentrate per kg body weight, and Well Fed ewes were 

provided with 22.1 ± 0.8 g lucerne chaff and 10.4 ± 0.7 g pelleted 

concentrate per kg body weight each day. The feed allowance of all ewes 

was proportionately increased by 15% every 10 d in order to meet the 

increasing substrate demands of the growing fetus in late gestation 

(Aldermann et al. 1975). All feed refusals were recorded and weighed daily 

and used to calculate the ME intake of all ewes as a percentage of their 

maintenance energy requirements.  

 

Before lambing, food was provided to each ewe in two equal portions each 

day, one at 0900 h and one at 1500h, with water provided ad libitum. After 

lambing, all ewes were provided with 1 kg lucerne chaff and 500 g pelleted 

concentrate once daily. If all feed was consumed before 1500 h, an 

additional 1 kg of chaff was provided. After birth, each ewe and their lambs 

was housed in an individual pen in an indoor housing facility which was 

maintained at a constant ambient temperature of between 20-22ºC and a 

12h light: 12h dark light cycle.  

 
 
5.2.2 Growth rate and blood sampling  

 

Lambs were born spontaneously at term. The day of birth was designated 

as day 1. Birth weight (kg), crown rump length (cm), abdominal 
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circumference (cm) and shoulder height (cm) were recorded within 6 h of 

birth.  

 

Body weight (kg), crown rump length (cm), abdominal circumference (cm) 

and shoulder height were recorded each day for the first 5 d of life and at 

least once every two days thereafter until day 30. All measurements were 

obtained between 0800h - 1100 h. Venous blood samples were collected in 

chilled tubes between 0800h – 1300 h after a 2 h fast on days 1-5 and every 

3 days thereafter until postnatal day 30. The first blood sample was 

collected within 24h of birth. All blood samples were centrifuged at 1500 g 

for 10 min and plasma separated into aliquots and stored at -20°C.  

 

5.2.3 Food intake 

 

The food (milk) intake of lambs was measured using a modification of the 

weigh-suckle-weigh (WSW) protocol as described by Hinch (1989) on days 

2, 5, 8, 11, 14, 20 and 23 of postnatal life (Hinch 1989). Briefly, lambs were 

fasted for at least 2 h, a nappy was applied in order to control for weight 

changes due to urination or defecation and the lambs were then allowed to 

suckle freely for 2 h. Total time spent at the teat, the number of suckling 

bouts and the length of each bout was also recorded by continuous 

observation during this time.  All feeding experiments were conducted 

between 0800h and 1200h and were conducted by a single observer. The 
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lambs were weighed at the end of the 2 h suckling period and the weight 

gain during the 2h period was measured. Total food (milk) intake was 

determined by calculating the weight gain of the lambs during each 2 h 

period. Relative food (milk) intake was determined by normalising the total 

feed intake to the weight of the lamb at the start of the 2 h suckling period.  

 

5.2.4 Post mortem and tissue collection 

 

At 30 d of age, lambs were killed with an overdose of sodium 

pentobarbitone (Virbac Pty Ltd, Peakhurst, NSW, Australia). A sample of 

subcutaneous adipose tissue from the fore and hind region was 

immediately collected and snap frozen in liquid N2. All organs were 

dissected out and individually weighed. All adipose tissue from the 

perirenal, omental, pericardial, pelvic, epididymal/parametrial and axillary 

fat depots was carefully excised and weighed. The whole brain was 

removed, frozen in isopentane on dry ice and stored at –80° C for 

subsequent determination of hypothalamic neuropeptide expression by in 

situ hybridisation. 
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5.2.5 Glucose, insulin and leptin assays  

 

Glucose and leptin concentrations in lamb plasma were determined as 

described in Chapter 2. The intra- and inter-assay coefficients of variance 

for both assays were <10%.  

 

Plasma insulin concentrations were measured using a radioimmunoassay 

(Rat insulin kit, Linco Research, Inc., Missouri, USA) which was validated 

for use with sheep plasma. This assay has previously been shown to have 

a cross-reactivity of 100% with sheep insulin and no detectable cross-

reactivity with related proteins (C-peptide, glucagon, somatostatin, 

pancreatic polypeptide or IGF-1) (Linco Research, Inc., Missouri, USA). 

The recovery of insulin from lamb plasma was 96.5 ± 3.7 %. When insulin 

was measured in increasing volumes of lamb plasma, the displacement 

curve was parallel to the assay standard curve. Samples (10 µl) were 

assayed in duplicate and added to borosilicate glass tubes with 100 µl of 

hydrated 125I-Insulin and guinea-pig anti-rat insulin antibody and incubated 

overnight at 4°C. Precipitating reagent (1ml) was added and tubes were 

centrifuged for 25 min at 2000g, then aspirated and total counts measured 

by gamma counter. The sensitivity of the assay was 0.01 ng/ml and the 

intra- and inter-assay coefficients of variation were both <10%. 

 

 



Chapter 5                                    Maternal Overnutrition and Postnatal Appetite Regulation 

 

   

                                                                                                                            

  

160 

5.2.6 NEFA assay  

 

Plasma NEFAs were measured by an in vitro enzymatic colorimetric 

method (Wako Pure Chemicals Industries Ltd, Osaka, Japan). The method 

relies upon the acylation of coenzyme A (CoA) by the fatty acids in the 

presence of added acyl-CoA synthetase (ACS). The acyl-CoA thus 

produced is oxidised by added acyl-CoA oxidase (ACOD) with generation 

of hydrogen peroxide. Hydrogen peroxide in the presence of peroxidase 

(POD) permits the oxidative condensation of 3-methyl-N-ethyl-N-(β-

hydroxyethyl)-aniline (MEHA) with 4-aminoantipyrine to form a purple 

coloured adduct which can be measured colorimetrically at 550nm 

(COBAS MIRA automated analysis system, Roche Diagnostica, Basel, 

Switzerland). The sensitivity of the assay was 0.25 mEq/l and the intra- and 

inter-assay coefficients of variation were both < 10 %. 

 

5.2.7 Hypothalamic gene expression 

 

Coronal cryostat sections (20µm) through fetal hypothalami were collected 

from the mamillary body (caudal boundary) to the optic chiasm (rostral 

boundary). Frozen whole brains in which the ME was absent or in which 

morphological integrity had been disrupted in the freezing process were 

identified prior to sectioning and were excluded. High quality coronal 

sections were subsequently obtained for 17 lambs (Control, n=9; Well Fed, 
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n=8). Sections were thaw-mounted onto slides double-coated with gelatin 

and poly-L-lysine and stored at –80°C until analysis of mRNA expression.   

 

Expression of mRNA for POMC, CART, NPY, AGRP and OBRb in the fetal 

hypothalamus was detected by in situ hybridisation using the riboprobes 

and methods described in Chapter 3. The resulting autoradiographic films 

were scanned at high resolution. All images on a film were captured in a 

single image using a high resolution densitometer (Bio-Rad Laboratories, 

Richmond, CA, USA). The localisation of specific hybridisation signals was 

confirmed in the resulting images using computerised densitometry 

measurements. The area of positive signal was traced manually for each 

image and the integrated intensity (Volume x mm2) of the hybridisation 

signal was then computed using Quantity One Image Analysis software 

(Bio-Rad Laboratories, Richmond, CA, USA). The background signal was 

subtracted from each image in order to control for variations in background 

signal intensity across the film. For each probe, the sensitivity of 

measurement was confirmed using standard curves generated from 14C 

autoradiographic microscales (Amersham Pharmacia Biotech, Castle Hill, 

NSW, Australia). For each probe, up to nine sections spanning the caudal, 

medial and rostral extent of the hypothalamus were examined from each 

lamb. The results were averaged to give a single value for each 

experimental animal. Due to technical difficulties, it was not possible to 

determine hypothalamic POMC and NPY expression in one experimental 
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animal in the Control group and one experimental animal did not express 

OBRb in the VMH. 

 
5.2.8 Calculations 

 

Daily fractional growth rate (FGR) was determined using a measure of 

weight gained per day (BodyWeightx -Body Weight x-1/BodyWeightx-1) where 

x refers to any day between day 1 and 30 after birth. Relative mass of 

perirenal and subcutaneous fat was calculated as grams of fat relative to kg 

of total body weight at day 30.   

 

The daily ME intake for all ewes in Control and Well Fed groups was used 

to calculate the ME intake of each ewe as a percentage of maintenance 

energy requirements (Aldermann et al. 1975) (MER) (%MER = ME intake 

(MJ/day)/maintenance energy requirements (MJ)). The mean maternal 

intake expressed as the %MER across the whole period of late gestation 

(115d – lambing) was then calculated for each ewe. The maternal energy 

intake during late gestation was also determined for each of the three 

separate 10-day windows in late gestation, corresponding to the three time 

periods during which ME intake was increased by 10 % (115 - 124 d, 125 -

134 d and 135 d - lambing).  
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5.2.9 Statistical analyses  

 

The Control group consisted of 6 males and 6 females (8 twins, 4 

singletons), the Well Fed group consisted of 3 males and 6 females (2 

twins, 7 singletons). Data are presented as the mean ± SEM.  

 

Multifactorial analysis of variance (ANOVA) was used to determine the main 

effects of maternal nutritional treatment, gender and fetal number and their 

interaction on birth weight, feeding behaviour, fat mass and neuropeptide 

expression. There was no effect of fetal number on any of the measures 

and it was also the case that averaging values from each twin pair and 

including the average as a single data point in the analyses also had no 

significant impact on the results. Data from each twin and singleton lamb 

were therefore included as individual data points in subsequent analyses.  

 

The effect of increased maternal nutrition on fetal plasma glucose, insulin, 

NEFA and leptin concentrations and on lamb milk intake, time spent 

suckling and suckling bouts was determined by multifactorial ANOVA with 

repeated measures with group, sex and postnatal age (weeks) as the 

specified factors, using SPSSX (Statistical Package for Social Scientists). A 

Duncan’s post hoc test was used to identify significant differences between 

values. Two-way ANOVA was used to determine the main effects of 

maternal nutritional treatment (Control or Well Fed) and gender and their 
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interaction on birth weight, fat mass and hypothalamic neuropeptide and 

OBRb expressions.  

 

Simple linear regression analyses were used to determine relationships 

between postnatal measures of fat mass, feed intake and hypothalamic 

gene expression and mean maternal intake expressed as %MER across the 

whole period of late gestation (115 d – lambing). In order to define whether 

there are critical gestational periods during which increased maternal 

nutrition programs postnatal fat mass and appetite, relationships were also 

determined between these variables and the mean maternal %MER intake 

during each of 3 separate gestational time periods (115 - 124 d, 125 - 134 d 

and 135 d - lambing). Plasma glucose, insulin and leptin concentrations 

across postnatal weeks 1-4 were averaged for correlation analyses unless 

stated otherwise. Partial correlation analysis was used to control for the 

effects of maternal intake or mean plasma glucose levels where 

appropriate. A probability of 5% (P<0.05) was taken as the level of 

significance in all analyses. 
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5.3 RESULTS 

 

5.3.1 The effect of maternal ME intake during late gestation on fetal and 

postnatal growth 

 

Maternal ME intake was significantly higher in Well Fed compared to 

Control ewes across late gestation (P<0.05).  

 

There was no difference in birth weight, absolute weight gain, fractional 

growth rate or body weight at postnatal day 30 between the Well Fed and 

Control groups or between male and female lambs. Whilst there was no 

relationship between birth weight and mean maternal energy intake 

(%MER) across the whole of late pregnancy (115 d-lambing), there was a 

significant positive relationship between birth weight and maternal energy 

intake (%MER) between 125-134d gestation in both the Control and Well 

Fed groups (Control: birth weight = 0.11 maternal %MER – 5.1; r2=0.66; 

P<0.002, n=12; Well Fed: birth weight = 0.05 maternal %MER – 1.3; 

r2=0.69, P<0.01, n=9). The slope of this relationship was significantly lower 

in the Well Fed group compared to the Control group (ANCOVA: F=5.68, 

P<0.03) (Figure 5.1). In the Control, but not Well Fed, group there were 

relationships between birth weight and final body weight (kg) at 30 d of age 

(30 d body weight = 2.9 birth weight – 1.2; r2=0.73; P<0.001, n=12). 
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Relative subcutaneous, but not perirenal, fat mass was significantly higher 

in the Well Fed lambs compared to Controls (Figures 5.2A and B). Relative 

total fat mass also tended (P=0.06) to be higher in the Well Fed group. Both 

relative total and perirenal fat mass were significantly higher (P<0.05) in 

females compared to males and this occurred independent of maternal 

nutritional treatment (Figure 5.2B). 

 

5.3.2 Impact of increased maternal nutrition on lamb milk intake 

 

Relative milk intake (total milk intake by the lamb expressed as a 

percentage of the lamb’s current body weight) was significantly higher in the 

Well Fed group during postnatal weeks 1 - 3, but was not different from 

Controls in week 4 (Figure 5.3). There was no difference between Control 

and Well Fed groups in either the time spent suckling (Control, 274 ± 56 

sec; Well Fed, 232 ± 48 sec) or the number of suckling bouts (Control, 3.8 ± 

0.5 bouts; Well Fed, 4.8 ± 0.5 bouts) within the 2 h WSW period in any 

postnatal week. 
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Figure 5.1. The relationship between birth weight and mean maternal 
ME intake (%MER) at 125-134d gestation.  
 
There was a significant positive relationship between birth weight and maternal ME 
intake in both the Control (r2=0.66; P<0.002, n=12) and Well Fed (r2=0.69, P<0.01, 
n=9) groups. 
Open symbols: Control, Closed symbols: Well Fed; Circles: Male, Diamond:  
Female. 
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Figure 5.2. The mass of subcutaneous and perirenal  fat relative to 
current body weight on postnatal day 30 in the Control  and Well Fed 
groups.  
 
Open histograms: Control, Closed histograms: Well Fed. 
Asterisks (*) denote a significant effect of maternal nutrition, Crosses (+) denote a 
significant effect of gender.  
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Figure 5.3. Relative milk intake across the first 4 weeks of postnatal 
life  
 
Open histograms: Control, Closed histograms: Well Fed. 
Asterisks (*) denote a significant effect of maternal nutritional treatment on milk 
intake (P<0.05) 

Postnatal week 

week 1 week 2 week 3 week 4

R
e
la

ti
v
e

 m
il
k

  
in

ta
k
e
 (

%
)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

*

*

*



Chapter 5                                    Maternal Overnutrition and Postnatal Appetite Regulation 

 

   

                                                                                                                            

  

170 

5.3.3 Lamb plasma glucose, NEFA, insulin and leptin concentrations  

 

Plasma glucose concentrations were significantly higher in lambs of Well 

Fed ewes during the first 4 weeks of postnatal life, independent of gender 

(Figure 5.4A). Plasma glucose concentrations during the first 3 weeks were 

positively related to the mean milk intake during this period (plasma glucose 

= 3.85 milk intake + 5.6; r2=0.34; P<0.02, n=21). This relationship was no 

longer significant when the effect of maternal energy intake (%MER) in late 

gestation was controlled for in the analysis.  

 

There was no difference between the Control and Well Fed groups in 

plasma NEFA, insulin or leptin concentrations during the first 30d (Figures 

5.4B, C and D). Plasma NEFA and leptin concentrations on day 30 were 

each positively related to total relative fat mass (NEFA = 0.0045 total fat + 

0.24; r2=0.23; P<0.04; leptin = 0.04 total fat + 0.61; r2=0.24; P<0.04). Total 

relative fat mass was also directly related to plasma glucose concentrations 

across the first 30 d of postnatal life (total fat = 30.1 plasma glucose –117.0; 

r2=0.50; P<0.05, n=21) 
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Figure 5.4. Plasma glucose (A), insulin (B), NEFA (C) and leptin (D) 
concentrations across the first 4 weeks of postnatal life.  
 
Open histograms: Control, Closed histograms: Well Fed. 
Asterisks (*) denote a significant effect of maternal nutrition on plasma hormone or 
metabolite concentrations. 
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5.3.4 The impact of increased maternal nutrition on the expression of 

hypothalamic neuropeptides in 30 d lambs 

 

OBRb 

 

OBRb mRNA was expressed in both the ARC and VMH of the lamb 

hypothalamus (Figures 5.5A and B). The intensity of expression of OBRb 

mRNA was higher in the VMH compared with the ARC in both the Control 

and Well Fed groups (Figure 5.5C). There was no difference between the 

Control and Well Fed groups in the expression of OBRb mRNA in either the 

ARC or the VMH. 

 

In the Well Fed group, the expression of OBRb in the VMH was positively 

related to the mean maternal energy intake (%MER) between 135 d - 

lambing (OBRbVMH= 0.01 maternal %MER - 0.50, r2=0.64, P<0.03, n=7). 

OBRb expression in the VMH was not related to any measures of relative 

adiposity in either the Control or Well Fed groups. In the Well Fed, but not 

Control group, however, expression of OBRb in the ARC was inversely 

related to the relative total fat mass (OBRbARC= -0.005 total fat + 0.71, 

r2=0.50, P=0.05, n=8) (Figure 5.6).  
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Figure 5.5. Hypothalamic expression of OBRb at 30 d in the Control 
and Well Fed groups.  
OBRb was expressed in the ARC and VMH of the hypothalamus in both the 
Control and Well Fed groups (A and B). The expression of OBRb was higher in the 
VMH compared to the ARC in both the Control and Well Fed groups (C).  
Asterisks (*) denote a significant difference in expression compared to the ARC. 
Scale bar = 1.3 mm. 
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Figure 5.6. The relationship between total relative fat mass and OBRb 
expression in the ARC in the Well Fed group.  
 
In the Well Fed group, there was a significant inverse relationship between relative 
fat mass and expression of OBRb in the ARC at 30 d of postnatal age (r2=0.50, 
P=0.05). 
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POMC and CART 

The expression of POMC mRNA in the ARC of the 30 d lamb hypothalamus 

was significantly higher in the Well Fed group compared to Controls (Figure 

5.7). The expression of POMC mRNA was not related to plasma 

concentrations of insulin, NEFA, leptin or glucose (P=0.08) during the first 4 

postnatal weeks in either the Control or Well Fed groups. POMC mRNA 

expression was correlated with maternal energy intake (%MER) at 135 d 

gestation - lambing (POMC = 0.004 maternal %MER – 0.03; r2=0.28; 

P=0.03, n=16). However, this relationship was no longer significant when 

the effect of plasma glucose concentrations were controlled for.  

 

There was no difference in the level of CART mRNA expression between 

the Control and Well Fed groups. In the Control group, CART mRNA 

expression was positively related to the relative total fat mass (Figure 5.8) 

and to plasma glucose (CART = 0.46 plasma glucose – 1.9; r2=0.76, 

P<0.005, n=9) and NEFA (CART = 1.03 plasma NEFA– 0.07; r2=0.60, 

P<0.02, n=9) concentrations. In Controls, CART mRNA expression was also 

directly related to plasma leptin concentrations on postnatal day 30 (CART = 

0.10 plasma leptin + 0.46, r2=0.54, P<0.04, n=9), but this relationship was 

no longer significant after the effects of total relative fat mass were 

controlled for. In contrast to the Control group, however, there were no 

relationships between CART mRNA expression and plasma glucose, leptin 

or total fat mass in the Well Fed group. 
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Figure 5.7. The distribution of POMC mRNA in the hypothalamus at 30 
d in Control and Well Fed lambs.  
POMC gene expression was significantly higher (P<0.05) in the Well Fed group 
compared to Controls (C).  
Asterisks (*) denote a significant effect of maternal nutrition.  
Open bars: Control, Closed bars: Well Fed, Scale bar = 1.3 mm 
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Figure 5.8. The relationship between CART mRNA expression and total 
relative fat mass in the Control and Well Fed group. 
 
There was a significant positive relationship between CART mRNA expression and 
total relative fat mass in the Control group (r2=0.76, P<0.005) but not Well Fed 
group. 
Open symbols: Control, Closed symbols: Well Fed. 
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NPY and AGRP 
 

 
There was no difference in the hypothalamic gene expression for the 

appetite-stimulating neuropeptides, NPY and AGRP, on postnatal day 30 

between the Control and Well Fed groups. AGRP expression was 

significantly lower in females compared to males, independent of maternal 

nutrition. There was a positive relationship between the expression of AGRP 

and NPY mRNAs when data from all lambs were combined (AGRP= 0.87 

NPY - 0.03, r2=0.39, P<0.02, n=16). 

 

When data from the Control and Well Fed groups were combined, there 

were significant inverse relationships between relative total fat mass and 

both NPY mRNA expression (NPY  = - 0.005 total fat + 0.89; r2=0.28, 

P<0.05, n=16) and AGRP mRNA expression (AGRP  = - 0.007 total fat + 

0.95; r2=0.39, P<0.01, n=17) (Figure 5.9). These relationships persisted 

after controlling for the effects of either plasma glucose concentrations or 

maternal energy intake (%MER) in late pregnancy. 
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Figure 5.9. The relationship between hypothalamic NPY and AGRP 
expression and total relative fat mass. 
There was a significant inverse relationship between total relative fat mass and 
hypothalamic expression of NPY (r2=0.28, P<0.05) and AGRP (r2=0.39, P<0.01) 
when data from all lambs were combined.  
Open symbols: Control, Closed symbols: Well Fed; Circles: Male, Diamond: 
Female. 
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5.4 DISCUSSION 

 

We have shown that a 40% increase in maternal nutrient intake in late 

pregnancy results in an increase in relative milk intake and plasma glucose 

concentrations in lambs during early postnatal life and in an increased 

subcutaneous adiposity at 30 d of age. Increased maternal nutrition in late 

pregnancy also resulted in changes in the relationships between current 

nutritional status or fat mass, and the expression of appetite-regulating 

neuropeptides within the lamb hypothalamus. These results provide 

evidence that an increase in nutrient supply during late fetal development 

can alter food intake and fat deposition in early postnatal life and have 

important implications for understanding the physiological mechanisms 

through which exposure to an increased nutrient supply before birth acts to 

increase the risk of obesity in later life.  

 

5.4.1 Maternal overnutrition and pre and postnatal growth 

 
In the present study, a 40% increase in maternal nutrition in late pregnancy 

had no effect on either birth weight or the final body weight of lambs at 30 

days of age. These results are consistent with our previous findings 

(Muhlhausler et al. 2002), but are different from those of Budge and 

colleagues who reported a significant increase in fetal weight at 144 days 

gestation when ewes were fed at 150% of maintenance levels between 80-

144 days of pregnancy (Budge et al. 2000). These differences are likely due 
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to the timing of the respective nutritional protocols, since early (i.e. pre 110 

days gestation) increases in maternal nutrition have been shown to increase 

placental size (Russel et al. 1981). Whilst the mean birth weight of lambs in 

the well fed group was not higher, lamb birth weights were directly related to 

maternal ME intake between 125 and 134 days gestation in both control and 

well fed groups. Interestingly, the slope of this relationship was less steep in 

the well fed than control group, which suggests that additional factors act to 

limit the stimulatory effect of increased maternal nutrient intake on fetal 

growth in late pregnancy. One possible explanation is that an increase in 

uteroplacental uptake and utilization of maternal substrates during the 

period of maternal overnutrition may have reduced the proportion of 

maternal nutrients directed towards fetal growth (Hay et al. 1984; Hay et al. 

1990).  

 

An intriguing finding of the present study was that mean ME intake between 

125 and 134 days of gestation appeared to be a stronger predictor of 

subsequent lamb weight, glycemia and fat deposition after birth than 

maternal ME intake either earlier (115-124 days) or later (post 135 days) in 

gestation. The period between 125 and 134 days gestation represents a 

period of hypertrophic growth of key fetal organs, such as liver, adipose 

tissue and kidney, and precedes the pre-partum cortisol surge which results 

in organ differentiation and maturation (Richardson et al. 1978; Fowden et 

al. 1996). It is also coincident with the major period of sympathetic 
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innervation of the perirenal adipose tissue in the sheep fetus (Alexander et 

al. 1980). The current study therefore suggests that manipulations of the 

fetal nutritional environment during this period of hypertrophic growth may 

result in structural and functional changes within key physiological systems 

which regulate metabolic function in postnatal life.   

 

5.4.2 Maternal overnutrition and milk intake 

 

In the present study, lambs of well fed ewes had a higher milk intake relative 

to their current body weight across the first 3 postnatal weeks, which may 

be due to a combination of an increase in maternal milk production in the 

well fed group and/or an increased appetite drive in the lambs during this 

period. In late pregnancy, a large proportion of maternal substrates are 

directed towards mammary development (Picciano 2003), and it is therefore 

possible that the increased availability of maternal substrate resulted in 

increased milk production and/or changes in milk composition. Given that 

the suckling phase of the weigh-suckle-weigh protocol was always preceded 

by a 2 hour fast, an alternate possibility is that the appetite-regulating 

network in lambs of well fed ewes is more sensitive to signals of reduced 

energy supply. Whilst relative milk intake in the well fed group was higher 

during the first 3 weeks of postnatal life, this effect did not persist into week 

4. In the present study, well fed ewes were returned to a maintenance diet 

after lambing and thus any effects of increased maternal nutrition on milk 
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production or composition or on lamb appetite may not carry over into 

postnatal week 4.  

 

The relative mass of subcutaneous adipose tissue at 30 days was greater in 

lambs of well fed ewes and this increase was directly related to plasma 

glucose concentrations in early postnatal life. Whilst females tended to have 

a higher relative fat mass overall, the effects of increased maternal nutrition 

on postnatal fat deposition were similar for both genders. These results are 

consistent with human clinical data, which show that adiposity is increased 

in infants of diabetic or glucose-intolerant mothers (Pettit et al. 1987; 

Silverman et al. 1991; Plagemann et al. 1997; Catalano et al. 2003). We 

have previously demonstrated that maternal overnutrition in late pregnancy 

increases maternal plasma glucose concentrations (Muhlhausler et al. 

2002). Thus the effects of increased maternal nutrition during pregnancy on 

fat deposition in the offspring may be mediated through an increase in 

plasma glucose concentrations during the early postnatal period.  

 

5.4.3 Increased maternal nutrition and the appetite-regulating neuropeptides 

 

The long form of the leptin receptor, OBRb, was expressed in both the ARC 

and VMH of the lamb hypothalamus. The expression of OBRb was higher in 

the VMH, a region of the hypothalamus which has an important role in the 

regulation of thermogenesis (Cannon et al. 2004), compared to the ARC, a 

hypothalamic region which plays a major role in appetite regulation. This 



Chapter 5                                    Maternal Overnutrition and Postnatal Appetite Regulation 

 

   

                                                                                                                            

  

184 

pattern of OBRb localisation in the lamb hypothalamus is similar to the 

pattern of localisation of OBRb in the fetal sheep hypothalamus, described 

in Chapter 3, but is different from that in the adult ewe (Williams et al. 1999; 

Muhlhausler et al. 2005). In the well fed group there was also an inverse 

relationship between OBRb expression in the ARC and relative fat mass, 

such that increased adiposity was associated with reduced expression of 

the leptin receptor in the ARC. A reduced sensitivity of ARC neurons to 

signals of body fat mass, such as circulating leptin, may therefore 

contribute, at least in part, to the increase in relative fat mass in lambs of 

well fed ewes.  

 

In the present study, a period of increased maternal nutrition in late 

pregnancy resulted in a specific increase in the expression of the appetite-

inhibiting neuropeptide precursor, POMC, in the lamb hypothalamus. The 

level of POMC expression in the lamb hypothalamus was also directly 

related to maternal nutrient intake in late pregnancy, but this relationship did 

not persist after controlling for the effects of plasma glucose. Thus, the 

effect of increased maternal nutrition on POMC expression may have been 

a direct consequence of the higher circulating glucose concentrations in the 

lambs of the well fed ewes. This is interesting in the context of findings 

presented in Chapter 4 which showed that hypothalamic POMC expression 

is also upregulated by an increase in glucose concentrations before birth. 

As discussed in Chapter 4, these findings are consistent with recent 
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evidence that there are sub-populations of POMC-containing neurons in the 

mouse hypothalamus that are glucose-responsive, responding to increases 

in extracellular glucose with increased activity (Dunn-Meynell et al. 2002; 

Ibrahim et al. 2003). Whilst hypothalamic POMC expression was higher in 

the well fed group, there was no evidence of an associated decrease in feed 

intake in this group during the first 30 days of postnatal development. It is 

possible, however, that the lower relative milk intake of lambs of well fed 

ewes in postnatal week 4, relative to the first 3 weeks after birth, may have 

been a consequence of the higher hypothalamic POMC expression in this 

group. 

 

Exposure to increased maternal nutrition in late pregnancy also resulted in a 

change in the relationship between expression of CART mRNA in the 

hypothalamic arcuate nucleus and the relative body fat mass. Whilst CART 

mRNA expression was positively correlated with relative adiposity and 

plasma leptin concentrations in control lambs, these relationships were not 

present in lambs of well fed ewes. It would therefore appear that the 

sensitivity of the CART-expressing neurones in the ARC to signals of 

increased nutrient supply and body fat mass may be reduced in lambs 

exposed to an increased supply of nutrients before birth. It has been shown 

that the density of neuronal connections between hypothalamic nuclei, and 

therefore the subsequent function of the neural network regulating appetite, 

is strongly influenced by the availability of leptin during hypothalamic 
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development (Bouret et al. 2004). One possibility, therefore, is that the 

differential regulation of CART in the control and well fed groups is a 

consequence of programmed changes to the hypothalamic architecture This 

is consistent with studies which have shown that the responsiveness of 

neurons within the ARC to peripheral signals of increased nutrient supply 

(insulin and leptin) is reduced in the hypothalamus of adult rats exposed to 

overnutrition in early postnatal life (Davidowa et al. 2000a; Davidowa et al. 

2000b; Davidowa et al. 2001; Davidowa et al. 2003).  

 

There were no differences in the expression of either NPY or AGRP mRNA 

between the control and well fed groups in the present study. NPY and 

AGRP expression were each inversely related to lamb adiposity and these 

relationships persisted after controlling for the effects of maternal nutrient 

intake in late pregnancy. It would therefore appear that the NPY/AGRP 

systems are highly sensitive to increases in nutrition and energy status and 

that signals of current fat stores, rather than nutrition during the prenatal 

period, may be the more important determinants of NPY and AGRP 

expression in early postnatal life. Plagemann and colleagues have also 

found no decrease in either the number or density of NPY-positive neurons 

in the hypothalamic VMH or ARC in young adult rats overnourished in early 

postnatal life (Plagemann et al. 1999).  
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5.4.4 Summary 

 

In summary, we have demonstrated that an increase in maternal nutrition in 

late pregnancy increases food intake, glucose concentrations and the 

relative mass of subcutaneous adipose tissue in the postnatal lamb in the 

first month of postnatal life. Importantly, increased maternal nutrition is 

associated with changes in the relationships between signals of fat mass 

and nutritional status and expression of the appetite inhibitor CART in the 

lamb hypothalamus at 30 days of age. Such programmed changes in the 

sensitivity of the appetite-regulating neuropeptides to signals of increased 

adiposity represent one potential mechanism whereby exposure to an 

increased nutrient supply before birth may lead to a subsequent increase in 

childhood and adult obesity. 
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CHAPTER 6: INCREASED MATERNAL NUTRITION AND THE LIPOGENIC 

CAPACITY OF ADIPOSE TISSUE IN THE POSTNATAL LAMB  

 

6.1 INTRODUCTION 

 

As highlighted in the literature review, it has been proposed that the 

programming of permanent changes within the adipocytes may be one 

mechanism through which exposure to an excess nutrient supply during critical 

windows of fetal development may result in increased adiposity in adult life 

(Martin et al. 1998; Plagemann et al. 1999).  

 

In adults, changes in the patterns of expression of key regulatory and functional 

genes within adipose tissue are important determinants of fat distribution and 

fat accumulation (Wajchenberg 2000). There is considerable evidence that the 

CCAAT/enhancer-binding protein, C/EBPα, and PPARγ serve as pleiotropic 

transcriptional activators that co-ordinately induce expression of a suite of 

adipocyte specific genes, resulting in the differentiation of adipose cells 

(Butterwith 1994; Chawla et al. 1994). Furthermore, PPARγ also regulates 

adipose tissue mass and the expression of genes involved in signalling of 

adipose cells to other peripheral tissues. Specifically, PPARγ ligands act to 

decrease the expression of leptin and increase the expression of the insulin 

sensitising hormone, adiponectin, within adipose tissue (Hsueh et al. 2003). 

They also act to regulate the expression of genes involved in increasing 
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storage of triglycerides within adipose cells, including lipoprotein lipase (LPL) 

and glycerol-3-phosphate (G3PDH) (Spiegelman 1998) (Kersten 2001). It is not 

known, however, whether an increase in nutrient supply before birth can result 

in altered expression of adipocyte regulatory genes and whether such changes 

may contribute to the later development of an obese phenotype.   

 

In Chapter 5, we reported that increased maternal nutrition before birth is 

associated with an increased subcutaneous fat deposition at 30 days of age. 

Previous studies have demonstrated that exposure to maternal diabetes in the 

pig results in altered adipocyte metabolism in the offspring (Hausman et al. 

1990) (Kasser et al. 1981). Similar changes are also present in fetuses of 

genetically obese pigs, and precede the development of obesity in the offspring 

(Hausman et al. 1987). There have been no studies, however, which have 

determined the impact of an increase in maternal nutrient intake on the 

functional characteristics of adipose tissue in the offspring.  

 

In the present study, we have therefore used the neonatal lamb as an 

experimental model to test the hypothesis that increased nutrient supply during 

fetal development results in an altered pattern of expression of adipogenic, 

lipogenic and adipokine genes (PPARγ, leptin, adiponectin, LPL and G3PDH) 

in perirenal and subcutaneous adipose tissue at 30 days of postnatal life. 
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6.2 METHODS 

 

6.2.1 Animals and feeding regime 

 

All procedures were approved by the University of Adelaide Animal Ethics 

Committee. Animal husbandry and nutritional regime were as described in 

Chapter 5.  

 

6.2.2 Growth rate measures and blood sampling  

 

Measures of growth rate and collection of blood samples were carried out as 

described in Chapter 5.  

 

6.2.3 Post mortem and tissue collection 

 

At 30 d of age, lambs were killed with an overdose of sodium pentobarbitone 

(Virbac Pty Ltd, Peakhurst, NSW, Australia). A sample of subcutaneous 

adipose tissue from the fore and hind region of the carcass was immediately 

collected and snap frozen in liquid N2. All organs were dissected out and 

individually weighed. All adipose tissue from the perirenal, omental, pericardial, 

pelvic, epididymal/parametrial and axillary fat depots was carefully excised and 

weighed. One sample of adipose tissue from the perirenal and subcutaneous 

depots was fixed in 4% paraformaldehyde for subsequent processing and 
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histological analyses. A second sample from each site was snap frozen in liquid 

N2 and stored at –80° C for subsequent determination of gene expressions by 

Real Time RT-PCR. 

 

6.2.4 Glucose, insulin, leptin and NEFA assays 

 

Plasma glucose and leptin concentrations were determined as described in 

Chapter 2. The intra- and inter-assay coefficients of variation were < 5% and 

<16% respectively. Plasma insulin and NEFA concentrations were determined 

as described in Chapter 5. The intra- and inter-assay coefficients of variation 

were both <10% and <5% respectively. 

 

6.2.5 RNA extraction 

 

RNA from perirenal and subcutaneous adipose tissue (~ 600mg) was isolated 

using Trizol reagent (Invitrogen Australia Pty Limited, Mount Waverley, 

Australia) and chloroform. RNA was treated for genomic DNA contamination 

using Ambion Dnase1 and, after enzyme de-activation, the RNA was run 

through a secondary purification process using the RNeasy Mini Kit (QIAGEN 

Pty Ltd-Australia, Doncaster, Australia). The quality and concentration of the 

RNA was determined by measuring the absorbance at 260 and 280 nm, and 

RNA integrity was confirmed by agarose gel electrophoresis. cDNA was then 

synthesised using the purified RNA (~5µg) and Superscript 3 reverse 
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transcriptase (Invitrogen Australia Pty Limited, Mount Waverley, Australia) and 

random hexamers. 

 

6.2.6 Quantitative Real Time Reverse Transcription-PCR (qRT-PCR) 

 

The relative expression of PPARγ, leptin, adiponectin, LPL and G3PDH 

mRNA transcripts was measured by quantitative real time reverse 

transcription-PCR (qRT-PCR) using the Sybr Green system in an ABI 

Prism 7000 or 7300 Sequence Detection System (PE Applied 

Biosystems, Foster City, CA) (Simoes-Wust et al, 2000). All primers have 

been validated previously for use in sheep tissues. All primers were 

designed with the aid of Primer Express (PE Applied Biosystems, Foster 

City, CA) software and where possible one primer of each pair was 

positioned over a splice site to prevent amplification of residual genomic 

DNA. For each transcript, RT-PCR was performed using the appropriate 

primers and to ensure the amplification of a single amplicon of the 

expected size the product was viewed on an ethidium bromide stained 

electrophoresis gel. Each amplicon, which was designed to be 

approximately 200 bp in length, was sequenced to ensure the 

authenticity of the DNA product a qRT-PCR melt curve analysis was 

performed to demonstrate amplicon homogeneity. Controls containing no 

reverse transcriptase were also used. For the qRT-PCR measurements, 

the primer concentrations were consistent for all genes and the 

amplification efficiency of all primers was 0.997 – 0.999. A constant 
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amount of cDNA (1µl) was used for each qRT-PCR measurement and at 

least three technical replicates were performed for each gene. A quality 

control was included on each plate in order to verify inter-plate 

consistency.  

 

Each qRT-PCR reaction well (10 µl total volume) contained: 2.5 µl 2x 

Sybr Green Master Mix (Applied Biosystems); 0.25 µl- 0.5 µl of each 

primer giving a final concentration of 450 or 900 nM, 1.0 µl of molecular 

grade H20 and 1.0 µl of a 50 ng/µl dilution of the stock template. The 

cycling conditions consisted of 40 cycles of 95°C for 15 min and 60°C for 

1 min. At the end of each run dissociation melt curves were obtained. 

 

The abundance of each mRNA transcript was measured and expression 

relative to that the reference gene, cyclophilin, was calculated using Q-

gene qRT-PCR analysis software, which provides a quantitative measure 

of the relative abundance of a specific transcript in different tissues by the 

comparative threshold cycle (Ct) method. The Ct value was taken as the 

lowest statistically significant (> 10 standard deviation (SD)) increase in 

fluorescence above the background signal in an amplification reaction. 

This procedure takes into account any differences in the amplification 

efficiencies of the target and reference genes. The abundance of each 

mRNA transcript was also expressed relative to that of an additional 

reference gene, Acidic Ribosomal Protein P0 (ARP-P0). Correlational 
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data of relative mRNA expression that could not be replicated when using 

both reference genes was disregarded and therefore only abundance 

relative to cyclophilin is reported.  

 

6.2.7 Statistical analyses  

 

The Control group consisted of 6 males and 6 females (8 twins, 4 singletons), 

the Well Fed group consisted of 3 males and 6 females (2 twins, 7 singletons). 

Data are presented as the mean ± SEM.  

 

Multifactorial analysis of variance (ANOVA) was used to determine the main 

effects of maternal nutritional treatment, gender and fetal number and their 

interaction on birth weight, fat mass and adipocyte gene expression. There was 

no effect of fetal number on any of the measures and it was also the case that 

averaging values from each twin pair and including the average as a single 

data point in the analyses also had no significant impact on the results. Data 

from each twin and singleton lamb were therefore included as individual data 

points in subsequent analyses.  

 

Two-way ANOVA was used to determine the main effects of maternal 

nutritional treatment (Control or Well Fed) and gender and their interaction on 

birth weight, fat mass and adipocyte gene expression. Simple linear regression 

analyses were used to determine relationships between postnatal measures of 
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fat mass, glucose and leptin concentrations and adipocyte gene expression 

and mean maternal intake expressed as %MER across the whole period of late 

gestation (115 d–lambing). In order to define whether there are critical 

gestational periods during which increased maternal nutrition programs 

postnatal fat mass and adipocyte gene expression, relationships were also 

determined between these variables and the mean maternal %MER intake 

during each of 3 separate gestational time periods (115-124 d, 125-134 d and 

135d-lambing). Plasma glucose, insulin and leptin concentrations across 

postnatal weeks 1-4 were averaged for correlation analyses unless stated 

otherwise. Partial correlation analysis was used to control for the effects of 

maternal intake, mean plasma glucose levels or adipocyte gene expressions 

where appropriate. A probability of 5% (P<0.05) was taken as the level of 

significance in all analyses. 

  

6.3 RESULTS 

 

6.3.1 Increased maternal nutrition and fat deposition  

 

As described in Chapter 5, the relative mass of subcutaneous fat was 

significantly higher in lambs of Well Fed ewes compared to Controls 

independent of gender, and the Well Fed group also tended (P=0.06) to have a 

higher total relative fat mass (Table 6.1). In the Control group, but not the Well 

Fed group, there was a direct relationship between total relative fat mass at 

30d of postnatal age and both current body weight (total fat mass = 6.6 body 
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weight – 35.7, r2=0.66, P<0.001, n=12) or absolute weight gain across the first 

4 postnatal weeks (total fat mass = 8.4 weight gain – 17.4, r2=0.63; P<0.003, 

n=12). The mean size of subcutaneous adipose cells tended (P=0.06) to be 

higher in the Well Fed group compared to Controls (Table 6.1), and the mean 

adipose cell size in each fat depot was directly related to the relative mass of 

the corresponding fat depot when data from all lambs were combined (perirenal 

fat mass = 0.005 perirenal fat cell size +1.1, r2= 0.59; P<0.01, n=21; 

subcutaneous fat mass = 0.015 subcutaneous fat cell size - 1.7, r2= 0.57; 

P<0.01, n=21).  There was no difference in mean adipose cell size in the 

perirenal and subcutaneous adipose depots.  

 

 

6.3.2 Metabolic and hormonal regulation of fat deposition 

 

Total relative fat mass was directly related to plasma insulin concentrations in 

the first 24 h after birth (total fat mass = 7.7 insulin + 44.6, r2=0.50; P<0.001, 

n=19) and this relationship remained significant after controlling for the effects 

of maternal ME intake (%MER) or mean plasma glucose concentrations. Total 

relative fat mass (total fat mass = 18.4 glucose – 80.0, r2=0.50; P<0.001, n=21) 

(Figure 6.1) and the mean size of perirenal (fat cell size = 684 glucose – 1912, 

r2=0.50; P<0.001, n=21) and subcutaneous (fat cell size = 648 glucose – 1816, 

r2=0.29; P<0.02, n=21) adipose cells were directly related to mean plasma 

glucose concentrations when data from all lambs were combined. The 

relationships between mean plasma glucose concentrations and the size of 
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perirenal or subcutaneous adipocytes persisted when the effects of expression 

of PPARγ, G3PDH or LPL mRNA in these depots were controlled for in the 

analyses. 

 

There was a direct relationship between the mean size of perirenal and 

subcutaneous adipose cells and insulin concentrations in the first 24 h after 

birth (perirenal: cell size = 212 insulin + 1651, r2=0.42; P<0.01, n=19; 

subcutaneous: cell size = 202 insulin + 1574, r2=0.40; P<0.01, n=19). These 

relationships were, however, weakened when the effects of mean plasma 

glucose concentrations or maternal ME intake (%MER) were controlled for. 

 

6.3.3 Increased maternal nutrition and adipogenic and lipogenic gene 

expression in perirenal and subcutaneous adipose tissue 

 

There was no significant effect of maternal nutrition or gender on the relative 

expression of PPARγ, adiponectin, G3PDH or LPL mRNA between the Control 

and Well Fed groups in either the perirenal or subcutaneous adipose depot 

(Table 6.2). The expression of these key adipogenic and lipogenic genes was 

related to measures of maternal nutrient intake (%MER) and current body fat 

mass when data from all lambs were combined. 
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Table 6.1. The effect of maternal nutrient intake and gender on fat mass 
and adipose cell size in the perirenal and subcutaneous fat depots  
Asterisks (*) denote a significant effect of maternal nutrition, # denotes a significant 
effect of gender,   denotes a trend towards an effect of maternal nutritional treatment 
(P=0.06).  
 

  
Control 

Male 
(n=6) 

 
Control 
Female 
(n=6) 

 
Well Fed 

Male 
(n=3) 

 
Well Fed 
Female 
(n=6) 

 
 
Total relative fat 
mass (g/kg) 
 

 
 

45.9 ± 8.3 

 
 

59.8 ± 9.0 

 
 

58.2 ± 1.9  

 
 

83.9± 8.0  

 
Relative 
perirenal fat 
mass (g/kg) 

 
8.1 ± 1.2 

 
13.7 ± 1.8# 

 
9.4 ± 1.1 

 
14.8± 1.6# 

 
Relative 
subcutaneous 
fat mass (g/kg) 
 

 
21.0 ± 4.9 

 
24.7 ± 4.9 

 
30.2 ± 2.4* 

 
44.9± 4.7* 

 
Perirenal fat cell 
size 
(µm2) 
 

 
1757 ± 304 

 
2218 ± 242# 

 
1865 ± 164 

 
2690± 269# 

 
Subcutaneous 
fat cell size 
(µm2)  
 
 

 
1529 ± 188 

 
2073 ± 320 

 

2066 ± 193  
 

2562± 274  



Chapter 6                                                       Maternal Overnutrition and Postnatal Adiposity 

 

   

                                                                                                                            

  

200 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 6.1 The relationship between mean plasma glucose concentrations 
and total relative fat mass at 30 d of postnatal age. 
  
There was a direct relationship between glucose concentrations and relative adiposity 
when data from all lambs were combined (r2=0.50; P<0.001).  
Open circles: Control, Closed circles: Well Fed  
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Table 6.2. The expression of PPARγ, G3PDH, adiponectin and LPL mRNA 
in the perirenal and subcutaneous adipose depots in lambs of Control 
and Well Fed ewes.  
 

Perirenal adipose 
tissue 

 

Control 
Male 
(n=6) 

Control  
Female 
(n=6) 

Well Fed  
Male 
(n=3) 

Well Fed  
Female 
(n=6) 

 
PPARγ mRNA: 
cyclophilin mRNA 

 
0.89 ± 0.07 

 
0.74 ± 0.14 

 
0.84 ± 0.11 

 
0.66 ± 0.11 

 
G3PDH mRNA: 
cyclophilin mRNA 
 

 
0.49 ± 0.10 

 
0.57 ± 0.14 

 
0.66 ± 0.05 

 
0.50 ± 0.12 

 
LPL mRNA: 
cyclophilin mRNA 
 

 
0.85 ± 0.19 

 
0.62 ± 0.13 

 
0.99 ± 0.16 

 
0.71 ± 0.13 

 
Adiponectin 
mRNA: cyclophilin 
mRNA 

 
 

1.47 ± 0.27 

 
 

1.34 ± 0.32 

 
 

1.63 ± 0.32 

 
 

1.14 ± 0.23 

 
Subcutaneous 
adipose tissue 

    

 
PPARγ  mRNA: 
cyclophilin mRNA 
 

 
0.20 ± 0.01 

 
0.23 ± 0.05 

 
0.26 ± 0.01 

 
0.28 ± 0.03 

 
G3PDHmRNA: 
cyclophilin mRNA 
 

 
0.80 ± 0.11 

 
1.24 ± 0.37 

 
1.04 ± 0.17 

 
1.88 ± 0.47 

 
LPL mRNA: 
cyclophilin mRNA 
 

 
0.14 ± 0.02 

 
0.17 ± 0.37 

 
0.19 ± 0.05 

 
0.23 ± 0.06 

 
Adiponectin 
mRNA: cyclophilin 
mRNA 

 
 

0.62 ± 0.03 

 
 

0.86 ± 0.17 

 
 

0.78 ± 0.13 

 
 

0.90 ± 0.14 
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6.3.4 PPARγ mRNA expression  

Perirenal 

There was a direct relationship between the relative expression of PPARγ and 

leptin, adiponectin and G3PDH expression in the perirenal adipose tissue depot 

(Table 6.3). The expression of PPARγ in the perirenal adipose depot was not, 

however, related to any measures of fat deposition, glucose or insulin 

concentrations or maternal ME intake (%MER).  

 
Subcutaneous 
 
The expression of PPARγ mRNA in the subcutaneous adipose depot was 

directly related to mean maternal nutrient intake (%MER) between 125-134 d 

(subcutaneous PPARγ = 0.001 maternal %MER + 0.07, r2=0.18; P<0.05, n=21) 

(Figure 6.2) and was also directly related to plasma insulin concentrations in 

the first 24 h after birth. There was also a weak relationship between total 

relative fat mass and the expression of PPARγ in subcutaneous adipose tissue 

when data from all lambs were combined (total fat= 132 subcutaneous PPARγ 

mRNA + 31, r2=0.23; P<0.05, n=21). There was a direct relationship between 

the relative expression of PPARγ with leptin, LPL and G3PDH mRNA 

expression in the subcutaneous adipose tissue depot (Table 6.3). 

 

6.3.5 Adiponectin mRNA expression  

The expression of adiponectin was directly related to the expression of PPARγ 

mRNA in both the perirenal and subcutaneous adipose depots (Table 6.3) 

(Figures 6.3A and B). 
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Table 6.3: The relationship between relative expression of PPARγ and 
leptin, adiponectin, G3PDH, and LPL mRNA in the perirenal and 
subcutaneous adipose depots at postnatal day 30.  
 

  
Perirenal adipose 

tissue 
 
 

 
Subcutaneous adipose 

tissue 

 
 
PPARγ  vs Leptin 
 
 

 
 

ns 

 
 

r2=0.36; P<0.01 

 
 
PPARγ  vs G3PDH 
 
 

 
r2=0.55, P<0.01 

 
r2=0.27, P=0.02 

 
 
PPARγ  vs LPL 
 
 

 
 

ns 

 
 

r2=0.19; P<0.05 

 
 
PPARγ vs Adiponectin 
 
 

 
 

r2=0.49, P<0.01 

 
 

r2=0.23; P<0.01 
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Figure 6.2 The relationship between PPARγ mRNA expression in 
subcutaneous fat and maternal ME intake (%MER).  
 

There was a positive relationship between subcutaneous PPARγ expression and 
maternal ME intake (%MER) between 125-134 d gestation (r2=0.18; P<0.05) when 
data from all lambs were combined.  
Open circles: Control, Closed circles: Well Fed 
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Figure 6.3. The relationship between the relative expression of PPARγ 
and adiponectin mRNA at 30 d of postnatal age.  
There was a significant positive relationship between the relative expression of PPARγ 
and adiponectin mRNAs in both the perirenal (A: r2=0.49, P<0.01) and subcutaneous 
(B: r2=0.23, P<0.05) adipose tissue when data from all lambs were combined.  
Open circles: Control, Closed circles: Well Fed 

B 
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Perirenal 

In the perirenal adipose tissue, relative adiponectin expression was directly 

related to mean fractional growth rate across the first 4 weeks of postnatal life 

when data from all lambs were combined (perirenal adiponectin mRNA = 51.8 

mean FGR – 0.45, r2=0.25; P<0.05, n=21). 

 

Subcutaneous 

The expression of adiponectin in this depot was also directly related to mean 

plasma glucose concentrations (subcutaneous adiponectin mRNA = 0.28 

glucose – 0.9, r2=0.26; P<0.05, n=21). There was also a direct relationship 

between total relative fat mass and the expression of adiponectin mRNA in the 

subcutaneous adipose depot (total fat = 36.4 subcutaneous adiponectin mRNA 

+ 34, r2=0.23; P<0.05, n=21). These relationships were no longer significant, 

however, after controlling for PPARγ expression in this adipose depot. 

 

6.3.6 LPL and G3PDH 

 

There was no significant difference in the expression of LPL or G3PDH 

between the Control and Well Fed groups in either the perirenal or 

subcutaneous adipose depot.  
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Perirenal 

In the perirenal adipose depot, LPL expression was directly related to body 

weight at 30 d (perirenal LPL mRNA= 0.08 body weight - 0.32, r2=0.23; P<0.03, 

n=21) and to absolute weight gain during postnatal weeks 1 - 4 (perirenal LPL 

mRNA= 0.12 weight gain - 0.26, r2=0.31; P<0.01, n=21).  

 

Subcutaneous 

In the subcutaneous depot, there was a direct relationship between the 

expression of G3PDH mRNA and the relative mass of subcutaneous fat when 

data from all lambs were combined (subcutaneous fat mass = 17.2 

subcutaneous G3PDH mRNA + 14, r2=0.19; P<0.05, n=21).  

 

6.3.7 Expression of adipogenic and lipogenic genes in perirenal and 

subcutaneous adipose tissue 

 

The expression of PPARγ, adiponectin and LPL mRNA was significantly higher 

in the perirenal compared to the subcutaneous depot independent of gender or 

maternal nutrition (Table 6.4). The expression of leptin and G3PDH mRNA was 

significantly higher in the subcutaneous compared to the perirenal adipose 

depot (Table 6.4). The relative expression of leptin mRNA in the perirenal and 

subcutaneous adipose tissue tended (P=0.06) to be positively related. 

Interestingly, expression of PPARγ and leptin mRNA in the subcutaneous 

adipose depot was directly related to the mean size of perirenal adipose cells, 
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but was not related to mean size of the subcutaneous cells (subcutaneous 

leptin mRNA= 0.0001 perirenal fat cell size + 0.005, r2=0.33; P<0.01,n=21; 

PPARγ mRNA= 0.00005 perirenal fat cell size + 0.11, r2=0.23; P<0.03, n=21). 
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Table 6.4: The relative expression of PPARγ, leptin, adiponectin, G3PDH, 
and LPL mRNA in the perirenal and subcutaneous adipose depots at 
postnatal day 30.  
Asterisks (*) denote a signficant difference compared to perirenal depot (P<0.05) 
Data from all lambs pooled for analysis 

  
Perirenal adipose 

tissue 
 

(n=21) 

 
Subcutaneous adipose 

tissue 
 

(n=21) 

 
 
PPARγ mRNA: 
cyclophilin mRNA 
 
 

 
 

0.75 ± 0.06 

 
 

0.24 ± 0.09* 

 
 
Adiponectin mRNA: 
cyclophilin mRNA  
 

 
 

1.4 ± 0.13 

 
 

0.80 ± 0.07* 

 
 
LPL mRNA: cyclophilin 
mRNA 
 
 

 
 

0.76 ± 0.08 

 
 

0.18 ± 0.03* 

 
 
G3PDH mRNA: 
cyclophilin mRNA 
 
 

 
 

0.54 ± 0.06 

 
 

0.89 ± 0.08* 

 
 
Leptin mRNA: 
cyclophilin mRNA 
 
 

 
 

0.15 ± 0.02 

 
 

0.28 ±0.03* 
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6.3.8 Fat cell size, fat mass, leptin gene expression and circulating plasma 

leptin concentrations 

 

The expression of leptin mRNA in both subcutaneous and perirenal adipose 

tissue was directly related to maternal nutrient intake (%MER) between 125-

134 d gestation when data from all lambs were combined (perirenal: leptin 

mRNA = 0.001 maternal %MER – 0.01, r2=0.22; P<0.05, n=21; subcutaneous: 

leptin mRNA = 0.004 maternal %MER– 0.17, r2=0.41; P<0.002, n=21) and was 

significantly higher in the Well Fed group compared to controls (Figure 6.4A 

and B). Leptin mRNA expression in the subcutaneous adipose depot was 

positively correlated with relative subcutaneous fat mass (subcutaneous leptin 

mRNA= 0.007 fat mass + 0.08, r2=0.38; P<0.01, n=21) (Figure 6.5). 

 

There was a direct relationship between the relative expression of leptin mRNA 

in subcutaneous, but not perirenal, adipose tissue and plasma leptin 

concentrations on postnatal day 30 (plasma leptin= 7.4 subcutaneous leptin 

mRNA + 1.2, r2=0.37; P<0.01, n=19). Plasma leptin on the day of post mortem 

were also directly related to the mean size of subcutaneous fat cells when data 

from all lambs were combined, but these relationships were no longer 

significant when the effects of leptin mRNA expression in this fat depot were 

controlled for. Plasma leptin concentrations on the day of postmortem were 

directly related to total relative fat mass when data from all lambs were 

combined (plasma leptin = 0.042 total fat + 0.61, r2=0.24; P<0.04, n=19). 



Chapter 6                                                       Maternal Overnutrition and Postnatal Adiposity 

 

   

                                                                                                                            

  

211 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.4 The relative expression of leptin mRNA in perirenal and 
subcutaneous adipose depots in Control and Well Fed Male and Female 
lambs at postnatal day 30.  
Asterisks denote a significant effect of maternal nutrition (P<0.05) 
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Figure 6.5. The relationship between relative subcutaneous fat mass and 
relative expression of leptin mRNA in subcutaneous adipose tissue at 30 
d of postnatal age.  
 
There was a significant positive relationship between the relative expression of leptin 
mRNA and relative subcutaneous adipose tissue when data from all lambs were 
combined (r2=0.38; P<0.01).  
Open circles: Control, Closed circles: Well Fed 
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6.4 DISCUSSION 

 

This study has demonstrated that increasing maternal nutrition during late fetal 

development results in increased fat deposition in early postnatal life, 

particularly in the subcutaneous adipose depot. We have shown that this 

increase in adiposity is directly related to the extent of maternal overnutrition in 

late pregnancy and to plasma glucose concentrations during the early postnatal 

period. We have also shown that the expression of adipogenic and lipogenic 

genes in subcutaneous adipose tissue is also positively related to the relative 

mass of this adipose depot. These findings suggest that there may be an 

interaction between the prenatal and postnatal nutritional environment in 

determining the lipogenic activity of adipose cells after birth.  

 

6.4.1 Increased maternal nutrition and fat deposition 

 
As reported in Chapter 5, the relative mass of subcutaneous fat on postnatal 

day 30 was significantly higher in lambs exposed to an increased nutrient 

supply before birth. The direct relationship between birth weight or absolute 

weight gain during the first 4 weeks of postnatal life and relative total fat mass 

which was present in lambs of control ewes was not present in the well fed 

group, and lambs of well fed ewes tended to have higher relative fat mass at 

any given birth weight compared to lambs in the control group. These findings 

suggest that exposure to increased nutrition before birth alters the regulation of 

fat deposition in early postnatal life, and may imply that adipocytes in lambs of 
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well fed ewes, particularly those in the subcutaneous adipose depot, have an 

increased lipogenic capacity during the early postnatal period.  

 

In the present study, we have reported that relative fat mass at postnatal day 

30 is directly related to mean plasma glucose concentrations in early postnatal 

life. The accumulation of adipose tissue in the subcutaneous depot is also a 

characteristic feature of infants of pregnancies complicated by maternal 

diabetes or glucose intolerance and the extent of this accumulation can be 

related directly to plasma glucose concentrations in the mother during late 

pregnancy (Vohr et al. 1999; Aerts et al. 2003; Catalano et al. 2003). In 

Chapter 5, it was demonstrated that plasma glucose concentrations are higher 

in lambs of well fed ewes during the first 4 weeks of postnatal life. Importantly, 

the relationship between maternal nutrient intake in late pregnancy and relative 

subcutaneous adiposity in early postnatal life in the present study was no 

longer significant when the effects of plasma glucose concentrations were 

controlled for in the analysis. It would therefore appear that the effect of 

increased maternal nutrient supply on postnatal fat accumulation is mediated 

though an increase in plasma glucose concentrations in the offspring.  

 

We have also shown that total relative fat mass and mean size of perirenal 

adipocytes at 30 days of postnatal age are directly related to plasma insulin 

concentrations in the first 24 hours after birth. One possible explanation is that 

the concentration of insulin immediately after delivery is a positive indicator of 
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the nutritional environment of the fetus in late gestation. Importantly, the 

relationships between day 1 insulin concentrations and the mean size of 

perirenal or subcutaneous adipose cells were weakened when the effects of 

glucose concentrations in early postnatal life were controlled for. It would 

therefore appear that, whilst both the prenatal and postnatal nutritional 

environments play a role in the determination of adipose tissue deposition in 

early postnatal life, exposure to high nutrition before birth may act to alter the 

subsequent responses of the adipose tissue to lipogenic mediators, such as 

glucose, after birth.  

 

6.4.2 Impact of increased maternal nutrition on expression of adipogenic and 

lipogenic genes in perirenal adipose tissue  

 

Whilst there was no increase in PPARγ expression in subcutaneous adipose 

tissue in the well fed group, relative PPARγ mRNA expression was directly 

related to mean maternal metabolisable energy intake between 125 - 134 days 

gestation when data from all lambs were combined. In postnatal life, PPARγ 

promotes insulin sensitivity by upregulating the expression of genes involved in 

the uptake of free fatty acids into adipose cells (e.g. lipoprotein lipase, LPL) or 

in the synthesis of triglycerides (eg. glycerol-3-phosphate dehydrogenase, 

G3PDH), which increases lipid storage and thereby reduces circulating free 

fatty acid concentrations (Spiegelman 1998; Giorgino et al. 2005). In the 

present study, PPARγ expression in both perirenal and subcutaneous adipose 
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tissue was also directly related to G3PDH and/or LPL mRNA expression. It 

would therefore appear that the capacity for PPARγ to upregulate the 

expression of key lipogenic genes is already present at this stage of postnatal 

development.  

 

We have also demonstrated that the expression of G3PDH mRNA in 

subcutaneous adipose tissue was directly related to relative subcutaneous fat 

mass, which is consistent with a role of this lipogenic factor in promoting lipid 

storage in the subcutaneous depot (Kersten 2001). Therefore, an increase in 

the lipogenic capacity of subcutaneous adipocytes in response to increased 

expression of PPARγ may account, at least in part, for the positive relationship 

between %MER intake and subcutaneous fat mass and, consequently, for the 

increased subcutaneous fat deposition in lambs of well fed ewes. Kasser and 

colleagues have also shown an increase in the lipogenic capacity of 

subcutaneous adipocytes in fetuses of diabetic sows in late gestation (Kasser 

et al. 1981). 

 

6.4.3 Increased maternal nutrition and expression of adipogenic and lipogenic 

genes in perirenal adipose tissue  

 

In contrast to the subcutaneous adipose tissue, there was no relationship 

between G3PDH expression in the perirenal depot and the size of perirenal 

adipocytes or the relative mass of perirenal adipose tissue. The difference 
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between the perirenal and subcutaneous adipocytes may be due to the 

different rates of lipolytic activity within these respective fat depots since, in 

humans, it has been demonstrated that abdominal visceral adipocytes are 

more sensitive to catecholamine-induced lipolysis and less sensitive to the anti-

lipolytic effects of insulin in vivo (Arner et al. 1990; Wajchenberg 2000). The 

perirenal adipose depot is also densely innervated by sympathetic nerves 

before birth in the sheep (Alexander et al. 1980). Therefore, increased lipolytic 

activity in the perirenal depot may counter the increase in fat deposition which 

would result from a higher G3PDH activity.  

 

The expression of the insulin-sensitising adipokine, adiponectin, in perirenal 

and subcutaneous adipose tissue was also directly related to the expression 

PPARγ, which is consistent with the well-described role for PPARγ in 

increasing adiponectin expression in adults (Hsueh et al. 2003). Whilst the 

potential role of adiponectin during development is unclear, recent evidence 

from human clinical studies has shown that plasma adiponectin levels are 

higher in neonates and infants compared to adults, raising the possibility that 

this adipokine plays a role in regulating pre- and postnatal growth and 

development (Iniguez et al. 2004). We have also shown that the expression of 

adiponectin in the perirenal adipose depot was directly related to the mean 

fractional growth rate of lambs across the first 30 days of postnatal life. It would 

therefore appear that adiponectin may act to increase the sensitivity of growing 

tissues to the anabolic actions of insulin (Nilsson et al. 2005). An alternate 
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explanation may be that an increased insulin sensitivity in adipocytes of lambs 

with a higher fractional growth rate may have resulted in higher levels of 

PPARγ expression, and thus expression of adiponectin, in perirenal adipocytes 

(Lihn et al. 2005).  

 

6.4.4 Increased maternal nutrition and plasma leptin concentrations and 

expression 

 

In the present study, exposure to increased maternal nutrition was associated 

with a significant increase in the expression of leptin mRNA in both perirenal 

and subcutaneous adipocytes. This increased expression of leptin in the 

subcutaneous adipose depot appeared to be a consequence of increased 

accumulation of lipid, since there was also a direct relationship between 

expression of leptin mRNA abundance and relative subcutaneous fat mass. 

Leptin mRNA expression in the subcutaneous depot was also directly related to 

circulating plasma leptin concentrations on the day of postmortem, which 

suggests that the subcutaneous adipose depot is the principal source of 

circulating plasma leptin concentrations in the sheep in early neonatal life, as in 

adults (Montague et al. 1997). 
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6.4.5 Differential expression of adipogenic and lipogenic genes in perirenal and 

subcutaneous adipose tissue  

 

We have reported that there are differences in the relative expression of the 

key lipogenic, adipogenic and cytokine genes in perirenal and subcutaneous 

adipose depots. Specifically, the relative expressions of PPARγ, adiponectin 

and LPL mRNA were higher in perirenal adipose tissue, whilst G3PDH and 

leptin mRNA expression was highest in subcutaneous adipose tissue. These 

findings are consistent with the results of studies in the adult human, which 

have reported that perirenal (visceral) adipose cells secrete higher levels of 

adiponectin and lower levels of leptin compared to subcutaneous adipose cells 

(Arner et al. 1990; Wajchenberg 2000). It would therefore appear that the 

perirenal and subcutaneous adipose cells may have different roles in the 

regulation of whole body energy balance during early postnatal development.  

 

An Intriguing finding of the present study was that the expression of PPARγ 

and leptin mRNA in the subcutaneous adipose depot was related directly to the 

mean size of perirenal, but not subcutaneous, adipose cells. One possible 

explanation for these findings is the presence of ‘cross-talk’ between the 

perirenal and subcutaneous adipose depots during early postnatal life. The 

perirenal adipose depot develops before birth, whilst the subcutaneous adipose 

depot develops predominantely in postnatal life (Alexander 1978). It is therefore 

tempting to speculate that paracrine/endocrine signals from perirenal adipose 

tissue may have the potential to regulate gene expression in subcutaneous 
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adipocytes, and therefore the progression of subcutaneous fat deposition in 

early postnatal life – i.e. that an increase in lipid accumulation in the perirenal 

adipocytes before birth may have led to increased lipogenic activity in 

subcutaneous adipocytes in early postnatal life. 

 

6.4.6 Summary 

 

In summary, we have demonstrated that exposure to increased maternal 

nutrition in late gestation results in increased fat deposition in lambs in early 

postnatal life. We have reported a direct relationship between relative fat mass 

and plasma glucose concentrations in these lambs which implicates glucose as 

an important regulator of lipogenesis in the early postnatal period. We have 

presented evidence in support of cross-talk between perirenal and 

subcutaneous adipocytes and distinct patterns of gene expression between 

these fat depots in early postnatal development. Unlike the previous Chapter, in 

which we found altered regulation of the central neural network in lambs of 

overnourished ewes, the present study suggests that lipogenesis in postnatal 

life is determined by an interaction between the prenatal and postnatal 

nutritional environments. It is tempting to speculate, based on the data 

presented in Chapters 5 and 6 of this thesis, that programming of central 

appetite regulation, rather than programmed changes within the adipocyte, may 

be a more important determinant of increased adipose tissue deposition in this 

model of maternal overnutrition.  
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CHAPTER 7: SUMMARY AND CONCLUSIONS 

 

This thesis has examined the impact of being exposed to an increased 

nutrient supply before birth on the development of key systems involved in 

the regulation of appetite and energy balance before birth and in early 

postnatal life. Prior to the findings presented in this thesis, a  wide range of 

human epidemiological studies had demonstrated that infants of diabetic 

mothers, who are exposed to high levels of glucose and insulin during late 

fetal development, are at increased risk of obesity in child and adult life 

(Silverman et al. 1991; Plagemann et al. 1997; Silverman et al. 1998). 

Whilst there was a limited understanding of the physiological mechanisms 

underlying this association, it had been proposed that exposure to an 

increased nutrient supply before birth resulted in the programming of the 

appetite-regulating network and/or the adipocyte which subsequently 

increased the risk of developing obesity in postnatal life.  

 

The adipostatic hormone, leptin, has been shown to play a central role the 

regulation of energy balance and the maintenance of a constant body fat 

mass in adult life (Campfield et al. 1996; Caro et al. 1996; Ahima et al. 

2000). More recently, interest had been focussed on the potential role of 

leptin before birth. Previous work from our laboratory showed that leptin 

mRNA was expressed in the adipose tissue of the fetal sheep before birth 

(Yuen et al. 1999) and that the circulating concentrations of leptin were 
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directly related to the level of leptin mRNA expression in the major fetal fat 

depot (Yuen et al. 2002). We had also demonstrated that leptin 

concentrations in the fetal circulation were directly related to the relative 

mass of unilocular fat in the late gestation fetal sheep (Muhlhausler et al., 

2002). Whilst this suggested that leptin was a signal of fat mass before birth, 

the factors responsible for regulating the synthesis and secretion of fetal 

leptin were unknown.  

 

In Chapter 2, the determinants of leptin synthesis and secretion in fetuses of 

ewes fed at or above maintenance energy requirements in late pregnancy 

were investigated. In this study, it was demonstrated that circulating leptin 

concentrations in the fetal sheep were directly related to the size of fetal 

perirenal adipocytes. This supported our previous report of a positive 

relationship between plasma leptin concentrations and the relative mass of 

unilocular fat in the late gestation sheep fetus (Muhlhausler et al. 2002) and 

provided further evidence that leptin synthesis was positively related to the 

lipid content of adipose tissue depots before birth.  The results obtained in 

Chapter 2 also demonstrated that increasing maternal nutrition in late 

gestation resulted in the emergence of a positive relationship between 

insulin concentrations and leptin mRNA expression in fetal adipose tissue. 

Whilst there was no increase in fat mass in fetuses of well fed ewes, there 

was a direct relationship between fetal glucose concentrations and relative 

fetal adiposity or the size of fetal adipocytes, which provided evidence that 
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glucose is an important physiological regulator of fetal adipose tissue 

deposition. This was the first report of the effects of a physiological increase 

in fetal nutrient supply in late gestation on the synthesis and secretion of 

fetal leptin and provided clear evidence of a nutritional influence on the 

regulation of fat deposition and of leptin synthesis in utero. 

 

It had been suggested that the fetus had a limited capacity for ‘appetite 

regulation’, since fetuses receive their nutrient supply entirely via passive 

transfer from the maternal circulation (Hay 1994). It is evident, however, that 

there is an immediate requirement for an appetite-regulating system to be 

functional at birth. More recent studies had also demonstrated that the 

appetite-regulating neuropeptides were present in early postnatal life in the 

rodent, a species in which development of this network occurs 

predominately after birth (Woodhams et al. 1985; Grove et al. 2003). No 

previous studies, however, had determined whether the components of the 

appetite-regulating neural network were present before birth in a species in 

which development of this network occurred during fetal life, as in the 

human. In Chapter 3, it was shown that the long form of the leptin receptor 

and the appetite-regulating neuropeptides were expressed in the 

hypothalamus of the fetal sheep from at least 110 days gestation (term = 

150 ± 3 days gestation). Importantly, this study also characterised the 

distribution of this expression, and established that the pattern of mRNA 

expression of the appetite-regulating neuropeptides and receptors was 
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consistent with that in the adult ewe hypothalamus (Adam et al, 2002) 

(Williams et al., 1999).  

 

The study in Chapter 3 provided important evidence that the components of 

the neural network which regulates appetite in later life were present before 

birth and therefore had the potential to respond to signals of prevailing 

nutritional status in utero. The results presented in Chapter 3 did not, 

however, establish whether this system was responsive to peripheral 

signals of energy status during fetal development. Our laboratory had 

previously demonstrated that maternal undernutrition in the pregnant ewe 

resulted in increased NPY mRNA expression in the fetal sheep 

hypothalamus in late gestation (Warnes et al. 1998). It was not known, 

however, whether increases in fetal nutrient supply would result in altered 

expression of the appetite-regulating neuropeptides. In Chapter 4, it was 

demonstrated that glucose infusion differentially regulated the expression of 

the appetite-regulating neuropeptides and specifically that glucose infusion 

increased the expression of POMC, the precursor of the appetite-inhibiting 

neuropeptide α-MSH, in the fetal hypothalamus. These findings provided 

evidence that there may be a sub-population of POMC-containing neurons 

in the fetal hypothalamus which are responsive to changes in glucose 

and/or insulin concentrations before birth. This study demonstrated for the 

first time that the appetite-regulating neural network had the capacity to 

respond to signals of increased nutrient supply before birth.  
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As discussed in the preceding literature review, Plagemann and colleagues 

have demonstrated in a series of rodent studies that inducing overnutrition 

in early postnatal life by raising rats in small litters resulted in permanent 

alterations in the structure and function of the hypothalamic neurons within 

the appetite-regulating neural network (Plagemann et al. 1999). Importantly, 

these changes were associated with a reduced sensitivity of the central 

appetite-regulating neuropeptides to signals of increased nutrition, such as 

leptin and insulin, resulting in a persistent increase in appetite and in the 

development and maintenance of an obese phenotype (Davidowa et al. 

2000b; Davidowa et al. 2001). It had also been demonstrated that leptin 

exposure in the neonatal period altered the development of neuronal 

connections linking the arcuate nucleus to other hypothalamic nuclei with 

important roles in the regulation of feeding behaviour (Bouret et al. 2004). 

 

 In this context, it was important to determine whether the responses of the 

central neural network to increased fetal nutrient supply as measured in 

Chapter 4 were associated with persistent alterations in appetite regulation 

or in the appetite-regulating neural network after birth. The results obtained 

in Chapter 5 established that an increase in maternal nutrition in late 

pregnancy increases food intake, glucose concentrations and the relative 

mass of subcutaneous adipose tissue in the lamb in the first month of 

postnatal life. Importantly, this study demonstrated for the first time that 

increased maternal nutrition resulted in an altered relationship between 
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signals of current body fat mass and nutritional status and expression of the 

appetite inhibitory neuropeptide, CART, in the lamb hypothalamus in the 

early postnatal period. These findings provided evidence that programmed 

changes in the sensitivity of the appetite-regulating neuropeptides to signals 

of increased adiposity may be an important part of the physiological 

pathway through which exposure to an increased nutrient supply before 

birth may lead to an increased risk of becoming obese in later life. 

 

It had also been proposed that the increased fat deposition in offspring of 

diabetic or glucose-intolerant mothers could be a consequence of 

permanent changes to adipocyte structure or function. Hausman and 

colleagues had shown that infants of diabetic sows had an increased 

lipogenic capacity in their subcutaneous and perirenal adipocytes in late 

fetal life, prior to the development of an obese phenotype (Hausman et al. 

1982; Hausman et al. 1990). It was unknown, however, which factors were 

involved in producing this increased lipogenic capacity, and whether these 

changes persisted into the postnatal period. In Chapter 5, it was shown that 

maternal overnutrition in late gestation was associated with a significant 

increase in the relative mass of subcutaneous adipose tissue in early 

postnatal life.  

 

Importantly, the studies in Chapter 6 showed that the accumulation of fat 

mass was directly related to both plasma insulin concentrations in the first 
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24 hours after birth and mean plasma glucose concentrations across the 

first 4 postnatal weeks, which suggested that both the prenatal and 

postnatal environments have a role in the regulation of lipogenesis in the 

early postnatal period. We presented evidence in support of cross-talk 

between perirenal and subcutaneous adipocytes and identified distinct 

patterns of gene expression between the perirenal and subcutaneous fat 

depots in early postnatal development. It was also demonstrated that the 

expression of the key adipocyte regulatory gene, PPARγ, was directly 

related to maternal nutrient intake during late pregnancy and that the 

expression of this adipocyte transcription factor was also related directly the 

expression of key lipogenic genes within this depot. It was not possible, 

however, to clearly define the relative role of the prenatal and postnatal 

nutritional environments in the determination of lipogenesis and adipocyte 

gene expression in early postnatal life. As discussed previously, it is 

therefore tempting to speculate that programming of central appetite 

regulation, rather than programmed changes within the adipocyte, may be a 

more important determinant of increased adipose tissue deposition in this 

model of maternal overnutrition. 

 

 

 

In conclusion, the studies reported in this thesis are the first to demonstrate 

that leptin concentrations in the sheep fetus are related to the lipid content 
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of individual adipose cells. Furthermore, these studies have shown that the 

components of the central appetite-regulating system are present before 

birth and are responsive to signals of increased nutrition in late gestation. It 

has been shown that exposure to an increased supply of nutrients before 

birth alters the subsequent responses of key appetite-regulating 

neuropeptides to signals of increased nutrition and may also increase the 

lipogenic capacity of subcutaneous adipocytes. These changes occur in 

conjunction with alterations in appetite and increased subcutaneous 

adiposity in early postnatal life, and provide important and novel insights into 

the potential physiological mechanisms through which exposure to 

increased nutrition before birth programs an increased risk of later obesity.  

 

Based on the findings presented in this thesis, it is speculated that exposure 

to increased maternal nutrition results in an increased milk intake and in 

higher lamb plasma glucose concentrations during the early postnatal 

period. This increase in glucose, possibly in conjunction with an increased 

lipogenic capacity of subcutaneous adipocytes, would then result in an 

increase in subcutaneous fat deposition. The leptin receptor is down-

regulated in the ARC of the prenatally overnourished offspring, and these 

lambs therefore fail to appropriately up-regulate anorexigenic CART 

pathways in response to an increase in fat mass and/or nutritional status 

after birth (Figure 7.1). These programmed changes provide a potential 

mechanism by which exposure to an increased nutrient supply before birth 
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can predispose an individual to the development and maintenance of an 

obese phenotype in later life.  
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Figure 7.1 Summary of the potential  mechanisms for the programming 
of obesity in response to an increased nutrient supply before birth.  
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