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PREFACE 

When we agreed to edit this book we established some guidelines for the au­
thors who were asked to contribute. The authors were asked to include all relevant 
material currently available, but to be critical of the methodology used to obtain 
the various types of data. In addition to evaluating the methodology used in each 
quoted study, they were asked to suggest the optimal state of the art methodology 
which should be used for each type of investigation. Thus Denton et al (Ch. 9) 
considered the optimal way (conscious and undisturbed) and length of time for 
which blood pressure should be measured, for the results to be most meaningful. 
They also considered all the components of the cardiovascular system which re­
quired examination if the full impact of some programming stimulus were to be 
investigated fully. This is continued in the examination of other aspects of cardio­
vascular dysfunction (Poston et al, Ch. 10) The same criteria were applied to as­
sessment of nephron number (Moritz and Cullen-McEwen, Ch.ll) and optimal 
methodology (unbiased stereology) suggested. All authors paid attention to the 
type of statistics to be used and stressed where appropriate the importance of studying 
both sexes of offspring. Equal rigor was used in assessing metabolic changes in­
duced by pre/perinatal conditions (Gatford et al, Ch.l3). Simon Langley-Evans 
(Ch. 8) was asked to make sure that readers would appreciate that not all low-
protein diets are equivalent. Ruth Morley (Ch. 3) was commissioned to make it 
clear that not all monozygotic twins share one placenta and to give a critical evalu­
ation of what can or cannot be learned from a study of twins. In short, any investi­
gator planning a study of the early life origins of health and disease, having read 
this book, should be able to devise the best possible experiment, using optimal 
methodology, to give the utmost reliable outcomes. 

The book covers data relevant to humans (Chs. 1-5), and various animal mod­
els (Chs. 8-14). After the whole background to the concept is set by the current 
president and secretary of the international society devoted to this area (DOHaD), 
an expert in epidemiology (Fall, Ch. 2) gives a masterly summation of the past 
findings. In a timely reminder the peri-implantation embryo is considered as a 
vulnerable stage (Thompson et al, Ch. 5). In addition, the potential mechanisms by 
which such programming might occur are covered in the two chapters on 
epigenetics (Chs. 6, 7). 

Finally there are four chapters which cover emerging areas of great potential 
interest (Chs. 15-18). In all these areas (vitamin D deficiency, hypoxia, alcohol 



exposure, adult mental health) there are limited data which suggest that an influ­
ence exerted during development might have long-term consequences for adult 
offspring, but much more investigation is required. 

This should be a most valuable resource book for all those currently engaged 
in the study of the influences of the prenatal environment on future health, as well 
as for those who are just contemplating beginning work in this area. 

E. Marelyn Wintour and Julie A. Owens 
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CHAPTER 1 

The Developmental Origins of Health 
and Disease: 
The Breadth and Importance of the Concept 

Peter D. Gluckman* and Mark A. Hanson 

Fetal Origins of Adult Disease (FOAD) 

The concept of a Tetal origins of adult disease' (FOAD) or 'fetal programming' was 
developed by Barker and colleagues to describe the relationship between birth size and 
subsequent risks of cardiovascular disease and insulin resistance/Type 2 diabetes melli-

tus. As a concept, FOAD was initially received with criticism. Some held the view that the 
answers lay within genetics and the gene; for others that the original epidemiological interpre­
tations were flawed. 

It is now nearly two decades since these landmark observations and concepts first appeared. 
It is apparent that those original findings have had far-reaching implications regarding human 
health and lifestyle choices, not only explaining the rapid societal rise in diabetes and obesity, 
but also covering areas as diverse as osteoporosis, depression and sedentary behaviour. With the 
wisdom of hindsight, we can see that some of the reluctance to accept the FOAD concept arose 
precisely from the problem which FOAD addressed: namely that the underlying causes of the 
common chronic diseases of adulthood (heart disease, diabetes, stroke) could not be explained 
purely in terms of genetic inheritance or lifestyle factors, such as diet or exercise. That instead, 
gene-environment interactions would hold the clues. 

The concept of FOAD has expanded since the initial observations. The term Tetal origins 
of adult disease' has now been replaced with 'developmental origins of adult disease' (DOHaD) 
to take into account its influence over an expanded developmental time-frame. Moreover, it 
has launched a new way of thinking about the evolution of human health and disease, which 
we refer to as the 'predictive adaptive response' and will be discussed further. 

Early Clues 
The linkages between early developmental events and eventual adult susceptibilities had 

been noted before, and in some rather unexpected ways. Kawahata and Sakamoto noted that 
of those soldiers stationed in the tropics during WWII, those born in hotter climates had more 
sweat glands and were least at risk for heat stroke than soldiers born in cooler climates. More­
over, Roland reported on anecdotal evidence that WWII prisoners of war who were smaller in 
size—presumably of smaller birth size—were more likely to survive the conditions of their 
captivity, such as starvation, than larger prisoners. 

•Corresponding Author: Peter D. Gluckman—Liggins Institute, University of Auckland 
and National Research Centre for Growth and Development; 2-6 Park Avenue, Grafton, 
Private Bag 92019, Auckland, New Zealand. Email: pd.gluckman@auckland.ac.nz 
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Early Life Origins of Health and Disease 

In the 1970s, Forsdahl reported on the relationship between poor childhood living condi­
tions in Norway and later adult heart disease.^' But it wasn't until the landmark studies of 
Barker and coUeagues '̂̂  that these linkages received renewed attention. Their observations 
have since been supported by other large cohort studies in the USA, '̂̂ ^ Jamaica^ ̂  and India.^^ 

As a marker of early life conditions, birth size had never really been considered causal in the 
pathway to disease risk, an element often misunderstood by critics and supporters alike. Namely, 
birth size as a parameter has limitations—it is a reflection of maturation (i.e., gestational age) 
and growth, and both are influenced by environmental and genetic factors. Also, not all ad­
verse events that occur in utero result in reduced birth size. Nevertheless, birth size and, in 
particular, birth weight, remain the most accessible parameters to consider when assessing the 
impact of early developmental factors. 

The Importance of Timing 
The FOAD concept focused attention on environmental factors operating during^Wlife. 

However, both experimental and clinical data suggest that adult disease risk may well be influ­
enced by events that occur prior to conception until well after birth, and that there is an 
interaction between the prenatal and postnatal environments. For instance, it has been shown 
that those most at risk for insulin resistance and cardiovascular disease have evidence of an 
impaired fetal environment and put on weight rapidly in childhood,^ '̂ ^ though there are 
other data that suggest simply the altered pattern of infant and/or childhood growth alone is 
enough. '^'^ More recendy, data regarding the premature infant^^ ftirther confirm the linkages 
between pre and postnatal life. Not much is known about the optimal level of nutrition for 
these infants or the required dietary components, but it has been a long-held view that 
nutrient-enriched formula is beneficial in promoting growth and brain development. Alan 
Lucas and colleagues have shown that in adolescents born premature and fed nutrient-enriched 
formula, their likelihood for insulin resistance and heart disease in later life is increased than if 
fed a lower-nutrient diet. ' ^ Hence, metabolic regulation and nutritional compartmentaliza-
tion at one stage in life can be influenced by events earlier in life. 

There is also increasing focus on the consequences of the peri-conceptual status of the 
mother (her diet, body composition, level of physical activity, for example) for the health out­
come of her offspring. In the Dutch winter famine of 1944-45, those who were conceived 
during the famine were not necessarily of smaller birth weight, but as adults became prone to 
insulin resistance and obesity. Similar observations have been reported in sheep, in which 
periconceptual undernutrition has been shown to reset the HPA axis,^^ and in rodents where 
the conditions in which the preimplantation embryo develops later influence fetal growth and 
postnatal cardiovascular phenotype. In humans, similar considerations are likely to apply as 
rVF is associated with a greater incidence of anomalies,"^ and in embryo donation the birthweight 
of the resulting offspring relates more closely to the birthweight of the recipient than the do­
nor. For these reasons, the earlier terminology Tetal origins' has been replaced by 'develop­
mental origins'. Moreover, it is clear that greater awareness of the importance of this time of life 
will not only have an impact in reducing the incidence of disease, but will provide an impor­
tant platform for new measures aimed at promoting a healthy lifestyle. FOAD has therefore 
been replaced by DOHaD (Developmental Origins of Health and Disease) and an interna­
tional society was formed in 2003 to promote this endeavour (www.dohadsoc.org). 

DOHaD—Underlying Mechanisms 
This book is very much concerned with mechanisms, so only general comments are appro­

priate here. Despite the plethora of epidemiological and experimental animal observations, it is 
clear that only a limited niunber of mechanisms can drive a long-term change in phenotype. 
One likely mechanism may be epigenetic regulation. 

While epigenetic regulation is more generally understood in terms of parental imprinting of 
certain genes, it is also the basis of many other changes in gene expression. Recendy, clear 
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evidence has emerged, bodi with respect to parentally imprinted and nonimprinted genes, of 
environmentally-induced epigenetic change. In ruminant embryos subject to prolonged cul­
ture in vitro and then reimplanted, there are long-term changes in the expression of imprinted 
components of the IGF-2 system. In the agouti mouse, the degree of imprinting can be 
influenced by the folate/B12 status of mother at the time of conception. In the rat subject to 
experimental reduction of uterine blood flow, altered methylation of the p53 gene has been 
described in the kidney.'̂ ^ And in rat pups, Meaney and colleagues have shown that an altered 
neonatal behavioural environment results in altered methylation patterns in the promotor re­
gion of the glucocorticoid receptor gene."̂ ^ If the latter could be generalized, it would suggest 
that there are a number of yet to be discovered mechanisms by which epigenetic change at very 
specific sites in the genome have evolved. Their specificity means these have not have been 
selected by evolution randomly, but rather because they have adaptive value. Mitochondrial 
DNA has been suggested as a particular target for epigenetic change and this would explain 
the nongenomic inheritance of the phenomenon via the maternal lineage (as mitochondrial 
DNA is only of maternal origin); it also provides a potent way in which cellular metabolism 
and the response to nutritional stress can be programmed, complementing the well-known 
effects on growth. 

At the next level, the DOHaD phenomenon involves changes in the growth and function 
of tissues and organs in relation to overall body size. These changes may be induced during 
development to reduce energy consumption by these tissues and organs during development 
itself, and also in expectation of a deprived postnatal environment (see Fig. 1). Much interest in 
the field concerns such effects on the developing kidney,^^ pancreas '̂̂  and heart.^^ These or­
gans are particularly interesting for several reasons. First, changes induced in them in early life, 
such as reduced numbers of nephrons, pancreatic beta cells or cardiomyocytes, may limit the 
individual's ability to respond adequately to a physiological challenge in later life, especially in 
the face of declining function of these organs with age, and may explain the link between 
developmental factors and diseases occurring after middle age, rather than in adolescence. Fur­
thermore, cell number within these organs is set prenatally in the human, so that prenatal 
environment can exert permanent effects on their development. 

The DOHaD phenomenon also involves changes in vascularity and, indeed, in vascular 
endothelial cell function,^ with vascularity reduced in several tissues of the rat pup exposed to 
a low protein diet in utero.^^'^ Skeletal muscle mass may also be reduced.^^ It may be that 
these observations are adaptive responses to survive a poor intrauterine environment. However, 
it can also be viewed as a 'thrifty' adaptive response to a poor environment postnatally, staying 
small and trading off growth for reproduction and survival of the genotype. Because skeletal 
muscle is a major determinant of peripheral insulin sensitivity, these adaptive responses can 
also play a part in the aetiology of Type 2 diabetes and the metabolic syndrome. Endothelial 
fimction is now increasingly realized to be linked to organ and tissue growth, including that of 
adipocytes, and endothelial dysfunction is linked to Type 2 diabetes, hypertension and athero-
genesis. A range of animal studies support the concept that this dysfunction can be induced 
before glucose intolerance, elevated blood pressure or obesity set in. 

Lasdy, there is considerable evidence both from human and from experimental animal studies 
that the early environment can induce permanent changes in homeostatic regulatory fiinction. 
In humans born small for gestational age, there is often an altered feedback of the HPA axis, 
leading towards a tendency of hypercortisolemia;^ similar changes are noted in experimental 
animal models, as in Meaney's behavioural model, or following exposure to maternal under­
nutrition or glucocorticoids in utero. Overall, these changes are underpinned by alterations 
in the glucocorticoid receptors of the central nervous system via processes that are not necessar­
ily distinct from the epigenetic processes referred to above. Other changes to homeostatic regu­
latory fiinction include altered regulation of insulin release and action, altered hepatic han­
dling of glucose, ^ and altered muscular sensitivity, both to insulin and to insulin like growth 
4-0 ^^+-/-v f o -^ factors.' 
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Figure 1. Diagram of the DOHaD concept. The oflFspring s genome inherited from both parents is subjected 
to a range of environmental influences in early life, which determine its phenotype. These include epigenetic 
processes and utilize the normal processes of developmental plasticity. Some of these effects may have 
predictive advantage in the postnatal environment. The processes involved can be categorized as changes 
in cell allocation and differentiation, tissue and organ growth and homeostatic control, and to an extent 
these occur sequentially as shown. If the environmental effects are severe (e.g., famine, excess, maternal or 
placental disease), they may induce clear disruption of development (equivalent to teratogenesis, dotted 
line) of reduaion in developmental trajeaory such that the oflfepring only copes' and is at risk both pre and 
postnatally. Even within the normal physiological range of adaptive responses, the risk of health vs. disease 
in the post-reproductive period depends on the extent of matching between the prenatal and the postnatal 
environments, or between the predicted and the aaual environment in the post-plastic phase. 

A Conceptual Framework 
Some of the earliest concepts of the ^programming' of human disease have focused on the 

processes of mutation, genetic drift and selection, which may have created genotypes that were 
thrifty—the so called "thrifty genotype" hypothesis. The thrifty genotype would have created 
a level of insulin resistance which allowed a population to cope in times of nutritional stress, 
but in times of plenty would have led to insulin resistance. As insulin is important to fetal 
growth, a genotypic change in insulin secretion or action woidd lead to smaller fetuses. The 
glucokinase mutation has been suggested as one such thrifty mutation. ^ Nevertheless, there is 
much that the thrifty genotype model cannot explain, such as the broader range of conse­
quences of early life events (i.e., osteoporosis), the fact that the induction of these responses 
need not involve altered fetal growth, or the rapid appearance of increased risk of disease in a 
population subject to a brief environmental challenge (i.e., Dutch winter famine). 

We think that some of these questions can be answered by a developing concept we refer to 
as ^predictive adaptive responses' (PARs). PARS are responses made by the developing, plastic 
organism, not for immediate advantage but as an adaptive strategy aimed at thriving in the 
environment predicted to be experienced as an adult. In other words, if the environmental 
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stimuli are suggestive of a deprived future environment, the fetus adjusts its physiology accord­
ingly. The biology of PARs has been the subject of several recent reviews. 

Examples of PARs in nature include the setting of the HPA axis in response to glucocorticoid 
exposure during development. There may be no immediate advantage to having a hyper-responsive 
HPA axis, but clearly if the developing organism interprets a surge in glucocorticoids as a sign of 
a stressful environment, there may be survival advantage in having a hyper-responsive HPA 
postnatally. Another clear-cut example is that of coat thickness in the meadow vole. This 
phenomenon (reviewed in re£ 50) shows that coat thickness in the vole at birth is determined by 
the thermal environment anticipated some weeks later. PARs provide an evolutionary compat­
ible explanation of why the DOHaD phenomenon has evolved and is maintained. 

The fetus has a genetically determined repertoire of responses for responding to its immedi­
ate environment in order to ensure either its immediate or its future survival. If it needs to 
ensure its immediate survival it may select a developmental strategy which, for example, re­
duces growth even though this has postnatal costs which may become manifest as disease. Yet it 
appears increasingly that most normally grown fetuses set their development and their homeo-
static control not so much for immediate advantage but rather in expectation of assisting post­
natal survival to reproduction. If the fetal prediction of its future environment is correct, then 
the developmental path chosen in utero should lead to health in adult life. But if the fetal 
prediction is wrong for some reason then as an adult it will not have physiological settings 
appropriate for its environment and disease risk is enhanced. In other words, the risk of disease 
is determined by the degree of match between the environment the developing organism an­
ticipates, on the basis of cues from its mother and placenta, and the environment it actually 
faces as an adult. 

Such a model explains why so called life-style diseases appear in high frequency in popula­
tions undergoing rapid nutritional transition; why the relationship between birth size and the 
risk of adult disease is influenced by measures of the postnatal environment, such as rapid 
adiposity rebound; as well as why the phenomenon is not limited to those of small size, but 
occurs across the full range of birth sizes. 

The Influence of DOHaD in Human Health 
We are left with the challenge of identifying how important this phenomenon might be for 

human medicine. The only human estimate suggests that avoiding a developmental mismatch 
could reduce the incidence of heart disease and diabetes by over 50%—but caution must be 
applied to a single estimate. However evolutionary, developmental and experimental consid­
erations all suggest that environmental influences acting in early development can permanendy 
alter the trajectory of development and determine the risk of later disease. Together with the 
human data, these approaches suggest that a mismatch between the environment as perceived 
during the phase of developmental plasticity and the actual environment the organism is ex­
posed to later in life will increase the risk of disease. 

Clinical practice will increasingly have to address issues of maternal health prior to and 
during pregnancy. The periconceptual period may be particularly critical. Sadly we still do not 
know the optimal nutritional recommendations for women at different stages in the reproduc­
tive cycle. Postnatal management may need to become increasingly individualized to match the 
postnatal environment more closely to the phenotype induced in early life. The research effort 
is likely to focus on a search for epigenetic processes and markers which could be prognostic, 
and on achieving a greater understanding of the processes of developmental plasticity and its 
potential reversibility. 
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Developmental Origins of Cardiovascular 
Disease, Type 2 Diabetes and Obesity 
in Humans 
Caroline H.D. FaU* 

Abstract 

F etal growth restriction and low weight gain in infancy are associated with an increased 
risk of adult cardiovascular disease, type 2 diabetes and the Metabolic Syndrome. The 
fetal origins of adult disease hypothesis proposes that these associations reflect perma­

nent changes in metabolism, body composition and tissue structure caused by undernutrition 
during critical periods of early development. An alternative hypothesis is that both small size at 
birth and later disease have a common genetic aetiology. These two hypotheses are not mutu­
ally exclusive. In addition to low birthweight, fetal *overnutrition* caused by maternal obesity 
and gestational diabetes leads to an increased risk of later obesity and type 2 diabetes. There is 
consistent evidence that accelerated BMI gain during childhood, and adult obesity, are addi­
tional risk factors for cardiovascular disease and diabetes. These effects are exaggerated in people 
of low birthweight. Poor fetal and infant growth combined with recent increases in childhood 
adiposity may underlie the high rates of disease in developing countries undergoing nutritional 
transition. Sub-optimal maternal nutritional status is a major cause of low birthweight globally 
but its impact on fetal growth in *well-nourished' western populations has been inadequately 
studied. In experimental animals hypertension and insulin resistance can be programmed in 
the offspring by restricting maternal diet in pregnancy but there are currently insufficient data 
to determine whether maternal nutritional status and diet programme cardiovascular disease 
risk in humans. 

Low Birthweight and Adult Cardiovascular Disease 
The concept that events in early life have long-term effects on human health life is not new. 

In 1934, Kermack showed that death rates from all causes in the UK and Sweden fell between 
1751 and 1930 with each successive year-of-birth cohort. He rejected one possible explana­
tion, that babies were born healthier in successive generations, and concluded that it was the 
result of social reforms and better childhood living conditions. In 1977, Forsdahl discovered a 
geographical correlation in Norway between coronary heart disease (CHD) mortality in 1964-67 
and infant mortality rates 70 years earlier (1896-1925).^ He suggested that growing up in 
poverty caused 'permanent damage' perhaps due to a 'nutritional deficit', which resulted in 
*life-long vulnerability' to an affluent adult lifestyle. Studies in the UK a decade later shifted the 
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Figure 1. Standardised mortality ratios for cardiovascular disease in men and women born in Hertfordshire, 
UK, according to birthweight.̂  

focus back to prenatal rather than childhood events. Blood pressure was found to be inversely 
related to birthweight in young men and women^ and Barker showed that regional differences 
in stroke and CHD mortality in the UK in 1968-78 were predicted by neonatal mortality (a 
marker for low birthweight) in 1921 -25. He went on to propose that the roots of cardiovascu­
lar disease (CVD) lay in the effects of poverty on the mother and undernutrition in fetal life 
and early infancy. 

Using birth records dating back to 1911-1930 from one English county (Hertfordshire), 
Barker showed that lower birthweight and weight at one year were associated with an increased 
risk of death from CHD and stroke.^' There was an approximate doubling of mortality from 
the highest to the lowest extremes of birthweight (Fig. 1), similar in men and women. Since 
then, studies in the UK, Europe, and the USA have confirmed these findings'^' and shown 
that it is restricted fetal growth rather than preterm delivery which carries the risk of CVD. ̂ '̂  
The effects are linear, graded across the whole range of birthweight (Fig. 1) and independent of 
adult socio-economic status. '̂̂ '̂̂ '̂  Many studies were limited to birthweight as a measure of 
fetal growth but there is evidence that body proportions at birth show stronger associations 
with CVD. For example low ponderal index (weight/ length^) predicted CHD better than 
birthweight in Finland, and a low birthweight/head circumference ratio predicted stroke 
mortality in the UK.^ 

CVD Risk Factors 
Subsequent work has shown that lower birthweight and other measures of small size at birth 

are also associated with higher levels of CVD risk factors. 

Metabolic Syndrome 
Hypertension, type 2 diabetes, insulin resistance, and combinations of these (the Metabolic 

Syndrome, Insulin Resistance Syndrome or Syndrome X) are consistently related to low 
birthweight in a large number of studies in different populations. ̂ '̂̂ ^ The strength of these 
associations led Barker and Hales to suggest that the Metabolic Syndrome should be renamed 
the *small baby syndrome'. It is notable that the associations are stronger for disease out­
comes, such as hypertension (Fig. 2) than for blood pressure measurements. 
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Figure 2. Mean systolic blood pressure and odds ratios for hypertension and incident diabetes in 22,846 US 
men aged 48-83 years.^^ 

Serum Lipids and Clotting Factors 
Although serum lipid concentrations show some associations with size at birth, these are less 

consistent. Total cholesterol shows a weak inverse association with birthweight.^^ HDL-cholesterol 
concentrations are positively, and triglyceride concentrations inversely, related to birthweight in 
some"^^ but not most studies.^^'"^^'"^^''^^ Post-prandial lipid concentrations, and Lp(a), fibrino­
gen and factor VII concentrations were unrelated to birthweight in Hertfordshire. '̂̂ '̂̂ ^ Total-
and LDL-cholesterol, apolipoprotein B and fibrinogen concentrations were associated with smaller 
abdominal circumference at birth, recorded in obstetric records in Sheffield, UK.^^'^ PAI-1 was 
increased in low birthweight men in one published study. ̂ ^ 

Measurements of Cardiovascular Structure and Function 
Martyn et al showed that arterial intima media thickness (IMT) and the risk of carotid 

stenosis, examined using ultrasound, were increased in lower birthweight men and women. 
In a follow up of the Newcasde (UK) 1000 Families Study, carotid I M T was increased in lower 
birthweight men and in women of lower socio-economic class at birth.^ In the only study to 
examine peripheral vascular disease in relation to size at birth, ankle brachial pulse index, was 
not significandy related to birthweight. Pulse wave velocity, a measure of poor arterial com­
pliance, was increased in UK men and women with small head and abdominal circumferences 
at birth,^^ but showed no association with size at birth in a study in India. ̂ ^ Left ventricidar 
mass was unrelated to birthweight in three studies.^^' ^ Flow-mediated dilatation, a measure of 
endothelial ftinction, and indices of microvascular ftinction, are reduced in children and young 
adults of lower birthweight. ^' 

Obesity 
ople of higher birthweight tend to become 'fatter' adults as measured by body mass in-

(Table 1, Fig. 3). However, there is growing evidence that this reflects increased lean 
Peop 

mass rather than adiposity. Higher birthweight men had higher lean but not fat mass, 
measured using DEXA at the age of 70 years (Fig. 4). Using anthropometric measurements of 
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Tabid. Birthweight and adult obesity: Uppsala, Sweden (men, n = 1268f^ 

Birthweight (kg) 

50 years 
Triceps skinfold (mm) (TR) 
Subscapular skinfold (mm) (SS) 
SS/TR 
70 years 
BMI (kg/m2) 
Waist (cm) 
Hip (cm) 
Waist/Hip 

<3.25 

10.3 
17.4 
1.78 

25.9 
93.7 
99.2 
0.94 

-3.75 

10.9 
16.6 
1.60 

26.4 
94.9 
100.4 
0.94 

-4.25 

11.2 
16.7 
1.57 

26.6 
95.5 
101.4 
0.94 

04.25 

11.3 
16.6 
1.54 

26.8 
96.2 
101.7 
0.94 

P 

0.02 
0.5 
<0.001 

0.007 
0.01 
<0.001 
0.9 

P* 

0.2 
0.001 
<0.001 

0.8 
0.02 
0.03 

p values adjusted for age; p* for age and BMI. Reproduced with permission from Byberg at al. 
Birthweight and the insulin resistance syndrome: Association of low birthweight with truncal obesity 
and raised plasminogen activator inhibitor-1 but not with abdominal obesity or plamsa lipid 
disturbances. Diabetalogia 43:54-60. ©2000 Springer-Verlag. 

thigh diameter and skinfold thickness in young men, Kahn showed that the birthweight-BMI 
association was attenuated by 6 8 % after adjustment ft)r thigh muscle+bone area, but only by 
3 0 % after adjustment ft)r subcutaneous fat area. There is no evidence from these studies that 
low birthweight leads to increased adiposity, but leptin concentrations were increased in low 
birthweight men and women in one study. 

There is some evidence that small size at birth is associated with an increased risk of later 
central obesity (indicated by high waist circumference, waist/hip ratio and subscapular/tri-
ceps skinfold ratio). The subscapular/triceps ratio (SS/TR) is consistently higher in adults 
and children of lower birthweight (Table 1).^^'53-55 j ^ ^ contrast, although waist circumfer­
ence and waist/hip ratio are inversely related to birthweight in some studies'^'^'^ '^^ this is 

BMI(l^m?) 
30 

<5.5 

m mean BMI 

- • % obese 

B M and birthweight ^^ ^y^^^ 

r=0.14 
p4).004 

-6.5 -7.5 -8.5 

Birthw^g^ (pounds) 

^9.5 

30.0 

Y 10.0 

0.0 

Figure 3. Adult body mass index (BMI) according to weight at birth; Hertfordshire men s^ed 60-70 years 
(n = 845). 
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Figure 4. Lean and fat mass measured using dual energŷ  absorption (DEXA) in men aged 70-75 years, born 
in Sheffield, UK (n = 102). ^ Reproduced with permission from Gale C et al. Intrauterine progranmiing or 
adult body composition. J Clin Endocrinol Metab 86:267-272, ©2001, The Endocrine Society. 

weaker and less consistent. ̂ ^ Where present, the association may reflect larger hip circumfer­
ence (and therefore frame size and muscle mass) in higher birthweight individuals, rather 
than abdominal obesity in people of low birthweight (Table 1). 

Post-Natal Growth and Adult Obesity 
In addition to size at birth, cardiovascular disease and its risk factors also show associations 

with patterns of growth in infancy and childhood. In Hertfordshire, men with lower weight at 
the ^ e of one year had increased cardiovascular disease mortality^' (Fig. 5) and type 2 diabe­
tes. There are few adult cohorts with infant data but these findings were confirmed in men 
born in Helsinki, Finland and men and women born in New Delhi, India^^'^^ (Fig. 6). In 
Hertfordshire, men who had a low weight at one year also had higher left ventricular mass,^^ 

2 
; = 3 

i 

•4-* 

n=10,141 
p<0.0001 

>^ ^ :^ :> ?> y" y^ .n? y^ ^y" 

Weight at 1 year (pounds) 

Figure 5. Standardised mortality ratios for cardiovascular disease in men born in Hertfordshire, UK, accord­
ing to weight at the age of one year.̂  
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Figure 6. Sex-specific SD scores for height (left;) and BMI (right) at every age firom birth to 21 years and at 
30 years, for men and women in New Delhi, India who developed IGT or diabetes.̂ ^ Reproduced with 
permission from Bhargava SK et al. Relation of serial changes in childhood body mass index to impaired 
glucose tolerance in young adulthood. N Eng J Med 350:865-875. ©2004 Massachusetts Medical Society. 
All rights reserved. 

and fibrinogen^^ and cholesterol concentrations.'^^ Adult blood pressure is not related to in­
fant weight. ̂  5,60 

The relationship between infant weight and weight gain and later health requires further 
research. It is current pediatric practice to encourage weight gain in low birthweight babies, 
and this is associated with increased infant survival in some populations. The data de­
scribed above suggest that infancy may be an accessible stage of the lifecourse in which 
improved nutrition could benefit adult health. This is controversial however, as studies in 
children show higher levels of CVD risk factors in children who gained weight rapidly in 
infancy. 

Greater weight or BMI gain in childhood (after the period of infancy) is consistently 
associated with an increased risk of later disease. Accelerated childhood weight gain (upward 
crossing of centiles) was associated with higher blood pressure in young adults in the UK. 
Similarly, in the Finland and New Delhi birth cohorts, an increase in BMI SD score between 
birth and adolescence was associated with an increased risk of CHD and/or type 2 diabe­
tes. ̂ ^'5^' In both cohorts, early adiposity rebound was also associated with increased 
adult diabetes.^^ The determinants of age at adiposity rebound are unknown, but both 
studies showed that lower weight at one year predicted an earlier rebound.5^' 

Increased BMI in childhood and adult obesity add to, and in some studies interact with, 
the effects of low birthweight and infant weight. In Finland, an increase in BMI from birth 
to seven years was only associated with an increased risk of adult CFiD in those who were 
small at birth (Fig. 7). The most adverse cardiovascular disease risk profile is consistently 
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Ponderal index at birth (kg/m )̂ 

Figure 7. Hazard ratios for death from CHD for men born in Helsinki 1924-33 according to ponderal index 
at birth and BMI at age 11 years. Arrows indicate average values. Reproduced from Eriksson JG et al. 
Catch-up growth in childhood and death from coronary heart disease: Longitudinal study. BMJ 1999; 
318:427-431, with permission from the BMJ Publishing Group. 
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Figure 8. Prevalence of impaired glucose tolerance (IGT) and Type 2 diabetes (%) in Hertfordshire men aged 
60-71 (n = 370).^^ 

found in men and women who were small at birth but became obese adults (Fig. 8).^^ The 
intriguing corollary of this is that high birthweight may protect against the adverse effects of 
adult obesity. Similar additive and/or interactive effects have been described between size at 
birth and other aspects of adult lifestyle, for example between ponderal index at birth and 
adult socio-economic status on C H D and between weight in infancy and the effects of 
smoking on fibrinogen concentrations.^^ 
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Variation with Sex 
In general, relationships between small size at birth and adult cardiovascular disease and risk 

factors are similar in both sexes. However, in Finland, CHD was most strongly associated with 
low ponderal index at birth in men and with short birth length in women. ' The strong 
associations of type 2 diabetes and cardiovascular disease mortality with low weight at one year 
in the Hertfordshire men were not seen in women. '̂ '̂'̂ ^ Similarly, apolipoprotein B, fibrino­
gen and factor VII concentrations, which were inversely related to small abdominal circumfer­
ence at birth and low weight at one year^ in men, showed no associations with either size at 
birth or infant weight in women.'̂ ^ 

Variation with Ethnicity 
Studies from India, Jamaica, China, and Japan, and among US Hispanics and black South 

Africans have shown associations between lower birthweight and higher blood pressure, glu­
cose intolerance and insulin resistance. Higher SS/TR ratios have been shown in Indian 
children and white, black and hispanic US children of lower birthweight.^ There are some 
inconsistencies, however. Type 2 diabetes was associated with low birthweight in young Indian 
adults^ '̂  but with a high ponderal index at birth in older men and women.'̂ ^ A study of blood 
pressure in children in 5 countries showed differences in associations with birth measurements.^ 
In China and Central and South America, higher blood pressure was associated with *propor-
tionate' smallness at birth (reductions in birthweight, length and head or chest circumfer­
ences), while in Sweden it was associated with 'asymmetrical' smallness at birth (low ponderal 
index). In Nigeria, blood pressure was not related to size at birth. 

Studies in India have shown differences in neonatal body composition from UK babies 
(Fig. 9)7^'^ Indian newborns were lighter by almost 2 standard deviations (SDs) and nonfat 
soft tissues such as muscle (mid-upper-arm circumference) and abdominal wall and viscera 
(abdominal circumference) showed a similar deficit. Measurements of fat, however, were 

0 -
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(error bars are 

95% C.L's) 
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-2 -

-3 -J 

^̂^ 

r ^ N̂^ #̂  / r̂ # #̂  ^ 
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L̂J 
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^ y 
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* 

•indicates estimated SD score adjusted for difference in measurement techniques in 
Pune and Southampton 

Figure 9. Mean SD scores for maternal prepregnant weight and height, and measurements of the babies, 
in Pune, India compared with Southampton, UK.^^The Southampton mean is represented by 0. Repro­
duced from Yajnik CS et al. Neonatal anthropometry: The thin-fat Indian baby; the Pune Maternal 
Nutrition Study. Internat J Obes 2003; 27:173-180 with permission of Nature Publishing Group (http:/ 
/www.nature.com). 
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substantially ^spared'; although small and thin, the Indian babies were relatively adipose. The 
aetiology and long-term implications of this 'muscle-thin but adipose' or *thin-fat' pheno-
type are unknown. However the neonatal findings are of interest because the high rates of 
type 2 diabetes and CHD among South Asian populations are related to a similar body 
phenotype in adults. 

The ^Developmental Origins of Adult Disease' (DOHaD) Hypothesis 
Barker proposed that the associations between small size at birth and cardiovascular disease 

reflect permanent effects of fetal undernutrition^^ (Fig. 10). The fetus is dependent on the 
transfer of nutrients from the mother and adapts to an inadequate nutrient supply in a nmnber 
of ways: prioritisation of brain growth at the expense of other tissues such as the abdominal 
viscera, reduced secretion of and sensitivity to the fetal growth hormones insulin and IGF-I, 
and up-regulation of the hypothalamo-pituitary-adrenal (HPA) axis. Barkers Yetal origins' 
hypothesis proposed that although occurring in response to a transient phenomenon (fetal 
undernutrition) these changes become permanent or ^programmed' because they occur during 
critical periods of development. 

The mechanisms by which this could occur at a cellular and tissue level have been re­
viewed. ' Programmed changes may include reduced insulin sensitivity,^^ low muscle mass,̂ ^ 
pancreatic beta cell mass^^ and nephron numbers,^^ altered arterial structure^^ and increased 
left ventricular mass,^^ and up-regulation of the HPA axis^^ and sympathetic nervous system^ ̂  
(Fig. 10). The fetal origins hypothesis proposes that these changes not only lead directly to 
adult cardiovascular disease, but also make the individual more susceptible to environmental 
stressors such as obesity in later life. The hypothesis is supported by examples in experimental 
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Figure 10. The fetal origins hypothesis. 
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animals of permanent structural, metabolic, endocrine and behavioural effects resulting from 
transient nutritional insults in utero, including undernutrition of the mother (reviewed exten­
sively in other chapters in this book). 

Associations of cardiovascular disease and risk factors with different body proportions at 
birth may reflect undernutrition during particular periods in gestation when different tissues 
and organ systems develop.̂ "^ It has been suggested that male and female fetuses have different 
growth priorities and thus adapt differendy to undernutrition, reflected in sex differences in 
associations with neonatal body proportions.^^ Since size at birth is a strong determinant of 
infant growth, the associations with low infant weight may reflect prenatal events. Alterna­
tively, since the hyperplastic development of many tissues continues in early infancy, the infant 
as well as prenatal environment may have programming effects. 

There are several reasons why weight gain in childhood, on a background of fetal restric­
tion, might be associated with disease. Low birthweight babies tend to catch-up (compensatory 
growth), and the rapidity of post-natal growth may simply indicate the severity of fetal growth 
retstriction. Alternatively the process of catch-up may be disadvantageous in itself. ' 
There may be excess demand on other tissues which are not capable of compensatory hyperpla­
sia, such as the pancreas.^^ Another adverse effect may be altered body composition. McCance 
observed excessive fat gain in pigs if they were placed on a high plane of nutrition after a period 
of early post-natal undernutrition. He suggested that this emphasised the development of fat 
which maintains the capacity for growth throughout life but could not recover muscle tissue 
which develops earlier and lose the capacity for cell division. Another possibility is that the 
hormones driving catch-up growth have adverse cardiovascular and metabolic effects.^^ Low 
birthweight children who catch up in weight or height have higher insulin-like growth factor-1 
(IGF-I) concentrations, and these in turn correlate with blood pressure.^^ 

Because adult disease is linked to both post-and prenatal growth, and because a number of 
other health outcomes show associations with growth in early life, the term ^developmental 
origins of adult health and disease' (DOHaD) has supplanted Yetal origins of adult disease' 
(FOAD) in recent years. 

Genes Versus' Environment 
The fetal origins hypothesis h.is also been called the *thrifty phenotype' hypothesis, a name 

coined by Hales and Barker^^ after Neel's *thrifiy genotype' hypothesis.^^ ^Thrift' can mean *sav-
ing' (storing resources in times of plenty in preparation for leaner times) or ^economy (making 
judicious use of meagre resources). Neel suggested that diabetes is caused by *thrifty'genes that 
were selected for in mankind's distant past when the supply of food was precarious. He pro­
posed that they conveyed a Tast insulin trigger' and thus the ability to store food rapidly as fat 
(savings) which became diabetogenic in modern times. The thrifty phenotype hypothesis, on the 
other hand, suggests that the undernourished fetus develops insulin resistance and other meta­
bolic changes as a strategy for immediate survival, to down-regulate and prioritise growth 
(economy) for which it pays a price later in life, generally after the reproductive period. Both 
thrifty genes and the thrifty phenotype could become detrimental on exposure to plentiful nutri­
tion. Variations on the thrifty genotype hypothesis are the strongest contenders to the Tetal 
origins' hypothesis as an explanation for the associations between low birthweight and CVD risk. 

Correlations between parent and offspring birthweights and between birthweights of 
half-siblings related through either the mother or the father show stronger maternal than 
paternal effects, which suggests that the ^maternal environment' is a more powerftil influence 
on fetal growth than genes. ' The birthweights of babies born after ovum donation are 
strongly related to the weight of the recipient mother but not that of the donor mother.^ 
Nevertheless there are significant genetic effects on size at birth. ^ Hattersley proposed that, 
since insulin is a major growth hormone in fetal life, genes associated with either insulin 
resistance or reduced insulin secretion would lead to reduced fetal growth as well as an in­
creased risk of adult diabetes (the 'fetal insulin hypothesis').^^ That this is biologically feasible 



18 Early Life Origins of Health and Disease 

is shown by the fact that birthweight is reduced in a number of genetic syndromes causing 
impaired insuUn secretion or insulin resistance. ̂ ^̂  These are too rare to explain the observed 
birthweight-disease associations but more frequendy occurring polymorphisms, linked both 
to small size at birth and adult diabetes, have recently been described. ̂ ^̂ " The robustness of 
these associations remains to be tested. 

Twin studies have classically been used to distinguish between genetic and environmen­
tal effects. Studies linking CVD risk to the difference in birthweight within twin pairs 
have shown inconsistent results. For example a study using the Danish twin registrv showed 
that the smaller of monozygous twin pairs was more likely to become diabetic,^ but this 
has not been confirmed elsewhere. ̂ ^̂  The mechanisms underlying the growth restriction 
of twins differ from those limiting growth in singleton fetuses. Higher disease concor­
dance rates for monozygous than dizygous twins may reflect their shared intra-uterine 
environment as well as shared genes. Twin-twin interactions, for example the diffusion of 
steroid hormones from one twin to another, may reduce within-pair differences in pro­
gramming effects. These features of the biology of fetal growth in multiple pregnancies 
limit the conclusions that can be drawn, in relation to the fetal origins hypothesis, from 
twin studies. ̂ ^̂  

Recent reports of associations between low offspring birthweight and an increased risk 
of CVD and insulin resistance in the parents (both mothers and fathers) could be evidence 
of common genetic factors.^^^'^ However, intergenerational effects may also have 
environ-mental explanations. Assortive mating and shared lifestyle (socio-economic status, 
nutrition, smoking, and stress) could lead to both low birthweight and later CVD in both 
parents. Some but not all of these were taken into account in these studies. Associations 
shown between low offspring birthweight and type 2 diabetes in fathers but not mothers is 
more powerful evidence of genetic effects. ̂ ^̂ '̂  The lack of effect in mothers argues against 
these resulting from a shared environment. Fathers of low birthweight babies did not, 
however, have increased insulin resistance or diabetes in two other recent studies from 

Time trends in CVD and type 2 diabetes in western countries during the 20th century, and 
the recent rise in developing countries suggest a susceptibility to environmental changes that 
could have a either a genetic basis or arise from early-life programming. However these would 
make different predictions for the future. The former woidd predict continuing high levels of 
disease unless people reduce their lifestyle risk factors and become less obese. The thrifty phe-
notype hypothesis would predict a slowdown or downturn in disease as better nutrition of girls 
and mothers leads to improved fetal nutrition. CHD has been falling in the USA and Europe 
for 35 years despite increasing adult obesity, and only modest reductions in lifestyle-related risk 
factors. The incidence of stroke has also fallen since the early 1950s in the UK. In contrast, type 
2 diabetes is increasing in all populations worldwide. However, the increase has been less marked 
in developed than developing countries^ ̂ ^ and a fall in incidence has been reported in one 
population. ̂ ^̂  

With increasing understanding of epigenetic effects and gene-environment interactions, it 
is no longer possible to think of diseases as being either genetic' or *environmental'.^^^ It was 
recendy shown that an allele of the PPAR-y gene is associated with increased insulin resis­
tance, but only in men and women of low birthweight. It is clearly possible to permanently 
alter gene expression by manipulation of intra-uterine nutrition.^ ^ Such epigenetic effects 
may persist across generations. For example, feeding 'agouti' mice with a methyl-supplemented 
diet during pregnancy leads to permanent and heritable effects on offspring coat colour, which 
is regulated by genes. Imprinted genes, several of which play a role in fetal growth, are 
thought to be particularly susceptible to epigenetic effects. It seems likely that environmental 
effects, genes and interactions between the two contribute to the observed associations Unk­
ing birthweight to adult disease, and that the DOHaD and fetal insulin hypotheses are not 
mutually exclusive. 
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A fetus can reach a given birthweight via a variety of possible different growth trajectories. These fetuses 
Q̂̂ jj may be a different body composition, and may have 

Centile differing disease risk in adulthood. 

Fetal 
Weight 

Gestation 

A Late growth restriction and fetal wasting. 
B Early growth restriction. 
C Normal growth. 
D Late growth restriction followed by catch-up growth. 

Figure 11. Different fetal growth trajectories. ̂ ^̂  Reproduced from: Harding JE. The nutritional basis of the 
fetal origins of adult disesase. Int J Epidemiol 2001; 30:15-23, by permission of Oxford University Press. 

Clinical Importance of the Effects of Poor Fetal Growth 
It has been argued that fetal undernutrition is of little clinical importance because statistically 

birthweight explains litde of the variation in adult disease. ̂ ^̂ '̂ "̂ ^ Effects are most marked at die 
extremes of birthweight, where there are relatively fewer individuals. Based on the Hertfordshire 
data Joseph estimated that 26% of CHD deaths would be averted if all babies weighed 9-9.5 
pounds at birth, 9% if babies were born one birthweight category (approximately 1 pound) 
heavier, and 2% if more realistic increases in birthweight {100-200g) were achieved. 

These calculations are potentially misleading. Crude birth measurements and imprecise 
estimates of gestational age at birth would lead to under-estimation of birthweight effects. 
Birthweight is an insensitive marker of the dynamic process of fetal growth "̂̂ ^ (Fig. 11) and 
does not describe body composition or the development of specific tissues. Babies born to 
mothers exposed to the Dutch Famine of 1944-45 during early gestation had normal 
birthweights, and yet an increased risk of adult obesity and dyslipidaemia (see below). The true 
impact of intra-uterine undernutrition will not be known until there are better markers of 
programming than birthweight. 

A further reason why calculations based on birthweight alone may underestimate the im­
portance of intra-uterine growth is that, as described above, effects of size at birth are condi­
tioned by childhood growth and adult obesity. Data from Finland, show that combinations of 
birth, infant and childhood measurements predict large differences in the risk of CHD, hyper­
tension and diabetes^ '̂̂ '̂12^ (Table 2). 

The Role of Maternal Nutrition 
If maternal nutritional status has important programming effects on adult disease, correla­

tions woidd be expected between measures of maternal nutrition and CVD in the offspring. 
There are limited data to test this, especially in populations old enough to measure disease out­
comes. Those that are available are limited to maternal anthropometry recorded in clinical obstet­
ric notes (usually only weight and height), old diet and nutrition surveys, and famine studies. 

Maternal Anthropometry 
Several studies have shown that low maternal weight gain, BMI or skinfolds in pregnancy 

are associated with higher offspring blood pressure, ' though not consistent in all stud­
ies.^ '̂ ^̂  Low maternal weight or BMI is associated with increased adult insulin resistance in 
the offspring.'^ and a study in India showed that CHD was associated with low maternal 
weight. Conversely, in Finland, mortality from CHD was increased in men and women 
whose mothers were short and had a high BMI^^ and in India type 2 diabetes in older men and 
women was strongly associated with higher maternal weight and pelvic diameters.^^ It is pos­
sible that these associations with large maternal size or obesity reflect the effects of gestational 
diabetes, but this is specidative. 
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Table 2. Odds ratios (95% CI) for type 2 diabetes and hypertension, and hazard ratios 
for coronary heart disease according to birthweight and body mass index at 
11 years; 13,517 men and women born in Helsinki, Finland, 1924-1944^^^ 

Birthweight (kg) -15.7 

No. of men and women 
-3.0 
-3.5 
-4.0 
>4.0 

991 
1394 
827 
167 

Type 2 diabetes (698 cases)̂  
-3.0 
-3.5 
-4.0 
>4.0 

1.3 (0.6-2.8) 
1.0 (0.5-2.1) 
1.0 (0.5-2.2) 
1.0 (ref) 

Hypertension (2997 cases)̂  
-3.0 
-3.5 
-4.0 
>4.0 

2.0 (1.3-3.2) 
1.7 (1.1-2.6) 
1.7 (1.0-2.6) 
1.0 (ref) 

Body 

1.3 
1.0 
0.9 
1.1 

1.9 
1.9 
1.7 
1.9 

Mass Index at 11 Years (kg/m^) 

-16.6 

719 
1422 
984 
254 

(0.6-2.8) 
(0.5-2.1) 
(0.4-1.9) 
(0.4-2.7) 

(1.2-3.1) 
(1.2-2.9) 
(1.1-2.6) 
(1.1-3.1) 

1.5 
1.5 
0.9 
0.7 

1.9 
1.9 
1.5 
1.0 

-17.6 

581 
1264 
1122 
413 

(0.7-3.4) 
(0.7-3.2) 
(0.4-2.0) 
(0.3-1.7) 

(1.2-3.0) 
(1.2-3.0) 
(1.0-2.4) 
(0.6-1.7) 

Hospital admissions for coronary heart disease and deaths (1235 cases)* 
-3.0 
-3.5 
-4.0 
>4.0 

1.4 (0.8-2.4) 
1.3 (0.7-2.2) 
1.3 (0.7-2.3) 
1.0 (ref) 

1.6 
1.5 
1.4 
1.2 

(0.9-2.8) 
(0.9-2.7) 
(0.8-2.4) 
(0.6-2.3) 

Deaths from coronary heart disease (480 cases)* 
-3.0 
-3.5 
-4.0 

>4.0 

1.4 (0.5-4.0) 
1.4 (0.5-3.9) 
1.9 (0.7-5.3) 
1.0 (ref) 

1.8 
1.9 
1.8 
1.4 

(0.6-5.1) 
(0.7-5.2) 
(0.7-5.2) 
(0.4-4.6) 

1.8 
1.5 
1.3 
1.1 

2.1 
2.2 
1.7 
1.6 

(1.0-3.2) 
(0.8-2.6) 
(0.8-.4) 
(0.6-2.1) 

(0.7-6.2) 
(0.8-6.1) 
(0.6-4.8) 
(0.5-4.7) 

2.5 
1.7 
1.7 
1.2 

2.3 
2.2 
1.9 
1.7 

2.1 
1.6 
1.4 
1.0 

3.0 
2.7 
1.6 
1.3 

>17.6 

560 
1246 
1110 
463 

(1.2-5.5) 
(0.8-3.5) 
(0.8-3.6) 
(0.5-2.7) 

(1.5-3.8) 
(1.4-3.4) 
(1.2-2.9) 
(1.1-2.8) 

(1.1-3.8) 
(0.9-2.9) 
(0.8-2.6) 
(0.5-1.8) 

(1.0-8.6) 
(1.0-7.6) 
(0.6-4.5) 
(0.4-4.0) 

Odds ratios adjusted for sex and year of birth. *Hazard ratios adjusted for sex and year of birth. 
Reproduced from Barker DjFetal. Fetal origins of adult disease: Strength of effects and biological basis. 
InternatJ Epidemiol 2002; 31:1235-1239, by permission of Oxford University Press. 

Famine Studies 
In 1944-45 part of the Netherlands suffered a period of famine when rations fell to <800 

calories a day (the Dutch Hunger Winter). The population was well-nourished prior to the 
famine and food supplies were restored after 5 months. Pregnant mothers experienced extreme 
undernutrition for sharply delineated periods of gestation. Birthweights were normal among 
women exposed to famine in early gestation, but reduced by 350 g in those exposed in late 
gestation. An early follow-up study showed increased obesity in young men whose mothers 
experienced famine in early gestation. ̂ ^ Cardiovascular disease risk factors were recently mea­
sured in 700 men and women born before, during and after the famine. Late gestation expo­
sure was associated with glucose intolerance, increased insulin resistance, and an increase in 
type 2 diabetes, compared with subjects conceived after the famine. Early gestation exposure 
was associated with higher LDL/HDL cholesterol concentrations^^ and (in women) higher 
BMI and waist circumference. Famine exposure was associated with increased infant mortalitv, 
but there were no effects on adult mortality (so far assessed only up to the age of 50 years). 
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Stanner compared men and women exposed to famine during the 1941-42 Siege of 
Leningrad with subjects born outside the siege area.^^^ The famine lasted longer and was 
less acute in onset and termination than the Dutch famine, and birthweights were not 
recorded. Those exposed to famine in utero and/or in infancy showed increased subscapu-
lar/triceps skinfold ratios, diastolic blood pressure, ischaemic changes on ECG, and PAI 
activity and antigen, but lower factor VII concentrations than unexposed subjects. Unlike 
the Dutch study, there were no effects on glucose and insulin measurements. Men and 
women exposed in infancy were more likely to complain of angina than the in utero ex­
posed group. 

In rural Gambia, there is an annual cycle of adequate nutrition (harvest season) alter­
nating with severe undernutrition during the rains (hungry season). Moore et al studied 
CVD risk factors in young adults for whom month of birth and infant anthropometric 
records were available. ̂ ^̂  There were no differences between season of birth groups (hun­
gry vs. harvest) in blood pressure, fasting plasma glucose, insulin, lipid, fibrinogen or 
Cortisol concentrations, or post-load glucose and insulin concentrations in an oral glucose 
tolerance test. Risk factors were not related to the subjects' weight-for-age in infancy and 
childhood. 

FoUoW'Up of Diet and Nutrition Surveys and Trials 
Three studies suggest that the balance of maternal protein and carbohydrate intakes during 

pregnancy is related to blood pressure in the offspring. During 1948-54 pregnant women 
attending Aberdeen Maternity Hospital recorded 7-day food diaries in late gestation. The off­
spring were traced and studied at the age of 40 years. ' Blood pressure was not directly 
related to maternal intakes of energy, protein, fat, carbohydrate, calcium, or a range of vita­
mins. At low maternal protein intakes (<50 g/day) a higher percentage calorie intake from 
protein was associated with lower offspring blood pressure. The reverse was true at high protein 
intakes. In an attempt to replicate these findings, Shiell at al studied young men and women 
born in Motherwell, Scotland 1952-76, where mothers were advised to eat a high-meat low 
carbohydrate diet to prevent preeclampsia.^ "̂  Dietary intakes of 10 foods were recorded by 
trained staff. Protein intakes were higher than in Aberdeen (88g v 73 g). High intakes of meat 
and fish were associated with higher blood pressure. The highest blood pressures were found in 
men and women whose mothers had high meat/fish intakes but low intakes of green vegetables 
(Table 3). In a study in the Philippines, maternal intakes of protein, fat and energy were mea­
sured in late gestation and the children followed up in adolescence. In boys, a higher per­
centage of maternal energy derived from protein, and in girls a higher percentage derived from 
fat, were associated with lower blood pressures. Mean protein intakes were not reported but are 
likely to have been low in this population. 

Cardiovascular risk factors were recently measured in men and women whose mothers took 
part in the Oxford Nutrition Survey during 1942-1944, in which blood samples were taken in 
the third trimester to measure maternal vitamin A, C, Bl and phosphatase status. No asso­
ciations were found between these indices of maternal nutrition and offspring blood pressure, 
glucose and insulin or lipid concentrations. 

These studies have many limitations, namely crude measures of diet and nutrition and large 
losses to follow-up. It is difficult to make much sense of their combined results. The data 
suggest that the balance rather than absolute intakes of protein and carbohydrate may influ­
ence blood pressure in the offspring, and that both low and high protein intakes may have 
adverse effects. They also suggest there may be maternal diet effects not mediated by reductions 
in birthweight. So far, there is no strong evidence that normal variations in dietary intakes 
during pregnancy have important effects on CVD risk in the offspring, but this has not been 
sufficiently studied. A number of prospective studies of maternal diet in pregnancy, specifically 
designed to investigate long-term outcomes in the offspring, are due to report outcomes in the 
children in the next few years. ̂  '̂̂  ^ 
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Table 3. Mean systolic blood pressure of men and women, adjusted for gender, body 
mass index, alcohol consumption, and cuff size according to their mother^s 
consumption of meat, fish, and green vegetables in late pregnancy* ̂ ^ 

Green 
Vegetables 
(portions/wk) <11 

Meat and Fish 
(portions/wk) 
-15 -21 >21 All 

Regression Coefficient 
(mm Hg/portion/wk) 
p 95% CI for p p 

<7 120(131) 120(93) 123(54) 124(41) 

>7 118(58) 120(94) 120(74) 121(81) 

All 119(189) 120(187) 121 (128) 122(122) 

121 (319) 

120(307) 

120* (626) 

0.26 

0.16 

0.19 

0.03-0.50 

-0.06-0.38 

0.04-0.35 

0.03 

0.16 

0.02 

Number of subjects given in parentheses. Overall SD = 11.5 mm Hg. Adapted from Shiell et al. 
Hyptertension 2001; 38:1282-8. 

In the only follow up study so far of a randomised controlled trial of a nutritional interven­
tion in pregnancy, Belizan studied children born during a trial of maternal calcium supplemen­
tation in Argentina. Supplementation was associated with lower blood pressure. 

Maternal Diabetes and Fetal Macrosomia 
Although the main focus of this chapter is fetal growth restriction, recent data show that 

maternal gestational diabetes, which results in fetal overgrowth (macrosomia) also has adverse 
long-term effects. Offspring of diabetic mothers have an increased risk of obesity and type 2 
diabetes compared with offspring of nondiabetic mothers or women who became diabetic after 
the pregnancy (Fig. 12). ' Gestational diabetes produces a U-shaped relationship between 
birthweight and adult type 2 diabetes.̂ ^^'^^^ With increasing obesity worldwide, gestational 
diabetes is also increasing ^ and may make an important contribution to the rising incidence 
of type 2 diabetes. 

• Offspring of non-diabetic women 
E^Offspring of pre-diabetic women 
a Offspring of diabetic women 

5-9 10-14 15-19 20-24 
Age (years) 

15-19 20-24 
Age (years) 

25-29 30-34 

Figure 12. Prevalence of (a) type 2 diabetes and (b) obesity in ofifepring of nondiabetic, prediabetic and 
diabetic women (Pima Indians).^ ^ Reproduced from Dabelea et al. Effect of diabetes in pregnancy on 
offspring: Follow-up research in Pima Indians. J Mat Fet Med 2000; 9:83-88 with permission from Taylor 
& Francis Ltd (http://www.tandf.co.uk/journals). 
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Conclusions: Public Health Implications and Future Research 
The developmental origins' hypothesis is attractive because it suggests that common de­

generative diseases could be prevented by improving maternal health and fetal, infant and 
childhood development. Although it is not clear what optimal growth is and how it can be 
achieved, it may be more attainable than persuading middle-aged adults to return to 'primitive' 
lifestyles, and more positive than concluding that large numbers of people have genes incom­
patible with modern life. Data from experimental animals provide powerful evidence that a 
mother's nutrition programmes the metabolism of her offspring. However, there is currently 
insufficient evidence that maternal nutrition underlies CVD in humans. Future research should 
focus on the determinants of fetal growth, including maternal diet, and incorporate follow-up 
of the children for CVD-related outcomes. More research is needed into the long-term effects 
of weight gain in infancy. However, there is ample evidence to support efforts to prevent exces­
sive BMI gain in childhood and this should be a public health priority. Current data suggest 
that the greatest benefit in terms of future risk-reduction will be in low birthweight individuals. 
Epidemiological research should go hand in hand with studies of the genes known to influence 
fetal growth, those associated with cardiovascular disease, and gene-environment interactions. 
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CHAPTER 3 

Studies of Twins: 
What Can They Tell Us about the Developmental Origins 
of Adult Health and Disease? 

Ruth Morley,* Terence Dwyer and John B. Carlin 

Abstract 

There is still limited understanding of the causal pathways underlying the observed 
association between exposures during fetal life and later health and disease in humans. 
Without better understanding we cannot estimate public health implications and as­

sess the potential for intervention. 
Study of twins should help us understand more about the role of factors shared by both 

twins versus factors affecting the individual fetus, the role of genetic factors, the role of placen­
tal factors, and which aspects or consequences of postnatal growth are associated with increased 
risk of later cardiovascular disease. 

Generalisability of data from twin studies is open to question, but there is evidence that 
birth size—cardiovascular disease risk associations are similar in twins to those generally ob­
served in singletons, suggesting that similar causal pathways are involved and study of twins 
will be informative. 

There is an extensive body of literature relating to the association between size at birth and 
risk of later disease " the fetal origins of adult disease hypothesis",^ and increasing understand­
ing that growth throughout the developmental phase of life may be important. However, un­
derstanding of the underlying causal pathways is still limited and we need to understand these 
before we can estimate public health implications and assess the potential for intervention. 

We consider: 
1. Possible causal pathways underlying these observations. 
2. How study of twins might shed light on these causal pathways. 
3. Whether findings in twins are generalisable. 

Possible Causal Pathways 
Figure 1 shows some of the possible pathways and factors that may be involved in links 

between early development and risk of later disease. 

Maternal Factors 
Some maternal factors (A) will not affect later health. Others (B) may influence fetal growth 

and birth size, leading to risk of later disease. In other cases (C) gestational exposures may 
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Figure 1. Pathways that may be involved in links between early development and later disease risk. Shading 
denotes factors that are currendy potentially modifiable. 

influence both fetal growth and disease risk, so there is an apparent link between size at birth 
and risk of later disease. Finally, some factors may influence disease risk with no influence on 
birth size.'̂ '̂  Maternal factors may be of any of these types, and it is possible that the same 
exposure could act in more than one of these four diff̂ erent ways, depending on the timing, 
severity and duration of the exposure, and the risk factor or disease outcome examined. Evi­
dence from the Dutch famine provides some support for this concept (summarised in ref. 2). 

The "Supply Line'^Jrom Mother to Fetus 
Blood supply to the uterus and placental development, health and function are important 

factors in the fetal supply line and in the human it is likely that intrauterine growth restriction 
relates to placental abnormality or insufficiency rather than maternal nutritional factors. The 
placenta transports oxygen and nutrients from the maternal to the fetal circulation, metabolises 
key nutrients that are then supplied to the fetus (e.g., amino acids, especially glycine, and the 
active form of vitamin D) and produces hormones like placental lactogen and growth hormone 
that may influence fetal and maternal nutritional supply. It also acts as an important barrier 
between maternal and fetal circulations, with enzymes that reduce fetal exposure to, for ex­
ample, maternal glucocorticoids and androgens,^ as well as some xenobiotics.^ 
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Post-natal factors, including nutrition and lifestyle factors, are clearly important determi­
nants of health. There has been recent interest in the role of postnatal growth rate as a deter­
minant of later overweight/obesity, other cardiovascular risk factors, or adult cardiovascular 
disease. However, there is some inconsistency in the now extensive literature on this subject. 
For example, men with CHD had similar birthweight but lower weight at a year than others in 
a British cohort and in a Swedish cohort low weight gain in the first year was associated with 
increased risk of CHD. Conversely there are publications demonstrating that accelerated 
growth in infancy is disadvantageous,^'^' and increased growth or size during childhood or 
adolescence are disadvantageous. ̂ '̂̂ ^ 

Genetic Factors 
Genetic endowment may be linked to both birth weight and later disease risk, so that there 

is an apparent link between birth weight and disease risk.̂ '̂̂ ^ Since the placenta is part of the 
conceptus, genes affecting fetal growth could potentially act via an influence on placental de­
velopment. There is also some evidence of interaction between genes and birth size. For ex­
ample, interaction has been observed between birthweight and (i) angiotensin converting en­
zyme (ACE) polymorphism with respect to insulin response to glucose load,̂ "̂  (ii) apolipoprotein 
(apo) E genotypes and plasma lipid levels,"^^ (iii) polymorphism of the peroxisome 
proliferator-activated receptor (PPAR)-gamma2 gene and insulin sensitivity and metabolism, 
(iv) K121Q polymorphism of the plasma cell glycoprotein-! gene and type 2 diabetes and 
hypertension and (v) vitamin D receptor genotype and adult bone size and mineral density. 
Mechanisms underlying such interactions are not understood. 

Epigenetic Factors 
Epigenetic modifications (discussed elsewhere in this book, Chs. 6, 7) represent a potential 

but largely unproven mechanism for programming the fetus or developing child in response to 
environmental factors. 

DNA is associated with proteins called histones to form a complex substance known as 
chromatin. DNA methylation or histone acetylation/deacetylation alter the structure of chro­
matin to silence (switch off) genes without changing DNA sequence. Such modifications are 
described as epigenetic.'^^ Imprinted genes are switched on or off according to parent of origin 
so are functionally haploid (only one copy is functional) so they are vulnerable to genetic or 
epigenetic mutations, or to epigenetic modification in response to environmental factors. 
However, imprinting defects in humans generally cause clinically recognisable abnormal phe-
notypes, such as Prader-Willi and Beckwith-Wiedemann syndromes. 

Evidence has emerged recently that heritable epigenetic changes in expression of 
nonimprinted genes may result from early nutritional or other exposures and could potentially 
affect disease risk."̂ '̂̂ ^ In rats there is also evidence relating to early postnatal exposures to 
maternal behaviour. Whether imprinting can similarly be modified by environmental factors 
has been litde investigated, though circumstantial and animal evidence suggest this is a possi-
bility.^ '̂̂ ^ 

How Study of Twins Might Slied Light on the Underlying 
Causal Pathways 

A natural starting point is the question of whether an association between birth size and 
later disease risk is seen in populations of twins. If there is no such association, then study of 
twins is unlikely to be helpful. A negative relationship between birth weight and blood pressure 
is seen in most (but not all) studies of twins,^^' as in studies of singletons, though there are a 
number of problems with comparing results of the various studies, including differences in 
statistical methodology that can affect both regression coefficients and 95% confidence inter­
vals. In a recent large study of twins ^ the association between birth weight and risk of type 2 
diabetes was similar in magnitude to that seen in populations of singletons. 
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Figure 2. Between versus within pair analyses. 

The Role of Shared Factors 
We suggested comparing the association between birth weight (or birth weight standard 

deviation score for gestation and sex) and cardiovascular risk factors in twins treated as indi­
viduals, with that estimated within pairs. Within pairs analysis assesses whether pair differ­
ence in birth weight is related to pair difference in cardiovasctdar risk, and so controls perfectly 
for all shared factors (identified and unidentified). If an association is seen in the cross-sectional 
analyses (which essentially ignore the cotwins data) but is not seen or is substantially reduced 
in within-pair analyses then one could conclude that shared factors were involved in the under­
lying causal pathways. Conversely if it remains, we can conclude that factors affecting the 
individual fetus are involved. 

However, the statistical issues involved in making these arguments precise are more in­
volved than we have space to cover adequately here. Twins are effectively "clusters" within a 
dataset and there are a number of ways in which recognising the paired structure of the data 
can be incorporated into the analysis. When treating twins as individuals, one at least needs to 
recognise the lack of independence between cotwins, since this is necessary to obtain valid 
estimates of precision (standard errors) and statistical significance. Gains in efficiency of esti­
mation can also be obtained by using generalised estimating equations (GEE) or other varieties 
of multilevel modelling. '̂ ^ However, a broader issue is that the simple "treated-as-individuals" 
regression model can be generalised to a form that estimates two distinct coefficients which 
more explicitly represent "within-pair" and "between-pair" regression effects. ' ' ' The co­
efficient for the "between pairs" association may be interpreted to assess the role of shared 
factors whereas the "within pair" coefficient assesses the role of factors affecting the individual 
fetus (Fig. 2). This is the most appropriate statistical approach, permitting direct assessment of 
the relative strength of these associations. 

Shared Factors will include: 
• Maternal factors, including maternal nutrition, lifestyle factors, hormonal and metabolic 

status 
• Paternal factors, almost always shared^^ 
• Placental imprinting (apart from stochastic differences, the frequency of which are not 

known, or any resulting from environmental exposures) 
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• DNA sequence in monozygotic (MZ or "identical") twins 
• Many factors in the postnatal environment 

Factors influencing the individual fetus will include: 
• The "supply line" to the individual fetus 
• Genetic factors in dizygotic (DZ or "nonidentical") twins 

Comparison of within and between Pair Differences in Monozygotic 
and Dizygotic Twins 

It is clear that genetic factors are shared in MZ twins but differ in DZ twins. Thus if an 
association seen between individual twins is substantially weaker when estimated in a paired 
analysis within MZ twin pairs than it is when estimated within DZ twin pairs, the most obvious 
conclusion is that genes are involved in the underlying causal pathway. However, the possibility of 
greater sharing by MZ twins of other factors in the feto-placental unit should be considered. 

Interpretation of such differences has proved challenging in practice. Findings to date have 
been somewhat contradictory for blood pressure (e.g., IJzermans versus Christensens findings ) 
and there is only one reported study of angina^^ and of acute myocardial infarction, suggesting 
genetic factors are involved in the relationship between coronary heart disease and birth weight. 

In the large study of birth weight and type 2 diabetes, the between pair association in MZ 
and DZ twins was of similar magnitude and statistically significant in both cases, suggesting a 
role for shared factors. However, the within pair association appeared to be reduced more 
(relative to the between pair association) in DZ than in MZ twins. The mechanism for this, if 
it reflected a real effect, is not obvious. It should be remembered here that around two thirds of 
MZ twins will share a placenta, whereas DZ twins have separate placentas (see Fig. 3, originally 
published in re£ 35). This study did not have information on chorionicity (placentation) but 
these findings may point to a possible key role for the placenta. 

The Role of Postnatal Growth 
Within pair analyses in large cohorts present an opportunity to estimate the role of aspects 

of postnatal growth as determinants of later health, without confounding by gestation length 
and largely unconfounded by external factors influencing child growth. These include parental 
eating habits, activity level and lifestyle (likely to influence similar factors in the child), as well 
as attitudes to child feeding and rearing. '̂ ^ 

Comparison of Twins with Singletons 
In general, twins have lower birth weight than singletons. This is pardy because of higher 

risk of preterm delivery, and pardy because twins are on average smaller for gestational age than 
singletons.^ It might therefore be expected that twins, as a group, woidd have higher risk of 
cardiovascular disease than singletons. Studies to date have demonstrated no difference, 
other than in one small study. If the larger studies are generally correct, this suggests that 
birth weight per se is not involved in the observed associations, and that whatever causes the 
general constraint on intrauterine growth of twins is not involved in causal pathways underly­
ing the association between size at birth and risk of later cardiovascular disease. However, it is 
clear from Iliadou's study that among twins there is a similar association between birth weight 
and type 2 diabetes to that seen in the general population. ^ 

A note of caution is that 'ecological* gross twin-singleton comparisons have not taken into 
account all relevant confounding factors so that inferences about birth weight-related pathways 
(or different postnatal growth) can only be made with limited confidence. 

Another implication of these findings is that accelerated post-natal growth per se may not 
be related to risk of later cardiovascular disease. Twins in general have accelerated growth 
relative to singletons. Wilson followed twin children to age 9 and showed that they "caught 
up" to singletons over that period. ' Study of postnatal growth in twins versus singletons 
may provide important clues as to what aspect or consequence of accelerated post-natal 
growth is involved in programming of later cardiovascular risk. 
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^ i A I 
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Figure 3. Different types of twin chorionicity (placentation). MZ = monozygotic. DZ = dizygotic. 

The Role of the Placenta 
Birth weight discordance is common in twin pairs, suggesting that within pairs the intrau­

terine environment can differ, and confirming that aspects of placental structure or function 
are likely to be important determinants of fetal growth. There is an important opportunity, not 
yet exploited, to use twins to study the role of the placenta. Maternal factors are perfecdy 
controlled and postnatal environment is much more similar than that of unrelated singletons. 
Furthermore, both maternal and postnatal factors are better controlled than between siblings. 
Twins therefore provide a particular opportunity to investigate the role of placental differences 
(in structure, function, disease and possibly epigenetic modifications) in terms of both birth 
size and later health. In the case of monozygotic twins genetic factors will also be controlled. 

Around two thirds of MZ twins are monochorionic (share one placenta), and it seems 
intuitively unlikely that epigenetic modifications will differ between two parts of one placenta. 
However, this has not been investigated and several studies have reported discordance for 
Beckwith-Wiedemann syndome in MZ twin pairs, some monochorionic. '̂ 

Large prospective twin studies with good biological sample collection will be needed to 
elucidate the role of placental factors. 
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Figure 4. 3D ultrasound scans of twins at 12 weeks of gestation. A) Dichorionic twins (courtesy of Dr. 
Martin Metzenbauer, Donauspital, Vienna, Austria). B) Monochorionic diamnionic twins (courtesy of Dr. 
Philippa Ramsay, Ultrasound for Women, Sydney Adventist Hospital, Australia). 

Are Findings in Twins Generalisable? 
There are important diflPerences between twin and singleton pregnancies, and some re­

searchers believe that we cannot extrapolate from twins to the largely singleton population '̂̂ '̂̂ ^ 
because of "the substantially different biology of fetal growth in twins ' ' /^ If this were true it 
might shed doubt on aspects of evidence from studies of multifetal species like rodents. Fur­
thermore, and as we have indicated elsewhere, fetal growth per se may not be in the causal 
pathways linking gestational factors to later health, and in any case if it were, the public health 
implications of the association would be limited. 

Issues regarding generalisability of twin data are: 
1. Shorter median gestation. 

Evidence on the relationship between gestation length and cardiovascular disease or its risk 
factors is inconclusive and most recent large studies (with reliable gestation length esti­
mates) failed to demonstrate an association independent of birth size.̂ - '̂̂ ^ There is insuffi­
cient information to determine whether gestation length modifies the relationship between 
birth size and later health. 

2. Bias in volunteer twin cohorts. 
Representative sampling is not a requirement for aetiologic studies/^ A cohort with a wide 
spread of exposures (risk factors) to ensure adequate control of any known confounding 
factors that might obscure associations of interest is the main requirement, and this require­
ment is generally met in twin cohorts. 

3. Recalled hirth weights in some twin cohorts. 
Recalled birth weight has also been used in some singleton cohort studies, for example the 
Caerphilly Study.^^ We do not know whether there is a systematic difference in recall accu­
racy between twin and singleton cohorts. 

4 . Zygosity and chorionicity (placentation). 
In one study M Z twins had a more adverse lipid profile and higher fasting plasma glucose 
and insulin concentrations than DZ. twins,^^'^^ though these findings await confirmation 
in other cohorts. Conversely, in another study mortality among female dizygotic twins was 
1.77 times higher than among monozygotic twins at age 30 - 59 years.̂ -^ However, the issue 
of chorionicity (shared placenta versus separate placentae in M Z twins, see Figs. 3, 4), was 
not taken into account by any of these studies because of lack of information. 
Two thirds of M Z twins share a placenta and there are vasctdar communications between 
their circulations. If circulating factors mediate the relationship between intrauterine com­
promise and later health, then such factors could pass from a compromised twin to its 
uncompromised cotwin, thus blunting the association between birth weight and later health 
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Suboptimal fetal 
environment 

Suboptimal fetal 
environment 

Circulating factor reaches unconipromised 
co-twin via inter-fetal vascular anastomoses 

and also 'programmes' its later health 

Figure 5. Monochorionic twins: potential for circulating factors from compromised twin to 'programme' 
otherwise uncompromised co-twin. 

in the "uncompromised" twin (Fig. 5). This remains speculative and Iliadous findings (of at 
least as strong within pair association between birth weight and type II diabetes in MZ 
versus D Z twins) suggest such 'blunting' is unlikely, at least in the programming of later 
risk of type II diabetes. 

5. Gender mix. 
It has been su^ested that exposure of a female twin to testosterone from a male cotwin 
might affect her later health.^® There is litde good evidence to support this,^ '̂̂ "^ though it is 
noteworthy that there are no data on cardiovascular disease or its risk factors. Many inves­
tigators have avoided this issue by studying only same-sex pairs.̂ '̂̂ '̂'̂ ®''̂ '̂ '̂ ^ 

6. Maternal subfertility and assisted reproduction technology. 
Assisted reproduction technology (ART) is associated with an increased twinning rate^^ 
and there is evidence of a small influence on human fetal growth.^^ No study to date has 
investigated cardiovascular outcomes in relation to ART or maternal subfertility but there 
are reports of imprinting defects in children conceived by ART, in particular by ICSI (intra-
cytoplasmic sperm injection).^^ Whether these defects relate to the causes of infertility or to 
the ICSI procedure (or both) is not known. Fiowever, there is evidence that abnormal 
spermatogenesis (leading to low sperm counts) is associated with an increase in defective 
methylation of the H19 locus,^^ potentially leading to the presence of two inactive IGF2 
genes in the placenta, with implications for embryo development. 
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Summary 
Study of twins should help us understand more about: 

• The role of shared factors versus factors affecting the individual fetus. 
• The role of genetic factors and possibly epigenetic ones. 
• The role of placental factors. 
• Which aspects or consequences of postnatal growth are associated with increased risk of 

later cardiovascular disease. 
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CHAPTER 4 

Prenatal Programming of Human 
Motor Fmiction 
Julia B. Pitcher,* David J. Henderson-Smart and Jeflfrey S. Robinson 

Abstract 

I n a world in which athletic skill is often valued more highly than intellectual prowess, we 
know surprisingly litde about the development of the human motor system. Even less is 
known about how an adverse intrauterine event or environment might program motor 

learning, memory and ftinction throughout the lifespan. We are only beginning to investigate 
how events during development of the brain and central nervous system might predispose 
some individuals to older age onset of some common neurological disorders such as Parkinsons 
and Alzheimer's diseases. Anecdotal and empirical evidence suggests that one or more adverse 
events occurring in utero may result in long-term changes in neuromotor development. These 
changes may be evident from infancy, or not become apparent until later in life. This chapter 
reviews this evidence. We suggest that the research focus must shift towards neurophysiological 
rather than neurodevelopmental paradigms, if these programmed changes in neuromotor func­
tion and the mechanisms responsible are to be ftilly understood. We also introduce the idea 
that the impact on the individual of maladaptive neuromotor programming might be reduced 
by the development of early intervention therapies, which utilise the developing nervous system's 
capacity for plastic change. 

Introduction 
There is emerging evidence that one of the developing systems that may be programmed by 

an adverse intrauterine environment is the human motor system. Programming has been de­
scribed as a process whereby a disturbance of the environment, at critical stages of development 
of regulatory systems and their target tissues, alters development in such a way as to perma-
nendy change ftmctional capacity and predispose the individual to disease in later life. Adverse 
conditions in utero have been implicated in long-term alterations in brain structure and ftinc­
tion, and possibly the later development of neurological diseases. There is increasing evidence 
that motor and vision disorders, schizophrenia (discussed elsewhere in this book, Ch. 17), 
epilepsy and autism may have their origins, at least in part, in altered prenatal 
neurodevelopment.^"^ Infants whose growth before birth has been restricted have increased 
rates of perinatal mortality and morbidity and increasingly, evidence of long-term neurological 
and neuromotor problems into childhood.^ The neurodevelopmental studies performed to 
date examining the relationship between low birthweight and neuromotor function have pro­
vided some descriptive information. However, it is not known if the motor deficits they have 
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identified persist into adulthood, what their extent and impact on neuromotor function is for 
the individual, and what underlying physiological determinants of that function have been 
impaired. Determining how aspects of the prenatal and postnatal environments alter normal 
development of motor function is complex, particularly as the human brain is highly plastic 
during development of the central nervous system and indeed throughout life. 

This review will focus on and critically evaluate the evidence for altered motor function. We 
address some of the possible sources of altered programming of motor function in utero, the 
evidence for specific alterations in motor physiology from animal studies, and suggest future 
directions for research into the physiology of programming of altered neuromotor develop­
ment. The techniques for both induction and experimental measurement of experience or 
activity dependent motor plasticity are introduced, and we oudine how these techniques might 
be developed for therapeutic intervention. 

Intrauterine Growth Retardation (lUGR) versus Being Born Small 
for Gestational Age (SGA) 

Because of the relative inaccessibility of the human fetus, surrogate markers of the prenatal 
environment, primarily fetal growth, as indicated by size at birth for gestational age, have been 
used in most studies of programming in humans. Suboptimal fetal growth is referred to as 
either intrauterine growth restriction (lUGR), or being born small for gestational age (SGA). 
lUGR and SGA are often used interchangeably, but by definition, they are different condi­
tions. SGA is defined by the World Health Organisation as a birthweight below the tenth 
percentile for gestational age, whereas lUGR is a pathological condition where the fetus is 
unable to grow to its genetically-determined potential size, due either to abnormal genetic or 
environmental conditions that impair growth. So while all lUGR infants are SGA, not all SGA 
infants are lUGR. Both SGA and lUGR are recognised as a key risk factors for neurological 
deficits and have been associated with learning difficulties, delayed language skills, behavioural 
problems^ and motor co-ordination and psychomotor development problems in children. 
The likelihood of these deficits is amplified in those lUGR babies whose in utero conditions 
are so compromised that they are delivered before term, adding the consequences of prematu­
rity to lUGR.^ 

Critical Periods in Fetal Brain and Nervous System Development 
Human brain and nervous system development begins about 2 weeks after conception and 

may not be completed until the third decade of life. Prenatally, it consists of a series of precisely 
timed events that occur during discrete time windows.^'^ These prenatal events include neural 
induction, neurulation, proliferation, migration, axon and dendrite formation and outgrowth, 
synaptogenesis, differentiation and apoptosis (see re£ 9 for review). At each of these stages, the 
developing brain is vulnerable to a range of insults that can lead to long-term abnormalities 
and dysfunction. Therefore, the nature of any neurological abnormality is likely to depend 
upon the type and severity of the insult and the neurodevelopmental stage at which it occurs. 
During the first and second trimesters while neurogenesis of the cerebral cortex is underway, 
early insults or epigenetically induced malfunctions during specific stages can result in cortical 
hypoplasia (reduced cell number), cortical ectopias (abnormal migration) or cortical dysplasias 
(abnormal dendritic shape or number).^ Abnormalities of cortical development are being in­
creasingly implicated in developmental delay, cognitive deficits and epilepsy in children and 
young adults. ^ During the third trimester, the developing human brain is particularly vulner­
able to inflammatory, hypoxic, ischemic and infectious insults that predominandy result in 
lesions. In the early part of the third trimester the white matter appears most at risk, while later 
in the third trimester, the cortical or deep grey matter (particularly the basal ganglia and thala­
mus) become most vulnerable.^ ' The cerebellar cortex also develops in the third trimester 
and is particularly vulnerable to undernutrition associated with placental insufficiency during 
this time. 
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Intrauterine Growth Restriction and Corticospinal Development 
lUGR infants have been shown to have abnormal brain structure, including reduced whole 

brain weight,^^ cerebellar weight '̂ '̂  and hemispheric volume. ^ Rat and guinea pig studies 
have shown a significant association between lUGR birthweight, brain weight and reduced 
numbers of CA 1 pyramidal neurons in the hippocampus (thought to have a key role in learn­
ing and memory), '̂ ^ reduced number and disturbed migration of cerebellar cells,̂ '̂"̂ '̂̂ "̂  re­
duced cerebellar apoptosis threshold,'^^ and the amount and distribution of nerve growth fac­
tor throughout the brain. Growth retarded fetal sheep have been shown to have thinner 
motor and visual cortices and reduced cortical synaptogenesis than their normally-grown coun­
terparts.^^' Normal function of the cerebral cortex and the cerebellum is essential for normal 
movements. The alterations in brain structure in lUGR infants and experimental animal para­
digms, the frequent anecdotal observations of clumsiness and poor motor skill development in 
lUGR children, and the subde neurological signs reported in lUGR infants^' suggest that 
human subjects who were growth-restricted in utero may have measurable deficits in 
corticomotor fimction. 

Further support for this notion comes from the consequences of prenatal and post-natal 
malnutrition in the rat, where neuronal loss, reduced brain weight, and a 15% reduction of the 
velocity at which action potentials are conducted along the corticospinal tract have been re-
ported."^^ These changes have also been associated with decreased diameter of corticospinal 
axons and reduced myelination of corticospinal fibres. ' These authors also reported a pro­
nounced loss of large compared with small corticospinal fibres in rats nutritionally restricted 
from conception to aduldiood.^^ While one must be cautious in extrapolating from animal 
studies, these results clearly suggest the possibility that corticospinal and intracortical structure 
and fimction may be adversely affected in lUGR children and adults. This is likely to be mani­
fest as poor motor development and poor motor control, particularly of fine and dextrous 
movements that rely heavily on the motor cortex and cerebellum, and on continuing afferent 
feedback to these brain structures from the periphery. However, these effects may be very subde 
and difficult to detect without specific, physiological assessment of motor pathways. 

Assessing the Impact of Growth Restriction on Motor Development 
in Infants, Children and Adults 

Neurodevelopmental versus Neurophysiological Approaches 
No study has examined the neurophysiological nature of motor deficits following lUGR or 

SGA in humans, although a number of studies have assessed aspects of neurodevelopment. 
There are key differences between neurodevelopmental versus neurophysiological assessments. 
In simple terms, neurodevelopmental tests assess the age-appropriate appearance of broad cog­
nitive and/or physical milestones with reference to the "normal" population, whereas neuro­
physiological tests provide direct and/or indirect measurements of the physiological fimction of 
one or more specific neural pathways. Hence neurodevelopmental assessments aim to deter­
mine whether an individual is developing at the expected rate for their age, but unlike neuro­
physiological assessments, they provide little or no quantitative data about which neural 
pathway(s) might be expressing any abnormal development. With neurophysiological assess­
ments, it is possible to narrow down the possibilities by examining a particular motor pathway 
and a motor behaviour or physiological outcome controlled primarily by that pathway. ̂ ^ 

The results from the neurodevelopmental studies of lUGR/SGA have been equivocal. This is 
pardy because a proportion of lUGR infants are also born prematurely, either due to premature 
onset of labour, or by obstetric intervention in the best interests of the infant or mother s survival. 
However, there is also considerable inherent variability in outcomes depending on the age of the 
cohort studied, the types of assessments used, and general study design. Most studies have used 
various scales of infant or child motor development to determine deviations from age-appropriate 
development. Developmental behavioural testing essentially examines sensorimotor function. 
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The development of the sensorimotor system is dependent upon the rate and degree of matura­
tion of both the motor and somatosensory systems; not only do the central and peripheral branches 
of these tracts develop at different rates, alterations in the development of one or both tracts will 
affect sensorimotor development.^^ Normal inter-individual variability in these rates of develop­
ment add a not insignificant degree of heterogeneity to outcomes and reduce the sensitivity of 
these tests, particularly in identifying more subde deficits that might exist in one or both systems. 
So while these studies have been very useful in helping to identify the nature of the impact of 
lUGR on neuromotor development, we know virtually nothing of the physiological mecha­
nisms responsible for the alterations. 

The Fetus—Motor Behaviour in Utero 
Early postnatal motor experiences have been shown to be important for the development of 

motor skills in humans and animals. However, little is known about the role of early postnatal 
motor experience in motor development^^ and even less of the influence, if any, of in utero 
motor experience. Longitudinal studies using real-time ultrasound have revealed that the fetus 
begins moving as early as the seventh week of gestation with slow neck extensions, then 
starde-type movements.̂ " '̂̂ ^ A few days later, more general movements begin appearing in­
cluding breathing and jaw movements. By about 13 weeks, swallowing and rhythmical sucking 
appears that is of the same rate as those observed in breast-feeding term infants. Rather than 
being voluntary movements under cortical control, there is evidence from animal studies that 
these movement patterns may originate endogenously from central pattern generators. In the 
adult, for example, walking is thought to be under the general control of central pattern gen­
erators for locomotion located in the spinal cord and possibly utilising afferent feedback. 

In the only study published of motor behaviour in lUGR fetuses in utero, Bekedam et al̂  
made hour-long real-time ultrasound assessments of ten lUGR and ten AGA fetuses. Com­
pared to AGA fetuses, lUGR fetuses tended to display a limited repertoire of slow movements, 
with litde variability in movement velocity or amplitude, although there were some AGA fe­
tuses with a similar movement profile. In particular, lUGR fetuses displayed distincdy reduced 
starde, twitching and isolated limb movements. However, there is no direct evidence that this 
reduced activity is not simply an energy saving strategy rather than reflecting a pathological 
alteration in neuromotor function. 

The Neonate and Older Infant—General Movements 
There are a handful of studies of the neurodevelopmental outcomes of lUGR in neonates. 

Most of these have come from Heinz Prechd's group in the Netherlands and the principal 
assessment of choice has been Prechd s Method, a qualitative assessment of "general move­
ments" that is believed to reflect early postnatal brain development and predict later 
neurodevelopmental outcome in high-risk infants (see ref. 38 for review). General move­
ments are endogenously generated, frequently occurring movement patterns of the head, trunk 
and limbs that are observable from birth until approximately 20 weeks postnatal age. They 
are divided into two postnatal periods: the "writhing" period (birth to 8 weeks) and the "fidg­
ety movements" period (approximately 8 to 20 weeks). Writhing refers to movements that are 
often elliptical in form, are small to moderate in amplitude, of slow to medium speed and 
generally performed close to the body.^ '̂ ^ Fidgety movements are characterised by small, cir­
cular, low amplitude movements of moderate speed and variable acceleration in a range of 
directions. ' They are continually present except when the infant is focussing their attention, 
crying or is distracted. Their frequency of occurrence during the 12-week period has a para­
bolic trajectory; they begin appearing as isolated movements, gradually become more frequent 
and then slowly disappear. ̂ ^ The absence of fidgety movements has been shown to predict the 
later development of cerebral palsy with a sensitivity of 95% and a specificity of 96%.^^ The 
presence of abnormal fidgety movements is strongly predictive of neurodevelopmental out-

'^ c 33.40.41 

comes at 2 years ot age. ' ' 
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Compared with AGA infants matched for age, gender and socio-economic status, lUGR 
infants exhibit more abnormal general movements, regardless of their gestational age at birth. 
Abnormal movements, particularly those that occur in the early and late fidgety periods and 
that do not normalise soon after birth, are strongly predictive of a poor or abnormal 
neurodevelopmental outcome at 2 years of age.̂ '̂ '̂  General movement quality in both AGA 
and lUGR infants appears not to be affected by prematurity, which suggests that normal motor 
outcomes in early childhood are critically dependent upon normal fetal growth. Cramped 
synchronised general movements, which are abnormal and predictive of cerebral palsy, tend to 
appear later postnatally in lUGR than in AGA infants.^^ Abnormalities or the absence of fidg­
ety movements has been associated with poor neurodevelopmental outcomes in term and preterm 
babies with perinatal brain lesions of a range of severity. However, most lUGR infants who 
demonstrate abnormal general movements have no evidence of lesions or other structural ab­
normalities on ultrasound scan.^ '̂̂  This suggests that a suboptimal intrauterine substrate sup­
ply to the fetus has a longer term influence on neurodevelopment that is not necessarily due to 
lesion-type injuries from hypoxic-ischaemic or haemorrhagic insults in utero One hypothesis 
might be that lUGR perturbs normal development of central pattern generators. However, 
abnormal movement patterns in lUGR infants will often normalise after they reach their term 
age, ' with normal neurodevelopmental outcomes at 2 years of age, suggesting that the de­
velopment of normal early postnatal movements can "catch up", at least in some infants. 

While the results from the general movements studies have been relatively homogeneous, 
the findings from studies using different infant development instruments have been equivocal. 
Lacey and colleagues (in ref. 42) compared infants born small for gestational age with AGA 
infants on development of state stability, posture and movement. SGA infants scored signifi­
cantly lower than AGA infants on every item, including stage of independent feeding, leg 
antigravity posturing, limb resistance strength and traction, arm movements and head turning. 
However, Newman and colleagues^ found no differences in motor abilities when comparing 
65 4-month-old SGA with 71 AGA babies. Motor ftmction was assessed on two instruments: 
the Neuromotor and Motor Development Assessment and the Griffiths Scale of Infant Devel­
opment. Similarly, in a much larger study of 265 SGA and 329 AGA babies, SGA babies 
scored equally well on the motor scale of the Bayley Scales of Infant Development at 13 months 
of age as their AGA controls, but scored poorly on the mental development scale. 
Martikainen's study further muddies the waters; she classified SGA infants as either symmet­
ric or asymmetric (based on a proportionate or disproportionate biparietal diameter to 
crown-rump length at birth) and compared them with preterm and term AGA babies at 18 
months of age using the Denver Development Screening test. Unfortunately, this version of 
the test has very limited value as a research instrument as it has been shown to have poor 
sensitivity and specificity. ^ The symmetrically growth restricted babies performed more poorly 
than any other group on fine and gross motor development, speech and social abilities. There 
is considerable debate as to the significance of differentiating morphometric discrepancies in 
fetal growth restriction, and this will not be discussed in detail here. 

The development of clinical imaging techniques has provided the opportunity to examine 
alterations in brain structure and activation in vivo, although to date their use in assessing the 
short and long-term effects of lUGRhas been very limited. Roelants-van Rijn and colleagues 
recendy investigated 14 preterm SGA neonates to ascertain whether lUGR associated with 
placental insufficiency alters cerebral metabolism, and whether this precedes the adverse 
neurodevelopmental outcome often seen at 2 years of age (using the Griffiths Scales of Infant 
Development). Compared with preterm AGA infants, the SGA infants had similar cerebral 
metabolism and neurodevelopment at 2 years. However, the authors admit that the study was 
significandy underpowered; they would have required a minimum of 110 SGA babies to detect 
a difference in the N-acetylaspartate:choline ratio on proton magnetic resonance spectroscopy. 
A reduced N-acetylaspartate signal can indicate diminished neuronal density and possibly altered 
neuronal mitochondrial function. 
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A proportion of growth-restricted infants will be so compromised in utero that they are 
deUvered preterm. In assessing the neurodevelopmental outcomes in these children it is often 
hard to differentiate the short and/or longer-term effects due to lUGR from those due to 
preterm delivery. '̂ Being able to differentiate these effects can assist in identifying the nature 
of longer-term risks associated with lUGR earlier in gestation, compared with those experi­
enced by the full- or near-term lUGR individual. These former babies also present a dilemma 
for the obstetrician, since delaying the delivery could increase the risk of hypoxia, haemorrhage 
and further neurological compromise, while preterm delivery is associated with the risks of 
intraventricular haemorrhage, respiratory distress syndrome and cerebral palsy. The outcome 
also differs between males and female neonates, with males being more likely to die if born 
preterm and lUGR. '^ The evidence to date suggests that while compromised cognitive and I Q 
development at 2 years of age is associated with low birthweight rather than gestational age, 
motor development is compromised by low birthweight, reduced birthweight ratio (the actual 
birthweight compared with the expected birthweight for gestational age) and a shorter gesta­
tional age. ' 

Children and Adolescents—Neurodevelopmental Milestones 
The literature regarding neuromotor outcomes in school-age children born lUGR is sparse 

and somewhat variable, both methodologically and in outcomes. This is partly because no two 
studies appear to have used the same assessment instrument, and the findings have been incon­
sistent. They range from little or no increase in the likelihood of suboptimal motor perfor­
mance to significant decrements in a wide range of fine and gross motor skills. Again, none 
have included neurophysiological assessments of motor function. 

In one of the earliest studies, a group of 60 full term SGA children, whose intrauterine 
growth had been serially assessed by measuring head circumference growth on ultrasound, 
were assessed at 4 years using the Griffiths Extended Scales for Children.^^ If head growth had 
slowed prior to 34 weeks, children tended to be shorter and lighter. However, onset of lUGR 
(i.e., slowed head growth) prior to 26 weeks was additionally associated with much poorer 
neurodevelopmental outcomes. Harvey and colleagues^ ̂  followed up a similar group of chil­
dren at age 5 years using the McCarthy Scales of Children's Abilities and found that in the 
pre-26 week lUGR children, motor function, particularly coordination and balance, was sig-
nificandy poorer when compared to lUGR children whose head growth had not begun to slow 
until after 26 weeks. Interestingly, there was no difference between the groups on verbal or 
memory tasks. The children's teachers expressed the view that boys fared worse than girls and 
were more "clumsy". 

Neligan et al̂ ^ reported gross motor function but not manual dexterity to be significandy 
reduced in SGA compared to AGA children assessed using the Ozeretsky-Stott test, while others 
have reported difficulties with coordination, visuo-spatial and writing skills at age G-7 years.^^ 
However, this contrasts with two other studies that have found either no motor deficits at 6 
years of age, or only a slighdy increased probability of reduced manual dexterity. Impor-
tandy, SGA children who demonstrated impaired motor performance were also more likely to 
exhibit cognitive deficits than those children with normal motor function. Strauss and Deitz 
concluded that lUGR does not alter motor development in 7-year-old children, but based these 
findings on the Bender-Gestalt test, which is a psychometric test of visuo-motor maturity, emo­
tional disturbance and visual-perception skills; it does not assess gross or fine motor function. 

There have only been two studies of lUGR/SGA neuromotor outcomes in adolescents and 
both have reported poorer motor function at 12-14 years of age. ' Both studies assessed 
motor function using the Movement Assessment Battery for Children (or Movement ABC). 
Unfortunately, in the Indian study, all the SGA children had been born preterm and all the 
controls were full-term normal birthweight babies, so it is difficult to dissect out the relative 
impact of lUGR, although preterm AGA children were also assessed.^ Both the SGA and 
preterm-AGA children had poorer writing skills and visuo-motor skills compared to controls. 
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but no diflFerence in reading skills. Both groups also scored poorly on the Movement ABC 
compared to controls of the same sex. While girls performed more poorly than boys on balance 
and ball skills, their manual dexterity skills were superior to the boys. 

Similarly, a Norwegian study^ found that 14 year olds born SGA at term had five-times the 
likelihood of exhibiting motor deficits than term AGA control children, particularly poor manual 
dexterity and poor balance and only among the boys. This was compared with very low 
birthweight (VLBW) preterm children, in whom motor function was globally reduced across 
all tests of the Movement ABC and seen equally in boys and girls. The reduced motor function 
could not be explained by poor postnatal growth in either group. Poor postnatal growth has 
previously been associated with poor motor function (Movement ABC) and cognitive impair­
ment in 7-year-old children who were born preterm.^^ 

Adults 
To date there has been no published study of the neuromotor outcomes in adults who were 

growth restricted in utero. There is one study currendy underway examining a cohort of adidts 
aged 28 years, for which only preliminary results have yet been reported.^^ 

The Case for Neurophysiological Assessment 
Determining on the basis of a single assessment whether a child's sub-optimal motor perfor­

mance is due to developmental delay, long-term neurological impairment or variance within 
the normal range, is fraught with the high likelihood of a false-positive assessment when using 
motor assessments that rely on age-appropriate performance. The "clumsy child" is not a rare 
phenomenon, but the origins of this are poorly understood. Epidemiological studies estimate 
the international prevalence of "developmental co-ordination disorder" among children aged 
between 5 and 11 years to be 6%. It is likely that at least a proportion of these children will 
have been growth restricted in utero, although this has not been investigated. While there is 
some evidence that motor impairments may persist into adulthood, the prevalence of this is 
unknown. Even in supposedly normally developing children, the trajectory of motor develop­
ment is not necessarily linear. For example, Darrah et al followed the motor development of 
47 infants from the age of 2 weeks until the age of 18 months, after all had begun walking. 
Motor development was assessed repeatedly on the Alberta Infant Motor Scale (AIMS) and 
31% of the infants studied scored below the suggested cut-off (i.e., the 10th percentile) for 
normal development on at least one occasion. This inter- and intra-individual variability in 
motor development trajectory is not an uncommon finding in children, particularly under 18 
months of age.̂ '̂̂ ^ 

Developmental course, differences between males and females, and laterality differences 
vary significandy between different types of motor tasks. Subtle motor impairments or "soft 
neurological signs" are not uncommon in young children, but are difficult to identify from 
developmental assessments. Many are broad-based assessments where a composite score for a 
given "skill" is derived from several individual tests. These may be good overall screening tools, 
but they provide no information about any underlying pathophysiology. Hence, identifying 
particularly very young children in need of intervention can be difficult. It is arguably more 
valuable to assess the physiological function of the individual motor and sensory pathways as 
well. While these too can sometimes show a relatively wide variability in the normal range, the 
probability of identifying a specific pathology is probably higher than a composite skills-for-age 
assessment alone. Two of the main parameters that can be measured in neonates, infants and 
children are motor conduction time and corticomotor threshold. Both measurements utilize a 
technique known as transcranial magnetic stimulation (TMS). 

Transcranial Mafftetic Brain Stimulation 
Transcranial magnetic brain stimulation (TMS) was developed in the 1980s and for the 

past decade has been widely used in both clinical assessment of neurological patients and in 
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Figure 1. A) Tom (aged 8 years) undergoes transcranial magnetic brain stimulation while his mother looks 
on. The coil is held against his head over the area of the cortical representation of his left hand. (Photograph 
used with child and parental consent.) B) An example of a motor evoked potential recorded from the first 
dorsal interosseous (index finger) muscle. The latency corresponds to the total motor conduction time. 

research using normal and clinical populations. The technique is non-invasive, nonpainful, 
very well-tolerated, safe and allows assessment of the human corticospinal system in vivo in 
awake infants, children and adults. Briefly, the magnetic stimulator consists of several large 
capacitors connected to an insulated "coil" that is held over the subjects scalp. When the ca­
pacitors are discharged, a very brief but strong magnetic pulse flows through the coil. This 
pulse passes painlessly through the scalp and activates some of the underlying brain cells. The 
cells of the motor cortex lie very close to the surface of the brain and if the coil is held over the 
area of the motor cortex containing motoneuron cells that activate, for example, the muscles of 
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the hand, the effects of the stimulation can be examined by recording the responses in the hand 
muscles (a technique known as surface electromyography [EMG]). In simple terms, TMS al­
lows us to examine the integrity and function of the corticospinal pathway from the motor 
cortex to the muscle by analysing various characteristics of the electrical potentials evoked in 
the muscles (called motor evoked potentials, or MEPs). Different TMS techniques also allow 
examination of the function and integrity of connections between cells in the motor cortex. 
Interhemispheric or transcallosal inhibition can also be readily investigated. 

TMS and EMG can be used to create a "motor map" of a muscle by stimulating with a 
figure-of-8 coil at multiple scalp sites (usually delineated by a grid) and ascertaining the magni­
tude (peak-to-peak amplitude or area) of the MEPs. The cortical surface map that is generated 
is related to the representation of the target muscle in the contralateral motor cortex. Cor­
tical mapping has been used extensively to determine changes in the area and excitability of 
cortical representations of muscles under a normal conditions ' and conditions including 
amputation,^^'^^ local anaesthesia,^^ in musicians,̂ "^ in Braille readers,'̂ '̂̂ ^ practising motor 
tasks'̂  with peripheral nerve stimulation^^'^ and pharyngeal stimulation.^^ 

Motor Conduction Time 
TMS has been shown to be a valuable tool in not only evaluating corticospinal development, 

but also in assessing children with disordered motor control or developmental motor delay. It 
has been used successfully to evoke responses in term and preterm neonates.^^ As there is litde or 
no data regarding abnormalities in these parameters following lUGR, we have discussed them 
with reference to normal chronological development. The most frequendy researched parameter 
is the efferent central motor conduction time (CMCT), which is calculated as the difference 
between the latency of the EMG response to motor cortex stimulation (the total motor conduc­
tion time [TMCT]) and the latency of the EMG response to cervical spinal root stimulation 
(the peripheral conduction time [PMCT]).^^ Bodi latencies can be evoked with TMS. Since 
TMS, particularly at low to moderate stimulus intensities, tends to activate the large, 
fast-conducting corticospinal fibres of the corticomotoneuronal tract, the evoked latencies tend 
to reflect conduction times in these fibres, rather than the smaller, slower fibres. 

There is a different development trajectory in normal children, for both upper and lower 
extremities, when CMCT and PMCT are compared. CMCT does not reach adult values 
until approximately 10 years of agê ^̂ '̂ "̂̂  while PMCT matures much more rapidly, reaching 
adult values by approximately 3 years of age. ̂ ^̂  Conduction in the afferent pathways shows a 
similar maturation profile to the efferent pathways in the periphery, but central afferent conduc­
tion shows a faster maturation than the efferent CMCT, reaching adult values by the age of 5-7 
years. In the neonate, slow corticospinal axonal conduction in the large fibres in both hu­
mans '̂ ^ and macaque monkeys^ tends to indicate that these axons are poorly myelinated at 
birth, although there is considerable individual variability in this. Morphological and magnetic 
resonance imaging studies have shown that the human pyramidal tracts are well-myelinated by 
about 2-3 years of age^^ although myelination of the corticospinal tracts themselves continues 
into late adolescence. It has been suggested that the relatively protracted development of CMCT 
for the next 7-8 years may be due to synaptogenesis and the concomitant process of developing 
and refining cortical synaptic efficacy, rather than ongoing myelination. 

There is limited evidence that motor nerve conduction is altered in term lUGR babies. But 
the results of the one study to date are confounded by a design that compared these babies with 
preterm AGA infants.^^ It is also not clear if these authors corrected the preterm infants ages for 
post-conceptional age when tested. The more severe the growth restriction, the slower the 
conduction velocity in the lUGR babies. But preterm AGA infants had slower conduction 
velocities than lUGR babies when the two groups were compared. A cautious interpretation 
here might be that shorter gestation and low birthweight are both potential risk factors for 
reduced postnatal conduction velocity. 
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Motor Threshold 
The lowest TMS intensity required for evoking motor potentials in the relaxed muscle of 

interest is known as the resting motor threshold. In adults, the motor threshold reflects the 
membrane characteristics principally of the cortical, but also the spinal motoneurons. In chil­
dren, motor threshold reflects the developmental stage of myelination of the corticospinal 
tracts (the less myelinated the tracts, the higher the threshold) and the membrane characteris­
tics and synaptic efficacy of the cortical and spinal motoneurons.^^ Motor thresholds are high 
in neonates compared to adults, and fall exponentially with increasing age until reaching adult 
values at approximately 13 years of age. ' ' ' Motor threshold tends to be lower in the 
dominant hemisphere of the motor cortex (i.e., the left motor cortex in right-handers) and the 
magnitude of the difference between the left and right sides is thought to be related, at least in 
part, to hand dominance in adults.^^ Garvey and coUeagues^^ showed that this asymmetry 
exists in children (although they did not test children younger than 6 years of age) and de­
creases with increasing age (6.4% in 6-8 year olds versus 4.6% in adults). Pitcher et al have 
recently reported that a larger asymmetry in motor threshold is associated with a lower 
birthweight when assessed in the cortical representations of hand muscles of young adult hu­
mans of the same chronological age.^^ This is related to a more left-handed laterality quotient 
with decreasing birthweight in males, but not in females (unpublished findings). While these 
latter results were not associated with premature birth, increased left hand preference has been 
associated with very premature birth, very low birthweight and reduced motor abilities at age 
4-6 years.^ '̂̂ ^ 

Induced Cortical Plasticity as Therapy 
One possible therapeutic avenue for ameliorating the effects of an adverse fetal environment 

on subsequent motor development may be by inducing beneficial plastic changes in the motor 
areas of the brain and/or spine. While it may be difficult to prevent some types of fetal growth 
restriction, it may be possible to exploit the immature brain*s extraordinary capacity for 
reorganisation postnatally, to effeaively reprogram the maladaptive motor programming induced 
in utero. Plasticity, in its broadest sense, can be defined as the process by which synapses, cells or 
tissues alter their structure and/or fiinction in response to altered central or peripheral input. 

Adaptive plasticity refers to the processes by which neural circuits in the brain and spinal 
cord reorganise the strength and nature of their functional synaptic connectivity to improve 
fiinction in response to an alteration in sensory input or injury. Repetitive performance of 
voluntary movements, such as practising a musical instrument or a motor skill, is associated 
with plasticity in the motor cortex. "̂  Some examples of this adaptive plasticity include increases 
in the size of the representation of the left hand fingers in the right motor cortex of violinists^^ 
and increased excitability of the "reading" finger's representation in the motor cortex of Braille 
readers. ''̂ '̂̂ ^ Recent studies in normal humans and stroke patients using single pulse or rapid 
rate, repetitive TMS (rTMS) to stimulate the brain and/or electrical pulses to stimulate the 
muscles, have shown that a similar pattern of plastic changes can be induced in the brain that 
oudasts the period of stimulation. '̂ '̂̂  This has lead to an increasing number of studies 
exploring the use of imposed stimulation protocols to maximise ftinctional recovery of motor 
control following stroke and other lesional brain injuries in adults. For example. Pitcher et al̂ ^ 
recendy showed that low frequency peripheral stimulation of the motor nerve reduces motor 
cortex excitability while high frequency stimulation increases it. Others have shown it is possible 
to induce similar changes using rTMS.^^'^^ Hence it is theoretically feasible that diff̂ erent fre­
quencies of afferent stimulation or TMS could be used therapeutically to selectively drive abnor­
mally increased or decreased motor cortex excitability towards more "normal" levels. The brain 
of the infant and young child has approximately twice as many synapses as the adult brain, 
which may account for its superior ability to reorganise its synaptic connections. This also prob­
ably contributes to the ability of young children to recover from early brain injuries.^ ^ How­
ever, the danger for the scientist or clinician endeavouring to exploit the developing brains large 
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capacity for plastic reorganisation for therapeutic purposes lies in the fact that such interven­
tions may well induce maladaptive outcomes. This is certainly possible in the human motor 
system, since our knowledge of its development is surprisingly sparse. 

Maternal Stress and Motor Development in the Offspring 
Apart from sub-optimal nutrition in utero, another source for altered prenatal programming of 

motor development is maternal stress. Maternal stress during pregnancy has also been shown 
to impair neuromotor development in rats and non-human primates, although the number of 
studies is relatively small. The gestational timing at which maternal stress occurs appears to 
determine the type of adverse affect on neuromotor development and outcomes. ^^'^ In rats, 
acquisition of a range of precocious reflexes in the pups was delayed if the dams were exposed 
to the stressor at gestational day 10, but not when exposed at gestational day 14. These 
differences resolved by the end of the second postnatal week, suggesting any deleterious effect 
of the stressor on development had recovered. Infant squirrel monkeys whose mothers' had 
been repeatedly stressed during pregnancy had poorer motor abilities and impaired balance. If 
stressed during early gestation, the effects on infant neuromotor outcomes were more severe 
and persistent than in infants whose mothers were stressed during mid-to-late gestation. 
Only those infants stressed in early gestation had lower birthweight, reduced muscle tone, poor 
co-ordination, impaired righting reflexes and decreased post-rotary nystagmus. 

Schneider s findings also raise another possibility. Unlike the control infants who showed 
rapid and linear motor development postnatally, both early and mid-gestation prenatally stressed 
infant monkeys showed either a flat or much more variable trajectory of development, suggesting 
that the discrepancy in motor abilities between the stressed and control infants increased 
postnatally. Hence one explanation for the abnormal postnatal motor development trajectories 
is that the stressed infants had significant motor learning difficulties that limited their ability to 
overcome their deficits with postnatal activity-dependent experience. 

Programming Adult Neurological Disease: Parkinson's Disease 
A long-term effect of fetal neuromotor programming may be an increased predisposition to 

adult or later onset neurological disorders, for example, Parkinsons disease. Parkinsons disease 
is a progressive motor pathology characterised by the loss of capacity to initiate and control 
appropriate voluntary movements. Patients do not become symptomatic until they have lost 
more than 60-80% of their dopamine-producing neurons in the substantia nigra pars 
compacta of the basal ganglia, a process that can take over a decade. Nigral dopamine cell 
numbers decline during normal ageing, but not everyone develops the disease before they die, 
presumably because the cell loss "threshold" has not been reached; in Parkinsons disease, this 
rate of cell loss is accelerated significantly by an unknown mechanism. It is possible that 
individuals born with fewer dopamine-producing nigral cells are more likely to become symp­
tomatic than someone of the same age and sex who starts life with a normal or optimal nigral 
cell number. 

There is emerging evidence that alterations to prenatal dopaminergic neurogenesis might 
be linked to the onset of Parkinsons disease, at least in some cases. This has come largely 
from the identification and role of the transcription factors, including Nurrl, that regulate 
dopaminergic neurogenesis during development of the brain. Alterations in the timing of 
onset and/or the level of expression of these transcription factors during fetal life may predispose 
mature dopaminergic nigral neurons to earlier and possibly accelerated cell death in at least 
some cases of idiopathic Parkinson's disease. ̂ ^ The current understanding of the cellular 
regulation of trophic factors important in the development and maintenance of healthy 
synapses is relatively sparse. However, immature neurons are thought to be apoptosed by trophic 
factor deprivation if they do not form fimctional synapses with their targets. While this is a 
normal and important part of proper development of the nervous system, it may also adversely 
reduce cell numbers when interference alters synaptic development. Therefore, the number of 
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dopaminergic nigral neurons produced diat survive to maturity, and the lifespan of those that 
do mature, may be compromised by an adverse in utero environment during dopaminergic 
neurogenesis that alters the time of onset, effectiveness or availability of trophic factors and/or 
transcription factors. For example, it is known that an excess of retinoic acid (part of the 
Vitamin A molecule) inhibits the transcriptional activity of Nurrl and is teratogenic. Nurrl is 
thought to play a key role in differentiation, maturation and maintenance of brain dopaminergic 
neurons and neural circuits.^^^ There is also evidence that it has an instructive role in dopamine 
synthesis and storage in the adult brain. ̂ ^̂  In rats exposed prenatally to excess retinoic acid 
between gestational days 14-16, cerebellar weight was reduced and the cluster of behavioural 
and motor effects was consistent with disturbance in the mesolimbic dopamine system.̂ ^^ 
Disturbances of the development of the dopaminergic neural system have also been associated 
with attention deficit disorder and schizophrenia, although direct evidence for the latter has yet 
to be presented. 

Where to Now? 
There is a reasonable body of literature on the neurodevelopmental outcomes of lUGR/ 

SGA, but few studies have addressed the likely sources and none the specific neurophysiologi-
cal changes associated with the prenatal programming of human neuromotor function. We 
also do not know if degenerative neurological disorders associated with ageing and with motor 
dysfunction as a symptom, such as Parkinsons disease, have at least some of their origins in 
altered development due to an adverse environment in utero, that may or may not be evident 
in motor function during life. There is either contradictory or no evidence for overt motor 
dysfunction in childhood and no published studies in adults. However, as with schizophrenia 
reviewed in the chapter by Bennet and Gunn, the evidence suggests there are long-term adverse 
outcomes of an adverse environment in utero on human neuromotor function. Interestingly, 
schizophrenia also has motor dysfunction as a relatively prominent symptom, often well before 
overt psychiatric manifestations of the disease (see refs. I l l , 112). 

What this review has not addressed is the role played by socio-economic circumstances in 
either prenatal or postnatal motor development, why males and females appear to respond 
differendy, and the role of the presence or absence of catch-up growth in postnatal motor 
development. In addition, there is considerable debate within the fetal programming literature 
regarding possible inter-generational effects of fetal growth restriction, as well as the differen­
tial effects of symmetric and asymmetric growth restriction that have not been discussed here. 
Lastly, the effects of undernutrition on specific neurotransmitters at different stages of motor 
development are likely to have a significant influence on the nature and severity of the out­
comes, and require a more comprehensive review than is possible here. Prenatal undernutri­
tion, malnutrition of specific substrates (particularly amino acids) and maternal stress that 
alters hypothalamic pituitary function are all likely to disrupt the timetable of expression of 
neurotransmitters, neuromodulators and their receptors. Evidence from animal and phar­
macological studies strongly suggests that apart from GABA, perturbation particularly of gly­
cine, glutamate, dopamine, serotonin and acetylcholine are also likely to have long-term ad­
verse outcomes on neuromotor development and function.^^ '̂̂ ^^ 

Future studies are needed to address firstly, the normal pre and postnatal development of 
the human motor systems, of which we know surprisingly litde, and secondly, the timing and 
nature of a range of perturbations in utero that may alter the normal motor developmental 
trajectory. Studies of human cohorts at all ages, that combine epidemiological and neurophysi-
ological approaches, are required to establish the physiological consequences of programming 
on motor function, and how this affects the health of the individual throughout the lifespan. 
Because the human brain is so highly plastic, particularly in the first few years postnatally but 
also throughout life, there is a huge potential for the development of early intervention thera­
pies that could ameliorate at least some of the acquired effects of an adverse intrauterine envi­
ronment during gestation. 
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CHAPTER 5 

Adaptive Responses of Early Etnbiyos to 
Their Microenvironment and G)nsequences 
for Post-Implantation Development 
Jeremy Thompson,* Michelle Lane and Sarah Robertson 

Abstract 

Early embryos are adaptive to the environment they encounter during development and 
this facilitates embryo resilience to environmental insults. However, it is clear from 
findings in nonhuman species that adaptive plasticity during early development can 

have adverse consequences manifesting over the long-term in formation of the post-natal 
and adult phenotype, and that this occurs via partially characterized programming phenom­
ena. Environmental effectors resulting in adaptive changes to embryos discovered to date 
include amino acid nutrition, oxygen concentration (both hypoxic and hyperoxic) and growth 
factor exposure. Other environmental factors known to influence programming of early de­
velopment have yet to be fully evaluated for their long-term consequences, an area which 
still requires much work. The mechanisms involved in translation of environmental adapta­
tions to long-term programming are only now being elucidated. Epigenetic mechanisms, 
especially DNA methylation of imprinted genes, have been associated with adaptive responses 
to altered environments. Other proposed mechanisms involve temporal gene expression pat­
terns perturbed at critical events during development, such as implantation and early pla­
cental morphogenesis. The contribution of programming in early embryos to phenotypic 
variation and, more importantly, potential health status of resulting offspring has particular 
relevance to health and diet at the time of conception and to children born following assisted 
reproductive technologies, especially where embryonic manipulations in artificial environ­
ments are involved. 

Introduction 
Early mammalian embryo development spans the fertilized zygote to the blastocyst stage, 

just prior to embryo implantation. While the duration of development varies, the morphologi­
cal changes that occur are relatively constant across most mammalian species. There are consid­
erable technical challenges to studying this process in vivo, and much of our knowledge about 
early development stems from in vitro studies. 

Application of rapid advances in this knowledge has led to in vitro embryo production 
and development. Infertility treatment using in vitro fertilization (IVF) is now considered a 
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routine clinical procedure, with many countries reporting that between 1-3% of children 
born in developed countries are conceived from in vitro fertilization (IVF) procedures.^ Fur­
thermore in vitro embryo production is increasingly utilized in agriculture for improving 
genetic selection for desirable production traits, as well as in conservation of exotic species 
and propagation of companion animals. Against this technological advance are the reports of 
perturbed fetal growth following such early embryonic manipulations. Rare syndromes, such 
as the Beckwith-Wiedemann Syndrome has been linked to IVF-derived conception'^'^ and 
the Large Offspring Syndrome is well characterized in ruminant embryos following in vitro 
embryo culture and transfer. '̂  

How are potentially abnormal embryos produced and why cannot they be recognized 
prior to implantation? The environment encountered by early embryos in the laboratory is 
far removed from that of the reproductive tract. Bowman and McLaren in 1970 reported 
that although in vitro embryo development to the blastocyst stage can be readily achieved, 
this was accompanied by a reduction in fetal viability when compared to in vivo derived 
counterparts recovered from the reproductive tract and immediately transferred to surro­
gate recipients. We now recognize such perturbed fetal development as manifestation of the 
phenomenon of'embryonic programming', where the environment encountered during in 
vitro development, despite supporting apparently normal morphological development, al­
ters the phenotype of the embryo and of the ensuing progeny in fetal and postnatal life. 
The concept of embryonic programming is recognised to extend to in vivo environments, 
whereby nutritional perturbations and other stressors impact early embryo development in 
such a manner as to permanently skew fetal and post natal growth trajectory and metabolic 
phenotype. 

The purpose of this chapter is to describe recent advances in our knowledge of the key 
environmental determinants of preimplantation development, specifically including 
physiochemical, nutritional and growth factor parameters. The mechanism(s) by which envi­
ronment acts to impart programming in the embryo in such a way as to constrain subsequent 
growth and development is also explored. 

Regulation of Embryo Development 
Early embryo development is distinguished by two distinct morphological developmen­

tal periods (Fig. 1). A reductive cleavage process, whereby the fertilized zygote cleaves into 
smaller cells, marks the precompaction period. There is no net growth during this period, 
indeed a reduction in protein'^ and mRNA content^'^ occur over this period of development, 
both of which were laid down in the maturing oocyte and therefore represent primarily 
maternal transcription and translation products. During precompaction, the embryonic ge­
nome is significantly activated^ after a period of transcriptional inactivity. ̂ ^ This is a signifi­
cant nuclear reprogramming event, involving a number of structural changes (e.g., histone 
acetylation) and recruitment of maternal mRNA to establish functional reprogramming, so 
that new protein synthesis occurs which signals the morphological transition of the embryo 
from a collection of discrete pluripotent cells to that of a differentiated entity, containing 
more than one cell type. Indeed, recent genomic analysis of gene expression during mouse 
embryo development reveals that there are 2 separate phases in differential gene expression, 
one associated with oocyte activation and embryonic genome activation and the second 
involved in the initiation of cellular differentiation between the 4-cell stage and 8-cell stage. ̂ '̂ ^ 
Another molecular event known to occur during early development is global demethylation 
and remethylation of the parental genomes, although the degree of de- and remethylation 
does appear to vary between species. ̂ ^ Nevertheless, early embryonic development is associ­
ated with significant genetic regulation, with several genes already known to be essential for 
normal development as their inhibition (by RNA/), or absence causes early embryonic mor­
tality prior to or around the time of implantation (e.g., Nek2,^ B-myb,^^ for an early review 
see ref. 16). 
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Figure 1. Early development of die mammalian embryo (4-7 days of development, dependent on species), 
incorporating the major molecular and biochemical features during development. Fertilization of an 
oocyte results in the pronuclear stage zygote. Reductive cleavage then occurs, which coincides with global 
demethylation, decreasing RNA and protein content and a dependency on oxidative phosphorylation. 
After major activation of the embryonic genome, increasing levels of RNA synthesis occurs followed by 
increasing levels of protein synthesis that includes signalling the morphological changes within the 
embryo (compaction of cells leading to the morula stage and then differentiation into the inner cells mass 
and trophectoderm, as well as the formation of the blastocoel cavity, at the blastocyst stage). This is also 
associated with remethylation of the genome and an increasing dependence on glycolytic activity. The 
embryo expresses growth factor receptors and is responsive to growth factors throughout early develop­
ment, however, there is temporal sensitivity to different growth factors during this period. 

Plasticity of Embryo Development 
Zygotes and early embryos are not bound to an absolute set of physiochemical or nutri­

tional conditions for successful development. For example, there are several commercial manu­
facturers of culture media systems for human embryo development in clinical infertility treat­
ment, all of which differ in concentrations of key constituents. The ability of embryos to develop 
adequately under varying conditions has been referred to the ^plasticity' of embryo develop­
ment. Nevertheless, we now recognise that there is an associated cost of the inherent require­
ments for adaptation to less than optimal environmental parameters. ' While adaptation is 
often not reflected in easily measurable immediate changes in embryo morphology or viability, 
there is increasing evidence it leads to perturbation of the programming process which under­
pins phenotype in fetal and postnatal life.^^ 

The capacity for an early embryo to continue ^normal' development is currendy assessed 
using morphological techniques, involving the kinetics of cell replication (the number of cell 
divisions visible by a certain time period following fertilization) and qualitative measures such 
as size, shape and colour of blastomeres, degree of degeneration (usually associated with cellu­
lar fragmentation) and organization of blastomeres. The precision and predictive value such 
surrogate measures of viability is, unsurprisingly, weak. Biochemical measures have been 
mooted (e.g., refs. 21, 22), but none have been integrated routinely at this time. Furthermore, 
as the composition of the extracellular environment clearly interacts with biochemical param­
eters, application of such measures would require individual validation in each media system. 



Adaptive Responses of Early Embryos to Their Microenvironment 61 

Determining developmental capacity and degree of adaptation to early environments will ulti­
mately reside with measuring the orchestrated temporal gene transcription profile that occurs. 
Despite such global analyses emerging,'̂ ^ this remains unlikely to be achievable in the immedi­
ate term as a noninvasive technology. It remains that effects of adaptation on developmental 
competence are best measured retrospectively following transfer of embryos and analysis of 
post-implantation outcomes. 

Physiochemical Parameters Affecting Long-Term Development 

Ionic Composition andpH 
Mammalian embryos are sensitive to both osmolarity^ and intracellular pH flux, especially 

to acidification. '̂ This is associated with relatively undeveloped homeostatic mechanisms 
for regulating intracellular osmolarity and buffering pH. For example, the generally ubiquitous 
Na^/H^ exchanger can be nonfunctional in early cleaving mouse embryos." '̂"^^ A mild acidifi­
cation of the culture medium can also result in changes in the ultrastructure of the early em-
bryo."̂ ^ However, there is little data concerning the long-term consequences of altering either 
pH or osmolarity. Of significance is the study by Schultz and colleagues,"^^ demonstrating that 
embryo culture media with a relatively high ionic concentration of Na^ caused perturbation of 
gene expression. 

Oxygen 
Oxygen concentration in the surrounding atmosphere is a well-characterised factor regulat­

ing early embryo development. It has been shown in a wide range of species that oxygen con­
centration around 5-7% is optimal for embryo development in vitro and this corresponds well 
with the reported values found in the oviduct of mammals. Normal atmosphere (21%) has 
been found to inhibit early embryo development, although different species have differing 
sensitivities. For example, the embryos of Fl generation hybrid strains of mice and even early 
human embryos^^ appear mosdy unaffected by atmospheric O2 concentrations, yet other spe­
cies, such as sheep embryos^^ and some outbred strains of mice^^ are exquisitely sensitive and 
fail to develop beyond the stage that is associated with embryonic genome activation in atmo­
spheric O2 concentrations. The mechanism for such perturbed early development has been 
associated with increased production of reactive oxygen species (ROS), although there is little 
direct evidence for increased intracellular ROS production under atmospheric O2 (reviewed by 
ref. 33). Nevertheless, atmospheric O2 can increase aneuploidy rates in mouse embryos^ and 
has recendy been shown that incubation under atmosphere causes perturbed fetal development 
following transfer in the mouse. 

Although relevant to in vitro culture, elevated O2 concentrations are unlikely to affect in 
vivo development. However lifestyle factors such as smoking or extreme exercise might well 
provide the opportunity for embryos to be exposed to hypoxic conditions. The litde data col­
lected suggest there is a decreasing O2 gradient from the oviductal environment to the uterus^ 
and that the uterine lumen environment is one of low oxygen (around 2-5%,^ ). Furthermore, 
human conceptuses are known to spend much of the first 7 weeks of life under low oxygen 
conditions, until maternal blood flow through the spiral arteries occurs at around week 8 of 
gestation. ̂ ^ We have recently examined the role of hypoxia (2%) in mouse embryos during 
post-compaction development and have found that 02-sensitive gene expression is signifi­
cantly up-regulated when compared to embryos obtained in vivo or embryos cultured under 
7% O2. Furthermore, preliminary data suggests that the Hypoxia Inducible Factor (HIF) 
transcription factor family are involved in this regulation of gene expression and that hypoxic 
post-compaction stage embryos are subsequendy programmed for perturbed fetal develop­
ment (Kind, Feil, Lane and Thompson, unpublished observations). Interestingly, the same O2 
concentration in catde embryos is not considered hypoxic and when bovine embryos are ex­
posed to 2% oxygen only small increases in gene expression are observed and are associated 
with improved embryo quality.^^' ^ 



62 Early Life Origins of Health and Disease 

Nutritional Parameters Affecting Long-Term Development 

Amino Acids and Ammonia 
Amino acids are known to play a variety of roles during early embryo development. These 

include actions as intracellular osmolytes, energy substrates and protein synthesis substrates. 
Differences in the type and quantity of amino acid transporters are known to occur during 
early development, suggesting that the relative importance of different amino acids also varies 
with developmental stage, ^ a postulate supported by the observation that different groups of 
amino acids are required for pre and post-compaction development. Surprisingly, the impor­
tance of amino acids as media additives for in vitro culture has only been recognized recendy. 
This is pardy a reflection of plasticity of embryo development, where blastocyst formation 
occurs independendy of amino acid provision but deprivation during culture in vitro leads to 
reduced viability and developmental competence at implantation. ^ 

Gardner and Lane demonstrated that amino acid inclusion, especially that of glutamine, 
significantly increases the level of ammonia within embryo culture media systems. It was 
shown that the benefits of amino acid addition could be annulled by the effect of ammonia 
build-up, partly from degradation of glutamine over the course of embryo culture, and 
partly as a result of deamination of amino acids during metabolism. Early embryos appear 
to be sensitive to levels of ammonia as low as 100 fxM and levels above 300 |xM yield signifi­
cant detrimental effects. This can be overcome by either enzymatically removing the am­
monia from the media during culture or by sequential removal of embryos to "fresh" me­
dium over the course of development (usually every 48 h). The latter has been coupled 
with a change in the energy substrate and ionic composition of medium that reflects the 
transition from oviduct to uterine environments, producing what is now referred to as "Se­
quential Culture Systems". More recently, the same authors have demonstrated that am­
monia causes significant shifts in a number of morphological and biochemical measures in 
mouse embryos, including an intracellular acidification of approximately 0.2 pH units with 
300 ^iM NH4^. Furthermore, these changes were associated with a decreased fetal survival 
following transfer to recipient mothers and reduced fetal weight of surviving fetuses. Signifi­
cantly, expression of the paternally imprinted gene H19 was also increased in blastocysts 
following embryo culture in ammonia, suggesting perturbed methylation of imprinted con­
trol regions. 

The "Large Offspring Syndrome" in ruminants has also been linked with high ammonia 
levels during the early development period, within both in vivo treatments and also in vitro 
culture, '^ demonstrating that the responses of embryos to environmental stressors are species 
specific. 

Hexoses 
Glucose concentration in the extracellular environment surrounding early embryos is 

known to significantly influence developmental capacity, especially during the precompaction 
stage. ̂ '̂  Embryos of several species are sensitive to glucose levels above approximately 3mM, 
but this too varies with different species. Early embryos of several species cannot utilize 
glucose as their sole energy substrate during in vitro culture, indeed levels of glucose uptake 
and utilization are low. This situation rapidly changes with compaction, when a shift in 
metabolic preferences, causes post-compaction stage embryos to become increasingly glyco­
lytic in their activity. ' Conversely, hyperglycaemia can also detrimentally affect 
post-compaction embryos,^^ manifesting in delayed development^^ and increased levels of 
cellular apoptosis. It is therefore surprising that in the mouse, hyperglycaemia-exposed 
embryos when transferred into normoglycaemic surrogates appear unaffected by their high 
glucose exposure. However, embryos from different mouse strains have differential sensi­
tivities to glucose.^ 
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Lipids 
There is little known of the lipid requirements of early embryos during development. Nev­

ertheless, saturated lipid can be easily incorporated into the embryo from the surrounding 
environment.^ Thompson and colleagues^ reported that incubation of sheep embryos in the 
presence of serum, particularly human serum, promoted significant incorporation of lipid into 
the embryo forming large vesicles. The lipid was subsequently identified as triglyceride, which 
significantly alters the biochemical composition, biochemical activity^ and freezing ability^ 
of embryos. It remains to be determined if such incorporation alters homeostatic mechanisms 
that lead to altered embryonic programming. Nevertheless, serum addition in both ruminants 
and mouse embryos has been associated with perturbed imprinting and subsequent fetal devel-
opment.5^'5^'^«'^^ 

Growth Factor and Cytokine Environment and Long-Term 
Development 

In vivo, the growth and development of the preimplantation embryo as it traverses the 
female reproductive tract is influenced by cytokines and growth factors secreted from epithelial 
cells lining the oviduct and uterus. The identity and biological effects of growth factors and 
cytokines targeting the preimplantation embryo have been reviewed. An array of different 
factors are secreted in precise spatial and temporal patterns such that the profile of factors 
experienced by the embryo would flux over the course of development. Expression is regulated 
principally by ovarian steroid hormones and factors present in seminal plasma. ' Further­
more there is extraordinary sensitivity of cytokine synthesis to systemic and environmental 
regulation with nutrition and endocrine status, stress, inflammation and infection all strongly 
impacting the balance of cytokines synthesised. This notion illustrates the means by which 
cytokines likely comprise a sensing system that compliments the actions of nutrient availability 
in providing the embryo with information on the external environment. Through both posi­
tive and negative effects on timing and extent of proliferation and differentiation, these factors 
presumably contribute to synchronising embryo growth with the maternal changes that lead to 
uterine receptivity. 

Experiments largely in mouse embryos but more recently in human and other species show 
embryos express cytokine and growth factor receptors from conception until implantation. 
Some growth factors are synthesized by the embryo itself and have autocrine actions during 
early development. These factors were originally identified in experiments showing that em­
bryos develop better in small volumes of culture medium. In vitro experiments show that 
supplementation of culture media with cytokines and growth factors can promote embryo 
growth and development, affecting proliferation, viability and differentiation of blastomeres 
into trophectoderm and inner cell mass lineages. 

The relative effects of different factors, and the immediate consequences of their depriva­
tion for blastocyst development, have been studied using experimental strategies including 
addition of exogenous recombinant growth factors to the embryo culture, neutralization of 
ligand or receptors with specific antibodies or antisense oligonucleotides. Knockout mice with 
null mutations in ligand or receptor genes have also provided important insights. 

Several studies have linked their impact on blastocyst development with implantation 
success. However the significance of depriving the embryo of growth factors for long-term 
health and viability of the fetus is more difficult to evaluate and has just begun to be ex­
plored. It seems imperative to address this since in human IVF and assisted reproductive 
technologies in animals, preimplantation embryos are generally cultured in media that do 
not contain growth factors. Their absence is clearly a major deficit when the in vitro and 
physiological environments are compared. Experimental strategies employing embryo trans­
fer after manipulation of the cytokine environment in vitro, or in vivo through use of genetic 
strategies, provide the best approach. This overcomes the confounding issue of endogenous 
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manipulation during the preimplantation period having indirect influences on other deter­
minants of fetal growth, for example in endometrial receptivity and placental development. 

Well-designed embryo transfer experiments have lead to compelling evidence for long-term 
effects of early growth factor environment on fetal and post-natal development, and metabolic 
programming in progeny. Insulin has been found to stimulate cell proliferation in the inner cell 
mass in vitro in the rat'̂  and to increase the post-transfer rates of implantation, fetal survival, 
and weight at birth both in rats'̂ ^ and in mice.^^ Similarly, platelet activating factor (PAF) 
exerts embryotrophic effects in vitro and increases the proportion of embryos that develop 
normally after transfer in the mouse.''̂ ^ In contrast, exposure to TNFa in the preimplantation 
period is implicated as a negative determinant of early development with embryotoxic actions 
and detrimental consequences in viable embryos after implantation, including decreased fetal 
weight. 

GM-CSF is another cytokine identified as promoting normal blastocyst development and 
subsequent viability.^^ The physiological significance of exposure to GM-CSF during early 
preimplantation embryo development for subsequent fetal and post-natal growth and body 
composition has been investigated in a comprehensive embryo transfer study. Addition of 
GM-CSF to culture medium improves implantation rate, corrects culture induced deficiencies 
in placental structure and fetal growth trajectory, and partly alleviates the long-term adverse 
consequences for postnatal growth in adult mice. 

Mechanisms for Altered Phenotype 
Although there is now compelling evidence to demonstrate that exposure to an adverse 

environment during early development can lead to altered phenotypes during fetal develop­
ment, the mechanisms linking adaptive responses with long-term consequences remain elusive. 

Disrupted Cell Allocation 
Alterations in the abundance and proportion of inner cell mass and trophectoderm cell 

lineages in the blastocyst at implantation consistendy correlate with changes in subsequent 
embryonic development and it has been speculated that preimplantation stress might result in 
inappropriate stem-cell allocation for normal growth. Fewer inner cell mass cells resulting 
from manipulation of maternal nutrition,^^ culture environment, ^ in vivo or in vitro deple­
tion of growth factors^^' or chemical reduction in the number of blastomeres^^ have all been 
shown to cause retardation of fetal growth. A similar linkage is seen in diabetic rats, where 
blastocysts with a decreased proportion of cells allocated to the inner cell mass are associated 
with subsequent inhibition of fetal growth.^^ However this explanation falls short in reconcil­
ing reduced ICM size with later disturbances in placental structure and it might be argued that 
changes in blastocyst cell allocation are symptomatic of a common underlying molecular 
etiology as opposed to a causal connection. 

The means by which growth factors program long-term effects in embryos remains 
unknown, but must be the consequence of immediate effects of growth factors on cell viability 
and function. It is possible that growth factors alter metabolic activity, acting to influence 
expression of genes that influence uptake and processing of glucose or other metabolic sub­
strates. Indeed it seems reasonable that disruptions in the metabolic status of the preimplanta­
tion embryo could explain the converging effects of growth factors and nutrition on blastocyst 
development. An alternative interpretation more consistent with evidence that low metabolic 
activity favors optimal embryo development is that growth factors such as GM-CSF function 
simply as cell survival signals to prevent cellular stress and activation of the apoptotic cascade in 
blastomeres. 

Epigenetic Hypothesis 
Emerging studies favor mechanisms involving aberrations in epigenetic modification, 

especially altered methylation state of paternally imprinted genes.^ This is particularly the 



Adaptive Responses of Early Embryos to Their Microenvironment 65 

case where growth trajectory is altered, as it appears the imprinted genes that are involved with 
growth regulation, such as HI9 and Igf^R are the most affected by adaptive stress responses, 
rather than other classes of imprinted genes.^^ When mouse embryos are cultured in the pres­
ence of fetal calf serum, expression of the growth related imprinted genes Igf2y H19y GrblO and 
GrhZ'is affected and fetal weight is reduced. Aberrant fetal growth and development in cattle 
and sheep after embryo culture is attributed to imprinting errors in Igf2R after metabolic 
stress.^ '̂̂  Disrupted imprinting concurs with the changes in placental development seen in 
several model systems, since a number of imprinted genes have important roles in placental 
development. One example is Mash-2, which maps to chromosome 7 in the mouse and is one 
of an imprinted cluster of 6 genes including Igf2 and H19P The post implantation effects of 
Mash-2 include promoting development of the spongiotrophoblast cell layer within the junc­
tional zone of the placenta and imprinting aberrations in Mash-2 is a candidate mechanism for 
the placental abnormalities related to Large Offspring Syndrome. ' 

As with developmental progression, a common attribute with stress-mediated responses is a 
perturbation in metabolic state, such as alterations in intracellular pH or reduction-oxidation 
state, and this may be responsible for altered methylation patterning. Furthermore, it is yet to 
be determined if there are differences in sensitivity during different stages of early development. 
Early embryos appear increasingly more adaptive and more resilient as they progress through 
development. It seems reasonable that heightened sensitivity during very early cleavage would 
be reflected in increased perturbations in methylation. Little is known of chromatin stability 
during this period, although it is clear that aneuploidy levels are significantly increased by in 
vitro manipulation of embryos.^^'^^ Whether and how cytokine regulation of viability and 
metabolic status in blastomeres is linked with the process of epigenetic modification remains to 
be determined. Since expression of methyltransferases and other methylation machinery are 
cell cycle-regulated, disruption in their ftinction is proposed to occur after the timing of em­
bryo development is slowed in culture,^^ whereas embryrotrophic growth factors that 
accelerate blastomere cell division would oppose this effect. 

Causal Pathway Hypothesis 
The causal pathway hypothesis predicts that fetal programming hinges on the state of the 

transcriptome of the embryo at critical stages of development. In particular, early implantation 
events are likely to be significandy affected by adaptive gene expression responses that may 
inhibit or perturb the quality of implantation and early placental morphogenesis, limiting 
access to maternal nutrient supply. Although an attractive explanation for growth retardation 
in children derived from assisted reproductive technologies^ '^^ and animal models yielding 
small or large fetuses, there is litde direct evidence that supports this hypothesis. The strongest 
evidence is via indirect association, especially where post-compaction development is altered or 
restricted via hypoxia or growth factor restriction, which may subsequently alter the embryo's 
potential to optimally implant. Within the sheep model, both asynchronous transfer of em­
bryos (where advanced embryos were placed into nonadvanced reproductive tracts), or early 
pregnancy progesterone therapy also perturb subsequent fetal development, strongly hinting 
at a casual pathway hypothesis, rather than an epigenetic mechanism, although this possibility 
cannot be ruled out. We therefore predict that factors affecting post-compaction development 
are more likely to influence fetal outcomes via a causal model, whereas stress-induced responses 
during early cleavage are more likely to operate through epigenetic mechanisms. 

Conclusion 
It is clear that early embryos exhibit plasticity and are adaptive to the environment they 

encounter during development. Questions remain about the extent of environmental pertur­
bation required to cause irreversible change in subsequent fetal phenotype, temporal sensitivity 
to stress-induced changes and mechanisms linking early events with subsequent alterations in 
placental morphogenesis and fetal development. 
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Considerable research effort has been appUed to understanding the impact of altered physi-
cochemical parameters and cellular nutrient supply during early development in an attempt to 
improve embryo quality and viability. The relevance of this to in vivo environments has yet to 
be determined, although there are indications that alterations in these parameters during in 
vivo development may occur in the event of nutritional or other forms of maternal stress, and 
have similar consequences to those described during in vitro development. 

A better understanding of the roles of growth factors in protecting embryos from environ­
mental stress holds great promise for practical application in assisted reproductive technologies 
and may also have implications for healthy natural pregnancy. However an important consid­
eration in addition of growth factors to embryo culture media is the context-dependence of 
their function. Cytokines do not work in isolation, but rather interact within a network to 
amplify, modulate, or antagonise each other's activities. The response of embryos to a given 
cytokine, as with any cell lineage, will be dependent on the local microenvironment, most 
notably the concentration of other cytokines and growth factors, availability of nutrients and 
other signalling substances, including extracellular matrix moieties. The ultimate reaction of 
the embryo to its cytokine environment no doubt depends on the sum total of signals converg­
ing at the cell surface. This urges caution in the extent to which we extrapolate from in vitro 
experiments, since it is difficult to replicate the fUl range of environmental influences to which 
embryos would be exposed in vivo. 

Follow up studies of children conceived through assisted reproductive technologies as they 
grow older will answer another critical question: Are human embryos also programmable dur­
ing early development? However, this will prove logistically challenging and raises ethical issues 
over the rights of children understanding their genetic heritage and the method by which they 
were conceived. Thus long-term, large cohort studies on adults conceived through assisted 
reproduction are likely to remain unrealistic. Studies will increasingly focus on the mechanisms 
of embryonic programming as more descriptive work exploring outcomes of altered early envi­
ronments in animal models come to light. This research emphasis will furthermore inform 
which aspects of human physiology might most fruitfully be interrogated after either in vitro 
manipulation or alteration of in vivo environment. 
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CHAPTER 6 

Modification of Epigenetic State 
through Dietary Manipulation 
in the Developing Mammalian Embryo 
Nicola Vickaryous and Emma Whitelaw* 

Abstract 

The unraveling of the human genome is revealing the intertwined nature of epigenetic 
phenomena and the genetic code. Epigenetic modifications can alter patterns of gene 
expression, independent of DNA sequence mutation. Instead, epigenetic marks modify 

the existing DNA sequence. These modifications include cytosine methylation in the pro­
moter region of genes, a phenomena associated with transcriptional silencing, and recruitment 
of chromatin remodeling complexes. Epigenetic marks are established early in development, 
are mitotically, and in some cases meiotically heritable, and can have a profound impact on an 
organisms phenotype. Thus, epigenetic modifications provide a mechanism by which the per­
manent changes associated with fetal programming can occur. 

Introduction 
Increasingly, there are reports that transient exposure of the fetus to an aberrant maternal 

environment can have long-term health effects on the offspring. Human epidemiological stud­
ies have shown a correlation between maternal malnutrition, often associated with low birth 
weight due to intrauterine growth restriction (lUGR), and an increased risk of adult onset 
diseases.^ Collectively known as metabolic syndrome, these include enhanced susceptibility to 
hypertension, cardiovascular disease, and type 2 diabetes. The fetal origins hypothesis predicts 
that insults suffered by the fetus in utero such as limited nutrient supply, can cause permanent 
alterations to the individual, a phenomena known as fetal programming.^ The thrifty gene 
hypothesis has been used to explain the benefit of fetal programming; the maternal environ­
ment is a reflection of the post-partum environment, and any cellular and metabolic adapta­
tions of the fetus will allow it the best survival under these conditions. The hypothesis proposes 
that problems arise when the postnatal environment differs from that in utero, hence the fetal 
adaptations are no longer beneficial and in fact deleterious, resulting in metabolic syndrome. 

Epidemiological studies are usefiil in identifying health tendencies in human populations, 
but they do not reveal the underlying molecular events. Researchers interested in the mechanis­
tic basis behind fetal programming have turned to animal models, thereby reducing the prob­
lems which plague human epidemiological studies including social, cultural and genetic het­
erogeneity. Studies, primarily carried out in rats, have shown that lUGR can result when the 
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developing fetus has impaired nutrient uptake. This can result from maternal malnutrition 
following overall protein/caloric or micronutrient deficiency. Secondary nutritional depriva­
tion in the offspring can also result from placental insufficiency.^ The effects of lUGR in rats 
appears to mimic that of humans, with increased blood pressure, cardiovascular disease and 
glucose tolerance occurring in individuals nutritionally deprived in utero. Indeed, these ef­
fects extend across a variety of species including rat, mice, and sheep.^' 

The molecular mechanisms behind fetal programming are not clear, however there is an emerg­
ing interest in the role that epigenetic modifications may play in this process.^ Epigenetic mecha­
nisms make excellent candidates for fetal programming as these marks can permanendy modify 
gene expression, without altering DNA sequence. They are established in early development and, 
once set, they are mitotically heritable. Thus epigenetic modificadons provide a mechanism by 
which permanent changes to the fetus can occur. This chapter will address the potential contribu­
tion of epigenetic mechanisms to maternal diet-induced fetal programming. Some of the issues 
covered in this chapter overlap with those discussed in the chapter by Robert Waterland. 

Epigenetic Modifications 
Epigenetic modifications include methylation of cytosine residues in DNA and modifica­

tions (including methylation, acetylation, phosphorylation) of the proteins packaging the DNA, 
the histones, and they affect the transcriptional activity of genes. Covalent modification of 
DNA, through cytosine methylation, is perhaps the best studied type of epigenetic modifica­
tion. DNA methylation occurs at CpG dinucleotides through the transfer of methyl groups by 
DNA methyltransferases (DNMTs). Hypermethylation of promoter regions of genes usually, 
though not always, correlates with a transcriptionally silenced state. This is thought to occur 
primarily as a result of the recruitment of methyl binding proteins. These proteins recognize 
methylated CpG s and bind to them through a methyl binding domain. In mammals, methyl 
binding proteins, including methyl-CpG-binding protein 2 (MECP2), other methyl-CpG-binding 
domain proteins (MBD), such as, MBDl, MBD2, MBD3, MBD4 and Kaiso, can recruit 
proteins involved in chromatin remodelling and transcriptional regulation to the locus. His-
tone modifications including histone acetylation, deacetylation, methylation and phosphory­
lation are additional epigenetic modifications involved in chromatin packaging and are be­
lieved to act through recruitment of chromatin remodeling complexes. These changes to the 
chromatin often occur in concert with changes in cytosine methylation and in most situations, 
it remains unclear which is the primary event. 

Examples of phenomena which involve epigenetic silencing include X-chromosome inacti-
vation and parental imprinting. In mammals, dosage compensation of genes on the 
X-chromosome is accomplished by epigenetic silencing of one of the two X-chromosomes in 
females. The decision about which (ie, the paternal or the maternal) X-chromosome is to be 
silenced is random and occurs in the early post-implantation embryo. Once made, the decision 
is inherited through subsequent rounds of cell division. The inactive X-chromosome is heavily 
methylated at cytosine residues and packaged into heterochromatin. Parental imprinting refers 
to the process by which a small number of genes (--100) are monoallelicly expressed as a result 
of gene silencing of one of the parental alleles. This silencing is determined by parental origin, 
with some genes undergoing paternal imprinting and others maternal imprinting. This im­
print is laid down in the gametes of the parent, and maintained in the zygote. The exception to 
this imprinting maintenance is in the primordial germ cells of the developing embryo, where 
the parental imprints are cleared and reset. 

There is also evidence from a large range of species, not just mammals, which suggests that 
cytosine methylation plays a critical role in silencing the large number of retroviruses and other 
foreign DNA scattered throughout the genome. In fact, some believe this to be the primary 
role of DNA methylation. Thus, epigenetic modifications to the DNA and the associated 
chromatin proteins can silence genes, and establishment of the epigenetic states occur in game-
togenesis and early development. 
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Epigenetic Reprogramming Occurs in Early Development 
Early development is a critical time for epigenetic reprogramming, with clearing and 

re-estalishment of epigenetic marks taking place throughout the genome. There is increasing 
evidence that cytosine methylation plays a crucial role in differentiation and development. 
After fertilization there is a rapid demethylation of the genome. Fluorescent antibody studies 
have demonstrated that the paternal genome undergoes a rapid, active demethylation complete 
within 4 hours of fertilization, while the demethylation of the maternal genome is slower. This 
maternal demethylation is believed to be the residt of a passive loss of DNA methylation due to 
the absence of the maintenance methyltransferase, DNMTl, leading to progressive loss of 
methylation with each cell cycle^ (Fig. 1). Not all sequences undergo this genome-wide clear­
ing, with parentally imprinted genes and some intracisternal-A particle (LAP) retrotransposons 
escaping this wave of demethylation.^ 

De novo methylation begins in the inner cell mass of the preimplantation blastocyst.^ There 
are three major DNA methyl transferases; DNMTl, 3a and 3b. As discussed above, DNMTl is 
a maintenance methyltransferase which prefers hemi-methylated DNA as a substrate. DNMT3a 
and 3b are de novo methyltransferases expressed in early development that can methylate both 
strands at previously unmethylated cytosines. How DNMT3a and 3b decide which cytosines 
to methylate, is unknown. Mouse knockouts o^Dnmt3a and 3b demonstrate that re-establish­
ment of methylation is crucial for the survival and development of the embryo. Once estab­
lished, DNA methylation is maintained mitotically through the action of DNMTl.^ Mouse 
knockouts of Dnmtl are also nonviable. The pattern of DNA methylation differs from tissue 
to tissue in the adult, suggesting a role for this process in cell differentiation. 

In animal models, techniques that involve manipulation of the early embryo such as cultur-
ing, nuclear transfer or in vitro fertilization (IVF) can lead to unusual patterns of gene expres­
sion and these changes have been attributed to epigenetic events. ̂ '̂ ^ In humans there is a 
growing concern that techniques such as IVP and intracytoplasmic sperm injection (ICSI) are 
associated with low birth weight and alterations to parentally imprinted gene expression. This 
has arisen from the finding that children produced using IVF appear to have an increased risk 
for imprinting disorders including Beckwith-Wiedemann and Angelman syndrome. 

A Possible Role of Epigenetics in Fetal Programming 
Parentally imprinted genes could be involved in fetal programming. Imprinted genes such 

as Igf2, Pegl, Peg3, H19y and Igfi^r are frequently associated, either positively or negatively, 
with fetal and placental growth. The fact that parentally imprinted genes are often involved in 
growth of the embryo has led to the parent-offspring conflict theory. This theory aims to 
explain the function of parental imprinting, stating that in order to successfully propagate their 
genes into the next generation fathers want as many resources (nutrients) as possible to be 
available for their offspring, ie an increase in placental and fetal growth. Mothers, however, 
need to divide their resources across several offspring/litters, and therefore cannot afford to 
devote too many resources to any one individual. Consistent with this theory is the fact that 
maternal silencing does often occur at alleles that promote growth, and paternal silencing at 
those that suppress growth. For example, the imprinted gene, insulin-like growth factor 2 
(Igf2) is involved in fetal and placental growth by regulating the supply and demand for mater­
nal nutrients and is maternally silenced. ̂ ^ lUGR has been seen in Igf2, Pegl and Peg3 mouse 
knockouts, while overgrowth syndromes are associated with loss of imprinting at maternally 
expressed genes such as, H19 and Igf2r. 

The Influence of Diet on DNA Methylation Levels 
Due to the potentially labile nature of DNA methylation there has been interest in the 

idea of dietary manipulation of these marks. S-adenosylmethionine (SAM) serves as the me­
thyl donor group for DNA methylation of cytosines by DNA methyltranferases. Dietary 
sources including choline (or its metabolite, betaine), methionine, as well as dietary folates or 
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Figure 1. Replication-dependent DNA demethylation occurs on the maternal genome in the zygote. The 
black lollipops represent methylation at cytosines in the DNA. Exclusion of the maintenance 
methyltransferase, D N M T l , from the nucleus results in progressive loss of DNA methylation with each 
round of cell cleavage. At the 8-cell stage there is a transient, (one cell cycle), return of DNMTl to the 
nucleus. The relocation of DNMTl to the nucleus during this time is critical for the maintenance of 
maternally imprinted marks.^^ 

folic acid contribute to the production of SAM in humans^'^ (Fig. 2). Hepatic D N A methy­
lat ion can be altered in rats fed methyl-deficient diets. T h e changes involve global 
hypomethylation and altered gene specific hypo- or hypermethylation. However, global 
D N A hypomethylation is not consistentlv seen with moderate folate deficiencies, so these 
results must be interpreted with caution. Reduced D N A methylation in response to diet is 
not unique to rodents as folate deficiency in humans has also been shown to lower D N A 
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Figure 2. Pathway of methyl metabolism contributing to DNA methylation. Dietary sources of 
s-adenosylmethionine (SAM) production include choline, or its metabolite betaine, which can convert 
homocysteine to methionine in the presence of the cofactor zinc. Folates from food sources, or folic acid 
supplementation, also contribute to the production of methionine, serving as one-carbon unit carriers. The 
conversion of 5-methyltetrahydrofolate (5MTHF) to tetrahydrofolate (THF) requires the cofactor 
methylcobalamin, which is derived from vitamin B12. SAM is formed from methionine with the transfer 
of an adenosyl group from ATP, and serves as a methyl donor for DNA methylation by methyltransferases 
(DNMTs). Transfer of a methyl group from SAM results in the formation of s-adenosylhomocysteine 
(SAH), which can be recycled to homocysteine in a reversible reaction. Adapted from reference 19. 

methylation levels in lymphoqrtes.^^ Furthermore, diets deficient in cofactors for methyl 
metabolism, such as zinc, can alter D N A methylation. ̂ '̂̂ ^ There is also some evidence that 
levels of methyl-interacting proteins can be affected by diet. ̂  ' Importantly, global and 
gene-specific methylation changes induced by diet have been implicated in the initiation and 
progression of cancer. ̂  ̂  

Maternal Diet Altering Fetal Phenotype 
Given the impact that diet can have on D N A methylation in an adult individual, several 

studies have now been undertaken to see if these effects occur during embryonic development. 
Rees et al demonstrated that a maternal protein-deficient diet (supplemented with threonine) 
led to global hypermethylation of D N A in the livers of fetal rats. The authors propose that the 
hypermethylation seen in the offspring is a result of threonine metabolism competing for en­
zymes involved in methionine metabolism. The authors suggest that the net result of this com­
petition is elevated homocysteine levels which lead to increased D N A methylation (see Fig. 
2).^^ This highlights the difficulty in interpreting dietary studies where overlapping metabolic 
pathways are involved. Although the long term consequences of hepatic D N A hypermethylation 
in these embryos was not examined, this type of maternal diet in rats is known to be associated 
with hypertension and glucose intolerance in the offspring. 

Wolff et al ^ demonstrated that the phenotype of offspring could be modulated by micro-
nutrient supplementation of maternal diet using a murine locus, agouti viable yellow, J^^. 
The A^ allele results from the insertion of an lAP retrotransposon upstream of the agouti 
gene. A cryptic promoter in the long terminal repeat (LTR) of the lAP can drive constituitive 
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expression of the downstream agouti gene, which is involved in coat colour. The expression 
state of the cryptic promoter correlates with DNA methylation; an active promoter is 
hypomethylated, while a silenced promoter is hypermethylated. An inbred population of 
mice carrying this epiallele display variable expressivity, with some mice having completely 
yellow coats and others a brown (agouti) coat. As well as the yellow and agouti coats, these 
isogenic mice can have various degrees of mottling, a trait that stems from variegation of 
agouti expression from clonally derived patches. Supplementation of maternal diets with 
methyl donors and cofactors involved in SAM production demonstrated that the proportion 
of coat colour phenotypes found in the offspring could be shifted from those on a control 
diet. With maternal micronutrient supplementation, an increased proportion of offspring 
were found to carry more heavily mottled coats. These effects were found to be influenced by 
the strain background, suggesting that the differences in the sensitivity to dietary supple­
ments were due to genetic differences in methyl metabolism between the strains. 

This finding suggested that methyl supplementation, by providing more substrate, created 
hypermethylated A^ allele in the offspring, which in turn result in more coat colour motding. 
This interpretation was subsequendy supported by Waterland and Jirde, who used bisulfite 
sequencing to show that increased methylation of the A^ retrotransposon correlated with the 
shift in coat colours that resulted when dams were fed methyl-group enriched diets."^^ This 
work not only demonstrates a link between maternal diet and offspring coat colour phenotype, 
but, has implications on the long-term health of the offspring. Overexpression of agouti, which 
is a paracrine signalling molecule, results in deleterious health effects in adult mice including 
obesity, hyperinsulinemia, diabetes, increased susceptibility to cancer and in general a shorter 
lifespan."^ ' So, at least in the case of the A^ allele, micronutrient maternal supplementation 
impacts on the long term health of an individual through epigenetic mechanisms. ' 

However, it is worth pointing out that alleles like A^, which are particularly sensitive to 
epigenetic state, are not common in the mouse genome, and none have yet been identified in 
humans. These alleles are now termed metastable epialleles, and to date only a handful have 
been identified in the mouse. There is now intense interest in the identification of similar 
alleles in humans, but this is a challenging task due to the outbred nature of our population. 

Glucocorticoids and DNA Demethylation 
Epigenetic modifications have recendy been implicated in the mechanism by which gluco­

corticoids influence fetal programming. In rats glucocorticoid exposure of dams results in 
decreased birth weight of the offspring and leads to hypertension and glucose intolerance once 
these offspring reach adulthood. These effects are similar to those seen in fetal malnutrition. 
Some people are now suggesting that fetal malnutrition can lead to glucocorticoid overexpo­
sure of the fetus as a result of down regulation of 11P-HSD2, a placental enzyme normally 
involved in inactivation of glucocorticoids.^^ Glucocorticoids, acting through the glucocorti­
coid receptor (GR), have been shown to mediate epigenetic changes, including DNA 
demethylation and chromatin remodelling, at the promoters of some genes known to be re­
sponsive to glucocorticoids. Interestingly, it has recendy been shown that maternal licking of 
newborns can reset the transcriptional activity of the GR in brains of these offspring. This is 
associated with hypomethylation of the GR promoter and is retained for the life of the mouse, 
having long-term behavioural consequences. 

Placental Insufficiency as a Cause of Fetal Malnutrition 
In developed nations, where maternal diet deprivation is rarely an issue, it has been argued 

that placental insufficiency is responsible for the majority of fetal malnutrition cases. Placental 
insufficiency is a condition where the fetus has restricted access to materials through the pla­
centa, often due to vascular conditions. Observations of placental insufficiency in humans is 
confounded by inheritance of genetic risk factors which may also contribute to the adult chronic 
diseases. ̂ ^ To control for genetic factors involved in this type of fetal programming, rat models 
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for placental insufficienqr are used. The placental insufficiency is induced by uterine artery 
ligation (uteroplacental insufficiency).^^ With this technique Pham et al, demonstrated that 
uteroplacental insufficiency in rats led to lUGR that was characterized by morphological changes 
to the nephrons of the offspring. Subsequent molecular analysis of the renal p53 gene revealed 
promoter region hypomethylation that correlated with increased p53 expression and was asso­
ciated with altered levels of expression from genes known to be regulated by p53. This indi­
cates that placental insufficiency can lead to permanent changes in patterns of gene expression, 
which may be the consequence of epigenetic changes. 

Other studies using the rat model of uteroplacental insufficiency reveal genome-wide 
hypomethylation and altered methylation patterns in CpG islands in general. These methyla-
tion changes were associated with increased histone H3 acetylation. However, it is dangerous 
to assume that these changes in patterns of gene expression are the direct consequence of changes 
to the epigenetic state. There is continuing debate about whether changes in DNA methyla­
tion are the causes or the consequences of the changes in transcription. 

Transgenerational EflFects 
Some epidemiological studies indicate that the effects of fetal programming can be passed 

on to the next generation. ̂ ^ Although there is evidence of transgenerational inheritance of low 
birthweight, cardiovascular and diabetes risk factors in humans, reviewed by Drake and Walker, 
the most convincing evidence of this phenomena comes from animal models. As discussed 
previously, rat dams fed protein-deficient diets, produce low birthweight offspring. In one 
study, these effects were seen to be intergenerational, that is, low birthweight offspring were 
shown to go on and produce low birthweight offspring of their own.^ This is despite the fact 
that they were fed a normal diet. This effect persisted for several generations after a normal 
protein diet was reintroduced.^^ Transmittance of fetal programming across generations has 
also been reported for glucose intolerance and hypertension in rats.^^ More recently, 
intergenerational effects of glucocorticoids have been shown in rats. This study showed that 
prenatal glucocorticoid overexposiue could effect the phenotype of the offspring and their 
subsequent progeny. Interestingly, in this case, the intergenerational effect could be passed 
through male individuals, supporting the idea that an epigenetic mechanism is involved. Sev­
eral studies on intergenerational effects of fetal programming suggest they last approximately 
three generations before the effect is lost. '̂ ^ 

The inheritance of epigenetic marks between generations has been described in mice. For 
example, transgenerational epigenetic inheritance has been shown to occur at the previously 
discussed, ^ allele. The coat colour of the dam influences the range of coat colour in her 
offspring, with yellow dams producing a higher proportion of yellow offspring than brown 
dams. The coat colour phenotype of these offspring has been shown to reflect the methylation 
status of the promoter in the LAP element lying upstream of the agouti gene. At this locus, 
epigenetic inheritance only occurs through the dam, however it was demonstrated that the coat 
colour phenotype of offspring was not due to an intrauterine effect.̂ ^ Indeed, at other alleles, 
paternal epigenetic inheritance has now been described in the mouse. It has been proposed 
that epigenetic inheritance is a result of incomplete clearing of epigenetic marks in the zygote, 
leading to a memory of the epigenetic state. ̂ ^ This memory leads to nonmendelian inheritance 
of phenotype, which, at least in some instances, can have health implications in the offspring. 

Summary 
Although there is more research required in this area, there is a growing body of evidence 

that maternal diet has the potential to influence epigenetic state in the developing embryo. The 
impact of epigenetic modifications on phenotype, and the suggestion that they can be affected 
by maternal diet, aid in explaining the age-old question of how environment can influence 
phenotype. It is easy to see how, in some cases, fetal programming would be beneficial to an 
individual if the environmental conditions post-partum were similar to those in utero, and 
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their nongenetic inheritance could offer a mechanism of quick adaptation to the environment. 
The influence of the maternal environment on offspring phenotype can have profound conse­
quences, as these effects have been shown to be heritable through several generations. In the 
future, with a better understanding of the mechanisms underlying fetal programming, it is 
possible that we will be able to modify offspring phenotype through maternal diet. These 
modifications could have a positive health impact on generations to come. 
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CHAPTER 7 

Critical Experiments to Determine if Early 
Nutritional Influences on Epigenetic 
Mechanisms Quse Metabolic Imprinting 
in Humans 
Robert A. Waterland* 

Abstract 

M etabolic imprinting occurs when nutritional influences during critical periods of 
development cause specific metabolic adaptations that persist to adulthood. Epi­
genetic mechanisms, which regulate the broad diversity of tissue-specific gene ex­

pression, are established during development and largely maintained throughout adulthood. 
Hence, to the extent that nutrition during development affects the establishment of epigenetic 
gene regulatory mechanisms, metabolic imprinting could occur via this mechanism. This ar­
ticle surveys the growing body of evidence that aberrant epigenetic gene regulation plays an 
important role in human disease, and recent data from animal models showing that subde 
environmental influences during specific ontogenic periods can cause stable alterations in mam­
malian epigenotype. Experimental approaches are suggested to focus future studies of prenatal 
and early postnatal nutritional influences on developmental epigenetics in humans. 

Introduction 
Epigenetics is the study of mitotically or meiotically heritable changes in gene expression 

that are not caused by changes in DNA sequence. Literally meaning 'above genetics', epigenetics 
encompasses all the interacting mechanisms that are layered above the DNA sequence informa­
tion to regulate gene expression in a cell type-specific or developmental stage-specific fashion. 
Just as genetic variability amongst individuals explains differences in susceptibility to disease, it 
is increasingly clear that so too can inter-individual epigenetic variability." '̂ However, unlike 
genetic variation, which is determined by parental inheritance, we are only beginning to un­
derstand the factors that determine individual epigenotype. 

Five years ago, Waterland and Garza proposed the term 'metabolic imprinting' to encom­
pass a subset of adaptive responses to nutrition during development, characterized by sus­
ceptibility limited to a specific ontogenic period early in development and a persistent effect 
lasting into adulthood. Of the potential mechanisms of metabolic imprinting that were 
proposed, we have focused on characterizing the circumstances under which nutrition dur­
ing prenatal and early postnatal development can affect the establishment and maintenance 
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of epigenetic gene regulatory mechanisms in mammals. This article will briefly review the 
importance of epigenetics to human disease and recent work in animal models demonstrat­
ing that subtle environmental influences during development can change the course of de­
velopment by permanently altering epigenetic mechanisms. Throughout, we will suggest 
experimental approaches that will help us understand the role of early nutrition in develop­
mental epigenetics. 

Epigenetics and Human Disease 
Epigenetic information is conveyed in mammals via a synergistic interaction between 

mitotically-heritable patterns of DNA methylation, chromatin conformation^ and autoregula-
tory DNA binding proteins.^ (Whitelaw reviews epigenetic gene regulation in this volume). 
Biological methylation reactions are direcdy dependent on dietary methyl donors and cofac-
tors including folic acid, vitamin B12, and methionine. Our research, therefore, focuses pri­
marily on the epigenetics of cytosine methylation, which occurs on both strands of palindro­
mic CpG dinucleotides in mammals. Methylation of cytosine to 5-methyl-cytosine affects 
regional chromatin conformation and gene expression by influencing the affinity of 
methylation-sensitive DNA binding proteins. ̂ ^ Specific patterns of CpG methylation are es­
tablished during early development and propagated during DNA replication by 
DNA-methyltransferase 1 (Dnmtl).^^ The mammalian genome is largely depleted of CpG 
dinucleotides, and those that remain are mostly methylated. However, the promoter regions of 
about 40-50% of human genes contain small stretches of DNA with a relatively high CpG 
content, ̂ "̂  and these *CpG islands' are normally unmethylated. 

Cytosine methylation is critical to mammalian development. Promoter-region methyla­
tion does not, however, generally show a clear correlation with gene expression, in that most 
CpG islands in gene promoters are normally unmethylated regardless of the tissue-specificity 
of gene expression. ̂ ^ Two important exceptions are genomically imprinted genes and trans-
posable elements. ̂ ^ (The terms 'tranposable element' and *transposon' are used here to encom­
pass all parasitic elements in the genome, including retroviruses, retrotransposons and DNA 
transposons.^^) Mono-allelic expression of imprinted genes is always associated with differen­
tial methylation of the maternal and paternal alleles, and most tranposable elements, which 
comprise over 45% of the human genome, are constitutively silenced during early develop­
ment by CpG hypermethylation. 

Several recent articles '̂  have reviewed the growing body of evidence that epigenetic 
dysregulation plays an important role in the etiology of human disease. Aberrant epigenetic 
regulation is responsible for several devastating developmental diseases including 
Beckwith-Wiedemann, Angelmann, Prader-Willi, and Rett syndromes. In the last decade a 
huge body of research has demonstrated that epigenetic dysregulation contributes to many 
types of human cancer. '̂ '̂̂ ^ Epigenetic mechanisms were first implicated in carcinogenesis by 
comparing tumor tissue epigenotype with that of surrounding normal tissue. "̂^ Individual vari­
ability in epigenotype at specific loci has now been causally related to cancer susceptibility. For 
example, epigenetic dysregulation of the gene encoding insulin-like growth factor 2 (IGF2) is 
fairly common among normal adults, and predisposes to colorectal cancer.̂ ^ A heritable epige­
netic alteration, or epimutation, in the human DNA mismatch repair gene MLHl causes 
mosaic silencing of MLHl which predisposes to various cancers."^^ Several authors'̂ ''̂ ^ have 
made a strong case that, like cancer, many complex diseases are likely to have an epigenetic 
component. Hence, it is probable that occurrence of the diseases most studied in the context of 
the ^developmental origins hypothesis', including cardiovascidar disease,^ type 2 diabetes,'̂ ^ 
and obesit)?^ is related to epigenetic dysregulation. 

The major issue addressed by this paper is illustrated in the causal pathway in Figure 1. 
Recent data from animal models show clearly that nutrition (and other subde environmental 
influences) during development can affect the establishment of gene-specific DNA methyla­
tion patterns that are maintained into adulthood. For example, maternal dietary methyl donor 
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Figure 1. Nutrition during development could influence human disease susceptibility via this causal pathway. 

supplementation during pregnanq^ permanently increases DNA methylation at the agouti 
locus in viable yellow agouti {A^ mice."̂ ^ Although not a nutritional paradigm, the recent 
study of Weaver et al is relevant here. They demonstrated that the quality of maternal care 
received by newborn rats during the first few days of life affects the establishment of DNA 
methylation of the glucocorticoid receptor gene in the hypothalamus, affeaing behavior through­
out adulthood. Not only is there is biological precedence for subtle environmental factors to 
influence developmental epigenetics, but also, as described above, epigenetic dysregixlation 
clearly causes human disease. Therefore, to determine if nutrition during development affects 
adult chronic disease susceptibility in humans via the pathway shown in Figure 1, the only 
remaining question is whether nutrition influences the establishment of epigenetic mecha­
nisms during development in humans, as it does in animal models. 

What experiments are critically needed to answer this question? Because our understanding 
of how nutrition influences epigenotype remains rudimentary^^ detailed mechanistic studies 
in animal models will be required to develop very specific hypotheses to test directly in hu­
mans. The entire mammalian genome does not have an equivalent susceptibility to 
environmentally-induced epigenetic alterations. Rather, there are specific genomic regions whose 
epigenetic state is especially labile to external influences, and this susceptibility is likely limited 
to specific ontogenic periods. Once we ascertain the 'genomic signatures' of such regions in 
appropriate animal models, we can employ comparative genomics to identify candidate hu­
man loci at which nutrition may influence developmental epigenetics. Considerable data sug­
gest that specific transposable elements^^ and genomically imprinted genes '̂ ^ comprise two 
such classes of epigenetically labile loci.^^ 

Epigenetic Lability at Transposable Elements 
Except for a brief period of global demethylation in the early mammalian embryo, trans­

posable elements in the genome are generally silenced by hypermethylation.^^ However, these 
parasitic elements comprise over 45% of the mammalian genome, and their aberrant transcrip­
tional activity can interfere with the expression of neighboring genes. Dysregulation of even 
a small fraction of human transposable elements could therefore cause substantial genomic 
instability. ̂ '̂'̂ ^ Notably, transposable elements are transcriptionally activated in Dnmtl knock­
out mice and chimeric mRNAs originating at transposon promoters have been identified in 
some human tumors. ̂ '̂̂  Retro transposition has been direcdy implicated in human cancer, 
affecting, for example, the APC gene in desmoid tumors and BRCA2 in breast cancer.^^ Poten­
tially more common than such direct interference, however, is the possibility for transposable 
elements to affect human genes via epigenetic interference. 

As Waterland and Jirde recendy demonstrated in the viable yellow agouti {A^ mouse,^^ 
transposable elements in specific genomic regions can lead to epigenetic instability, which ren­
ders regional methylation labile to the influence of nutrition (and perhaps other environmental 
influences). Approximately 5% of human genes contain transposable elements, indicating 
that a vast number of human genes may be subject to epigenetic interference by neighboring 
transposons. However, the specific circumstances under which transposable elements can 
affect epigenetic regulation of neighboring genes are currendy unknown. 
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Rakyan et al̂  introduced die term 'metastable epiallele' to describe loci at which the epige-
netic state is estabUshed probabilistically early in development, but is stable thereafter. This 
results in wide variation in individual epigenotype at these sites, even amongst isogenic indi­
viduals. It appears that the stochastic nature of establishment of epigenotype at metastable 
epialleles confers lability to nutritional influences during development.^^ We must determine 
what types of transposons are associated with epigenetic metastability. Also, we need to know 
what features of the genomic region into which a transposon inserts are conducive to this 
phenomenon. For example, the intracisternal A particle (LAP) retrotransposon that causes the 
A^ mutation is inserted into the y4^(0«ft'promoter region. The LAP that causes a variably-penetrant 
tail kink phenotype in isogenic Axirr heterozygous mice,^^ however, is inserted into an 
intron of the Axin gene. Future studies should identify other animal models in which epige­
netic metastability is caused by the insertion of transposon DNA into a specific gene region. 
Such regions can be contrasted with epigenetically invariant transposon insertion sites to iden­
tify genomic characteristics that confer epigenetic metastability. Further, animal models of 
epigenetic metastability should be tested to determine if epigenetic metastability is a sufficient 
condition for early nutrition to influence epigenotype. 

The pro-methylation supplement used in the A^ studies^ '̂̂ ^ included folic acid, vitamin 
Bi2, betaine and choline. In conjunction with the studies described above, we need to deter­
mine which specific components of the maternal diet are capable of influencing epigenetic 
mechanisms in the off̂ spring. Considering the worldwide prevalent supplementation of the 
food supply with folic acid to combat neural tube defects, it is critical to determine if maternal 
supplementation before and during pregnancy with folic acid alone can shift offspring 
epigenotype at specific loci. 

Epigenetic Lability at Genomically Imprinted Genes 
Genomic imprinting is an epigenetic phenomenon by which certain mammalian genes are 

expressed preferentially from either the paternally-inherited or maternally-inherited allele. 
Monoallelic expression of imprinted genes is regulated by allele-specific methylation of specific 
CpGs. Most imprinted genes are found in clusters, and these imprinted domains are regu­
lated in coordinate fashion via long range mechanisms including antisense RNA interference 
and methylation-sensitive boundary elements. Such regulatory complexity may render im­
printed genes especially sensitive to epigenetic dysregulation. '̂ ^ This postulate is supported by 
recent data showing that subtle changes in embryo culture conditions'^ and DNA 
methyltransferase activity affect the allelic methylation status of imprinted genes in mouse 
embryos. 

Alarmingly, in vitro manipulation of human embryos appears to induce imprinting alter­
ations similar to those characterized in mice. Angelman syndrome is caused by loss of function 
of imprinted genes including SNRPN on chromosome 15qll-13. Recendy, there have been 
several case reports ' "̂  of children derived from intracytoplasmic sperm injection (ICSI) who 
developed Angelman syndrome associated with a loss of methylation in the SNRPN re^on. Assisted 
reproduction has similarly been linked to an enhanced incidence of Beckwith-Wiedemann syndrome 
(BWS). BWS is caused by loss of imprinting of a group of genes (including HI9 and IGF2) on 
human chromosome 1 Ipl 5. ' Children born after ICSI are at a six-fold higher risk of BWS. ' 
These studies taken together provide the first evidence that environmental influences encoun­
tered during in vitro manipulation of the early embryo can lead to human disease by inducing 
epigenetic alterations at imprinted loci. 

Research in animal models is now critically needed to determine if, and by what specific 
mechanisms, early nutritional perturbations can lead to persistent aberrant expression of im­
printed genes. For example, does maternal diet before and during pregnancy affect methylation 
in the differentially methylated regions of imprinted genes in offpring, as it does at the A^ 
locus?^^''^Ifso,which imprinted loci are most labile to such influences? It is logical to focus 
early investigations on imprinted genes whose methylation status has already been shown, in 
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vitro, to be labile to external influences.^^ The 'early origins' hypothesis is largely predicated on 
human epidemiologic data relating birth weight to various adult-onset chronic disease out­
comes.^ Given that many genomically imprinted genes are important regulators of fetal growth 
we should determine if the effects of nutritional exposures known to affect fetal growth (and 
later physiological outcomes), such as maternal energy or protein restriction during pregnancy, 
are mediated by epigenetic alterations at imprinted genes. 

Another critical issue is identifying the developmental periods when methylation of im­
printed genes is most labile to nutritional influences. In the preimplantation embryo the ge­
nomic complements derived from the sperm and egg are largely demethylated, and remethylation 
takes place following implantation. In the germ line, a second wave of demethylation/ 
remethylation occurs later during fetal development, commencing at gestation d 16 in the 
mouse."^^ The limited ontogenic windows allocated to reestablish appropriate DNA methyla­
tion patterns, first in the soma and then in the germ line lineage, suggest potential critical 
periods when either an excess or deficiency of critical nutrients could affect developmental 
outcome via epigenetic mechanisms. In the developing germ line, allele-specific methylation 
at imprinted genes must be set according to sex of the fetus. These primary imprint marks will 
subsequendv escape the wave of demethylation that occurs in the early embryo of the next 
generation. For these reasons, transgenerational effects of early nutrition could occur via 
inheritance of induced epigenetic alterations at imprinted genes. ' ^ Research in animal mod­
els will enable us to identify the critical windows for early nutritional influences at imprinted 
genes, and determine if transgenerational effects occur by nutritional influences on imprinted 
genes during germ line development. 

Nutritional Epigenomics 
There are almost certainly other classes of loci whose epigenetic states are labile to early 

nutritional influences. Epigenomic approaches will therefore provide an important comple­
ment to targeted studies of transposons and genomically imprinted genes. Several techniques 
have recendy been developed to assess simultaneously the methylation status of thousands of 
genes. '̂̂ ^ All have the potential to identify novel regions of the genome that are labile to early 
nutritional influences. Future studies will employ these epigenomic approaches to conduct 
genome-wide comparisons of gene-specific DNA methylation between tissues of animals ex­
posed to different nutritional conditions during development. By identifying the common 
features of genomic regions that show group differences in DNA methylation, we will advance 
our understanding of the genomic characteristics that confer epigenetic lability. Epigenomic 
approaches will also be required to direcdy test the hypothesis that specific classes of genes, 
such as genomically imprinted genes, have an enhanced lability to external influences during 
development. ̂ '̂̂  For example, one could spot a methylation-specific oligonucleotide array^ 
with the differentially methylated regions of 50 genomically imprinted genes, and the analo­
gous regions of 50 nonimprinted genes. By using this array to compare the methylation status 
of these subsets in animals from different early-diet groups, one could determine if induced 
methylation changes do indeed occur more readily at genomically imprinted loci. 

The Mouse as a Model System for Nutritional Epigenetics 
Many epigenetic phenomena, such as genomic imprinting, X-chromosome inactivation, 

and silencing of transposons by hypermethylation, share much in common between mice and 
humans. Most genes that are genomically imprinted in humans are also imprinted in the mouse,^^ 
and the differentially methylated regions that regulate allelic expression of imprinted genes are, 
for the most part, highly conserved from mouse to human. For example, all four known differ­
entially methylated regions that regulate imprinting of the human gene encoding insulin like 
growth factor 2 {IGF2) also contribute to regulation of Igf2 expression in the mouse. The 
eerie precision with which many mouse models of human epigenetic disease recapitulate the 
presentation of analogously afflicted humans illustrates further that fundamental epigenetic 
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processes are highly conserved between humans and mice. For example, mice widi a truncating 
mutation of the methyl-CpG-binding protein gene (similar to those that cause Rett syndrome 
in humans) develop a progressive neurological disease sharing many complex Rett syndrome 
features.^^ The nearly complete availability of DNA sequence data from the human and mouse 
genomes will simplify comparative genomics approaches based on the results of controlled 
experiments in mice. Ferguson-Smith et al̂ ^ recendy asserted that mice are "the best experi­
mental organism for studying (genomic) imprinting". We agree, and would extend their con­
clusion to studies of early nutritional influences on epigenetics in general. 

Conclusion 
For centuries man has recognized that early development is a special time during which 

subde environmental influences can dramatically and permanendy affect an individual s physi­
ology and behavior. Now, at this exciting time for biology, we are poised to understand the 
detailed biologic mechanisms mediating this developmental plasticity. It is likely that metabolic 
imprinting^ occurs when nutrition during prenatal and early postnatal development induces 
individual variation in epigenotype that persists to influence adult metabolism and chronic 
disease susceptibility. An important milestone of research progress in this field will be the iden­
tification of human genomic regions that are epigenetically labile to specific dietary influences 
during development. Carefully-controlled, hypothesis-driven studies in mouse models, 
combined with genomic and epigenetic comparisons between mouse and human, will yield 
rapid insights that will facilitate this goal. 
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Abstract 

Animal studies of nutritional programming confirm the biological principle underpinning 
the "Barker Hypothesis". Most studies have modelled the hypodiesis in its simplest 
form, seeking to test the proposal that low birthweight predicts hypertension and, in­

deed, growth restricted offspring in many species do exhibit raised blood pressure as adults. A 
growing body of work with rodents has considered the programming effects of restricting single 
nutrients, including low protein feeding, high fat feeding and micronutrient restriction. Quite 
subde shifts in the composition of the diet in pregnancy appear to produce potent effects, with 
hypertension, glucose intolerance, impaired immunity and reduced longevity noted with re­
striction of maternal protein, iron, sodium or calcium intakes. Although the nature and sever­
ity of the insults applied vary greatly between models, the general finding is that either bal­
anced undernutrition or restriction of specific nutrients promotes metabolic and physiological 
disturbance and also relative adiposity in adult life. Intrauterine influences upon feeding, me­
tabolism and the deposition of adipose tissue may well be mediated at the level of the hypo­
thalamus. Microarray studies of the offspring of protein-restricted pregnant rats, which exhibit 
a preference for a high-fat food, indicate altered hypothalamic expression of a number of genes 
relating to signal transduction and homeostatic functions. The common outcomes of a range 
of nutrient manipulations in pregnancy suggest that a small number of common mechanisms 
may operate to reset the structure and long-term functions of most tissues. Timing and dura­
tion of the insult appears to be a more important determinant of long-term disease outcomes 
than the nature of the nutrient challenge. 

Introduction 
The epidemiological evidence indicating an early life programming influence upon the 

development of major human disease states has been subject to heavy criticism, largely on the 
grounds of inconsistency between cohorts, and the application of inadequate statistical meth­
odologies.^'^ These criticisms are however largely irrelevant given the range of literature now 
available from animal studies that confirm the biological principle underpinning the "Barker 
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Hypothesis." The purpose of this chapter is to provide an overview of some of the animal 
models currendy in use and to explore the nature of the maternal nutrients that are likely to 
have the greatest impact upon the long-term health of the developing fetus. 

Most animal models in this field were developed with the intention of modelling the Barker 
Hypothesis in its simplest form, namely that low birthweight predicts hypertension. Good 
examples of this approach are the uterine ligation models used in both rats and guinea pigs. 
Here surgical restriction of the blood flow to one horn of the two-lobed uterus results in unilat­
eral undernutrition and growth restriction of the fetuses, which can then be compared to litter-
mates in the contralateral horn. Growth restricted offspring exhibit raised blood pressure as 
adults, in keeping with the programming hypothesis. Similarly the global food restriction 
model of Woodall et al, in which very severe maternal food restriction limits fetal growth, has 
a number of physiological and metabolic effects, including hypertension and obesity.^'^^ 

Models of this nature may, however, be criticised as nonphysiological given that they de­
pend upon either surgical intervention or extremely severe dietary restriction. In the case of the 
global restriction model of Woodall et al there are major detrimental effects upon maternal 
weight gain, and presumably body composition, in pregnancy.^ In developing suitable animal 
models of nutritional programming it has been argued that the approach that is most represen­
tative of human undernutrition is this form of balanced, or global, restriction of nutrient in­
takes. However, most of the studies of disease programming in humans have demonstrated 
associations between early life and disease in more affluent populations for whom this form of 
undernutrition is relatively rare. ' In the light of the type of diet typically consumed by 
westernised populations, models in which specific nutrients are restricted, or where certain 
nutrients are provided in excess may be more relevant. 

A large number of nutritional manipulations have been imposed upon pregnant rodents, 
including less severe food restriction (50-70% of ^^ libitum), low protein diets, high saturated 
fat diets, iron and zinc depletion and high sodium and calcium diets. The most interesting 
outcome of these studies is that, in general, the same spectrum of physiological and metabolic 
adaptations occurs in the fetal tissues, becoming permanendy fixed in place and promoting 
adverse functional consequences in later life. This strongly suggests that a relatively small num­
ber of common pathways provide the mechanism linking poor nutritional quality to long-term 
disease. Importantly in many of these studies the programming of tissue functions occurs with­
out evidence of fetal growth restriction, indicating that the continued restriction of human 
studies to exploring associations between disease and infant birth anthropometry is unlikely to 
be a fruitful activity. 

Whilst nutritional programming studies of rodents are very informative as proof of prin­
ciple and in developing initial hypotheses regarding programming mechanisms, it is important 
to recognise the constraints on drawing parallels between animals and humans. One specific 
drawback of rodent studies is that species like the rat are resistant to the development of coro­
nary heart disease. In terms of blood pressure and the systems that regulate it however, the rat 
is a useful model for the study of nutritional programming. 

Nutritional Programming of Disease—How Does It Happen? 
For diverse nutritional insults to produce a similar profile of metabolic and physiological 

outcomes, simple common adaptive mechanisms in the fetus must drive the programming 
response that leads to disease. There have many suggestions for such a common pathway, in­
cluding a primary role for glucocorticoids^ '̂"^^ and modulation of DNA methylation patterns.̂ '̂"^^ 

The ultimate disease end-points associated with nutritional programming in adult animals 
appear to relate generally to a reduction in the number of functional units (e.g., number of 
nephrons, or number of islet cells)"̂  '"̂ ^ within an organ, or modification of the profile of cell 
types present within a tissue,^ or to defects in hormone-receptor interactions (over-expression 
of certain receptors promoting a hypersensitivity to normal concentrations of the hormones). '̂ ' 
The latter may easily relate to the former cases, as the profile of receptors borne by cells is 
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Figure 1. Schematic representation of tissue development from a progenitor cell line in the embryo. A) 
Normal development involves the proliferation of the progenitor cell line followed by: B) Differentiation 
of the early cell lineage to form mature functional cell types. C) Abnormal development may involve 
dysregulated differentiation generating a mature tissue that is functionally abnormal. Overall tissue size 
is unchanged. D) Abnormal development may involve impairment of early proliferation of the cell line. 
This reduces the pool of cells available for differentiation into mature lines, leading to: E) A smaller tissue 
with fewer functional units. 

related to cell type and function, and the overall sensitivity of a tissue to a hormone will be 
determined by the number of cells bearing receptors. 

These observations suggest that at the simplest level, programming of physiology is a matter 
of the fetus or infant employing adaptive survival strategies which impact upon the differentia­
tion and proliferation of the early cells lines that will eventually form the mature organ systems. 
Exposures that inhibit cell proliferation are likely to result in mature tissues that contain fewer 
cells. Treatments that induce earlier cell differentiation are likely to reduce the numbers of key 
functional cells, possibly without a change in organ size, due to the presence of more imma­
ture, undifferentiated cells or changes in the proportions of the different cell types present. In 
some tissues (e.g., muscle) there may be a degree of compensatory growth, such that after the 
inhibitor is removed, undifferentiated cells either proliferate more rapidly to catch-up, or they 
undergo hypertrophy, thus leading to no overall effect on organ/tissue size and weight (Fig. 1). 

There is ample evidence of these processes occurring in rats exposed to undernutrit ion in 
utero. In the kidney for example, we have shown that low protein diets in pregnancy reduce the 
number of functional units (nephrons) present, with no gross change in organ size. ' ' In 
the pancreas, the same dietary approach, both reduces organ size and the number of islets 
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present^^. In the brain, protein restriction reduces the volume of key hypothalamic nuclei 
involved in the control of feeding and alters the density of neurones present and the types of 
neuropeptides they produce or respond to. Similarly in soleus muscle from rats subject to 
protein restriction in utero, the number of secondary fibres present is decreased, suggesting 
that proliferation of myoblasts is impaired in fetal life, or that myoblast differentiation occurs 
early (Langley-Evans, Brameld and Hurley, unpublished data). In all of these examples, it can 
be argued that the basic process leading to metabolic consequences or disease is a reduction in 
the numbers of active functional units for the organ or system, subsequent to impairments of 
early cell proliferation and differentiation. 

Organ Systems and Disease States Shown to Be Programmed 
in Animal Models 

Blood Pressure and Renal Programming 
A number of rodent models have been developed to explore the impact of global nutrient 

restriction upon long-term vascular functions, and in particular blood pressure. Studies of uter­
ine ligation^ and severe maternal food restriction^ have already been noted earlier in this chap­
ter. Whilst these particular global restriction models appear to support the nutritional program­
ming hypothesis in general terms, less severe global nutrient restriction studies have less clear-cut 
effects. In rats, 50% reduction of food intake in the second half of pregnancy did not increase 
blood pressure in the resulting offspring. However, although these offspring were not hyperten­
sive they exhibited altered vascular responsiveness to nitric oxide, indicating subde program­
ming of vascular reactivity and function. Rats allowed to consume 70% of ad libitum intake 
produced pups that were hypertensive relative to control animals from 13 weeks of age. ̂ ^ Simi­
larly a very mild global nutrient restriction in guinea pig pregnancy (85% of ad libitum intake) 
also programmed later blood pressure. At around 14 weeks of age guinea pig pups exposed to 
undernutrition in utero had blood pressures that were 9% higher than in control animals. 
Studies in which rodents are subject to global nutrient restriction thus appear to simply repro­
duce the central assertion of the original Barker Hypothesis. Nutrient restriction produces lower 
birth weight. The growth-retarded offspring develop high blood pressure and/or altered vascu­
lar function in later life. A common feature of all of these studies is that the cardiovascular 
effects of fetal undernutrition are small and are subject to some delay before their appearance in 
postnatal life. In contrast the offspring of rats subject to specific nutrient restriction in preg­
nancy tend to manifest a greater degree of hypertension, with an earlier onset (Table 1). 

Table 1. A comparison of offspring blood pressure responses to maternal nutritional 
manipulations in small animal species 

Dietary 
Manipulation 

Global 
Restriction 
Low protein 

Low iron 
Low calcium 
High calcium 
Low sodium 
T saturated fat 

Species 

Rat 
Guinea pig 
Rat 
Mouse 
Rat 
Rat 
Rat 
Rat 
Rat 

Age of Onset (Weeks) 

14-30 
12 
4 
12 
6-10 
52 
52 
12 
4-25 

Maximal SBP T 

6-22 mmHg 
9% 
30 mmHg 
14 mmHg 
10-20mmHg 
12 mmHg 
7.5 mmHg 
8 mmHg 
8-20 mmHg 

References 

8,9 
34 
36-39,41 
92 
53,54 
56 
56 
55 
52,58 
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Many nutrients in the human diet are Ukely to be limiting in terms of fetal growth and 
development. Much of the work with animal models that has considered the programming 
effects of restricting single nutrients has utilized low protein feeding. This is of considerable 
relevance in the study of human health as at the global level there is wide variation in protein 
intakes. Whilst women from affluent nations generally consume 60-80 g protein per day, those 
from poorer countries may consume 40-50 g per day and have marginal protein intakes. Even 
within the more affluent countries, protein intakes may be lower in pregnant women from 
particular sectors of the population, including the lower socio-economic classes^^ (Table 2). 

The offspring of rats fed a maternal low protein diet in pregnancy (MLP diet) exhibit el­
evated systolic blood pressure from an early age, despite being of normal weight at birth. 
Among animals aged 3-4 weeks pressures are increased by 15-30 mmHg relative to control 
animals.^'^' ^ The effect of prenatal protein restriction appears to be permanent and blood 
pressures remain elevated well into adult life (Fig. 2). The programming hypothesis suggests 
that exposure to insults during critical periods of development exerts permanent physiological 
or metabolic effects and this has been demonstrated with the MLP model. Rat pregnancy may 
be conveniently divided into 3 critical phases; embryogenesis; tissue differentiation and; tissue 
maturation. Exposure to MLP during any of these phases appears to produce significant effects 
upon the vasculature but the greatest elevations of blood pressure were associated with either 
restriction over the rapid fetal growth phase (days 15-22), or with restriction throughout 
pregnancy ' (Fig. 3). 

Elevation of blood pressure in the MLP-exposed rat is associated with reduction of neph­
ron number. This association has often been regarded as a causal relationship as it is argued 
that to maintain renal haemodynamic functions in the face of a nephron deficit, local blood 
pressure increases are necessary. Rising pressures lead to further nephron loss and hence to 
still greater increases in pressure to maintain function further. We have recently, however, 
been able to demonstrate effects of maternal nutritional manipulations upon blood pressure, 
without adverse effects on the kidney, suggesting either that other mechanisms may drive the 
development of hypertension, or that reduction of the number of functional filtration units 
is not the sole renal mechanism. Much of our recent work has focussed on the expression 
of angiotensin II receptors in the kidney. Our data suggest that, in contrast to ATIR pro­
tein, the long-term expression of ATI R mRNA is unaffected by MLP feeding.^^ This find­
ing coupled to measurements of the responses of MLP-exposed offspring to specific ATlR 

Table 2, Protein intake in pregnant women 

Socio-Economic 
Group 

1 
II 
III M i l l NM 
IV 
V 

Trimester 1 

Protein Intake 
(g/Day) 

75.7 ± 13.8 
69.0 ± 14.0 
71.9 ±14.8 
68.7 ±15 .9* 
64.8 ±22 .8* 

Protein Intake 
(% Energy) 

14.1 ±2.1 
13.8± 1.9 
14.1 ±2.0 
13.4 ±2.0 
13.8±2.5 

Trimester 3 

Protein Intake 
(g/Day) 

72.6 ± 14.3 
73.0±14.7 
70.8 ± 13.2 
67.6 ± 13.8* 
63.6 ± 15.6* 

Protein Intake 
(% Energy) 

13.8 ±2.2 
15.3 ±6.2 
13.5 ±2.2 
13.9 ±2.3 
14.0±3.1 

Women from Northampton, UK, were studied in the first (n = 220) and third (n = 172) trimesters of 
pregnancy respectively. Daily protein intake was estimated using 5-day food records. Women were 
grouped on the basis of their partners occupation. * indicates significantly different to social class I 
(P<0.05). Data are mean ± SD. Social class I represents professional occupations, class IV represents 
unskilled labour and V is unemployed. 



92 Early Life Origins of Health and Disease 

Figure 2. Blood pressure in rats exposed 
to MLP diet in utero. Data are shown as 
mean + SEM. P < 0.05 for MLP vs con­
trol at all ages shown. 
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Figure 3. Blood pressure in rats exposed 
to MLP diet in utero during specific phases 
of development. Data are shown as mean 
+ SEM. P < 0.05 for MLP vs control at all 
developmental stages shown. 
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Table 3. Summary of data from microarray studies of renal tissue 

Up- or Down-Regulation Functional Classes Genes with Altered Expression 

Up-

Down-

Transcription Factors 
Intermediary metabolisnn 

Receptors/signal transduction 

Structural proteins 

Ion channels 
Structural proteins 

Receptors/signal transduction 
Hormones/growth factors 
Intermediary metabolism 

Pax4(3.72), 
Ha/(3.45), 5mp-2 (3.42), 
2,3-oxidosqualene cyclase (2.59), 
Dihydrofolate reductase (2.23), 
17PHSD6 (3.88). 
Dynorphin (3.26), Argbp2 (2.89) 
5HTR {2.86), Go-vn 13c (2.73) 
Co/q (3.35), FAK{3.021 Crydg{2.7A), 
Ugt8 {2.^8) 
Cacn/d(0.38), Slc5a3 (0.50), 
Myosin heavy chain 6 (0.32), 
Myocllln (0.29) 
Npr3 (0.34) 
Nov (0.35), pripf {0.33), Smpd3 (0.48) 
TpH (0.46), Acsl4 (0.33), 20aHSD (0.48) 

23 genes were up-regulated by MLP exposure in utero (2-fold or greater increase in expression) in 
kidney. 13 genes were down-regulated (2-fold or greater decrease in expression). Data shows genes 
grouped into general functional classes. Figures in parentheses show fold-change in expression. 
Kidney were samples from 4-week-old male rats. Data were generated in a 2-slide dye-swap 
experiment using pooled mRNA from 6-9 rats per group. 

antagonists suggests that there may be some programming effects upon the post-transcriptional 
regulation of this receptor. Expression of AT2R mRNA is down-regulated in the kidneys of 
rats exposed to MLP diet in utero. As this receptor appears to be involved in the attenua­
tion of responses to angiotensin II, this may provide a direct mechanism for blood pressure 
elevation. The balance of ATI R and AT2R receptors may also determine the development of 
the fetal kidney and later in life control blood pressure responses to this important peptide 
hormone.^^'^^ 

Interestingly recent microarray studies of renal tissue from MLP-exposed offspring indicate 
that a significant proportion of the genes whose expression is up- or down-regulated encode 
ion channels involved in the excretion and reuptake of sodium, calcium and potassium (Table 
3). This may disturb electrolyte homeostasis and hence the normal regulation of fluid and 
sodium balance, either as a consequence of, or by provoking, changes in the angiotensin 
Il-aldosterone axis. 

There has been considerable interest in whether the effects of MLP feeding in rat pregnancy 
upon the offspring may be related to deficiencies of specific amino acids. Rees et al suggested 
that reductions in the threonine concentration of fetal serum during MLP feeding were related 
to the use of threonine to generate glycine, which is conditionally essential in pregnancy. ^ 
Experiments in which MLP diet is supplemented with glycine show that this specifically re­
verses the hypertensive effect of the diet upon the offspring. It has been proposed that the 
importance of glycine may lie in its use in the metabolism of methionine and homocysteine. 
The ratio of S-adenosyl methionione and S-adenosyl homocysteine, intermediates in the 
methionine-homocysteine cycle dictates that capacity for DNA methylation, which may pro­
vide a mechanism for nutritional programming. These observations have prompted fiirther 
interest in the potential role of folate, which donates methyl groups to the methionine-homocysteine 
pathway. There is evidence from rat studies that both folate deficiency and excess may programme 
vascular ftinction in utero. ̂ '̂̂ ^ 
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Feeding a low protein diet in rodent pregnancy is not the only approach that has been used 
to study nutritional programming of the vasculature. Quite subde shifts in the composition of 
the diet in pregnancy can produce equally potent effects. For example, the substitution of 
polyunsaturated fat-rich oil with a saturated fat rich oil in the diet of pregnant rats produces an 
elevation of blood pressure in their offspring. ̂ ^ Low intakes of micronutrients in pregnancy 
also appear to impact upon long-term cardiovascular health in laboratory rats. Low iron diets 
sufficient to produce anaemia in pregnant rats, produce an initial hypotension in the offspring 
that is the precursor to an elevation of blood pressure later in life.̂  ' Low sodium diets in rat 
pregnancy also elevated blood pressure by 7-8 mmHg in the offspring from around 6 weeks of 
age, through a mechanism that appears dependent upon renin-angiotensin system compo­
nents. Calcium has also been implicated in cardiovascular programming. High consumption 
of calcium in rat pregnancy resulted in a small elevation of blood pressure in the offspring (4.3 
mmHg at 1 year of age), whilst in the same study the offspring of calcium deficient mothers 
had blood pressures 12 mmHg above the control value.^ 

The excess of fat in the typical diet of humans in the developed world has promoted interest 
in the potential role for fat as a programming agent. Holemans et al reported that feeding a 
high saturated fat diet to the pregnant offspring of diabetic rats altered vascular sensitivity to 
acetylcholine and noradrenaline, but no assessment was made of their offspring. More re-
cendy it has been shown that offspring from rats fed a lard-rich diet had systolic blood pres­
sures that were elevated by between 8 and 13 mmHg and blunted endothelium-dependent 
relaxation responses to acetycholine. 

The clear implication of this body of work is that variation in maternal nutritional status 
can exert an important influence on the cardiovascular function and health of the resulting 
offspring. The ideal composition of the control diet used for comparative purposes in such 
experiments remains an unanswered question for researchers in this area. The overall food 
matrix, against which intakes of particular nutrients may vary, could be a critical element in 
nutritional programming. This is illustrated well by consideration of the many variants of low 
protein feeding protocols in the literature, most of which have litde commonality in terms of 
exact diet composition.'̂ '̂'̂ '̂̂ '̂ '̂ '̂̂ '̂  

Whilst most studies show that low protein diets in pregnancy programme later hyperten­
sion in the developing fetus, this is not true of all. Work by Hoet et al in Louvain and by 
Hales et al in Cambridge, has examined the nutritional programming of type II diabetes by 
low protein feeding in rat pregnancy and lactation. The low protein diet used in these studies 
contained 8% protein (provided as casein), with carbohydrate provided mainly in the form 
of glucose and fat as soybean oil. This diet has a clear impact on pancreatic structure and 
function, promoting glucose intolerance and insulin resistance. However, this low protein 
diet does not programme blood pressure changes. The MLP diet used in our studies pro­
vides a similar source and quantity of protein, but provides fat as corn oil (at a greater con­
centration) and carbohydrate as a starch:sucrose mixture. It is clear, therefore, that variation 
in the source of fat and/or carbohydrate may explain the discrepancies. This example high­
lights the need for the full composition of diets used in studies of programming to be pub­
lished in papers. All low protein diets are not the same and without awareness of the possible 
nutrient interactions occurring within the undernourished mother, it is not possible to assess 
of the metabolic adjustments and nutritional demands necessary to deal with sub-optimal 
nutrition or frank malnutrition. 

This is extremely important in the context of criticism of the methodology used in many rat 
studies of programmed hypertension (see Chapter 9 by Denton et al). Tail-cuff plethysmogra­
phy has been the basis for almost all studies of this kind, but is prone to artefacts associated 
with restraint stress. Tonkiss and colleagues reported that in rats exposed to maternal low pro­
tein diets in utero, the only abnormal components of cardiovascular function were stress in­
duced blood pressure increases and this is erroneously interpreted as a confounder of studies 
using similar models. However, this was demonstrated using ammonia inhalation, rather than 
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restraint, as the stressor and the low protein diet used in pregnancy bore Utde relation to that 
used in other studies.^ '̂'̂ '̂̂ ^ 

Appetite and Obesity 
A number of experimental approaches have been used to assess the impact of early life 

nutritional exposures on long-term feeding behaviour and obesity. Although the nature and 
severity of the insults applied vary gready, the general finding is that either balanced undernu­
trition or restriction of specific nutrients promotes increased food intake and relative adiposity 
in adult life. ' We have noted that mild protein restriction in rat pregnancy leads to in­
creased deposition of abdominal fat in male offspring, in keeping with other reports of in­
creased adiposity following mild or severe maternal food restriction. Prenatal high protein 
diets, which are generally considered to be a risk factor for low birth weight in human preg­
nancy also have programming effects on fat deposition. Daenzer et al have demonstrated that 
feeding a high protein (40% by weight) diet in rat pregnancy resulted in a greater fat mass in 
the offspring at 9 weeks of age. ^ 

As described in the chapter by Breier and Vickers (see Chapter 12), prenatal undernutrition 
followed by hypercaloric feeding in posmatal life is associated with a greater degree of diet-induced 
obesity than in animals subject to an uncompromised intrauterine environment. It is suggested 
that this presusceptibility to obesity is a consequence of increased appetite and reduced physi­
cal activity. Our own studies of rats exposed to low protein diets in utero suggests that the 
prenatal environment may also have a profound effect on food choice. Offspring of 
protein-restricted rats exhibit an increased preference for a high fat food when allowed to 
self-select from fat, carbohydrate and protein-rich sources (Fig. 4). Over time, this would be 
expected to induce obesity. 

Intrauterine influences upon feeding and the deposition of adipose tissue may well be me­
diated at the level of the hypothalamus. Plagemann et al have reported that protein restriction 
targeted at both pregnancy and lactation in rats programmes both the density of neurones in 
key areas of the hypothalamus that regulate food intake and the production of regulatory neu­
ropeptides.^^ Microarray studies of the offspring of protein-restricted pregnant rats, which 
exhibit a preference for a high-fat food, indicate altered hypothalamic expression of genes en­
coding important olfactory and taste receptors, for example up-regulation of the olfactory 
receptor olfr4l and the pheremone receptor vn6, alongside down-regulation of the taste recep­
tor rt2rg, which is involved in sensing bitter components (Table 4). Together these findings 
appear to support the hypothesis that most nutritional stressors initiate a common pathway of 
adaptive responses that include modulation of cell proliferation and differentiation, and hence 
the final profile of cells and associated functions present within a tissue. 

Immune Function 
As described above, undernutrition may exert programming effects through reductions in 

cell numbers within a tissue, or changes in the cell types present. With regard to the immune 
system it seems likely that undernutrition may determine the development of the thymus and 
lymphoid tissues and hence their long-term functions.'̂ '̂̂ '̂  We have recendy noted that the 
feeding of a maternal low protein (MLP) diet in rat pregnancy, as in human lUGR, reduces the 
size of the thymus in the offspring, particularly when undernutrition is targeted to the early 
phase of pregnancy.^^ Whilst this indicates changes to gross structure, it is likely that more 
subde changes to the thymic microenvironment may also occur and that these will dictate 
specialised immune functions in the long-term. 

Beach et al first reported that the feeding of a zinc-depleted diet in mouse pregnancy com­
promised the immune functions of the resulting offspring. Mice that were zinc depleted in 
utero exhibited impaired production of IgM, and lower plaque-forming cell responses to sheep 
red blood cell inoculation. Interestingly these effects persisted for three generations after the 
initial dietary insult, suggesting that programming of these functions could be transmitted 
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Figure 4. Altered food selection by rats exposed to MLP diet in utero. Data are shown as mean ± SEM. 
* indicates P < 0.05 for control vs MLP of same sex. t indicates P < 0.05 for male vs female within same 
maternal dietary group. 

through the germ line. Our own studies of MLP feeding in rats indicate that a number of crude 
markers of immune function are altered following intrauterine exposure to undernutrition. 
The acute phase response to endotoxin was impaired in the offspring of rats fed MLP through­
out pregnancy and the production of pro-inflammatory cytokines by macrophages isolated 
from the male animals was also reduced. Calder and Yaqoob have more recendy reported that 
altering the level of protein and type of fat in the diet during rat pregnancy, modulates the 
proliferative responses and NKC activities of lymphocytes isolated from neonatal and weanling 
offspring. ̂ ^ 

We have shown that targeting MLP feeding to specific periods early in rat pregnancy results 
in a reduction of thymic size and an increase in the circulating numbers of lymphocytes. Inter­
estingly these offspring of rats fed MLP diet in early pregnancy appear more resistant to infec­
tion by the gut parasite Nippostrongylus brasiliensis. When MLP feeding continues throughout 
pregnancy the resulting offspring have a smaller spleen than control animals and fewer lympho­
cytes.^^ These discrepancies suggest that exposure to undernutrition during the separate phases 
of embryonic development, organogenesis and the rapid fetal growth spurt associated with the 
last few days of rat development, may have specific effects upon the developing immune tissues. 
It is important therefore to study the effects of undernutrition during these periods in isolation 
and identify the most critical time points for immune system programming. 
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Table 4. Summary of data from microarray studies of hypothalamus 

Up- or Down-Regulation Functional Classes Genes with Altered Expression 

Up-

Down-

Receptors/signal transduction 
(3.18), snap23 (3.05), inpp4a 

Structural proteins 
Transcription factors 
Apoptosis 
Endopeptidase inhibitors 
Receptors/signal transduction 

Transcription factors 
Ion channels 

Immune function 
Steroid metabolism 
Cell cycle regulators 

Hrhl (3.28), Gaba-aR4{3M), 2mu 
(2.94), 

vn2 (2.95), pr/r (2.93), ptgerepA (2.42), 
grA:4a (2.13) 
Myelin basic protein (3.58), dspp (2.42) 
Tmf1 (3.64) 
abaofa (2.23) 
Ap/p2 (3.23), nex/n (2.12) 
Syt8 (0.43), Ca/2r (0.41), Adralb 
(0.41 ),C/?ma7 (0.21) 
NfUbnOAA) 
Kcnmbi (0.36), mrp14 (0.40), 
Slc7a9 (0.32), nckxl (0.36) 
IFNa{0A7) 
Cyp77 (0.41) 
c-mos (0.42) 

33 genes were up-regulated by MLP exposure in utero (2-fold or greater increase in expression) in 
hypothalamus. 69 genes were down-regulated (2-fold or greater decrease in expression). Data shows 
genes grouped into general functional classes (not all genes shown). Figures in parentheses show 
fold-change in expression. Hypothalamus samples were from 13-week-old male rats. Data were 
generated in a 2-slide dye-swap experiment using pooled mRNA from 6-9 rats per group. LP diet was 
fed only during the first 7 days gestation. 

Ageing and Longevity 
Studies of rodents subject to intrauterine insult suggest that lifespan may be shortened and 

degenerative processes associated with ageing may be enhanced. Studies of rats and mice ex­
posed to maternal low protein diets indicate that lifespan may be shortened by as much as 
15%P'^^ This is of considerable interest as the impact of prenatal undernutrition appears to be 
the opposite of postnatal restriction of energy intake. It is well-established that postnatal caloric 
restriction increases longevity and provides resistance to cancer in a range of species from Droso-
phila to primates.^'^ 

The degenerative processes of ageing, including progressive loss of tissue and organ func­
tion, are a consequence of cellular apoptosis. This may be tri^ered through a mechanism 
termed replicative senescence, which involves the progressive loss of DNA from the chromo­
some ends (telomeres) with successive cell divisions. Shortening of telomeres to critical levels 
results in the activation of the p53 tumor suppressor gene which leads to a cascade of events 
that promote cell death. There is some evidence of this in the kidneys of aged male rats 
exposed to low protein diets in utero and throughout lactation.'^^ 

Apoptosis is also triggered by oxidative injury to cells.^ Progressive accumulation of dam­
aged pTOteim" within" tissues also has the capacity to activate p53. The balance of 
oxidant-antioxidant processes is governed by both the dietary provision of antioxidant nutri­
ents and the expression of antioxidant enzyme proteins within cells. In Drosophila over-expression 
of the genes for key antioxidant enzymes increases lifespan and administration of antioxidants 
limits age-related lipid peroxidation in rats.^^'^ We have been studying the impact of prenatal 
protein restriction upon the oxidant-antioxidant balance in an ageing colony of rats. As shown 
in Figure 5, maternal protein restriction results in an increase in hepatic protein oxidation as 
early as 4 weeks of age, and this may be related to changes in substrate flux through the 
gamma-glutamyl cycle.'̂ '̂̂ '̂ "̂ ^ 
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Figure 5. Oxidative injury in the livers of rats exposed to MLP diet in utero. Data are mean ± SEM. P < 0.05 
at 4 weeks of age. 

These studies of ageing and tissue degeneration in rodents provide an early first step to­
wards exploring programming influences on the ageing process in human populations. As 
described throughout this book, epidemiological studies in man clearly show that chronic 
life-threatening diseases associated with ageing are related to fetal and infant growth indices, 
but it should also be noted that other less serious conditions that detract from quality of life 
(osteoporosis, cataracts, deafness, reduction in muscle mass) also appear to be related to intrau-

1 90 91 

terine growth. ' 

Conclusions 
Studies of animal models of nutritional programming demonstrate very clearly that most 

tissues and organ systems are vulnerable to the effects of undernutrition during critical periods 
of development. Restriction of food intake, or specific nutrient intake and the provision of 
txcQSS nutrients have all been shown to have the capacity to modify long-term interactions 
between the genome and the environment and hence determine disease risk. These effects are 
appear to occur largely (though not wholly) irrespective of the nutrient manipulation applied, 
but do depend to a large extent on the timing of insults within the fetal and/or lactation period 
of the animal. 

At the present time our knowledge of the nutrients within the human diet that may play a 
key role in determining disease risk is poor and extrapolation from studies of rats may be of 
limited value. The rodent models have however indicated that, in general, the long-term effects 
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of a mild-to-moderate restriction of a specific nutrient are greater than the effects of an equiva­
lent balanced restriction of food intake. This may relate to the metabolic consequences of 
processing other nutrients that are effectively in excess in the absence of essential cofactors. In 
the future, epidemiologists will need to focus their efforts upon detailed assessment of nutri­
tion in pregnancy, with long-term follow-up of infants. This is the only way in which effective 
intervention and disease prevention strategies can begin to be formulated. 

References 
1. Huxley R, Neil A, Collins R. Unravelling the fetal origins hypothesis: Is there really an inverse 

association between birth weight and subsequent blood pressure? Lancet 2002; 360:659-665. 
2. Kramer MS, Joseph KS. Enigma of fetal/infant-origins hypothesis. Lancet 1996; 348:1254-1255. 
3. Lucas A, Fewtrell MS, Cole TJ. Fetal origins of adult disease-the hypothesis revisited. BMJ 1999; 

319:245-9. 
4. Langley-Evans SC. Fetal programming of cardiovascular function through exposure to maternal 

undernutrition. Proc Nutr Soc 2001; 60:505-513. 
5. Hoet JJ, Hanson MA. Intrauterine nutrition: Its importance during critical periods for cardiovas­

cular and endocrine development. J Physiol 1999; 514:617-27. 
6. Persson E, Jansson T. Low birth weight is associated with elevated adult blood pressure in the 

chronically catheterized guinea-pig. Acta Physiol Scand 1992; 115:195-196. 
7. Jansson T, Lambert GW. Effect of intrauterine growth restriction on blood pressure, glucose toler­

ance and sympathetic nervous system activity in the rat at 3-4 months of age. J Hypertens 1999; 
17:1239-48. 

8. Woodall SM, Johnston BM, Breier BH et al. Chronic maternal undernutrition in the rat leads to 
delayed postnatal growth and elevated blood pressure of offspring. Ped Res 1996; 40:438-443. 

9. Vickers M H , Breier BH, Cutfield WS et al. Fetal origins of hyperphagia, obesity, and hypertension 
and postnatal amplification by hypercaloric nutrition. Am J Physiol Endocrinol Metab 2000; 
279:E83-7. 

10. Woodall SM, Breier BH, Johnston BM et al. A model of intrauterine growth retardation caused by 
chronic maternal undernutrition in the rat: Effects on the soma to t rop ic axis and postnatal growth. 
J Endocrinol 1996; 150:231-42. 

11. Bertram CE, Hanson MA. Animal models and programming of the metabolic syndrome. Br Med 
Bull 2001; 60:103-121. 

12. Fall C H D , Vijayakumar M, Barker DJP et al. Weight in infancy and prevalence of coronary heart 
disease in adult life. BMJ 1995; 310:17-19. 

13. Curhan GC, Chertow GM, Willett W C et al. Birth weight and adult hypertension and obesity in 
women. Circulation 1996; 94:1310-1315. 

14. Moore VM, Miller AG, Boulton T J C et al. Placental weight, birth measurements and blood pres­
sure at age 8 years. Arch Dis Child 1996; 74:538-541. 

15. Forsen T , Eriksson JG, Tuomilehto J et al. Growth in utero and during childhood among women 
who develop coronary heart disease: Longitudinal study. BMJ 1999; 319:1403-1407. 

16. Langley-Evans SC. Nutritional programming and the development of hypertension. In: McCarty 
R, Blizzard DA, Chevalier RL, eds. Development of the Hypertensive Phenotype: Basic and Clini­
cal Studies. Handbook of Hypertension. Vol. 19. Amsterdam: Elsevier, 1999:539-574. 

17. Edwards CRW, Benediktsson R, Lindsay RS et al. Dysfunction of placental glucocorticoid barrier: 
Link between fetal environment and adult hypertension. Lancet 1993; 341:355-357. 

18. Langley-Evans SC. Intrauterine programming of hypertension by glucocorticoids. Life Sci 1997; 
60:1213-1221. 

19. Langley-Evans SC, PhilHps GJ, Benediktsson R et al. Protein intake in pregnancy, placental gluco­
corticoid metabolism and the programming of hypertension. Placenta 1996; 17:169-172. 

20. Gardner DS, Jackson AA, Langley-Evans SC. Maintenance of maternal diet-induced hypertension 
in the rat is dependent upon glucocorticoids. Hypertension 1997; 30:1525-1530. 

21 . Young LE. Imprinting of genes and the Barker hypothesis. Twin Research 2001 ; 4:307-17. 
22. Bird A. D N A methylation patterns and epigenetic memory. Genes Dev 2002; 16:6-21. 
23. Petrie L, Duthie SJ, Rees W D et al. Serum concentration sof homocysteine are elevated during 

early pregnancy in rodent models of fetal programming. Br J Nut r 2002; 88:471-77. 
24. Langley-Evans SC, Welham SJM, Jackson AA. Fetal exposure to a maternal low protein diet im­

pairs nephrogenesis and promotes hypertension in the rat. Life Sci 1999; 64:965-974. 
25. Snoeck A, Remade C, Reussens B et al. Effect of a low protein diet during pregnancy on the fetal 

rat endocrine pancreas. Biol Neonate 1990; 57:107-118. 



100 Early Life Origins of Health and Disease 

26. Bayol S, Jones D, Goldspink G et al. Influence of maternal nutrition on postnatal skeletal muscle 
growth. Arch Animal Breeding 2003; 46:158-159. 

27. Sahajpal V, Ashton N . Renal function and ATI receptor expression in young rats following intrau­
terine exposure to a maternal low protein diet. Clin Sci 2003; 104:607-614. 

28. McMuUen S, Gardner DS, Langley-Evans SC. Prenatal programming of angiotensin II type 2 re­
ceptor expression in the rat. Br J Nutr 2004; 91:133-140. 

29. Vehaskari VM, Aviles D H , Manning J. Prenatal programming of adult hypertension in the rat. 
Kid Int 2001; 59:238-245. 

30. Zimanyi MA, Bertram JF, Black JM. Nephron number in the offspring of rats fed a low protein 
diet during pregnancy. Image Anal Stereol 2000; 19:219-222. 

3 1 . Plagemann A, Harder T, Rake A et al. Hypothalamic nuclei are malformed in weanling offspring 
of low protein malnourished rat dams. J Nut r 2000; 130:2582-2590. 

32. Holemans K, Gerber R, Meurrens K et al. Maternal food restriction in the second half of preg­
nancy affects vascular function but not blood pressure of rat female offspring. Br J Nutr 1999; 
81:73-79. 

33 . Ozaki T, Nishina H, Hanson MA et al. Dietary restriction in pregnant rats causes gender-related 
hypertension and vascular dysfunction in offspring. J Physiol 2001; 530:141-152. 

34. Kind KL, Simonetta G, Clifton PM et al. Effect of maternal feed restriction on blood pressure in 
the adult guinea pig. Exp Physiol 2002; 87:469-477. 

35. Langley-Evans SC, Langley-Evans AJ, Marchand M C . Nutritional programming of blood pressure 
and renal morphology. Arch Physiol Biochem 2003; 111:8-16. 

36. Langley-Evans SC, Gardner DS, Jackson AA. Association of disproportionate growth of fetal rats 
in late gestation with raised systolic blood pressure in later life. J Reprod Pert 1996; 106:307-312. 

37. Langley SC, Jackson AA. Increased systolic blood pressure in adult rats induced by fetal exposure 
to maternal low protein diet. CHn Sci 1994; 86:217-222. 

38. Langjey-Evans SC, Gardner DS, Jackson AA Evidence of programming of the hypothalamic-pituitary-adrenal 
axis by maternal protein restriction during pr^pancy. J Nutr 1996; 126:1578-1585. 

39. Langley-Evans SC, Phillips GJ, Jackson AA. In utero exposure to maternal low protein diets in­
duces hypertension in weanling rats, independently of maternal blood pressure changes. Clin Nutr 
1994; 13:319-324. 

40. Langley-Evans SC, Jackson AA. Captopril normalises systolic blood pressure in rats with hyperten­
sion induced by fetal exposure to maternal low protein diets. Comp Biochem Physiol 1995; 
110A:223-228. 

4 1 . Langley-Evans SC, Welham SJM, Sherman RC et al. Weanling rats exposed to maternal low pro­
tein diets during discrete periods of gestation exhibit differing severity of hypertension. Clin Sci 
1996; 91:607-615. 

42. Kwong WY, Wild AE, Roberts P et al. Maternal undernutrition during the preimplantation period 
of rat development causes blastocyst abnormalities and programming of postnatal hypertension. 
Development 2002; 127:4195-4202. 

43 . Mackenzie HS, Lawler EV, Brenner BM. Congenital oligonephropathy: The fetal flaw in essential 
hypertension? Kid Int 1996; 49(suppl 55):S30-S34. 

A4i. Marchand M C , Langley-Evans SC. Intrauterine programming of nephron number: The fetal flaw 
revisited. J Nephrology 2001; 14:327-331. 

45 . Ray PE, Bruggeman LA, Horikoshi S et al. Angiotensin II stimulates human fetal mesangial cell 
proliferation and fibronectin biosynthesis by binding to ATI receptors. Kid Int 1994; 45:177-184. 

A6. Siragy H M . Angiotensin receptor blockers: How important is selectivity? AJH 2002; 15:1006-1014. 
A7. Rees W D , Hay SM, Buchan V et al. The effects of maternal protein restriction on the growth of 

the rat fetus and its amino acid supply. Br J Nutr 1999; 81:243-250. 
48. Jackson AA, Dunn RL, Marchand M C et al. Increased systolic blood pressure in rats induced by 

maternal low protein diet is reversed by dietary supplementation with glycine. Clin Sci 2002; 
103:633-639. 

49. Rees W D . Manipulating the sulfur amino acid content of the early diet and its impHcations for 
long-term health. Proc Nutr Soc 2002; 61:71-7. 

50. Dunn RL, Burdge GC, Jackson AA. FoUc acid reduces blood pressure in rat offspring from ma­
ternal low protein diet but increases blood pressure in offspring of the maternal control diet. Ped 
Res 2003; 53:2A. 

51 . Dance CS, Brawley L, Dunn RL et al. Folate supplementation of a protein restricted diet during 
pregnancy: Restoration of vascular dysfunction in small mesenteric arteries of female adult rat off­
spring. Ped Res 2003; 53:19A. 

52. Langley-Evans SC. Intrauterine programming of hypertension: Nutrient interactions. Comp Biochem 
Physiol 1996; 1 l4A:327-333. 



Manipulation of the Maternal Diet in Rat Pregnancy 101 

53. Crowe C, Dandekar P, Fox M et al. The effects of anaemia on heart, placenta and body weight, 
and blood pressure in fetal and neonatal rats. J Physiol (London) 1995; 488:515-519. 

54. Gambling L, Dunford S, Wallace DI et al. Iron deficiency during pregnancy affects postnatal blood 
pressure in the rat. J Physiol 2003; 552:603-10. 

55. Battista M-C, Oligny LL, St-Louis J et al. Intrauterine growth restriction in rats is associated with 
hypertension and renal dysfunction in adulthood. Am J Physiol 2002; 283:E124-E131. 

56. Bergel E, Belizan JM. A deficient maternal calcium intake during pregnancy increases blood pres­
sure of the offspring in adult rats. Br J Obstet Gynaecol 2002; 109:540-545. 

57. Holemans K, Gerber R, O'Brien-Coker I et al. Raised saturated-fat intake worsens vascular func­
tion in virgin and pregnant offspring of streptozocin-diabetic rats. Br J Nutr 2000; 84:285-296. 

58. Khan lY, Taylor PD, Dekou V et al. Gender-linked hypertension in offspring of lard-fed pregnant 
rats. Hypertension 2003; 41:168-75. 

59. Woods LL, Ingelfinger JR, Nyengaard JR et al. Maternal protein restriction suppresses the new­
born renin-angiotensin system and programs adult hypertension in rats. Pediatr Res 2001; 49:460-7. 

60. Tonkiss J, Trzcinska M, Galler JR et al. Prenatal malnutrition-induced changes in blood pressure -
Dissociation of stress and nonstress responses using radiotelemetry. Hypertension 1998; 32:108-114. 

6 1 . Ozanne SE, Martensz N D , Petty CJ et al. Maternal low protein diet in rats programmes fatty acid 
desaturase activities in the offspring. Diabetologia 1998; 41:1337-42. 

62. Merlet-Benichou C, Gilbert T, Muffat-Joly M et al. Intrauterine growth retardation leads to a 
permanent nephron deficit in the rat. Pediatr Nephrol 1994; 8:175-180. 

63. Sparre T , Reusens B, Cherif H et al. Intrauterine programming of fetal islet gene expression in 
rats—effects of maternal protein restriction during gestation revealed by proteome analysis. 
Diabetologia 2003; 46:1497-511. 

64. Langley-Evans SC. Critical differences between two low protein diet protocols in the programming 
of hypertension in the rat. Int J Food Sci Nutr 2000; 51:11-17. 

65. Anguita RM, Sigulem D M , Sawaya AL. Intrauterine food restriction is associated with obesity in 
young rats. J Nutr 1993; 123:1421-1428. 

66. Jones AP, Friedman MI. Obesity and adipocyte abnormalities in offspring of rats undernourished 
during pregnancy. Science 1982; 215:1518-1519. 

67. Jones AP, Simson EL, Friedman MI. Gestational undernutrition and the development of obesity in 
rats. J Nutr 1983; 114:1482-1484. 

68. Bellinger L, Lilley C, Langley-Evans SC. Prenatal exposure to a low protein diet programmes a 
preference for high fat foods in the rat. Ped Res 2003; 53:P603. 

69. Daenzer M, Ortmann S, Klaus S et al. Prenatal high protein exposure decreases energy expenditure 
and increases adiposity in young rats. J Nut r 2002; 132:142-144. 

70. McDade T W , Kuzawa CW, Adair LS et al. Prenatal and early postnatal environments are signifi­
cant predictors of total immunoglobulin E concentration in Filipino adolescents. Clin Exp Allergy 
2004; 34:44-50. 

7 1 . Benn CS, Jeppesen DL, Hasselbalch H et al. Thymus size and head circumference at birth and the 
development of allergic diseases. Clin Exp Allergy 2001; 31:1862-6. 

72. Moore SE, Cole TJ, CoUinson AC et al. Prenatal or early postnatal events predict infectious deaths 
in young adulthood in rural Africa. Int J Epidemiol 1999; 28:1088-95. 

73. Langley-Evans SC, Buttery PJ, Wakelin D. Fetal exposure to a maternal low protein diet and the 
immune system. Proc Nutr Soc 2002; 61:121A. 

74. Beach RS, Gershwin ME, Hurley LS. Gestational zinc deprivation in mice: Persistence of immu­
nodeficiency for three generations. Science 1982; 218:469-471. 

75. Langley SC, Seakins M, Grimble RF et al. The acute phase response of adult rats is altered by in 
utero exposure to maternal low protein diets. J Nut r 1994; 124:1588-1596. 

76. Tappia PS, McCarthy H D , Langley-Evans SC et al. Prenatal nutritional adequacy and gender in­
fluence the ability of adult rats to produce interleukins 1, 6 and tumour necrosis alpha. Proc N u t 
Soc 1994; 53:182A. 

77. Calder PC, Yaqoob P. The level of protein and type of fat in the diet of pregnant rats both affect 
lymphocyte function in the offspring. N u t Res 2000; 20:995-1005. 

78. Langley-Evans SC, WakeUn D, Buttery PJ. Undernutrition during fetal life programmes immune 
function in the rat. Ped Res 2003; 53:P104. 

79. Jennings BJ, Ozanne SE, Dorling M W et al. Early growth determines longevity in male rats and 
may be related to telomere shortening in the kidney. FEBS Lett 1999; 448:4-8. 

80. Sayer AA, Dunn RL, Langley-Evans SC et al. Intrauterine exposure to a maternal low protein diet 
shortens lifespan in rats. Gerontology 2001 ; 47:9-14. 

81 . Ozanne SE, Hales C N . Lifespan: Catch-up growth and obesity in male mice. Nature 2004; 
427:411-2. 



102 Early Life Origins of Health and Disease 

82. Merry BJ. Effect of dietary restriction on lifespan. Rev Clin Gerontol 1991; 1:203-213. 
83. Jennings BJ, Ozanne SE, Hales CN. Nutrition, oxidative damage, telomere shortening and cellular 

senescence: Individual or connected agents of aging? Mol Gen Metab 2000; 71:32-42. 
84. Kaufmann JA, Bickford PC, Taglialatela G. Oxidative-stress-dependent up-regulation of Bcl-2 ex­

pression in the central nervous system of aged Fischer-344 rats. J Neurochem 2001; 76:1099-1108. 
85. Sohal RS, Agarwal S, Orr WC. Simultaneous overexpression of copper-containing and zinc-containing 

superoxide dismutase and catalase retards age-related oxidative damage and increases metabolic 
potential in Drosophila melanogaster. J Biol Chem 1995; 270:15671-15674. 

86. Arivazhagan P, Juliet P, Panneerselvam C. Effect of DL-alpha lipoic acid on the status of lipid 
peroxidation and antioxidants in aged rats. Pharm Res 2000; 41:299-303. 

87. Langley-Evans SC, ScuUey DV, McMuUen S. Increased oxidative injury in the liver of newborn 
rats exposed to intrauterine undernutrition is associated with reduced activity of superoxide dismutase. 
Ped Res 2003; 53:P103. 

88. Langley-Evans SC, Wood S, Jackson AA. Enzymes of the gamma-glutamyl cycle are programmed 
in utero by maternal nutrition. Ann Nutr Metab 1995; 39:28-35. 

89. Langley-Evans SC, Phillips GJ, Jackson AA. Fetal exposure to a maternal low protein diet alters 
the susceptibility of the young adult rat to sulphur dioxide-induced lung injury. J Nutr 1997; 
127:202-209. 

90. Evans JR, Rauf A, Sayer AA et al. Age-related nuclear lens opacities are associated with reduced 
growth before 1 year of age. Inv.Opthal.Vis.Sci 1998; 39:1740-1744. 

91. Sayer AA, Cooper C, Evans JR et al. Are rates of ageing determined in utero? Age and Ageing 
1998; 27:579-583. 

92. Dunn RL, Langley-Evans SC, Jackson AA et al. Hypertension in the mouse following intrauterine 
exposure to a low protein diet. Proc Nutr Soc 2001; 60:51 A. 



CHAPTER 9 

Programming Hypertension-—Animal Models: 
Causes and Mechanisms 

Kate M. Denton,* Michelle M. Kett and Miodrag Dodic 

Abstract 

H ypertension can be programmed by experimental manipulation of the intrauterine 
environment. Studies to date suggest that, at least in some models, common 
pathways such as glucocorticoids or the renin-angiotensin system cause program­

ming of arterial pressure. How mechanisms involved in controlling "normal" arterial pressure 
have been altered, remains a largely unanswered question, though the process may include the 
programming of the major organs and endocrine/neural systems involved in long-term blood 
pressure regulation. Clear evidence demonstrates a prominent role for the programming of the 
kidney in the development of hypertension. The major mechanisms examined to date include 
a reduced nephron endowment and alterations to the function of renal renin-angiotensin sys­
tem. These studies do not preclude a role for other major cardiovascular organ systems (brain, 
vasculature, heart) in the programming of hypertension. Several studies have identified 
sex-specific differences in the programming of hypertension, which may relate to fetal sex-specific 
rates of placental gene expression and/or sex-specific timing of fetal development. Future stud­
ies should be directed towards examining the integrative control of blood pressure in 
prehypertensive animals to differentiate between the primary initiating programming events 
and events secondary to the development of hypertension. Understanding the mechanisms 
involved will be essential for devising preventative and/or treatment strategies. 

Introduction 
High blood pressure affects 20% of adults and is a major risk factor for cardiovascular 

diseases such as stroke, myocardial infarction, peripheral vascular disease and chronic renal 
failure. ' In the majority of cases, the cause of the hypertension is unknown, with less than 
10% of cases accounted for by secondary (i.e., renal artery stenosis, adrenal tumour) or genetic 
factors. Recendy, attention has shifted to the idea that adult hypertension can be programmed 
in utero.^ It is hypothesised that an adverse intrauterine environment during critical stages of 
development permanently alters, or 'programmes' the development of fetal tissues, which en­
ables the fetus to survive, but with adverse consequences in postnatal life.^ The mechanisms by 
which an altered intrauterine environment might exert these effects may involve epigenetic 
effects in the embryo/fetus (discussed elsewhere in this book, Chs. 6, 7). 

Here we will briefly oudine animal models of adverse intrauterine environments that have 
been demonstrated to lead to adult hypertension. However, our primary focus will be to ex­
plore, where evidence is available, the organs and physiological systems that may be affected 
and thus underlie the development of hypertension (Fig. 1). A clearer understanding of these 

*Corresponding Author: Kate M. Denton—Department of Physiology, Monash University, 
Victoria, Australia 3800. Email: kate.denton@med.monash.edu.au 

Early Life Origins of Health and Disease, edited by E. Marelyn Wintour and Julie A. Owens. 
©2006 Eurekah.com and Springer Science+Business Media. 



104 Early Life Origins of Health and Disease 

Blood Pmssum 
Regulation 

/^ 

• Renin-Ansiotensin-Aldosterone system 

• Sympathetic nervous system 

»Hypothalamlc-pltultary-adreiial axis 

• Insulin l̂lke growth factor system 

«Nitric oxide 

Figure 1. Schema suggesting possible targets for the programming of hypertension. 

mechanisms and the delineation of possible common pathways, such as glucocorticoids for 
which there is strong evidence, '̂  may ultimately lead to potential treatments or strategies for 
prevention of programmed hypertension. 

Models of Arterial Pressure Programming 
There is now compelling evidence to support the hypothesis that events occurring during fetal 

life can have life-long consequences for the health of the adult. The first models centred on 
producing low birth weight via maternal nutrient restriction, in line with the original hypothesis 
that low birth weight was associated with high blood pressure. '̂  With an increasing understand­
ing of the mechanisms of fetal programming, models have become more specific, examining the 
impact of micro-nutrient deficiencies, hormones, and conditions that are common in human 
pregnancy, such as anaemia and hypertension. Attention has also begun to focus on critical win­
dows during development when different organs have a greater susceptibility to programming.^ 

Arterial Blood Pressure 
In considering the topic of programming of blood pressure, it is timely to evaluate the 

methodologies associated with its measurement.^'^^ The most significant factor is whether blood 
pressure is measured direcdy, that is via an indwelling arterial catheter, or indirectly via tail-cuff. 
This is an important consideration for two reasons: (1) the degree of stress associated with each 
method and (2) the length of time over which the measurement is made varies considerably. 
Thus, whilst the tail-cuff method can provide reliable measurements and is the most frequently 
used method in rats (see Table 1), for reasons that will be discussed, direct measurement of 
blood pressure, preferably by telemetry, is the gold standard. 
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Table 1. Different methodologies used to measure blood pressure in models 
of ^^programmed^' hypertension 

Anaesthetised Intra-arterial 

Conscious In-direct Restrained 

Conscious Intra-arterial Restrained 

Conscious Intra-arterial Unrestrained 
(telemetry) 

^Single period 
Intermittent 
2"Awake" 
^Single period 
or intermittent 
(recovered) 
24-hour 
Intermittent 
24-hour 

Rat [20,28,29,31-33,143] 
Sheep [30,143] 
Rat [16-21,24,25,42,43,45,77,78,110] 
Rat [22,23,27,36-38,44,56,60,105,106] 
Rat [35,92,130,131,139,140] 
Rat [74,93,95] 
Rabbit [53] 
Sheep [15,40,80,128,135,144] 
Sheep [76,90,113,129] 

Rat [11-14] 

Conscious unrestrained 24-hour telemetry recording is the gold standard. ^ Single period (tail-cuff)— 
blood pressure measurements taken at a single time-point. ^'Awake"—refers to those studies that did 
not allow the animals to fully recover from the surgical implantation of catheters before blood pressure 
was measured (minimum of 3 days). ^Single period or intermittent (intra-arterial)—blood pressure 
recorded for a short period (hours) on a single day or over days to weeks, (minimum 3 days recovery 
from surgery). The [numbers] are references cited in this review using each method 

Telemetry offers long-term, 24 hour intra-axterial blood pressure recording in conscious 
unrestrained, and dius unstressed, animals. Further, it allows for analysis of day versus night 
pressures and, due to the sensitivity of the technique, small differences in blood pressure can be 
detected (-5 mmHg). Unfortunately, the high cost associated with telemetry means that for 
long-term studies, such measurements are not always practicable. Indeed, whilst telemetry is 
common in the field of hypertension in general, only a handful of studies to date have used 
telemetry to examine the in utero programming of hypertension. ' Chronic indwelling cath­
eters in the carotid and femoral arteries also provide quality measures of blood pressure in 
rodents and larger animals. An advantage of this technique is that blood sampling can be 
performed in addition to measurement of blood pressure and supplemented with a venous 
catheter, allows for concomitant infusion of agents such as antihypertensives. However, the 
presence of externalised catheters does add an element of restraint stress. Further, the practical­
ity of this technique for long-term studies is limited by the ability to maintain catheter patency 
for longer than a few weeks. Due to the invasive nature of both these techniques it is critical 
that the animals are given the appropriate length of time to recover from surgery before mea­
surements of blood pressure begin.^ Unfortunately, studies in animals equipped with indwell­
ing catheters often fail to take full advantage of the benefits conferred, still only measuring 
blood pressure for short periods. For example, sheep from undernourished mothers demon­
strated elevated morning blood pressure prior to, but not after feeding. The question remains 
as to whether these animals had significant hypertension or not; 24-hour recordings of blood 
pressure would have given a more accurate picture. ̂ ^ 

Tail-cuff plethysmography allows blood pressure of rodents to be followed long-term within 
animal, but only measures single-time point systolic blood pressure accurately and the animals 
are subject to the stress of restraint. The element of restraint stress can be minimised in rats with 
training; however, as mice fail to show significant training, tail-cuff measurements in mice are 
questionable.^^ Another important consideration is that an adverse intrauterine environment 
may not alter blood pressure per se, but rather the blood pressure response to stresses such as 
restraint. Therefore if elevations in blood pressure detected by tail-cuff occur in the absence of 
left ventricular hypertrophy, an indicator of increased after-load with elevated blood pressure, 
blood pressure should be confirmed intra-arterially (preferably by telemetry) before concluding 
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the stimulus has programmed hypertension. There are considerable disadvantages with mea­
surements, such as those obtained by tail-cufF, that are of only a single time-point, or collection 
of direct, intra-arterial measurements for only short periods each day. These measurements, 
taken predominandy during the day, can be affected by factors such as feeding, the particular 
time of the day in relation to diurnal rhythm, and presence or absence of other activity in the 
room during recording. This is especially significant for rodents that are nocturnal as blood 
pressure during the day is considerably lower, and thus small differences in blood pressure that 
may be evident during night-time might not be detectable during the day-time. In the clinic it 
is the widely accepted practice not to make judgments about the significance of raised blood 
pressure until at least three measurements have been taken over a period of weeks, since anxiety, 
stress or discomfort can temporarily increase blood pressure of people who do not have signifi­
cant hypertension. Yet, the majority of animal studies examining the impact of an adverse in­
trauterine environment on adult blood pressure, particularly those in rodent models, utilised 
tail-cuff plethysmography to determine blood pressure often only on a single day (Table 1). 

Tonkiss and colleagues, who used telemetry to measure blood pressure in offspring of dams 
malnourished during pregnancy, presented a telling example of these drawbacks. Previous 
studies in this model, based on indirect tail-cuff blood pressure measurements, demonstrated 
increases in systolic blood pressure of greater than 20 mmHg in the offspring of malnourished 
rats. '̂ '̂  However, Tonkiss et al demonstrated a much more modest increase in blood pressure 
(+4 mmHg in diastolic pressure during the night) and provided evidence that the responsive­
ness to stress was augmented in prenatally malnourished rats. Indeed, this study strongly 
suggests that the stress associated with the tail-cuff procedure, contributed to the large eleva­
tions in blood pressure seen previously in this model. However, these differences may also 
reflect the importance of protein contect and overall composition of a diet to programming of 
hypertension (see Chapter by Langley-Evans). 

Finally, whilst differences in conscious blood pressure between animal groups can be re­
flected in anaesthetised measurements, '̂̂ ^ albeit at lower pressures in general, anaesthetised 
blood pressure is a poor indicator of conscious blood pressure since anaesthetic depth can be 
arbitrarily set. Thus the limitations of each technique with each animal model must be taken 
into consideration to prevent false positives and false negatives in the hypertensive program­
ming effect of particular intrauterine stimuli. 

Nutrition 
Maternal dietary manipulation has been demonstrated in many animal studies to programme 

arterial pressure. Perturbations such as maternal under-nutrition (total calorie), restriction in 
specific dietary components (protein, vitamins, minerals), or restricting placental function (de­
creased uterine blood flow reducing both nutrient and oxygen availability) lead to elevated 
blood pressure in progeny across many species (see Chapter by Langley-Evans). In models of 
under-nutrition, it has been suggested that the programming of hypertension is mediated by 
glucocorticoid-induced endocrine changes. ' ' Over-nutrition (lard, sodium) has also been 
reported to programme hypertension. ' ' In some cases it is apparent that maternal diets 
both low or high in a particular nutrient (calcium,^^ sodium^^'^^) can programme adult hyper­
tension. It is interesting to speculate whether these nutrients act by stimulation or suppression 
of the same pathway or whether they are acting independendy via alternate mechanisms. Im-
portandy, increasing evidence demonstrates that hypertension can occur without impaired fe­
tal growth,'̂ '̂̂ ^ conversely intrauterine growth restriction does not always result in high adult 
blood pressure. ^ 

Anaemia during Pregnancy 
Of particular clinical import are studies examining the influence of diets low in iron. A 

physiological drop in haemagloblin (to --100 g/1) occurs in normal pregnancy, due to the in­
crease in plasma volume. However, it has been shown that iron deficiency (70-100 g/1) occurs 
in --20% of pregnancies in Tirst-world' countries, and up to 75% of pregnancies in developing 
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countries. ^ Three groups have now demonstrated that iron deficienq/^ induced prior to, and 
continued throughout, pregnancy in rats leads to intrauterine growth restriction and elevated 
arterial pressures in the offspring. ^' ^ By cross-fostering all pups onto to control fed dams at 
birth. Gambling et al confirmed that the elevated blood pressure was the result of the iron 
deficiency in utero and not due to continued iron deficiency during lactation. Interestingly, 
these elevated adult pressures were preceded by relative hypotension in the early post-weaning 
period, particularly in females. ^' The mechanisms by which intrauterine iron deficiency 
translates to adult hypertension are as yet unclear, however a reduced nephron endowment has 
been implicated. It is yet to be determined whether the programming of hypertension by iron 
deficiency in utero is independent of a generalised effect on intrauterine growth retardation. 

Hypertension during Pregnancy 
Another condition common during pregnancy is hypertension. It has been predicted that 

the incidence of chronic hypertension will increase from 1 to 5 in 100 pregnancies over the 
next decade. This is due to the shift to an older child bearing age in women and the increased 
risk of hypertension in this older population. However, few studies have followed the chil­
dren of mothers with hypertension into adulthood, '̂̂ ^ though both low-birth weight and 
macrosomic babies have been linked with mild maternal hypertension.^^'^^ Thus, the question 
of whether chronic hypertension during pregnancy exposes the fetus to an increased risk of 
developing hypertension and cardiovascular disease later in life is an important one. 

Several animal studies have examined the influence of chronic hypertension on fetal devel­
opment and adult blood pressure. Denton et al^^ published the first study to demonstrate that 
maternal secondary hypertension could programme hypertension in offspring. In a rabbit model 
of chronic maternal hypertension, induced using a two-kidney, one-wrapped model of perine-
phritic hypertension, it was demonstrated that offspring were hypertensive as adults (Fig. 2). 
The increase in blood pressure only occurred in adult female offspring, though the variation in 
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Figure 2. Conscious mean arterial pressure measured at 30 weeks of age in offspring of hypertensive and 
normotensive rabbit mothers. Individual data presented for male (M, circles) and female (F, triangles). 
The bars represent the group average. Hypertensive mothers: open symbols; n = 6 mothers; 14 male, 14 
female offspring. Normotensive mothers: solid symbols; n = 6; mothers; 9 male, 12 female offspring. * 
P < 0.05 compared to normotensive control. 
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Figure 3. Relationship between plasma renin activity at 10 weeks of age (adolescent) and arterial blood 
pressure at 30 weeks of age (adult) measured in conscious individual male and female rabbits born of 
hypertensive (grey) or normotensive (black) mothers. Male offspring R̂  = 0.48, P < 0.001; Female 
offspring R̂  = 0.31, P < 0.005. 

blood pressure in male offspring was increased (Fig. 2). The renin-angiotensin system (RAS) 
was implicated in this model with significantly lower plasma renin activities in the female 
offspring of hypertensive mothers at 10 weeks of age (adolescence), prior to any rise in blood 
pressure. Indeed, plasma renin activity at 10 weeks of age was found to directly correlate with 
adult blood pressure at thirty weeks of age (Fig. 3). It has been suggested that low plasma renin 
activity may reflect a reduction in nephron number, which is linked to the development of 
hypertension.^ '̂ ^ 

In agreement with the study by Denton and coUegues,^^ male offspring of one-kidney, 
one-clip hypertensive dams also showed no rise in arterial pressure.^ Interestingly, these male 
pups were found to be more susceptible to DOCA-salt treatment. These studies suggest that 
chronic hypertension during pregnancy differentially influences programming in the sexes, an 
effect documented previously in other models. ' In contrast, no effect of increased mater­
nal blood pressure on offspring was demonstrated when blood pressure was increased by cen­
tral administration of aldosterone, leading to the suggestion that it may not be maternal 
arterial pressure per se that is responsible for the programming of hypertension in offspring. 
There is litde doubt that the changes in the maternal environment during hypertension, of 
whatever cause, are complex and thus the stimuli impacting on the fetus may be multifactorial. 

In the rabbit model of maternal hypertension discussed above, there a number of possible 
maternal stimuli that might affect fetal development. Not only was arterial pressure increased 
but plasma renin activity was also elevated,^^ suggesting that both angiotensin II (Angll) and 
aldosterone levels in the mothers were elevated during pregnancy. ' Aldosterone can cross 
the placenta and may possibly have a direct effect on fetal development. Maintenance and 
growth of the placenta is essential for the normal growth and wellbeing of the developing fetus. 
The uteroplacental circulation has a local renin-angiotensin system (RAS) that plays important 
roles in placental angiogenesis and in modulating placental production of cytokines, growth 
factors and vasoactive substances, which also influence fetal development. Chronic infusion 
of Angll to pregnant rabbits and ewes has been shown to decrease uterine blood flow and 
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evidence suggests that uteroplacental perfusion is reduced in humans and animal models with 
chronic hypertension. ' ' Normally, during pregnancy the uterine artery is particularly in­
sensitive to Angll due to the predominance of angiotensin type 2 receptors (AT2R), however, 
uterine artery AT2R density decreases with chronic Angll. Thus, uterine blood flow may be 
reduced via this mechanism in pregnancy when maternal plasma Angll levels are increased, af­
fecting placental nutrient transfer. In cultured human placental cells Angll has been shown to 
decrease 11 -beta-hydroxysteriod dehydrogenase type-2 (11P-HSD2) /^ If 11 |i-HSD2 is decreased 
in mild chronic hypertension, maternal glucocorticoids may cross the placenta and influence 
organs/systems in the fetus. Another possible contributor to fetal programming of hypertension 
in this model is maternal renal function which may be compromised, ' ' ^^ possibly altering 
maternal plasma levels of sodium, potassium or urea which may influence fetal development.^ 

Glucocorticoids 
Glucocorticoids are potent regulators of fetal growth and development. Mechanisms that 

tightly regulate fetal glucocorticoid exposure are of considerable importance, as certain organs 
(kidney, brain) are adversely affected by excess glucocorticoids. Placental 11P-HSD2 reduces 
trans-placental passage of maternal glucocorticoids to the fetus, thus protecting the fetus from 
the deleterious effects of maternal glucocorticoids. Many studies have observed the effect of 
glucocorticoids to programme high blood pressure in sheep and rat models using either prena­
tal exposure to stress (e.g., restraint) or infusions of Cortisol, corticosterone, ACTH or dexam-
ethasone. ' Prenatal glucocorticoid exposure, induced by blocking placental inactivation of 
endogenous glucocorticoids, also leads to high blood pressure in adult rats.^^' Importantly, it 
has been shown reproducibly in sheep, that elevated arterial pressure in adults can be pro­
grammed in both female and male adult offspring by as litde as 2 days of exposure to glucocor­
ticoids at days 26-28 of the 150 day gestation.^^' A similar critical window, during the earliest 
stages of metanephric development, has also been demonstrated in rats.^ '̂̂ '̂̂ ^ Glucocorticoid 
exposure at this critical stage in kidney development also causes high blood pressure in adult rat 
progeny without affecting birth weight. In contrast, glucocorticoid treatment late in gesta­
tion does not result in subsequent hypertension. ' 

Possible Mechanisms Leading to Adult Hypertension 
The cardiovascular system regulates blood pressure to maintain an adequate perfusion to 

meet the needs of each tissue (Figs. 1,4). "Normal" blood pressure is regulated by a number of 
organs and physiological systems, exerting both short (reflex) and long-term effects. Mecha­
nisms integrating the control of arterial blood pressure are oudined and possible adaptations in 
the development of components of the cardiovascular system resulting in alterations in func­
tion and the programming of hypertension have been summarised in Figure 4. A caveat that 
should be considered when examining the mechanisms underlying the programming of hyper­
tension is whether such changes are present before the onset of hypertension or occur as a 
consequence of the hypertension. Thus ideally, the mechanisms controlling blood pressure 
should be examined prior to the establishment of chronic hypertension since compensatory 
mechanisms might confound interpretation of the results once hypertension has developed. 

Long-term blood pressure regulation is inextricably linked to renal excretory function,^ ̂ '̂ '̂  
and there is also strong evidence linking the renal actions of the RAS and the sympathetic 
nervous system to adult hypertension. However, the initial stimulus for hypertension to 
develop need not originate in the kidney. Thus a stimulus from other organs or systems in­
volved in cardiovascular homeostasis, such as altered central sympathetic out-flow, myocardial 
function or vascular reactivity, may trigger a shift in renal function and an increase in arterial 
pressure. Thus while the kidney has received the bulk of attention, these other organs and 
systems need also to be considered in the effort to determine the mechanisms behind develop­
mental programming of hypertension (Figs. 1,4). 
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Figure 4. Diagram showing the basic mechanisms controlling blood pressure. Arterial pressure is the 
product of cardiac output and total peripheral resistance, changes in blood pressure are sensed primarily 
by the central nervous system and kidneys (red arrows) and mechanisms are activated (grey arrows) that 
restore blood pressure to "normal". Programming in utero may affect blood pressure by altering the 
cardiovascular system at any point in this loop. Possible mechanisms are suggested in italics and studies 
that have examined some of these are cited. 

Kidney 
T h e kidney, as stated above, plays a very important role in the control of blood pressure 

due to its influence on salt and water excretion and thus plasma volume. ̂ '̂̂ ^ Considerable 
attention has therefore been directed towards the kidney to look for changes in fetal kidney 
development and alterations in adult renal structure and function. Disruption of kidney 
development, due to a programming effect, may permanently alter normal function. Com­
pensatory mechanisms may ensue resulting in hypertension. Where available, the evidence 
implicating these mechanisms as possible contributors to programming adult hypertension 
are discussed. 

Reduced Nephron Number in Models o f Programmed Hypertension 
Investigations have focused on nephron development due to the hypothesis advanced by 

Brenner and colleagues that nephron endowment at birth is inversely related to the risk of 
developing essential hypertension in later life.^ .55,86,87 j ^ ^ t)i-ief̂  jt jg postulated that a low neph­
ron number at birth signifies a reduction in total kidney filtration surface area, which is not 
adequate to meet the demands of the growing animal, with resultant sodium retention. ' 
Further to this, compensatory mechanisms cause arterial and glomerular hypertension leading 
to hyperfiltration, a vicious cycle then ensues as the increased work load placed on each neph­
ron causes glomerular sclerosis and further loss of nephron fiinction.^ '̂ ^ Reduced nephron 
number has been documented in a number of animal models of programmed hypertension. 
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including food restriction, uterine artery ligation, low protein diet, iron deficiency, and gluco­
corticoid treatment (see ref. 86). Glomerular number has yet to be measured in a number of 
models of programmed hypertension (chronic hypertension ) and blood pressure has yet to be 
measured in some models known to programme reduced nephron endowment (vitamin A,̂ ^ 
hyperglycemia^ ). Studies examining the mechanisms whereby a reduction in nephron num­
ber may be programmed in utero are discussed elsewhere in greater detail (see Moritz & 
CuUen-McEwen). 

Studies in models with reduced nephron number in which glomerular filtration rate has 
been measured all show evidence that the remaining nephrons are hyperfiltering.^^'^ ' ' '̂  '̂ "̂̂ '̂  
Altered expression of components of the RAS have also been documented in the adult as well 
as the fetus in these models, suggesting that not only has the developmental role of the RAS 
been altered, but that the functionality of the system in the adult may have been reset. ̂ ^''^^'^^'^^ 
It has been speculated that failure to suppress intrarenal Angll activity during chronic salt 
loading may lead to salt-sensitive hypertension. Certainly, salt-sensitive hypertension has been 
demonstrated in offspring of mothers fed a low protein diet, which had previously been shown 
to have reduced renin expression and indeed fewer nephrons.^^'^^ 

As a result of this hypothesis, attention has also centred on alterations in the expression of 
components of the RAS due to this systems prominent role in renal development and its im­
portance in regulating blood pressure in the adult.̂ '̂̂ '̂ '̂ ^ Impetus for this direction of research 
has also been fuelled by the clinical correlate that growth retarded infants, which are prone to 
later hypertension, have particularly small kidneys, have elevated cord blood renin and Angll 
concentrations^^^'^^^ as well as elevated renin gene expression in the kidney,̂ "̂̂  suggesting that 
intra-renal RAS activity may be elevated. 

When taken in context with other studies in humans or in experimental animal models, in 
which hypertension resulted when nephrogenesis was impaired, it is highly suggestive that a 
kidney abnormality is an essential part of the etiology of the subsequent hypertension. ̂ ^̂ '̂ ^̂  
However, there is also evidence to suggest that reduced nephron endowment and hypertension 
may be coincident. ̂ '̂̂ '̂̂ ^̂  A study has shown that dietary supplements given in combination 
with a low protein diet can prevent low nephron number without affecting the development of 
hypertension in the adult. ' Furthermore, reduced nephron number has been documented 
in the absence of hypertension and programmed hypertension has been demonstrated in the 
absence of changes in nephron number. Perhaps programmed hypertension is more than 
reduced nephron number, and compensatory changes in tubular function and/or renal hor­
monal systems must occur concomitantly for hypertension to develop. These are important 
questions, awaiting confirmation in future studies. 

Tubular Epithelial Sodium Co-Transporters and Hypertension 
Programming of epithelial sodium transporters in the renal tubules offer another mecha­

nism by which sodium retention may cause adult hypertension. These transporters are localised 
to specific segments of the nephron and mediate sodium entry across the apical membrane. 
These include the Na/H exchanger of the proximal tubule, the Na/K/2C1 co-transporter of the 
thick ascending limb of Henle, the Na/Cl co-transporter of the distal convoluted tubule, and 
the a, P, y-subunits of the epithelial sodium channel (ENaC) of the distal tubule and the 
collecting duct.^ ^ Whilst the bulk of the reabsorption of sodium is carried out in the proximal 
tubule of the nephron, the fine control of sodium reabsorption is carried out in the distal 
nephron and collecting duct. ' Gene-targeted studies in mice have lead to the suggestion 
that it is in these later segments of the tubule, downstream to the macula densa, in which 
sodium delivery is not monitored, that changes in sodium transport play a key role in control­
ling sodium balance and blood pressure. ̂ ^̂ '̂ ^̂  For example, while an increase in the Na/H 
exchanger in the proximal tubule can be compensated for by other later segments of the tubule, 
an increase in ENaC activity in the collecting duct, as found in Liddle's syndrome, results in 
excess sodium reabsorption and hypertension.^^'^'^^^ 
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Few studies have directly examined renal sodium transporters in models of programmed 
hypertension. One study in 4 week old rats exposed to a low protein diet throughout the 
second half of gestation, demonstrated up-regulation (at both the mRNA and protein level) of 
Na/K/2C1 cotransporter of the thick ascending limb of Henle (302% compared to controls) 
and the Na/Cl cotransporter of the distal convoluted tubule (160% compared to controls).^ ̂ ^ 
Thus in this model, before the hypertension becomes manifest, the fetal kidney was programmed 
to inappropriately retain sodium, a finding consistent with the hypothesis that sodium reten­
tion might direcdy contribute to the development of hypertension. Subsequendy, the same 
authors showed that sodium transporters were not down-regulated after hypertension became 
manifest at 8 weeks of age.̂ ^^ This finding is particularly important since it is known that 
down-regulation of the Na/Cl cotransporter of the distal convoluted tubule is an important 
component of the pressure-natriuresis response, the crucial mechanism in long-term blood 
pressure control. Another study, examining the effects of maternal hypercholesterolemia on 
offspring, demonstrated an increase in Na^/K^-ATPase activity in the outer medulla associated 
with reduced creatinine clearance (estimate of glomerular filtration rate) but not hypertension, 
though blood pressure was measured in anaesthetised animals and needs to be confirmed.^^ 
Further studies are required to examine the possibility that prenatal programming of renal 
epithelial sodium cotransporters can lead to hypertension in the adult. 

Other Renal Mechanisms 
There are other renal mechanisms controlling blood pressure that should also be considered 

when examining possible mechanisms leading to programming of adult hypertension. For ex­
ample, it has been proposed that hypertension may be caused by structural changes that nar­
row intrarenal blood vessels, increasing preglomerular vascular resistance and the 
aortic-glomerular capillary pressure gradient.^ Such a situation present in spontaneously hy­
pertensive rats, and analogous to renal artery stenosis, would result in a cascade of events, 
including activation of the RAS, leading to hypertension. ̂  ̂  Whilst pro-hypertensive vascular 
structural changes have not been investigated specifically in models of programmed hyperten­
sion, in sheep exposed to dexamethasone during early gestation accumulation of collagen in 
the tubular interstitium and peri-adventitia of renal cortical vessels has been demonstrated. 

Programming of the sympathetic nervous system has been demonstrated^ and there is 
strong evidence implicating increased renal sympathetic activity in the pathogenesis of essen­
tial hypertension.^ Developmentally, growth of the renal nerves is closely linked to the fetal 
RAS, specifically the timing of renal innervation of the vessels is concomitant with the regres­
sion of renin expression along the vasculature. ̂  ̂ ^ Nerve growth factors are expressed in the fetal 
kidney and are inducers of differentiation and survival of nerves, ̂ ^ thus altered expression of 
these factors may lead to hyper-innervation of the renal vasculature, an affect which is 
pro-hypertensive. A few studies have demonstrated alterations in sympathetic function in 
models of sub-optimal maternal environments. In chick embryos, chronic moderate hypoxia 
leads to hyper-innervation of the arterial vasculature. In a model of uterine artery ligation 
increased sympathetic nervous system activity was observed in female rats at 3 months of age, 
though this was not associated with hypertension.^^ In a model of prenatal stress in rats, 
adrenoreceptor responses were altered in renal, but not femoral, mesenteric or saphenous arter­
ies. ̂ ^̂  Additional tests led to the conclusion that the enhanced responsiveness to phenyleph­
rine was due to alterations in signal transduction not increased nerve or receptor densities. 

No one to date has examined the intrinsic renal mechanisms that maintain glomerular 
filtration rate, the first step in sodium excretion, constant: tubulo-glomerular feedback, the 
myogenic response or the phenomenon of pressure-natriuresis. Resetting of these mecha­
nisms due to alterations in hormone sensitivity be it due to increased receptor density, in­
creased hormone availability or up-regulation of second messenger systems has yet to be 
studied. Interestingly, however, human data has suggested that the pressure-natriuresis rela­
tionship is influenced by birth weight.^^^ In the future, attention should also focus on 
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sex-related programming effects on renal structure and function given the striking differ­
ences in renal function previously reported for healthy males and females.̂ '̂̂ "^ '̂̂ ^^ 

Brain 
The central nervous system also plays a major role in maintaining body fluid homeostasis 

via sympathetic stimulation, vasopressin release and increase in salt and water appetite. For 
example, the hypothalamus is involved in fluid balance through salt and water intake and 
control of sympathetic drive, ' while the medulla oblongata affects cardiovascular func­
tion, mainly through the control of peripheral sympathetic drive, including baroreflexes. ' 
The lamina terminalis is situated in the anterior wall of the third ventricle and consists of the 
median preoptic nucleus and the circumventricular organs; the subfornical organ and the or-
ganum vasculosum. This region of the brain has a crucial role in osmoregulatory vasopressin 
secretion and thirst. ̂ ^̂  There is a local brain RAS and hyperactivity of this system has been 
implicated in the development and maintenance of hypertension. Confirmation of the role of 
the central RAS and its effects on blood pressure and fluid balance has been obtained using 
transgenic mouse models that selectively over-express components of the RAS within the 
brain.̂ "^ '̂ "̂ ^ Other signalling systems (i.e., noradrenergic or glutaminergic) in brain regions 
involved in cardiovascular control may also be implicated in the fetal programming of adult 
hypertension, but have yet to be considered (see re£ 123). 

Evidence of Altered Brain RAS in Models of Programmed Hypertension 
To date, there are only a few studies in the literature that suggest a link between altered 

brain RAS, as a result of exposure to a sub-optimal intrauterine environment, and adult hyper-
tension.̂ '̂̂ '̂ '̂̂ ^^ Studies have demonstrated an up-regulation of ATi receptors in the medulla 
oblongata and higher expression of angiotensinogen in the hypothalamus of late gestational 
fetuses, previously exposed to dexamethasone at the end of the first month of pregnancy. 
This increase in ATi receptors expression of the medulla oblongata persisted in adult sheep 
measured at 7 years of age, when high blood pressure was clearly evident. ̂ "̂^ A recent study of 
1 year-old lambs exposed to maternal under-nutrition (50% of daily intake) from day 1-30 of 
gestation, demonstrated blunted baroreflex sensitivity during Angll infusion. ̂ "̂^ Similarly, rats 
of low-protein fed mothers had increased blood pressure and demonstrated altered baroreflex 
function.^^^ The hypertension of these offspring was significantly attenuated by 
intracerebroventicular administration of an Angll antagonist. ̂ ^̂  Further, Swenson et al showed 
that the hypertension of 30-day old rats subjected to a high-salt diet throughout gestation and 
the post-natal period, was pardy due to increased brain ATi receptor activation. Taken to­
gether, these studies suggest that increased Angll action within cardiovascular control centres 
in the brain contribute to programmed hypertension. ' it is important to bear in mind 
that resetting of the baroreflex is found, commonly, as a consequence of developed hyperten­
sion. ̂ ^̂  However, in some strains of rats (spontaneously hypertensive rats, Dahl salt-sensitive 
rats) abnormal baroreflex fiinction precedes the development of hypertension and may very 
well be the cause rather than the consequence of hypertension.^^ ' 

Research also supports the hypothesis that salt appetite and thirst can be programmed in 
utero (see re£ 134). In a study in sheep, maternal dehydration during late gestation, has been 
demonstrated to programme hypertension. ̂ ^̂  Further, this study demonstrated that the off­
spring of water-restricted ewes had increased plasma osmolality, hematocrit and threshold for 
AVP secretion. ̂ ^ In another study, in which extracellular dehydration and exaggerated sodium 
appetite was produced in pregnant rats by polyethylene glycol treatment, salt appetite of off­
spring was increased. ̂ ^ 

Heart and Vasculature 
Adaptations in the cardiovascular system are linked to the development and maintenance of 

systemic hypertension. Alterations in myocardial, conduit and resistance artery geometry and 
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reactivity will have a direct impact on cardiac output and total peripheral resistance, the pri­
mary determinants of arterial pressure (see Fig. 4). However, litde is known of the role of the 
cardiovascular system in the translation of intrautero insults into a chronic elevation of arterial 
pressure in the adult. Of the limited studies available, vascular dysfunction of both the conduit 
and/or resistance vasculature is a common feature, though the responses vary from study to 
study due to differences in vessel size (conduit or resistance), vascular bed, gender, intrauterine 
insult, and age of offspring at time of examination. 

Vasculature 
The primary vascular defect identified in studies to date, appears to be an impaired 

endothelium-dependent relaxation and this has been demonstrated in offspring with hyper­
tension induced by various adverse intra-uterine events including undernutrition,^ '̂ ^ pro­
tein restriction,"^^ high fat intake^^'^^^ and placental insufficiency.^^ '̂̂  The precise nature 
of the defect underlying the reduced endothelium-dependent dilation is of considerable con­
jecture but includes impaired synthesis of NO, ' and/or impaired response of the vascu­
lar smooth muscle cells to NO,^^'^^^ Whilst not a consistent finding, some studies have 
demonstrated an increased responsiveness to vasoconstrictors, though the effect is not uni­
versal to constrictors in general, even within the same study. '̂"̂  > 15/139 -pĵ ^̂  increased re­
sponsiveness is likely the result of impaired buffering by endothelial factors, ̂ ^̂  however the 
contribution of increased numbers of specific receptor types mediating vasoconstriction can­
not be rule out (see Poston). 

Heart 
Intrauterine insults such as anaemia and hypoxemia have been shown to have significant 

effects on the fetal heart.^ '̂  '̂̂  ^ However, few studies have examined the consequences of 
these stimuli during fetal life on the adult. In one interesting study, in a model of perinatal 
anaemia, evidence of coronary vascular remodelling has been described in adult sheep, in 
which maximal coronary conductance and reserve increased, providing a physiological ad­
vantage.^^'^ ^ Whilst maternal dexamethasone exposure led to hypertension and increased 
cardiac output in 7 year old offspring, associated ventricular hypertrophy and reduced car­
diac functional reserve, these changes are likely due to secondary effects of the hyperten­
sion.^ ' Further studies performing detailed analysis of the structure and function of 
hearts in juvenile and adult offspring, subjected to an adverse intrauterine environment, are 
required. 

Conclusions 
Strong evidence in both human and in animal studies supports the hypothesis that hyper­

tension can be programmed in utero. Future studies should encompass the following: (1) 
Prehypertensive animals should be studied to differentiate between the primary initiating 
programming events and events secondary to the consequent development of hypertension. 
(2) Best practice methods should be employed to determine arterial blood pressure; single 
time-point measures are open to misinterpretation particularly in young restrained animals. 
(3) It is unlikely that the interventions (i.e., under-nutrition, glucocorticoids) used to 
programme hypertension affect single organs but will rather affect multiple organs or sys­
tems (i.e., programming of RAS may alter brain, heart and kidney function), unless adverse 
stimuli are restricted to narrow windows in the timing of development. Thus, the reduction­
ist approach of examining single organs or systems will not provide a complete picture of the 
physiological adaptations that have taken place. (4) Furthermore, accumulating evidence 
demonstrating sexually dimorphic programming in response to an adverse maternal envi­
ronment highlights the need to consider male and female offspring separately. Understand­
ing the mechanisms involved in the programming of hypertension will be essential for devis­
ing preventative and/or treatment strategies. 
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CHAPTER 10 

Developmental Programming 
of Girdiovascular Dysfunction 
Lucilla Poston,* James A. Armitage and Paul D. Taylor 

Abstract 

Population based studies of developmental programming of adulthood cardiovascular 
disease have implied associations between intrauterine growth restriction and a range of 
adulthood indices of cardiovascular dysfunction and risk. Whilst the emphasis has 

been on the programming of hypertension, there is also evidence for an impact of the early 
life environment on later development of vascular endothelial dilator dysfunction and asso­
ciated risk factors including inflammatory and thrombogenic bio-markers, dyslipidaemia 
and vascular compliance. In animal models, researchers have been more circumspect in the 
cardiovascular parameters studied and it is not always possible to draw parallels with the 
human situation. There is, nonetheless, strong evidence for developmental programming of 
reduced endothelium dependent dilatation in a variety of models of maternal nutritional 
imbalance which share similarity with the human data and may imply an important role in 
the aetiology of develop mentally induced cardiovascular risk. Studies of inflammatory 
bio-markers, lipid profiles and compliance in animal models are too few to allow compari­
son. Increasing evidence for altered sympathetic activity in man and animals provides an 
important channel for future research effort. 

Introduction 
Investigations in man and in animal models have frequently reported associations be­

tween perturbations of the in utero and early life environment and elevation of adulthood 
blood pressure. These have been reviewed in Chapters 2, 8, 9, and 11 in this volume. The 
elevation of blood pressure documented in population based studies in man appears to be 
one of a constellation of disorders centred on insulin resistance which together contribute to 
the metabolic syndrome. In animal studies there has been considerable emphasis on the 
measurement of blood pressure whilst other aspects of cardiovascular function, including 
those which may provide mechanistic insight into hypertension and insulin resistance, have 
been less extensively studied. This chapter briefly reviews those studies which investigate the 
relationship between peturbations of the early life environment and adulthood disturbances 
of cardiovascular function other than hypertension. 
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Endothelial Function 
The pivotal role of the endothelial cell layer in cardiovascular homeostasis has provided the 

impetus to determine whether in utero growth restriction or adverse nutritional influences 
during pregnancy and early postnatal life may have permanent and adverse influences on en­
dothelial function in later life. The endothelium, which forms a lining to all blood vessels was 
once considered to be a passive barrier which limited transport of water and molecules to the 
extravascular compartment. Whilst undoubtedly playing a crucial role in vascular permeabil­
ity, endothelial cells are now recognised to be a major determinant of cardiovascular function 
and haemostasis. The endothelium, which shows clear heterogeneity between vascular beds, 
express a wide range of vasoactive factors which influence the tone of the underlying vascular 
smooth muscle, control platelet and leucocyte adhesion and function and directly affect the 
thrombogenetic potential of the blood. ' These endothelial factors perform an essential physi­
ological role and contribute to the inflammatory response. Endothelial dysfunction involving 
abnormal expression of these proteins has been direcdy implicated in the aetiology of disease, 
particularly atherosclerosis^ and insulin resistance. 

Endothelium Dependent Dilatation 
The endothelium provides local control of underlying vascular smooth muscle tone through 

synthesis and release of vasoactive agents, most notably the nitrogen radical, nitric oxide (NO) 
which leads to reduction of vascular smooth muscle calcium, and thus tone, through elevation 
of cyclic GMP. Other endothelial derived dilators include prostacyclin, evoking vasodilation 
through elevation of cyclic AMP, and endothelial derived hyperpolarising factor, (EDHF, which 
is likely to be several different molecules) achieving vasodilatation through hyperpolarization 
of the vascular smooth muscle membrane and reduction of cell calcium entry through voltage 
gated calcium channels. The endothelium also synthesises vasoconstrictor factors including 
endothelin and thromboxane. Synthesis and release of these vasoactive agents is under control 
of local humoral and mechanical influences. Thus NO synthesis and release may occur through 
stimulation by vasodilatory agents such as histamine or Calcitonin Gene Related Peptide CGRP), 
but is also tonically simulated by the shear stress created as the blood flows past the vessel wall. 
Blunted endothelium dependent dilatation in man is an important risk factor for subsequent 
cardiovascular disease, particularly atherosclerosis.'^ Reduced synthesis of NO and increased 
expression of cell adhesion molecules provides a proatherogenic stimulus. Current theory sug­
gests that leucocyte adhesion and monocyte migration into the intima leads to a local inflam­
matory response and ultimately to generation of an atherosclerotic plaque.^ Poor endothelial 
function has also been implicated in insulin resistance since impairment of endothelium de­
pendent dilatation is a frequent accompaniment to insulin resistance and type 2 diabetes. 

Developmental Programming of Endothelial Function 

Studies in Human Populations 
Relatively few studies have probed the relationship between birth weight or early catch up 

growth and endothelial function in later life. Endothelial dilator function may be evaluated 
noninvasively in man by estimation of flow mediated dilatation in the brachial artery. A rapid 
increment in flow is achieved by application of a cuff on the lower arm. Inflation and subse­
quent deflation leads to a hyperaemic response and increased flow in the brachial artery. This 
evokes a shear mediated dilator response which is assessed by measurement of the diameter of 
the vessel by high resolution ultrasound. Impairment of endothelial function in the brachial 
artery correlates with that in the carotid artery, a vessel prone to development of atherosclerotic 
plaques.^ Leeson et al̂ ^ were the first to suggest that low birth weight could herald the later 
development of blunted endothelial dependent dilatation. In a study of 333, 9-11 year old 
British children these authors found a significant, graded and positive association of 
flow-mediated dilation with birth weight which was unaffected by adjustment for potential 
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confounding variables such as body build, cardiovascular risk factors and socio-economic sta­
tus. An inverse relationship with HDL cholesterol concentrations was also found. In a subse­
quent study of 3125 adults, low birthweight was associated with reduced flow-mediated dilata­
tion. However increasing levels of acquired risk factors with age overwhelmed this association 
i.e., it became nonsignificant after correction. ̂ ^ Another group showed reduced endothelium 
dependent dilatation in fit 19-20 year olds of low birthweight. Responses to vasodilatation in 
skin (to local application of the endothelium dependent dilator acetylcholine) and to local 
heating to 44°C in 9 year old children have also been assessed. The mean skin perfusion in 
response to acetylcholine increased by 240% in low birthweight children, compared with 650% 
in normal birthweight children. Others have recently shown an association between exagger­
ated catch up growth in the first two weeks of life and reduced brachial artery endothelium 
dependent dilatation in adolescents aged between 13-16years who were born prematurely. In­
terestingly, these children were also insulin resistant.^ '̂ ^ 

Animal Models of Developmental Programming 
Models in rodents designed to assess ^programming' effects of maternal nutrient restriction 

have uniformly shown blunted responses to endothelium dependent dilators in isolated arteries 
from adult offspring. Thus these animal models share this characteristic with patients at risk of 
development of cardiovascular disease. Brawley et al '̂ '̂  andTorrens et al̂ ^ have evaluated re­
sponses to the endothelium dependent dilators, bradykinin and acetylcholine in arteries from 
virgin and pregnant adult offspring, respectively, of protein restricted (50% reduction) rat dams. 
Whilst responses in mesenteric small arteries were impaired, dilator function in the aorta was 
unaffected. "̂̂  The same group have also shown that maternal glycine supplementation prevents 
the development of this defect in the offspring, implicating a mechanistic role for altered folate 
metabolism in cardiovascular dysfunction in this model. ̂ ^ This accords with another study dem­
onstrating that maternal glycine supplementation reversed the hypertension in the adult off­
spring.^^ Others have noted a reduction in endothelium dependent dilatation in microvessels in 
the cerebral circulation from offspring of protein restricted (50% reduction) dams.^^The reduc­
tion of endothelium dependent dilatation in these models is accompanied by an increase in 
vascular smooth muscle sensitivity to NO which may in part compensate for failure of synthesis 
or bioavailability. This may offer some protection against cardiovascular dysfunction. 

Similar abnormalities have been described in offspring of calorific deprived animals. Stud­
ies from our group in collaboration with Professor Hanson (Southampton University) in small 
femoral arteries from fetal sheep subjected to maternal dietary deprivation (50%) have shown 
blunted endothelium dependent dilatation and suggest that the fetal circulation may be com­
promised in late gestation (0.9).^^ In collaboration with Dr Holemans (Leuven University), we 
have also shown that 120 day old offspring of rat dams fed 50% of the normal diet from mid 
gestation and through lactation show reduced endothelium dependent dilatation in small me­
senteric arteries. "̂"̂  In contrast to the offspring of protein restricted dams the defect seems to 
include the larger vessels as Franco et al have shown blunted relaxation in the aorta of off­
spring from dams subjected to 50% dietary restriction in pregnancy. The same group have 
also dociunented in the small mesenteric vessels an increase in superoxide synthesis by NAD(P)H 
oxidase. Superoxide may reduce the bioavailability of NO through the formation of peroxynitrite 
and so contribute to poor endothelium dependent dilatation. A similar increase in vascular 
synthesis of superoxide through NAD(P)H oxidase has been described in an animal model of 
hypertension, the stroke prone spontaneously hypertensive rat^^ and there has recendy been 
focus on the potentially important role of this enzyme in cardiovascular disease in man.'̂  In a 
study from our group in which rat dams were subjected to a more moderate 30% reduction in 
dietary intake, no defect in endothelium dependent dilatation in small arteries from the femo­
ral circiJation was found in weanlings or in 100 or 200 day old offspring."^^ These data together 
may suggest that a relatively severe dietary insult in utero is required for the development of a 
sustained defect in offspring endothelium dependent dilatation. 
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Dietary restriction models in rodents have relevance to times of famine in the develop­
ing world and may reflect the fetal response to intrauterine nutrient restriction arising from 
placental disease. The protein content of the Western diet has fallen in recent years and the 
protein deprivation model may also provide a model for this downward trend. In our labo­
ratory we have focussed on a model of dietary excess which has relevance to the diet con­
sumed by many Western populations. Pregnant rats are fed a diet rich in animal lard during 
pregnancy and lactation. Male and female adult offspring demonstrate marked impairment 
of endothelium dependent dilatation to acetycholine in small mesenteric arteries^ whereas 
females alone are hypertensive. An investigation of the NO, prostacyclin and EDHF com­
ponents of relaxation demonstrated that the EDHF component, which is generally the 
principal contributor to endothelium dependent dilatation in small arteries, was much re­
duced and accounted for the failure of relaxation."^^ Further studies suggested that exposure 
to the diet during lactation is particularly deleterious to later evolution of poor endothe­
lium dependent dilatation^^ but that if the offspring themselves consumed the same diet as 
the dams, that the defect was prevented.^^ This is one of the few examples of a study in 
which endothelial function has been assessed in animals habituated to the diet experienced 
by the dam, and is an example of a ^predictive adaptive response. The majority of studies 
of this kind wean the offspring onto a normal chow diet and do not attempt to zss^ss 
whether the in utero experience has prepared the offspring for an adult diet similar to that 
of their dam. Endothelial function has infrequently been assessed in animal models in which 
maternal glucocorticoid administration provides the programming 'stimulus' although 
Molnar et al^^ have shown that five month old lambs exposed prenatally to dexamethasone 
(in late gestation) have enhanced sensitivity to endothelin in isolated femoral arteries. This 
was attributed to blunted endothelin (ET)B receptor mediated stimulation of endothelial 
nitric oxide. 

Markers of Endothelial Cell Activation and the Inflammatory Response 
Reduced endothelium dependent dilatation is only one of the facets of endothelial dys­

function which contributes to cardiovascular risk in man. The endothelium plays an im­
portant role in the inflammatory response and increased expression of cell adhesion mol­
ecules e.g., vascular cell adhesion molecule 1 (VCAM-1) and intercellular adhesion molecule 
(ICAM-1) and pro thrombotic factors e.g., plasminogen activator inhibitor (PAI-1) and 
tissue factor (TF) are linked to disease. Likely stimuli include oxidised lipids, cytokines and 
C reactive protein (CRP), a marker of hepatic origin and a significant cardiovascular risk 
factor.^ '^^ Few investigators have attempted assessment of circulating concentrations of 
endothelial or inflammatory markers in human studies. Although demonstrating a rela­
tionship between birthweight and endothelium dependent dilatation, Goodfellow et al found 
no evidence of a correlation between birthweight and serum concentrations of von Willebrand 
factor, a marker of endothelial cell activation in fit young adults ̂ ^ whereas in a smaller 
study McAllister et al found higher concentrations in low birth weight subjects.^ A report 
of adolescents born prematurely has shown that those fed formula feed in neonatal life have 
higher concentrations of C reactive protein than those fed banked breast milk indicating 
that fat rich formula feed in early life may confer cardiovascular risk. Recently, a study of 
1663 individuals taking part in the MIDPSPAN family study has reported a negative asso­
ciation between birthweight and adulthood CRP after adjusting for potential confounders, 
whereby a 1-kg increase in birth weight was associated with a 10.7% decrease in CRP.^^ An 
inverse association between low birth and plasma concentrations of fibrinogen, a throm-
bogenic factor has also been observed, although a recent study comparing monozygotic and 
dizygotic twins ^ has suggested that this relationship may depend entirely on genetic influ­
ences. Another report has documented an association between low birth weight and the 
endothelial maker PAI-1 in middle aged Swedish men. 
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Aaimal Studies 
There are very few reports of inflammatory mediators in offspring of animals subjected to 

nutritional imbalance in pregnancy or any other programming stimulus. This may pardy re­
flect the relative resistance of rat endothelium to activation stimuli but requires further study 
given the obvious parallel between human and animal studies in relation to endothelium de­
pendent dilator function. Although we are unaware of any baseline investigation of markers of 
the inflammatory response, one study has assessed acute inflammatory responses to a pleurisy 
inducing agent (carrageenan) in off̂ spring of protein restricted rat dams and has shown that 
these animals mount a reduced inflammatory response, as assessed by pulmonary oedema, 
neutrophil migration and ICAM expression. 

Dyslipidaemia 

Studies in Human Populations 
The suggestion that low birth weight may contribute to later development of metabolic 

syndrome and attendant cardiovascular sequelae (including endothelial dysfunction) has been 
supported by studies documenting an association of birth weight and or catch-up growth 
and an altered adult lipid profile, although relationships are not always found. ' In one 
of the earliest studies, amongst children aged between 7-11 years involved in the Bogalusa 
Heart Study, an association between low birthweight and raised serum triglycerides was found, 
although no correlation with cholesterol was apparent. ^ In a study from Finland nearly half 
of a cohort of 12 year old small for gestational age children were in the highest quartile for 
serum total cholesterol of the appropriate for gestational age children, but poor catch up 
growth predicted higher cholesterol. Associations between birth length, birth weight, 
ponderal index and total serum cholesterol were also examined in 545 Danish men and 
women (31-51 years). No correlations were found in women, but in men a negative associa­
tion was found between birth weight and serum total cholesterol, with a fall in mean serum 
total cholesterol from 6.03 mmol/1 for birth weight below 3300 g to 5.64 mmol/1 for birth 
weight above 4000. ^ In a Filipino population, mothers with low energy status during preg­
nancy, as assessed by maternal arm fat area, gave birth to male offspring who had a high 
CVD risk in adolescence, as indicated by lipid profiles. Very recently, in the largest cohort 
study to-date of 25,843 men and women from the UK, lower birth weight in men was 
associated with higher adult total cholesterol levels (a 0.07 mmol/1 reduction in total choles­
terol for each 1-kg increase in birth weight), whereas no association was observed in women. 
The authors concluded that the influence of fetal environment on adult total cholesterol was 
small compared with the influence of adult adiposity. The impact of maternal 
hypercholesterolaemia on development of childhood arterial fatty streaks has been studied in 
2ipost mortem study of Italian children and it was found that children of mothers who had 
hypercholesterolaemia in pregnancy had a greater rise with age in area of aortic arch lesions 
than that of mothers with normal cholesterol. Although shared *pro-hypercholesterolaemic' 
genes between mother and child may provide an explanation this study has been supported 
by similar investigations in genetically identical animals (see below). 

Studies in Animals 
Unfortunately, in rodent models of developmental programming, most investigators have 

not determined plasma lipid concentrations in adult offspring. Rodents carry most cholesterol 
as HDL cholesterol and measurement of LDL cholesterol is relatively meaningless. Studies in 
offspring of protein restricted rodents are few. In one, plasma HDL cholesterol and triglyceride 
concentrations were reduced in 6month old female offspring compared to controls.^ In con­
trast, male offspring of calorie restricted (85% of ad lib diet) guinea pig sows have increased 
plasma total cholesterol concentrations compared with controls but female litter mates have 
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normal values. These oflFspring also demonstrate a greater increment in plasma cholesterol 
upon a cholesterol dietary challenge compared to controls. We have reported an atherogenic 
lipid profile in adult offspring of rats fed a fat-rich diet^ '̂̂ ^ and Palinksi et al̂  have shown 
atherosclerotic plaques in offspring of rabbits fed cholesterol rich diet during pregnancy. Very 
few studies of developmental programming have been carried out in primates, but an investi­
gation in baboons has shown clear evidence for altered lipid metabolism in breast versus for­
mula fed animals, with HDL cholesterol concentrations being lower in breast fed animals.^^ 

Vascular Compliance 

Studies in Human Populations 
Reduced vascular compliance is an identified risk factor for cardiovascular morbidity^ and 

it has been proposed that impaired growth in early development may be linked to reduced 
compliance in adulthood through early and permanent alteration in structure of the aorta and 
other larger arteries. A study in 9 year old low birth weight children in Sweden has reported 
increased carotid artery stiffness compared with normal birthweight controls^^ and a study of 
331 young adults (20-28 years of age) has suggested that extended breastfeeding (and therefore 
prolonged exposure to a fat-rich diet) is also linked to poor endothelial dilator fimction. 
Martyn et al have reported an inverse association between birth size and pulse-wave velocity 
(PWV) of the femoral and radial arteries (an estimate of compliance) in middle aged men and 
women^^ whereas others have found no association.^^' However it should be appreciated that 
elevation of blood pressure per se can lead to altered vascular compliance and that studies of 
compliance in adults may be confounded by the presence of preexisting hypertension. 

Animal Studies 
Evidence for alteration in vascular compliance has to our knowledge not been reported in 

animal models of developmental programming. In one relevant investigation Berry and Looker 
demonstrated that intrauterine growth restriction (induced by maternal methotrexate admin­
istration on day 15 of pregnancy followed by foUnic acid administration as a specific methotr­
exate antagonist 16 hours later) resulted in low birthweight without catch-up growth. Collagen 
and elastin content were reduced in offspring of methotrexate treated animals at 26 weeks of 
age and it was hypothesised that failure to synthesise adequate amounts of elastin during a 
critical period cannot be rectified later in life. Altered smooth muscle structure, particularly in 
myosin heavy chain (SM2) content may also lead to altered compliance but has not been inves­
tigated. The measurement of vascular distensibility can readily be undertaken in isolated arter­
ies and assessment of compliance and collagen, elastin and smooth muscle content in young 
and adult offspring would be worthwhile in the different animal models. 

Other Parameters of Cardiovascular Dysfunction 
Endothelial dysfiinction may play a role in elevation of the blood pressure and insulin 

resistance in developmental programming. However blood pressure could also rise through 
enhanced constrictor responses in the vasculature, thereby increasing peripheral resistance, or 
from elevation of the cardiac output. Altered renal fimction and perturbation of volume con­
trol could also play an important role, and the observation of reduced nephron number (re­
viewed elsewhere in this book) in several animal models could be of fimdamental importance. 
Several groups have assessed constrictor fimction of isolated arteries, and other than one report 
of enhanced endothelin constrictor responses in fetal sheep exposed to glucocorticoids^"^ there 
is litde evidence for a fimdamental defect in constrictor fimction amongst the different animal 
models. However there is emerging evidence to suggest that altered sympathetic activity, which 
has been associated with essential hypertension in man, may contribute in some models. The 
adult offspring of nutritionally deprived sheep show altered baroreceptor responses and there 
is evidence in low birthweight man of altered sympathetic outflow. Chronically hypoxic chick 
embryos develop altered sympathetic fimction and vascular adrenergic responses are altered 
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in the offspring of rats subjected to protein restriction during pregnancy. ^ Furthermore, in 
normotensive male offspring of rat dams fed a fat rich diet, we have observed a reduction of 
basal heart rate which may be indicative of an altered baroreceptor response. 

Conclusions 
In conclusion, the demonstration of altered endothelium dependent dilatation in human 

and animal studies suggest that endothelial dysfunction may play a central role in developmen­
tal programming of adulthood cardiovascular disease. Further studies are required in the differ­
ent animal models to elaborate similarities/differences with human disease in relation to activa­
tion of the inflammatory response and abnormalities of lipid metabolism. Very little effort has 
been directed towards investigation of sympathetic activity in the animal models and this is an 
area of potentially fruitful study. 
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CHAPTER 11 

Kidney Development and Fetal Programming 
Karen M. Moritz* and Luise A. Cullen-McEwen 

Abstract 

Alteration in the normal development of the kidney is likely to be a major contributing 
factor to programming of adult disease. Renal disease is reaching epidemic proportions 
in some sectors of the community and is often found in association with the two most 

characterised adult onset diseases, hypertension and noninsulin dependent diabetes mellitus. 
Epidemiological studies in humans have identified various maternal states such as anemia, 
diabetes and protein/micronutrient deficiency as causing renal abnormalities, often in associa­
tion with decreased birth weight. Animal models of maternal protein/nutrient deficiency as 
well as maternal glucocorticoid exposure generally results in a reduction in glomerular (and 
thus nephron) number in the offspring along with increases in blood pressure. It is important 
to note that the stimulus has the greatest effect when applied at the beginning of metanephric 
development. The decrease in nephron endowment probably results from changes in expres­
sion of genes identified to be critical for normal branching morphogenesis in the kidney. How­
ever, other compensatory changes in the kidney may involve alteration of the renal 
renin-angiotensin system and changes in channels involved in sodium transport. Further re­
search into genes/proteins altered in various "programmed" models, along with use of careful 
stereological methodology for determining glomerular number are essential to further our un­
derstanding of renal involvement in the programming of adult disease. 

Introduction 
As the concept of the developmental origins of adult disease, or the "Barker hypothesis" has 

gained acceptance, focus has switched from identifying "programmable" diseases to determin­
ing mechanisms through which programming can occur. Many organs and systems have been 
extensively investigated. Whilst there are numerous models using a range of species, maternal 
perturbations and timing of insults, alterations in renal development appears to be present in 
many models. In this chapter we will address some of the current issues/controversies relating 
to the potential role of the kidney in the programming of adult disease and highlight some of 
the areas in which further research is warranted. The reader is referred to some recent reviews 
that have examined the evidence for a role of the kidney in the programming of adult disease, 
especially in models where hypertension is present '"̂  and to other chapters in this book which 
demonstrate renal involvement. 

An Epidemic of Kidney Disease 
In all Westernised countries, the rates of chronic renal disease (CRD) are increasing. The 

American Kidney Foundation estimates that 20 million Americans, or 1 in 9 adults in the 
population have some form of CRD (source American Kidney Foundation). By 2020, it is 
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estimated that 1 in 4 people will be affected. In certain communities such as the Australian 
Aborigines and Native Americans, the rates are even higher. Even more concerning is the trend 
for CRD to be associated with diabetes and hypertension causing complex patient manage­
ment issues. Similar to other adult onset diseases, such as hypertension and noninsulin depen­
dent diabetes mellitus (type 2 diabetes), so-called lifestyle factors such as a high fat/salt diet, 
smoking and lack of exercise can contribute significantly to the development of renal disease. 
However, like these diseases, the predisposition to develop renal disease may have its roots in 
early prenatal development. 

Is Low Birth Weight a Risk for Kidney Disease? 
Much of the evidence for programming of adult disease comes from human epidemiologi­

cal studies and animal models where the offspring is of low birth weight due to maternal 
undernutrition or placental insufficiency. ' Infants born of low birth weight, that is small for 
gestational age (SGA) are at increased risk of developing adult diseases particularly hyperten­
sion and noninsulin dependent diabetes mellitus (NIDDM). A link between low birth weight 
and renal disease is not as firmly established as for cardiovascular and metabolic disease, but 
this is probably due to more limited examination of renal fimction rather than no such associa­
tion being present. Also, as hypertension and NIDDM are well defined risk factors for chronic 
renal disease, it is ofi:en difficult to ascertain whether renal disease occurs as a result of these 
diseases or is independently a result of low birth weight. A recent literature review of renal 
disease identified low birth weight as a 'progression promoter' for renal disease. Low birth 
weight has been shown to contribute to early onset end-stage renal disease (ESRD) in children 
from Southern USA as well as in the Australian Aboriginal population.^ However in other 
studies, males of low birth weight were not found to have impaired renal fimction despite 
having elevated blood pressure and elevated natriuresis.^ Females born SGA did not have el­
evated blood pressure or altered renal fimction^ whilst those born preterm had increased blood 
pressure with normal renal function. Low birth weight was not found to be a risk factor in the 
progression of diabetic nephropathy in type 1 diabetic patients. 

What Can Be Programmed in the Kidney? 

Nephron (Glomerular) Number 
The kidney has been implicated in the programming of adult disease predominandy through 

studies in which a low/reduced nephron number resulting from maternal intervention is asso­
ciated with elevated blood pressure in the adult offspring. Much interest has focused on the so 
called "Brenner hypothesis" which states that a reduction in nephron endowment at birth 
contributes to the development of hypertension. However, is it really that simple? The "nor­
mal range" of glomeruli in a human kidney is between 300,000 and nearly 2 million.^^ This 
huge range in nephron endowment coupled with the fact that all of nephrogenesis takes place 
in utero in the human suggests a healthy prenatal environment is critical for adequate nephron 
formation. What is emerging from animal models is that a reduction in nephron endowment 
results from maternal insults at specific times during development with the early period of 
renal development being extremely susceptible. The two most common experimental models 
of programming, namely maternal undernutrition/ low protein and maternal glucocorticoid 
exposure, have both illustrated this point. In the rat, maternal low protein diet throughout 
gestation has been shown to cause elevations in blood pressure and reductions in nephron 
number although it may be sex dependant with male offspring only aff*ected in some stud­
ies. ' A study using a more severe protein restriction showed low nephron number and hy­
pertension resulted in offspring of both sexes if present during the second half of pregnancy but 
not the first. ̂ ^ In sheep exposed to elevated levels of glucocorticoids for 48 hours very early in 
pregnancy (26-28 days out of a 150 day pregnancy) a reduction in nephron number of --30% 
is found in the adult. These animals were of normal birth weight but develop high blood 
pressure from 4 months of age. At the time of the treatment the first branching of the ureteric 
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bud has just occurred. Maternal dexamethasone treatment throughout pregnancy in rats 
causes growth retardation, hypertension and decreased nephron number. ̂ ^ Interestingly, hy­
pertension at 6 months of age and a reduced nephron number also resiJted from short expo­
sure (2 days) early in kidney development in rats at either 15/16 or 17/18 (males only) whilst 
females treated at 15/16 had elevated blood pressure at 3 weeks of age."̂ '̂"̂ ^ This treatment did 
not cause growth retardation. This highlights the point that birth weight (and kidney weight) 
can be normal but a significant nephron deficit may be present and hypertension may develop 
in later life. This is of great clinical relevance, as is suggests that babies born of normal birth 
weight may still be programmed to develop adult disease. 

Determining Nephron Number 
One of the complications in many of the studies correlating nephron number with blood 

pressure is the methodology utilised. The "gold standard" for determining nephron number is an 
estimation of glomerular number using an unbiased stereological method using a physical dis-
sector/fractionator system which involves random, systematic sampling of the whole organ and 
is the only method which the American Society of Nephrology recommends for analysis. This 
method makes no assumptions of size and shape and thus eliminates any bias.'̂ ^ Unfortunately 
this is an expensive and time consuming method and is not always employed. Classical methods 
of nephron estimation include maceration techniques to isolate glomeridi and profile counting 
in random histological sections. An accurate estimation of nephron number relies of uniform 
density throughout the cortex and maintenance of glomeruli integrity. This is not always pos­
sible using maceration particularly in kidneys where there is a high level of sclerosis. Other 
stereological methods are inherently biased due to problems of size and shape of glomeruli.^^ 

Is It Just Nephron Number Thafs Important? 
Arguments against the Brenner hypothesis primarily come from human and animal experi­

ences where removal of a kidney from an adult, thereby halving the nephron number, does not 
generally result in hypertension. Long term follow up studies of patients who have had a kid­
ney removed due to a tumour or donated a kidney for transplantation have not shown an 
increased incidence of hypertension.^^ Other studies in the rat where the glucocorticoid treat­
ment occurred earlier in gestation also show that hypertension can result without changes in 
nephron number^ ̂  whilst the offspring of the WKY rat do not develop high blood pressure 
after maternal exposure to a low protein diet.^ It is very interesting however, that unilateral 
nephrectomy during the period of nephrogenesis in the rat (at postnatal dayl) or the sheep (at 
100 days out of the 150 gestation) results in offspring with elevated blood pressure and com­
promised renal function. '̂̂ ^ In the case of the sheep, this resulted in some compensatory 
nephrogenesis in the remaining kidney but overall, a significant nephron deficit was still present."̂ ^ 
This suggests other changes in the kidney apart from nephron number may be programmed 
and contribute to alterations in renal function and the hypertension seen in the adult. Low 
nephron number by itself may not result in adult disease but in conjunction with exposure to 
a high salt after birth, a significant deficit is revealed. ̂ ^ 

How May Low Nephron Number Be Programmed? 
If we accept that a decrease in glomerular (thus nephron) number is indeed "programmed" 

in utero, then we need to examine how this could come about. What sort of genes should we be 
looking at and at what stage of development? To do this we need to understand the process of 
normal kidney development. 

Kidney Development 
Renal development in mammals involves the development of three sets of excretory organs, 

the pronephros, mesonephros (transitory organs) and the metanephros (Fig. 1). The meta-
nephros (permanent kidney) develops from two embryonic precursor cell populations, the 



Kidney Development and Fetal Programming 133 

Pronephros I 
(degenerating)! 

Nephrogenic! 
cord 

Mesonephros - ^ 

Metanephros --4 

Nephric 
(Wolffian) 

duct 

UB 

Cloaca 

Figure 1. Development of the permanent mammalian kidney. Schematic diagram illustrating the devel­
opment of the mammalian excretory system. The pronephros and mesonephros are transitory and degen­
erate. The metanephros forms when the ureteric bud grows (UB) laterally from the nephric (Wolffian) 
duct to induce the metanephric mesenchyme (MM) the caudal portion of the nephrogenic cord (grey). 

ureteric bud (UB) and the metanephric mesenchyme (MM). The UB is a single outbranching 
of epithelium from the Wolffian duct (WD) , which grows towards and penetrates the caudal 
portion of intermediate mesoderm known as the M M (Fig. 1). The M M consists of undiffer­
entiated mesenchymal cells, which aggregate around the terminal portion of the advancing UB 
(Fig. 2A). The tip of the UB induces surrounding nephron progenitors of the M M to survive, 
proliferate, condense (Fig. 2B) and epithelialise forming a renal vesicle (Fig. 2C) which then 
develops through stages of comma shaped body (Fig. 2D) , S-shaped body (Fig. 2E) and urin-
iferous tubule (Fig. 2F) to differentiate into nephrons (Fig. 2G ,H) . Simultaneously cells in 
direct contact with the UB stimulate the ureteric epithelium to proliferate and branch dichoto-
mously (Fig. 2C,D) . Continued iterations of branching of the ureteric epithelium iJtimately 
gives rise to the collecting duct system, including the ureter, renal pelvis, calyces and collecting 
tubides with each tip capable of inducing nephrons. It is the reciprocal inductive interactions 
between these two tissues which generates 2. finite number of nephrons and the complete col­
lecting duct system. 

Although the number of nephrons varies extensively between species, there are two major 
factors that influence final nephron number: (1) the extent of UB branching; and (2) the 
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Figure 2. Ureteric branching morphogenesis and its relationship to nephron endowment. A) Ureteric bud 
(UB) invades the metanephric mesenchyme (MM) and induces mesenchyme to undergo nephrogenesis 
(arrow). B) Mesenchyme condenses at base of the tip of UB forming a renal condensate (RC). Simulta­
neously the non-condensing MM induces the UB to lengthen and bifurcate (arrow). C) An epithelial 
renal vesicle (RV) is formed when RC epithelialises. The new tip induces surrounding MM to condense 
(arrow). D) The RV develops into a Comma-shaped body (CSB) formed by invagination of a cleft in the 
proximal regionof the vesicle. E) The CSB differentiates into an S-shaped body (SSB) formed by invagi­
nation of a second cleft in the distal region. Each tip is again induced to bifurcate. F) An Uriniferous 
tubule (UT) is formed when the upper limb of the S-shaped body elongates and fuses to the tip of the 
ureteric duct. Each new tip induces a new nephron. G) The lower limb of the S-shaped body (black) 
ultimately forms glomerular podocytes and the Bowmans capsule. Cells lining the proximal cleft retain 
their cuboidal shape ultimately differentiating into glomerular podocytes. Cells on the external portion 
of the proximal cleft flatten forming the parietal layer of Bowman's capsule. The upper limb (white) 
lengthens and differentiates into the distal tubule, the middle section elongates and loops ultimately 
forming the loop of Henle (light grey), while the lower portion differentiates into the proximal convo­
luted tubul (dark grey). H) The UT undergoes growth, differentiation and elongation to form the 
complete nephron (N). 

ability of the mesenchyme to diflPerentiate in response to inductive signals. Thus, nephron 
number is likely to be highly dependent on factors regulating both ureteric bud growth and 
nephrogenesis during development and any change in the spatial-temporal expression of such 
factors may influence the final number of nephrons in kidney. Many of these signals have been 
identified at the molecular level (see Table l).̂ '̂"^^ These include factors regulating branching 
morphogenesis as well as genes controlling development and differentiation of the MM. 

The exact relationship between branching events and the induction of nephrons is ill de­
fined since development of the kidney relies on the reciprocal interaction between both these 
tissues. Although branching of the ureteric tree is considered direcdy related to the number of 
nephrons formed it is not considered to be a one-to-one relationship as with different species 
there are various types of branching in the developing kidney.^^ However, even a small decrease 
in branching efficiency iterated many times would result in a considerable deficit in branches 
forming the collecting system. ̂ ^ The efficiency of branching morphogenesis therefore has clini­
cal consequences involving the link between nephron number and the risk of and response to 
renal disease. This link has stimulated investigation into the role of renal development in the 
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Table 1. Key genes expressed during kidney development and their roles in regulating 
branching morphogenesis and nephron number as shown by in vivo and in 
vitro studies 

Gene In Vivo In Vitro References 

Activin A Null mutants are perinatal lethal 
but have normal kidneys. Trans­
genic mice expressing truncated 
activin receptor contain 180% 
normal number of nephrons and 
glomeruli were 65% normal size. 

AT2R Null mutants show abnormalities 
in UB formation, are hypertensive 
and show multicystic dysplastic 
kidneys, hypoplastic kidneys 
(CAKUT). 

BMP2 Null mutants die at E9.5 prior to 
metanephric development. Hets 
kidneys appear normal and 
contain normal nephron numbers. 

BMP4 Null mutants die at E6.5 prior to 
metanephric development Hets 
display hypo/dysplastic kidneys, 
ectopic ureterovesical junction 
double collecting system. Hets 
wi th normal renal phenotype 
show no alteration in nephron 
number (unpublished data). 

BMP7 Null mutants show kidney hypo­
plasia, limited CD and nephron 
development post E12.5. 

c-ret Null mutants display bilateral/ 
unilateral agenesis, decreased 
branching and undifferentiated 
M M . 
Hets appear normal. 

Emx2 Null mutants display bilateral 
agenesis, UB invades M M but 
fails to branch. 

Eyal Nul l mutants display bilateral 
agenesis. 
Hets display renal hypoplasia/ 
unilateral agenesis. 

Fgf7 Null mutants show a smaller 
collecting duct system (reduced 
UB growth), resulting in 30% 
fewer nephrons. 

Foxdl Null mutants display hypoplasia 
(BF2) wi th large condensates, few 

nephrons and underdeveloped CD. 

Excess Activin A disrupts branch 
ing pattern resulting in a reduced 
number of secondary branch 
generations and enlarges the 
tips of UB. 

30-32 

33,34 

Excess BMP2 inhibits branching. 35,36 

Excess BMP4 inhibits branching 37-40. 
and alters branch pattern, inhibits 
nephrogenesis by 50%. 

Low levels of excess BMP7 increase 
number of tubules formed by 
mlMCD-3 cells. Low levels of 
excess BMP7 increase & high levels 
inhibit branching in organ culture. 

41-43 

44 

Excess FGF7 enhances branching 
and nephron number. 

45 

46 

47 

48 

continued on next page 
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Table 1. Continued 

Gene In Vivo In Vitro References 

GDNF 

Gfral 

HGF 

Hoxall/ 
Hoxd11 

HSPC 

LIF 

Pax2 

Podi 

RARa/ 
RARI32 

TGFa 

TGFpl 

Wntll 

Wnt4 

WT1 

Null mutants show renal agenesis 
(no UB formed). HETs show dys­
plasia with reduced CD develop­
ment, contain 30% fewer, larger 
glomeruli and are hypertensive. 
Null mutants show bilateral agen 
esis or a unilateral rudimentary 
kidney. Hets appear normal. 
Null mutants show no renal 
phenotype. 

Null mutants show variable 
severities from agenesis to dyspla­
sia due to abnormal and reduced 
branching, elongated primary 
branches. 

Null mutants display bilateral 
agenesis due to no W D or UB. 
Hets show increased apoptosis 
and reduced UB branching. 
Null mutants show renal hypop­
lasia due to decreased branching. 
Null mutants show impaired 
collecting duct development 
(decrease in UB tips and number 
of branch iterations). 

Null mutants are perinatal lethal 
and show normal kidneys. 
Null mutants show kidney hypo­
plasia with 36% fewer nephrons. 
Null mutants have small, dysge-
nic kidneys with no glomeruli. 
UB invades the M M and under­
goes some branching, M M cond­
enses but cannot undergo MET. 
Null mutants display bilateral 
agenesis due to the absence of 
UB outgrowth. 

Excess GDNF increases branch 
ing. GDNF neutralizing antibody 
inhibits branching. 

HGF stimulates branching. 
Inhibiting HGF ceases UB devel­
opment and nephron formation. 

Inhibiting synthesis of HSPG 
impairs UB branching. Excess 
HSPGs in culture reduces 
nephron number. 
Inhibits centrifugal growth of 
ureteric tree, reducing number of 
tips in NZ and inhibiting nephron 
development. 
Triggers nephrogenesis in isolated 
M M . 

Addition of RA increases bran­
ching and nephron formation. 

49-51 

52 

53-57 

58,59 

60,61 

62,63 

64,65 

66 

67-69 

70 Antibodies to TGFa inhibits 
branching and nephrogenesis. 
Excess TGFpl inhibits branching. 71-74 

75 

76,77 

78 
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Figure 3. Whole organ culture of an E12 mouse metanephros for 48 hours. Phase contrast photomicro­
graphs of an El2.5 metanephros at time of explanation (A); 24 hours culture (B) and 48 hours culture 
(C). Immunofluorescence photomicrograph of the ureteric tree at 48 hours culture (D). 

determination of nephron endowment with many researchers utilizing in vitro culture systems 
and in vivo models (gene mutation studies) of kidney development to analyse not only the 
extent of branching morphogenesis but also nephron endowment (see Table 1). 

Models to observe branching have been developed to allow the analysis of the process of 
branching at various levels as well as both the direa and indirea role branching has on nephron 
endowment. Both branching events and nephron induction can be followed in whole embryonic 
metanephric organ culture (El 1-12 in the mouse and El3-14 in the rat) (Fig. 3).^^ Whole organ 
culture is an extremely powerful technique, in that the researcher can analyse both branching and 
nephron formation. Fiowever, the fact that both branching and nephron formation are highly 
dependent on each other makes the direct effects of branching difficult to characterize. 

The direct effects on branching can also be analysed using isolated UBs where the UB is 
separated from the surrounding MM and maintained in culture in the presence of MM 
cell-derived conditioned medium.^'^ These cultures are therefore independent of the inductive 
processes with the MM. Furthermore, branching of epithelial cells can also be observed in 
isolation, by observing renal epithelial cells in 3D collagen matrix gels. The renal epithelial cell 
lines: Madin-Darby canine kidney (MDCK) cells undergo tubulogenesis and branching mor­
phogenesis in the presence of hepatocyte growth factor (FiGF), mouse inner medullary collect­
ing duct-3 (mIMCD-3) cells, and UB cells derived from the embryonic kidney.^^' These cell 
lines can undergo branching morphogenesis in response to certain growth factors. Growth 
factors, neutralizing antisera, antisense oligonucleotides etc may be added to these models sys­
tems to analyse the function and alterations of various molecular targets and their effect on 
branching and nephron endowment can be quantified through various means (Fig. 3). 
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Table 2. Maternal factors known to affect kidney development 

Treatment/State 

Undernutrition 

Vitamin A deficiency 
Iron deficiency 
Placental insufficency 

Maternal stress (glucocorticoids) 

Maternal drug intake 

Twin-twin transfusion syndrome 
Urinary tract obstruction 
Maternal disease 

Species 

Human, Sheep, 
Rat 
Rat 
Human, Rat 
Rat 
Human 

Sheep 
Sheep, Rat 
Human 

Human 
Human 
Human 
Human, Sheep, 
Human, Rat 

Rat 

Rat 

Type/Experiment 

Global 
Protein restriction 

Anemia 
Uterine artery ligation 
Placental malfunction 

Endogenous glucocorticoids 
Exogenous glucocorticoids 
Inhibitors of renin-angiotensin 

system 
Inhibitors of cyclo-oxygenases 
Cocaine 

Diabetes 

Influence of Maternal Health on Fetal Renal Development 
Maternal diabetes (gestational or types 1 and 2), anemia, high blood pressure, renal insufFi-

ciency and preeclampsia are a few examples of maternal disease states that have been shown to 
alter fetal renal development. Table 2 documents examples where nephron number is affected 
by maternal health. Low protein and global undernutrition have been extensively used in ex­
perimental models but in the human it is more likely to be micronutrient deficiency or placental 
malfunction that results in programming effects. Hypertension was found to result in the off­
spring of iron-deficient pregnant rats and this was associated with a decreased nephron number 
in female offspring.^ '̂̂  Half the pregnant women in the world are estimated to be anemic to 
some degree. Preexisting maternal diabetes can have serious damaging effects on the fetal 
kidney including caudal regression syndrome associated with partial or total renal agenesis.^^ 
Another area of great interest is what happens to nephrogenesis in the very premature baby. The 
use of glucocorticoids and surfactants have enabled the survival of babies from as early as 22 
weeks. This is some 14 weeks before the normal completion of nephrogenesis. Does nephrogenesis 
continue normally in these infants ex utero despite large changes in renal blood flow and renal 
function or is there an early cessation of nephron formation resulting in a permanent nephron 
deficit? Animal models for this condition are very difficult to establish due to the difficulties and 
costs of keeping premature animals alive. In one recent autopsy study, extreme prematurity 
(<1000g and 29 weeks) caused a reduction in the number of layers of glomeruli formed suggest­
ing nephrogenesis has not continued normally outside the uterus. The study was complicated 
by the use of nephrotoxic antibiotics and indomethacin exposure in the preterm infants. Glom­
erular counts using unbiased stereological techniques are required in infants that are born preterm 
and survive until nephrogenesis is complete to determine if a nephron deficit results. 

Compensatory Changes in the Kidney 

The Renal Renin-Angtotensin-System 
Strong evidence is emerging in a number of animal models to suggest significant alterations 

in the renal renin-angiotensin system may be a common feature of programming. Interestingly, 
recent data suggests that in programmed animals during the period of nephrogenesis, there is a 
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Table 3. Evidence of compensatory changes in ttie renal RAS in studies of fetal 
programming 

Species Fetal Exposure Age Studied Change Reference 

Sheep Dex (26-28d) 75 days i AT1 mRNA and protein 
<^ AT2 mRNA 

130 days t AT1 mRNA 
T AT2 mRNA 
T Angiotensinogen mRNA 
<-^ in basal renal function 

Altered renal response 
to infused ANG II in 
conscious fetuses 

Moritz et a I 
(unpub.) 90 

Sheep 

Sheep 

Sheep 

Human 

Rats 

Rats 

Rats 

Rats 

Rats 

Cortisol (26-28d) 

IUGR(al l 

pregnancy) 
Undernutrition 

(28-77 days) 

iUGR 
Low protein 

Low protein 

Low protein 

Low protein 

Low protein 

75 days 

130 days 

>135 days 

Term 

Term 

4 weeks 

4 weeks 

10 weeks 

Newborn 

Newborn 

4 weeks 

12 weeks 

i AT1 mRNA and protein 
i AT2 mRNA 
T A T I mRNA 
o AT2 mRNA 

t dependence of BP on 
Angiotensin 1! 
t ATI mRNA ' AT2 mRNA 

tCord plasma renin activity 

T AT1 protein 
<r^ in basal renal function 
t response to angiotensin 11 
o ATI a mRNA 

i All mRNA 

t response to ANG II in 

anaesthetised rats 
i tissue renin concentrations 
i tissue angiotensin il 
concentrations 

4 A T 1 protein 
T AT2 mRNA 
•I AT2 protein 
t A T 1 protein 
<-̂  plasma angiotensin 1 or 11 
<r^ Renal angiotensin 1 or II 
Blood pressure normalised 
by ACE inhibit ion between 
weeks 2-4 

Moritz et al, 

(unpub.) 90 

91 

92 

93 
94 

95 

14 

96 

97 

decrease in renal expression of angiotensin receptors (ATI and AT2) but after completion of 
nephron formation, there is a compensatory increase in receptor expression. This may lead to 
an increase in renal responsiveness to infiised angiotensin II. In Table 3 the evidence for this is 
summarised.^ '̂ '̂̂ ^ It is speculated that a deficit in full expression of the RAS may contribute 
to inadequate nephrogenesis as well as a compensatory increase in components of this system 
in later in life and this in turn contributes to the development of hypertension. The ratio of 
ATI to AT2 receptors is also likely to be important as in general these receptors mediate oppos­
ing effects in the kidney. ̂ ^ 
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Sodium Transporters 
Long term regulation of blood pressure is dependent upon sodium and fluid homeostasis. 

So far, there are only two reports of 'programmed' changes in renal sodium transporters. The 
kidneys of offspring of rats exposed to a low protein during pregnancy, had higher levels of 
mRNA for both a\ and Pi subunits of Na/K/ATPase than those exposed to a normal protein.^^ 
The tubules were thus more 'adult-like' as kidneys stimulated to increase sodium retention, by 
aldosterone or angiotensin II, normally increase the a subunit but decrease the P subunit.^ '̂  ̂  
The sodium/potassium/2 chloride cotransporter (NKCC2) and the thiazide sensitive sodium/ 
chloride (NCC) transporters were up-regulated at 4 weeks of age in offspring of rats exposed to 
a low protein intake (6%) from day 12 to parturition. There were no changes in the sodium/ 
hydrogen exchanger (NHE3), or any epithelial sodium (ENaC) channels. Investigation of 
renal sodium transporters is an area in which further research is required. These changes in 
postnatal gene expression may be an epigenetic modification. There is evidence for nutritional 
perturbation of epigenetic gene regulation in the susceptibility to chronic metabolic disease. 
A recent observation suggests an epigenetic mechanism is involved in dexamethasone pro­
gramming of metabolic disease. ̂ ^ Readers are referred to other chapters in this book dealing 
with epigenetic modifications. 

Measuring Renal Function 
Finally, in order to develop early intervention strategies, it is necessary to be able to identify 

individuals born with a low nephron endowment who may be predisposed to later renal dis­
ease. In an important study, birth weight in humans was found to be significantly correlated 
with nephron number with a predictive increase of 250,000 nephrons for each 1kg increase in 
birth weight. ̂ ^̂  Thus, should low birth weight individuals be considered a high risk for devel­
oping early renal failure? If so what can be measured or examined to detect this? Lack of agree­
ment on the most appropriate tests to be done to test kidney function in children has led to 
guidelines being developed by the National Kidney Foundation's Kidney Disease Outcomes 
Quality Initiative. The two most critical recommendations were the measurement of protein to 
creatinine ratios in spot urines and estimation of glomerular filtration rate (GFR) from serum 
creatinine using predictive equations which take into account the patient's gender and 
height. ̂ ^ '̂ ^̂  Other techniques including noninvasive measurement of GFR may also be useful 
in both human and experimental animal models. 

Conclusions/Summaiy 
The kidney is undoubtedly an important organ in the fetal programming of adult disease. 

The process of nephrogenesis in the developing fetus can be disrupted by a large number of 
maternal factors highlighting the susceptibility of the kidney to a sub-optimal environment. 
The precise mechanisms through which a reduced nephron number occurs are yet to be fully 
elucidated and remain a high priority for subsequent investigation. Optimal methodology in 
assessing nephron number needs to be employed routinely and further analysis of renal ftinc-
tion is required to clearly define deficiencies in the adult. Clearly there are still some vital 
questions requiring investigation in the future. These include 

1. Do extremely premature babies develop the full complement of nephrons? 
2. Do animals exposed to hyperglycemia during the nephrogenic period develop hypertension 

as adults? 
3. When a reduced nephron endowment occurs as a result of vitamin A deficiency, does hy­

pertension result in the offspring? 
4. Which genes are altered epigenetically to result in decreased nephrogenesis and/or postna­

tal hypertension? 
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CHAPTER 12 

Programming of Obesity—^Experimental 
Evidence 
Bernhard H. Breier,* Stefan O. Krechowec and Mark H. Vickers 

Abstract 

O besity and related metabolic disorders are prevalent health issues in modern society 
and are commonly attributed to lifestyle and dietary factors. However, the mechanisms 
by which environmental factors modulate the physiological systems that control weight 

regulation and the aetiology of metabolic disorders, which manifest in adult life, may have 
their roots before birth. The 'fetal origins' or Yetal programming' paradigm is based on obser­
vations that environmental changes can reset the developmental path during intrauterine de­
velopment leading to obesity and cardiovascular and metabolic disorders later in life. The mecha­
nisms underlying the relationship between prenatal influences and postnatal obesity and related 
disorders are relatively unknown and remain speculative, as are the interactions between ge­
netic and environmental factors. While many endocrine systems can be affected by fetal pro­
gramming recent experimental studies suggest that leptin and insulin resistance are critical 
endocrine defects in the pathogenesis of programming-induced obesity and metabolic disor­
ders. Recent work has also shown that offspring of undernourished mothers display reduced 
locomotor activity in adult life, independent of postnatal diet. However, it remains to be deter­
mined whether postnatal obesity is a consequence of programming of sedentary behaviour and 
appetite regulation and whether hyperphagia is the main underlying cause of the increased 
adiposity and the development of metabolic disorders. 

Introduction 
Obesity and related metabolic disorders have become a major health issue for modern soci­

ety in the 21st century. It is a widely held view that dietary and lifestyle factors are the primary 
cause of these diseases in the general population. The mechanisms by which diet and other 
environmental factors influence physiological systems that control appetite, weight regulation, 
behaviour and the aetiology of metabolic disease are poorly understood. 

Increasing evidence suggests that chronic metabolic and cardiovascular diseases which com­
monly manifest in adult life can have their roots before birth. The Yetal origins of adult disease' 
(FOAD) or Tetal programming' paradigm is based on the observation that adverse stimuli 
during the prenatal period can alter the developmental path resulting in an increased suscepti­
bility to obesity and cardiovascular and metabolic disorders later in life. This pathogenesis is 
not based on genetic defects but on altered genetic expression, which occurs as a result of fetal 
adaptations to adverse intrauterine influences. After initial controversy when these relation­
ships were first suggested, both prospective clinical and experimental studies have clearly shown 
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that the propensity to develop abnormalities of cardiovascular, endocrine and metabolic ho­
meostasis in adulthood are increased when fetal development has been adversely affected. ' 

The mechanisms underlying the relationship between prenatal influences and postnatal 
outcome are relatively unknown and remain speculative, as are the interactions between ge­
netic and environmental factors. One general thesis is that in response to an adverse intrauter­
ine stimulus, the fetus adapts its physiological development to maximise its immediate chances 
for survival. These adaptations may include resetting of metabolic homeostasis and endocrine 
systems and the down-regulation of growth, commonly reflected in altered birth phenotype. 
This prenatal plasticity of the fetus may allow environmental factors to alter the physiological 
function of the fetus in preparation for sub-optimal environmental conditions after birth.^ It is 
thought that whilst these changes in fetal physiology may be beneficial for short-term survival 
in utero they may be maladaptive in postnatal life, contributing to poor health outcomes when 
offspring are exposed to catch-up growth, diet-induced obesity and other factors. 

Experimental Evidence for Programming of Obesity 
Animal models have been used extensively to investigate the basic physiological principles 

of the FOAD hypothesis. The variety of models that have been developed is essential to the 
search for the mechanistic links between prenatal influences and postnatal pathophysiological 
outcomes. An example is the diabetic pregnant rat, in which the long-term effects on offspring 
following diabetic pregnancy can be investigated, a study which would not be possible in hu­
mans as treatment is ethically proscribed. Although epidemiological data suggest that fetal 
programming occurs within the normal range of birth size,"̂  most experimental work has tended 
to focus on significant restriction of fetal growth in the assumption that the nature of the 
insults that impair fetal growth are likely to be those that trigger fetal programming. Alter­
ations in maternal nutrition are commonly used experimentally to induce intrauterine growth 
retardation (lUGR), as it is an experimentally practical and reproducible way to induce nutri­
ent limitation to the fetus and thus change its developmental trajectory. In this context lUGR 
is not essential to fetal programming, but is merely a surrogate for evidence that fetal develop­
ment has been affected. 

Several animal models of early growth restriction have been developed in an attempt to 
elucidate its relationship with adult onset disease and provide a framework for investigating the 
underlying mechanisms. Animal studies have clearly shown that prenatal undernutrition pro­
grams not only postnatal cardiovascular dysfunction but also obesity, elevated plasma leptin 
concentrations, glucose intolerance, and even activity levels and dietary preferences. In rats 
hypertension, insulin resistance and obesity have been induced in offspring by maternal under­
nutrition, ' a low protein diet, maternal uterine artery ligation, maternal dexamethasone 
(DEX) treatment^ or prenatal exposure to the cytokines interleukin (IL)-6 and tumour necro­
sis factor (TNF)-alpha. ̂ ^ 

There are also increasing experimental data in other species. In guinea pigs, lUGR caused 
by uterine artery ligation or maternal undernutrition results in reduced glucose tolerance, in­
creased sensitivity to cholesterol loading^ ̂  and elevated blood pressure in offspring. ^̂  DEX 
treatment of pregnant ewes in early gestation results in elevated blood pressure and altered 
regulation of lipolysis in the adult offspring. Placental restriction by carunclectomy has also 
been associated with adiposity and increased insulin sensitivity during postnatal life. Under­
nutrition for 10 days in late gestation ewes alters postnatal HPA axis function of their lambs, 
but not glucose metabolism. However, when the period of prenatal undernutrition is extended 
to 20 days, glucose metabolism is altered in adult offspring, but not HPA axis function. ' 
Work by Bispham et al has shown that, independent of maternal nutrition in late gestation, 
fetuses sampled from ewes with nutrient restriction in early gestation possessed more adipose 
tissue, whereas when ewes were fed to appetite throughout gestation, fetal adipose tissue depo­
sition and leptin mRNA abundance were both reduced. These changes suggested that offspring 
of nutrient restricted mothers were at increased risk of developing obesity in later life.̂ ^ This 
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study also suggested that the increased incidence of obesity in adults born to mothers exposed 
to the Dutch famine during early pregnancy may be a direct consequence of adaptations in 
the endocrine sensitivity of fetal adipose tissue. 

Nutritional Programming 
Fetal undernutrition has been highlighted as a primary factor involved in the early life 

origins of adult disease. Within the laboratory, fetal undernutrition can most commonly be 
achieved through maternal dietary restriction during pregnancy. Manipulation of maternal 
nutrition during pregnancy has been known to alter fetal growth and development for some 
time.'̂ ^ At present, rodent models investigating the mechanistic links between maternal under­
nutrition and adult disease generally utilise one of two dietary protocols; global undernutrition 
or isocaloric low protein diets. The maternal low protein (MLP) diet during pregnancy and 
lactation is one of the most extensively utilised models of nutritional programming.^^ "̂  This 
model involves ad libitum feeding to pregnant rats a low protein diet containing 5-8% (w/w) 
protein (casein), generally a little under half the protein content but equivalent in energy of a 
control diet containing 18-20% (w/w) protein.̂ '̂"^ Offspring from protein restricted mothers 
are around 15-20% lighter at birth. Maintenance of a MLP diet during lactation enhances 
this weight difference and permanently restricts later growth. If restricted offspring are 
cross-fostered to mothers fed a control diet, offspring exhibit rapid catch-up growth.^^ This 
catch-up growth appears to have a detrimental effect on life span, resulting in premature death 
which is associated with accelerated loss of kidney telomeric DNA. 

Restricted protein offspring exhibit significandy elevated blood pressure at an early age in 
comparison to controls."̂ *̂  However this finding has not been consistent and is related to differ­
ences in the composition of the low protein diet. The diet used by Langley-Evans supple­
mented with methionine has been consistent in programming hypertension; low protein diets 
without methionine supplementation report either no change or a slight depression in blood 
pressure.^ These results highlight the importance that the balance of micronutrients plays in 
determining the long-term health effects of maternal nutrition during pregnancy. Investiga­
tions into fetal programming of hypertension in offspring consistendy reveal a reduction in 
renal mass, increased apoptosis without a balancing increase in cell proliferation and reduc­
tions in glomeruli number."^^ Changes in kidney structure and development are associated with 
enhanced activity of the renin-angiotensin-system (RAS)."̂ ^ Increased expression of glucocorti­
coid receptors and reduced expression of 1 lp-HSD-2 in the kidney is associated with an en­
hancement of glucocorticoid mediated increases in blood pressure. 

Carbohydrate metabolism in offspring is also altered by a MLP diet during pregnancy. 
Fasting plasma insulin and glucose levels are lower in MLP offspring and are associated with 
improved insulin sensitivity in early adulthood. However programmed offspring exhibit a greater 
age dependent loss of glucose tolerance. By 15 months of age glucose tolerance in MLP 
offspring is significantly diminished compared to that of controls, and is associated with 
hyperinsidinemia in males and hypoinsulinemia in females. The mechanisms behind these 
phenotypic observations include altered development of the pancreas and insulin signalling. 
The MLP diet programs pancreatic function in restricted offspring through a reduction in 
p-cell proliferation, islet size and vascularity coupled with an enhancement of p-cell apoptosis."^^ 
Subsequendy, it has been shown that a defect in glucose-mediated insulin secretion from islets 
of adult MLP offspring only manifest when an additional dietary insult such as high fat feeding 
is introduced postnatally.^^ 

Global undernutrition at various times during pregnancy is another widely used approach 
to induce nutritional programming. Various models have been developed with different levels 
of undernutrition during different periods of pregnancy. A mild nutritional restriction to 70% 
of normal intake in the first 18 days of pregnancy in the rat results in offspring with significant 
growth retardation at birth that catch up to controls at postnatal day 20. Restricted offspring 
exhibit elevated blood pressure in adult life with an increased vasoconstriction response to 
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Figure 1. Postnatal phenotype at birth (left photograph) and at postnatal day 145 (right photograph) of 
offspring of ad libitum fed mothers (AD) and mothers undernourished throughout gestation (UN). Off­
spring of undernourished mothers remain shorter throughout adult life but develop obesity, independent 
of postnatal diet. 

potassium and thromboxane A2 mimetics. These abnormalities increase with age and are most 
pronounced in male offspring. Another model using a nutritional restriction to 50% of stan­
dard ad libitum intake in the second half of gestation had no effect on blood pressure, with 
only subtle alterations in vasoconstrictive ability being observed. In another study a 50% 
restriction of a normal diet from day 15 of pregnancy showed that 21-day-old rat fetuses had 
significandy decreased pancreatic insulin content.^ 

We have developed a rodent model of fetal programming using maternal undernutrition 
throughout pregnancy. On day one of pregnancy animals are randomly assigned to a standard 
rat diet ad libitum throughout pregnancy (ad libitum (AD) group) or 30% of the AD group 
intake of the standard diet throughout gestation (undernourished, UN group). After birth, 
litter size and birth weights are recorded and litter size is adjusted to 8 pups per litter. The 
number of pups born per litter from UN and AD mothers is identical in this experimental 
approach; it is not aflFected by maternal undernutrition. The UN offspring are cross-fostered 
within 24 hours of birth onto AD dams to assure adequate and standardised nutrition from 
birth until weaning. At birth offspring of UN mothers had fetal and placental weights that 
were 25—30% lower than offspring of AD mothers. A lack of catch-up growth despite a stan­
dard postnatal diet was accompanied by a transient reduction in circulating IGF-I and hepatic 
IGF-I mRNA expression which normalised at weaning. Consistent with this observation, we 
also showed that UN offspring had a reduced responsiveness to growth hormone (GH) during 
the neonatal period, possibly reflecting delayed maturation of the somatotrophic axis, which 
was fully restored before puberty. '̂ ^ In addition, UN offspring developed elevated blood pres­
sure in adult life.̂ '̂̂ ^ 

Postnatal Nutrition 
We can distinguish two conceptually different types of interactions between prenatal influ­

ences and postnatal nutrition in the pathogenesis of metabolic disorders and obesity. 
Diet-induced obesity during postnatal life can amplify pathogenic mechanisms established by 
adverse prenatal influences. Alternatively, changes caused by prenatal influences can facilitate 
a disease process that is induced by postnatal environmental factors such as nutrition. An ex­
ample is the development of obesity and insulin resistance in individuals who are exposed to a 
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Figure 2. Postnatal growth curves of offspring from mothers fed either ad Hbitum (AD) or undernourished 
throughout gestation (UN). After weaning offspring of AD and UN mother were fed either a standard chow 
diet or a high fat diet. Note the rapid diet-induced catch-up growth in the UN offspring fed a high fat diet. 

high fat diet during postnatal life. The direction of the interactions between prenatal and post­
natal influences is most likely dependent on timing and severity of each factor. 

In historically undernourished, recently urbanised populations such as India, where indi­
viduals of low birth weight are exposed to a high-fat Western diet, the incidence of obesity and 
type 2 diabetes is reaching epidemic proportions.^^ Work by Yajnik and colleagues has shown 
that although Indian babies are born of low birth weight, they exhibit relatively increased 
visceral adiposity and hyperinsulinemia at birth.^^ Such observations have been explained by 
the "thrifty-phenotype" hypothesis proposed by Hales and Barker and may illustrate the 
long-term disadvantage of postnatal "catch-up" growth. Although there is considerable debate 
whether catch-up growth in early postnatal life is beneficial or not, most studies suggested that 
postnatal "catch-up" growth is associated with adverse outcomes in later life. "̂ 

Epidemiological studies have shown that the greatest insulin resistance is observed in people 
of low birth weight who develop obesity as adults. In rats, the combination of prenatal un­
dernutrition with retarded fetal growth, and good postnatal nutrition with accelerated growth, 
leads to a striking reduction in life span.^ ' The well-established concept that diets high in 
saturated fats play a key role in the development of insulin resistance and obesity has recently 
been extended to the frequency of food intake. Zammit et al suggested that the pathogenesis 
of insulin resistance may be related to a pattern of frequent snacking which results in a continu­
ous post-prandial state for most of the day. This prevents the attainment of low basal 
inter-prandial insulin levels even in normal individuals. Prolonged exposure of the liver to high 
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basal insulin, through its stimulatory eflFect on hepatic triglycerides and very-low-densin/^ lipo­
protein secretion, may contribute to the initial induction of muscle insulin resistance. 

In our studies, we introduced offspring of undernourished rats to a hypercaloric (high fat/ 
high protein) diet after weaning to investigate whether enhanced nutritional supply would 
facilitate postnatal catch-up growth. This led to development of obesity during adult life. ' '̂  
UN offspring also developed hypertension, hyperinsulinemia, hyperleptinemia and hyperph-
agia independent of postnatal diet. Postnatal hypercaloric nutrition amplified the existing car­
diovascular, metabolic and endocrine abnormalities of UN offspring. Interestingly, hyperph-
agia was established before puberty independent of caloric content of the diet and increased 
with advancing age.^ The increased plasma insulin and leptin concentrations were paralleled by 
altered pancreatic histology. The hyperleptinemia and hyperinsulinemia seen in UN off­
spring may be a mechanism induced by a nutrient-deprived fetal environment to store large 
quantities of triglycerides when food is plentiftil, thus representing a competitive advantage 
("thrifty phenotype") in preparation for a nutrient-deprived postnatal environment. How­
ever, when hypercaloric nutrition persists for long periods of time, adipogenic diabetes may 
develop. Our work to date cannot resolve whether the primary defect in this cascade is in 
appetite regulation, peripheral metabolism, or altered leptin or insulin action. We have shown 
that therapy with insulin-like growth factor-1 or growth hormone can ameliorate obesity, hy-
perphagia and hypertension induced by fetal programming and high fat nutrition, but the 
precise mechanisms underlying these effects are yet to be resolved. We have recently re­
ported that maternal undernutrition can induce sedentary behaviour in offspring.^^ Hyperph-
agia and concomitant obesity in offspring are amplified by hypercaloric nutrition. In the course 
of these studies we noted that the onset of the abnormal eating behaviour occurred prior to 
puberty, thus preceding the development of obesity. 

The "Couch Potato" Syndrome 
We have recendy reported experimental evidence suggesting that maternal undernutrition 

can induce sedentary behaviour, hyperphagia and concomitant obesity in offspring indepen­
dent of postnatal dietary influences. We had previously shown that maternal undernutrition 
throughout pregnancy in the rat results in hypertension, hyperinsulinemia and hyperleptinemia 
in the offspring when they reach adulthood. Obesity was not present until after puberty and 
was associated with hyperphagia. In the course of these studies we noted that the onset of the 
abnormal eating behaviours occurred prior to puberty, thus preceding the development of 
obesity. This led us to speculate that the prenatal maternal environment might also affect other 
components of behaviour associated with the Metabolic Syndrome. 

Voluntary locomotor activity was assessed in prenatally undernourished offspring at various 
ages from the peri-pubertal period to adulthood. This was done following three habituation 
trials using Optimax behavioral testing apparatus. The animals were fed either a standard diet 
or a hypercaloric diet throughout postnatal life. Offspring of undernourished mothers were 
significandy more sedentary in postnatal life than those born of ad-libitum fed mothers for all 
parameters measured and this was independent of postnatal diet. Analysis of food intake re­
vealed hyperphagia in mature offspring that had been exposed to maternal undernutrition. 
This was independent of postnatal diet, although it was exacerbated by hypercaloric nutrition. 
Importandy, in the animals tested at a peri-pubertal age, diminished locomotor activity was 
already present prior to the development of maturity-onset obesity and was significandy re­
duced in males compared to females. 

These results suggest that maternal undernutrition can lead to the development of both 
overeating and diminished exercise behaviour concomitant with the physiological features of 
the Metabolic Syndrome. The former observation raises the intriguing possibility that some 
behaviours and lifestyle choices that exacerbate the Metabolic Syndrome in humans may not 
be voluntary but may be an inherent part of the syndrome and may have a prenatal origin. Our 
recent studies suggest that the "couch potato" syndrome may have its origins during prenatal 
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development. This has major impUcations for public health policy. Health care funding may be 
better spent on improving pregnancy care rather than waiting until metabolic and cardiovascu­
lar disorders manifest in offspring years or decades later. 

Endocrine and Metabolic Mechanisms 
The precise mechanisms underlying the programming of adult disease by maternal nutrient 

restriction remain a matter of debate. Maternal undernutrition or low protein diet during the 
last week of gestation in the pregnant rat leads to reduction of fetal pancreatic P-cell mass and 
increased apoptosis of immature P-cells.̂ "̂  While insulin-stimulated glucose uptake in adipocytes 
is increased during early postnatal life due to increased insulin receptor number, there is 
greater age-dependent loss of glucose tolerance and later insulin resistanc. The reduced 
insulin action is associated with reduced phosphatidylinositol 3-kinase (PI3K) and protein 
kinase B (PKB) activation and altered fatty acid metabolism.^^ 

Another important target of prenatal events is the liver, where glucocorticoids regulate sev­
eral metabolic processes, including hepatic enzymes regulating carbohydrate and fat metabo­
lism. Rats exposed to DEX in the last trimester of pregnancy show increased phosphoenolpyru-
vate carboxykinase (PEPCK) gene transcription and increased activity of this rate-limiting enzyme 
of gluconeogenesis in the liver. ̂  These animals have adult hyperglycemia and increased hepatic 
glucocorticoid receptor expression. Similarly, structural changes in the liver and altered expres­
sion patterns of gluconeogenic enzymes and glucose handling have been reported after a mater­
nal low protein diet. 

Neuroendocrine regulatory systems are also vulnerable to disturbances in early life which 
can lead to permanent structural changes, including reduced cerebral vascularity^ and dys­
function of central nervous system regulation. Maternal low protein nutrition results in struc­
tural changes in the mediobasal hypothalamic nuclei in weanling offspring and fewer neu­
rons immunopositive for neuropeptide Y in the arcuate hypothalamic nucleus.^^ These 
neuroendocrine changes are accompanied by the development of obesity and diabetogenic 
disturbances later in life. The HPA axis is particularly susceptible to prenatal influences. For 
example, neonatal disturbance of mother-pup interactions permanently alters plasma adreno­
corticotropic hormone (ACTH) and corticosterone concentrations and GR levels in hippoc­
ampus, paraventricular nucleus (PVN) and pituitary. Similar GR abnormalities have been 
described following either nutritional manipulation or glucocorticoid administration to the 
mother. Maternal glucocorticoids alter the utilisation of alternative exon 1 sequences coding 
for promotor regions on the GR gene in offspring. This is strong evidence that program­
ming can cause permanent alterations in gene expression and could explain the increase in 
basal plasma corticosterone levels in adulthood that may contribute directly to hypertension 
and hyperglycemia. ^ 

It is well established that prenatal stress can influence the development of neural systems 
that control endocrine responses to stress and regulate behavioural traits.^^' Maternal glu­
cocorticoid administration or prenatal stress in rats leads to development of decreased loco­
motor activity and increased defecation and avoidance behaviour in an *open field' test. '̂ 
An animal model of fetal programming by maternal tumour necrosis factor (TNF)-a ad­
ministration showed reduced locomotor activity of offspring.^^ While recent studies in the 
rat have focused on maternal behaviour during the neonatal period which influences the 
HPA axis activity and anxiety behaviour^^ there is little published experimental information 
on the effects of maternal nutrition on offspring behaviour. One group reported that mater­
nal low protein nutrition during pregnancy in the rat lead to changes in exploratory behaviour, 
social interactions and avoidance behaviour in offspring.^' Since it is well established that 
diet-induced obesity in animals leads to a reduction in locomotor activity, ^ these studies are 
in general agreement with our observation of increased eating behaviour in offspring of 
undernourished mothers and our observation of their decreased locomotor activity, as dis­
cussed above. 
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Programtning of the Adipoinsular Axis and Altered Adipogenesis 
It is important to note that very few animal studies have addressed interactions between pre 

and postnatal nutrition. However, other studies that have investigated diet-induced obesity 
point to a link between peripheral leptin resistance and insulin resistance in the development of 
obesity. The physiological role of hyperleptinemia associated with caloric excess has been pro­
posed to relate to the protection of nonadipocytes from lipid oversupply that would lead to 
steatosis and lipotoxicity. Elevated leptin production as a result of short-term caloric excess 
prevents the up-regulation of lipogenesis and increases fatty acid oxidation, thus reducing lipid 
supply to peripheral tissue during caloric excess. In diet-induced obesity, peripheral leptin 
function is at first normal. However, prolonged caloric excess results in dysregulation of 
post-receptor leptin signalling. This causes accumulation of triglycerides and lipid metabolites, 
providing fatty acid substrate for the damaging effects of nonoxidative metabolism leading to 
functional impairment of nonadipose tissue and a progression to type 2 diabetes and cardiovas­
cular disease. 

A range of genetic components of obesity have been identified.̂ '̂̂ "^ and research on alter­
ations in biochemical pathways caused by single gene mutations in animal models has contrib­
uted significandy towards knowledge of physiological mechanisms of obesity. It is well estab­
lished that leptin acts at the level of the hypothalamus to regulate appetite and energy 
homeostasis.^ The long-form, or signalling form, of the leptin receptor (OB-Rb) is expressed 
in high levels in several cell groups of the hypothalamus and in various tissues throughout the 
body. '̂̂ '̂̂ ^ Under normal physiological conditions, increased leptin signalling in the medial 
hypothalamus is associated with reduced neuropeptide Y (NPY) and agouti-related (AgRP) 
protein production'^'^ but increased cocaine- and amphetamine- regulated transcript (CART) 
and pro-opiomelanocortin (POMC) production.^^^ These leptin-induced changes in neu­
ropeptides lead to decreased food intake and increased energy expenditure. 

In obese individuals, elevated plasma leptin is proposed to uncouple leptin action on its 
receptors in the hypothalamus, thereby disrupting signal transduction pathways that exert ef­
fects on satiety and energy expenditure. Direct leptin signalling in peripheral tissues has only 
recendy been demonstrated. For example, increased leptin signalling in muscle tissue has been 
shown to blunt lipogenesis and stimulate lipid oxidation.^^ There is also growing evidence for 
a feedback system between leptin and insulin which links the brain and the endocrine pancreas 
with other peripheral insulin and leptin sensitive tissues in the control of feeding behaviour, 
metabolic regulation and body energy balance. This endocrine system has been termed the 
adipoinsular axis.̂ ^ When adipose stores decrease, falling leptin concentrations permit increased 
insulin production resulting in the deposition of additional fat. Conversely the suppressive 
effects of leptin on insulin production is mediated by the autonomic nervous system and by 
direct actions via leptin receptor on beta-cells.^^ Our data suggest that fetal programming by 
maternal undernutrition throughout gestation may lead to dysregulation of the adipoinsular 
feedback system. Relative leptin resistance by pancreatic |J—cells may contribute to hyperin-
sulinism which further exacerbates adipogenesis. The hyperinsulinism and hyperleptinemia 
may also trigger the pathogenesis of hyperphagia. 

Summaiy and Conclusions 
Numerous epidemiological studies have shown that perturbations in early life can have 

persistence consequences for health in later life. Both prospective clinical studies and experi­
mental research have clearly shown that the propensity to develop abnormalities of cardiovas­
cular, endocrine and metabolic homeostasis in adulthood is increased when fetal development 
has been adversely affected. The pathogenesis is not based on genetic defects but on altered 
genetic expression as a consequence of an adaptation to environmental changes during fetal 
development. 

Studies of the interaction between maternal undernutrition throughout pregnancy followed 
by postnatal hypercaloric nutrition in the rat have shown that offspring from undernourished 
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mothers are growth retarded at birth and develop obesity, hypertension, hyperleptinemia, 
hyperinsulinemia and hyperphagia during postnatal life. Close associations between a major 
rise in circulating insulin and leptin concentrations and a large increase in appetite and fat mass 
provide evidence for disturbed endocrine communication between the hypothalamus, adipose 
tissue and the endocrine pancreas in the pathogenesis of programming-induced obesity. 
Hypercaloric nutrition during postnatal life greatly amplifies prenatal effects on metabolic ab­
normalities, obesity, overeating and diminished exercise behaviour. However, it remains to be 
determined whether postnatal obesity is a consequence of programming of sedentary behaviour 
or whether defects in appetite regulation and hyperphagia are the main underlying cause of the 
increased adiposity and the development of metabolic disorders. 

Fetal programming research offers a novel approach to investigate the mechanistic basis of 
metabolic disorders, hyperphagia and diminished exercise behaviour which in human popula­
tions predominandy arise from environmental factors and lifestyle choices. The use of animal 
models can establish model conditions that will reliably provide high contrasts of phenotypes. 
Such studies offer an exciting potential for advances in our understanding of critical determi­
nants and mechanisms for human obesity and metabolic disorders. 
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CHAPTER 13 

Perinatal Programming 
of Adult Metabolic Homeostasis: 
Lessons From Experimental Studies 
Kathryti L. Gatford,* Miles J. De Blasio, Miodrag Dodic, Dane M. Horton 
and Karen L. Kind 

Abstract 

Poor fetal growth and associated neonatal catch-up growth are independent risk factors 
for metabolic disease in later life. Epidemiological studies in humans consistendy show 
associations of small size at birth and later glucose intolerance and/or diabetes. A pri­

mary defect is thought to be insulin resistance, which is associated with both small size at birth 
and neonatal catch-up growth. The available evidence suggests that this resistance may result 
from a signalling defect downstream of the insulin receptor in peripheral tissues. Recent evi­
dence also suggests that insulin secretion may be impaired in the individual who was small at 
birth. Most of the contemporary data in humans relates later outcomes to size at birth rather 
than to specific exposures. Experimental models that restrict fetal growth or produce variation 
in size at birth have therefore been used to explore these associations between small size at 
birth, neonatal catch-up growth and later metabolic disease. In this chapter we will review 
what has been learnt from human and experimental studies about the mechanistic basis for 
poor metabolic homeostasis following restricted fetal growth and neonatal catch-up growth, 
and comment on future directions in this area. 

Introduction 
Rates of non-insidin dependent diabetes (NIDDM) and obesity, the most common disor­

ders of metabolic homeostasis and major contributors to cardiovascular disease risk, are rapidly 
increasing in Australia and globally. ̂ '"̂  Some of this increase undoubtedly reflects changes in 
lifestyle.^ Nevertheless, in mature adults at least, early life experiences can account for similar 
proportions of the incidence of the metabolic syndrome as do lifestyle factors. 
Small-size-for-gestational age, indicated by low weight or thinness at birth, is consistently asso­
ciated with increased risk of NIDDM in populations from developed countries.^ The associa­
tion of small size at birth with later obesity is less consistent, but in children and young adults 
is usually positive or, in some cases, J- or U-shaped, suggesting that individuals who were heavy 
at birth are at highest risk of obesity. Individuals of low birth weight do however have altered 
fat deposition, with more central or abdominal fat, identified as a stronger predictor of cardio­
vascular disease than total fat (reviewed by re£ 7). Both genetic and environmental factors 
affect size at birth. Small-size-for-gestational-age, however, indicates the failure of a fetus to 
achieve its genetic potential for growth, and results from maternal and placental environmental 
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Figure 1. Thinness at birth, adult body mass index and adult insulin resistance across the population range 
in adult fatness (body mass index) in the Preston cohort studied by Phillips, Barker and colleagues, the 
increase in the insulin resistance index from the thinnest to the fattest adults was 71% in adults who were 
thinnest at birth but only 31% in adults who were fattest at birth (adapted from Phillips et al, 1994̂ "̂̂ ). 

factors that restrict fetal substrate supply. This implicates the prenatal environment and poor 
substrate supply in particular, as initiating factors in development of impaired metabolic ho­
meostasis in later life. There is also evidence that pre and post-natal factors act synergistically to 
increase the risk of later metabolic disease, so that the individual who grew poorly before birth 
is most susceptible to the impact of adverse adult lifestyle factors (Fig. 1). Changes in lifestyle 
are therefore likely to increase the impact of small size at birth on disease risk in contemporary 
cohorts. In addition to the risks of later disease directly associated with their small size at birth, 
the majority of lUGR infants undergo accelerated growth (catch-up growth) as neonates.^'^^ 
This neonatal or childhood catch-up growth is an independent risk factor for later develop­
ment of insulin resistance,^^ NIDDM, obesity,^ '̂̂ '̂ the central metabolic syndrome and 
cardiovascular disease. ̂ '̂̂ ^ Understanding the initiating factors and causal pathways linking 
poor fetal growth, neonatal catch-up growth and impaired metabolic homeostasis in later life is 
essential to enable the development of strategies to reduce the impact of these diseases. In this 
chapter, we will review what has been learnt from human and experimental studies about the 
mechanistic basis for poor metabolic homeostasis following restricted fetal growth and neona­
tal catch-up growth, and comment on future research directions in this area. 

Can the Perinatal Environment Influence Adult 
Metabolic Homeostasis? 

The concept that events in early life might be causally associated with later outcomes for 
health and disease has gained widespread acceptance since the seminal epidemiological studies 
in humans by Barker and others (reviewed in ref. 19). Lucas defined this process as "program­
ming", where an event occurring at a critical period in development has long-lasting or perma­
nent eflPects.̂ ^ The initial evidence that the intrauterine environment could program subse­
quent metabolic health derived from geographical associations between high rates of neonatal 
death and subsequent high rates of coronary heart disease and stroke in the survivors of the 
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same cohort.^^ These and other co-localisations of markers of maternal nutrition, fetal and 
childhood growth with later disease incidence caused Barker to hypothesise that undernutri­
tion caused permanent changes to the physiology and metabolism of the fetus which led to 
coronary heart disease and stroke in later life.̂ ^ Epidemiological studies tested this hypothesis 
initially by investigating the causes and rates of death in individuals for whom records of size at 
birth and in childhood were available. Subsequent studies in the UK measured blood pressure 
and markers of metabolic homeostasis in individuals of known birth weight. Most of these 
studies reported that individuals who were light or thin at birth had increased rates of death 
from cardiovascular disease and also an increased incidence of risk factors for cardiovascular 
disease, including high blood pressure and NIDDM or insulin resistance (reviewed by ref. 19). 
Subsequent larger epidemiological studies tested the hypothesis that size at birth was not re­
lated to later outcomes, but instead reported'̂ '̂ ''̂ ^ strong negative associations between size at 
birth and risks of heart disease and of diabetes! Although these epidemiological studies clearly 
demonstrated that small size at birth was a risk factor for metabolic and cardiovascular disease 
in later life, most lacked information on gestational age at birth, and therefore could not distin­
guish between restricted fetal growth and prematurity as causes of small size at birth. The 
inclusion of gestational age data and information on fetal growth trajectories in contemporary 
cohorts will assist in resolving this issue, although such cohorts are presendy children or young 
adults, and it will be several decades before their risks of metabolic and cardiovascular disease in 
later life can be assessed. 

Maternal nutrient supply and her ability to transport these via the placenta to the fetus are 
the determinants of fetal substrate supply and therefore have a major impact on fetal growth. 
The associations between small-size-at-birth and later impairment of metabolic homeostasis 
therefore implicate maternal and placental factors as initiating factors. There is limited data of 
a direct nature in humans on the long-term consequences of exposure to individual maternal or 
placental factors during pregnancy that might be the initiating factors for poor adult metabolic 
homeostasis, however. Severe acute maternal undernutrition in women who were pregnant 
during the Dutch famine of World War 2 increased rates of obesity in young adult men, and 
increased body mass index in women but not men in middle age, when fetal exposure occurred 
during the first half of pregnancy."^ '̂ ^ Interestingly, fetal exposure to famine during the last 
trimester of pregnancy reduced the incidence of obesity in young men and did not affect BMI 
in middle-aged men and women."^ '"̂ ^ Glucose tolerance was impaired in middle-aged men and 
women following fetal exposure in the middle or last trimesters of pregnancy.^ Fetal exposure 
to such severe and delimited maternal undernutrition has few, if any, contemporary equiva­
lents, but does support the hypothesis drawn from the consistent association between small size 
at birth and later adverse outcomes, that factors able to influence fetal growth have a long-term 
impact on metabolic homeostasis in humans. This has been further confirmed by experimental 
studies described below, which have shown that interventions which restrict fetal growth, in­
cluding severe restriction of maternal feed or protein intake throughout pregnancy and placen­
tal insufficiency, cause defects in metabolic homeostasis in the progeny. 

How Could the Perinatal Environment Influence Adult 
Metabolic Homeostasis? 

It is possible that systemic, tissue and/or cellular adaptations to an adverse environment in 
the fetus might persist to later life and contribute to later metabolic disease. The neonatal 
environment may also interact with fetal adaptations and result in changes that fiirther affect 
later disease risk. For example, if abundant nutrients are available to the neonate that was 
growth restricted in utero, the adaptations driving catch-up growth may lead to accumulation 
of lipid in adipose and other tissues,^^'^^' contributing to increased risk of diabetes.^ At the 
systemic level, the abundance of circulating hormones^ or activity of the sympathetic nervous 
system '̂̂  might be altered, possibly reflecting changes to the sensitivity of endocrine or nerve 
tissues to their regulatory signals. At a tissue level, the fetal environment might alter organ size 
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or structure or the proportions of difFerent cell types, as shown in many experimental studies 
(reviewed by ref. 28). Cellular phenotypes within a tissue might also be altered by clonal selec­
tion. Within cells, epigenetic changes in chromatin structure and DNA methylation state might 
alter expression of particular genes (see also Whitelaw in this book), and metabolic capacity of 
individual cells might be changed, for example due to differing numbers of mitochondria. 
Cellular responses to systemic signals might be changed, for example due to changes in recep­
tor expression or downstream signalling components. Which aspects of metabolism are pro­
grammed may vary according to the timing and duration of exposure to an adverse intrauterine 
environment, as well as the severity and type of insult imposed (reviewed by refs. 30, 31). 

Mechanistic Basis for Programming of Metabolic Homeostasis— 
Evidence from Human Studies 

Is there evidence that particular systemic, tissue or cellular changes underlying metabolic 
disease are related to size at birth in humans? A recent systematic review by Newsome et al̂  
reported that indicators of impaired glucose tolerance or diabetes were negatively associated 
with size at birth in the majority of studies in children, young and old adults (Table 1). Small 
size at birth was also associated with indirect measures of insulin resistance in children and 
adults in most studies (Table 1). Few studies have directly measured insulin resistance in rela­
tion to size at birth, and the negative relationship between birth weight and insulin resistance 
has been observed in half of those to date (Table 1). In contrast to the reasonably consistent 
associations of small size at birth and insulin resistance in adults and children, there is limited, 
and conflicting, data available on insulin sensitivity in neonates following restricted fetal growth, 
some of which suggests that insulin sensitivity might be increased in the SGA neonate (Table 
1). Unlike insulin resistance, failure of insulin secretion, which must occur concomitandy with 
insulin resistance before progression to NIDDM occurs, was not consistendy associated with 
size at birth (Table 1). Indeed, children and adults of low birth weight had elevated fasting or 
glucose-stimulated plasma insulin concentrations in most studies (Table 1), probably indicat­
ing some degree of compensatory hyperinsulinaemia. The insulin disposition index (product 
of insulin secretion and insulin sensitivity) provides a more accurate and unbiased assessment 
of insulin secretory capacity than plasma insulin concentrations, since it provides a measure of 
whether insulin secretion is appropriate given the individual s insulin sensitivity.^^ Use of the 
disposition index in biological studies has been limited because independent and direct mea­
sures of each parameter are required. Two of four recent studies suggested that the level of 
insulin secretion in lUGR individuals may be lower than appropriate for their level of insulin 
resistance, indicating impaired p-cell capacity for compensatory insulin hypersecretion. The 
other two studies did not find any effect of lUGR on insulin secretion relative to sensitivity, 
however (Table 1). Further studies of lUGR individuals with independent measures of insulin 
secretion and sensitivity are needed to determine whether p-cell defects play a role in their 
increased susceptibility to diabetes. We also do not know whether p-cell defects are programmed 
direcdy by the fetal environment or result from the long-term challenge imposed by insulin 
resistance and the consequent need to maintain compensatory hyperinsulinaemia. Overall, 
studies of low or variable birth weight in humans implicate defects in insidin action, and insu­
lin resistance in particular, as a common mechanism leading to NIDDM and cardiovascular 
disease following poor intrauterine growth. 

Less is known about the mechanisms underlying the increased risks of metabolic and car­
diovascular disease associated with neonatal or childhood catch-up growth. In children who 
were small for gestational age (SGA) at birth, a rapid increase in BMI between 2 and 9 years of 
age was associated with lower whole-body insulin sensitivity and higher first and second phase 
insulin secretion at 9 years of age.^^ In children of normal birth weight, the rate of BMI gain 
during this period did not affect insulin sensitivity or secretion.^^ Two other studies^^' have 
reported that relative gains in weight or ponderal index during childhood are positively associ­
ated with the HOMA insulin resistance index across the range of poptdation birth weights, and 
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Table 1. Metabolic disease and defects at the whole-body level are associated with 
small size at birth in humans 

Defect Relationship with Birth Weight 

Indicators of glucose intolerance and non-insulin dependent diabetes 
Fasting plasma glucose concentration Negative (15 of 25 studies of children and adults)^ 
Plasma glucose 2 h after glucose load Negative (20 of 25 studies of children and adults)^ 
Prevalence of NIDDM Negative (13 of 16 studies of children and adults)^ 

Whole-body insulin resistance 
Indirect & direct measures of insulin Negative (17 of 22 studies of children and adults)^ 
resistance Reduced ̂ ° or increased ̂ ^ in SGA cf. AG A 

neonates 
Direct measure of insulin resistance by Negative (2 of 4 studies), inverted U-shaped (1 of 
hyperinsulinaemic euglycaemic clamp 4 studies), or not related (1 of 4 studies of children 

and adults)^ 
Insulin secretion 

Fasting plasma insulin concentration Negative (20 of 26 studies of children and adults)^ 
Reduced ̂ ° or increased ̂ ^ in SGA cf. AG A 
neonates 

Insulin secretion after glucose load Negative (16 of 24 studies), not related (6 of 24 
studies), positive (7 of 24 studies of children and 
adults)^ 

Insulin secretion relative to sensitivity 
Slope of secretion vs sensitivity Negative in all children; steeper in children of 

normal cf. low birth weight^^ 
Insulin disposition index 30% lower in 19-year-old men of low birth weight 

cf normal birth weight.^^ Not different between 
SGA and AGA pre-pubertal children.^^'^^ 
Not different between lUGR and controls in 25 
year old men and women.^^ 

not only following lUGR. Thus, catch-up growth, like lUGR, is associated with insulin resis­
tance in children. Catch-up growth in terms of length, but not in terms of weight, was posi­
tively associated with fasting insulin and insulin secretion during an IVGTT in 1-year old 
children,^^ but it is not clear to what extent this reflects compensatory insulin secretion in 
response to resistance. To date, insulin secretion in older children, and insulin resistance and 
secretion in adults has not been related to their neonatal and childhood growth patterns. 

What is known about the tissue and cellular changes during and after human lUGR that 
might underlie altered insulin sensitivity and/or secretion? Decreased whole-body insulin sen­
sitivity might reflect decreased peripheral or hepatic insulin action. Individuals who were small 
at birth have reduced muscle mass as adults.^ Since muscle is a major insulin-sensitive tissue, 
reduced muscle mass might contribute to decreased glucose uptake in response to insulin. 
Some, but not all studies, have demonstrated that insulin sensitivity of peripheral tissues, spe­
cifically that of muscle, is reduced in low birth weight individuals, which would also decrease 
the action of insulin per unit mass of muscle (Table 2). Insulin appears to stimulate 
endothelial-mediated vasodilation in muscle normally in individuals of low birth weight, how­
ever (Table 2). The available evidence in humans suggests that a signalling defect downstream 
of the insulin receptor impairs insulin-stimulation of glucose transport and hence glucose up­
take in peripheral tissues (Table 2). The limited reports of effects of birth weight on hepatic 
insulin sensitivity have been inconsistent, with either increased or decreased suppression of 
endogenous glucose production by insulin in low birth weight individuals compared to those 
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Table 2. Effects oflUGR and size at birth on tissue and cellular defects that might 
underlie postnatal metabolic disease in humans 

Defects that might underlie whole-body insulin resistance 
• Insulin resistance of peripheral tissue (yes): 

• Young adults who were lUGR had: 
• Decreased forearm glucose uptake in response to insulin^^ 
• Reduced up-regulation of GLUT4 expression by insulin in muscle and adipose tissue^^ 
• Normal basal and insulin-stimulated gene expression of insulin-receptor and signalling 

pathway components in muscle^^ 
• Variable size at birth: 

• No relationship wi th postprandial glycogen synthase activity in muscle in middle-aged 
women^^ 

• Decreased insulin-stimulation of muscle blood f low (no): 
• Adults and children who were light or thin at birth had: 

• Normal forearm basal and insulin-stimulated endothelium-dependent vasodilation^^ 
• Normal skeletal muscle capillary density and resting blood flow^^ 
• Faster muscle re-oxygenation^^'^^ 

• Variable size at birth: 
• No relationship with endothelium-dependent and -independent vasodilation in 

prepubertal children 
• Positive relationship with post-occlusive capillary recruitment in prepubertal children^°° 

• Changes in muscle fibre composition (unknown): 
• Thinness at birth did not predict skeletal muscle fibre density and proportions of Type 1 

and 2 fibres in middle-aged women^^ 
• Hepatic insulin resistance (unknown): 

• Low birth weight INCREASED insulin-suppression of endogenous glucose production 
and glycolytic flux in young men^^ 

• Low birth weight DECREASED insulin-suppression of endogenous glucose production 
in Pima Indians as young adults^°^ 

Defects that might underlie impaired insulin secretion 
• Decreased numbers of islets or P-cells (unknown): 

• lUGR decreased^°^ or did not change^°^ islet density and P-cell fraction in pancreas of 
late gestation fetuses and term neonates 

• Decreased perfusion of p-cells (unknown): 
• 'Less pronounced vasculature', in pancreas from lUGR infants than in those of normal 

weight^ °2 

of normal birth weight (Table 2). The structural changes that might affect insulin secretion by 
the pancreas have been little studied, with one, but not another study reporting decreases in the 
proportions of islet tissue and numbers of P-cells in lUGR babies (Table 2). Further studies in 
humans are thus required to confirm muscle as a primary site of insulin resistance in the indi­
vidual who was born SGA, and to explore possible defects in hepatic insulin sensitivity and in 
pancreatic development that might underlie impaired whole-body insulin sensitivity and insu­
lin secretion respectively. 

Use of Experimental Models in the Investigation of Programming 
of Metabolic Homeostasis in Humans 

Since most of the contemporary data in humans relates size at birth to later outcomes, 
relevant experimental models are likely to be those that restrict fetal growth or produce varia­
tion in size at birth. Although genetic factors determine the expected size of the fetus, the 
intra-uterine environment regulates the extent to which potential size is achieved or exceeded. 
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MOTHER Nutrient Supply 

^ 
UterO'placental blood flow 

PLACENTA Transport capacity 
and Metabolism 

t^ Umbilical blood flow 

FETUS Growth and 
Metabolism 

Figure 2. Control of fetal growth. 

Thus, the supply of nutrients and oxygen to the fetus depends on maternal factors that affect 
their availability, but also on placental metabolism and capacity to transport nutrients to the 
fetus (Fig. 2). Factors that limit maternal capacity to supply nutrients and those that impact on 
placental growth or function are associated with small size at birth or lUGR in humans (Table 
3). This includes total food or energy availability to the mother, but also the composition of the 
maternal diet, although detailed studies of their effects on fetal growth are limited. Recently, 
Moore et al̂ ^ reported that birth weight and placental weight were positively related to the 
percentage of energy derived from protein in the maternal diet in early pregnancy in a popula­
tion living in Adelaide, Australia, confirming that even in contemporary Western societies 
nutrient composition can affect fetal growth. The form in which nutrients are consumed may 
also be important. For example, iso-energetic diets containing most carbohydrates in high 
glycaemic index forms produce larger babies and placentae than diets where the carbohydrates 
were predominandy in low glycaemic index forms. The placenta itself presents significant 
nutrient demands related to its own growth and also plays an important role in modifying 
maternally- and even fetally-derived factors for fetal consumption, for example in the 
interconversion of amino acids.^^' ^The peri-conceptional environment is also emerging as an 
important factor impacting subsequent fetal development, and possibly programming postna­
tal function. The use of Assisted Reproductive Technology (ART), and hence extra-uterine 
culture in the first few cycles of cell division, is associated with lower average birth weights and 
increased rates of clinical lUGR, as well as with increased perinatal mortality '̂ (see also 
Thompson et al in this book). Experimental models will be required here to differentiate the 
effects of ART from those of factors that may have contributed to the decision to use ART, 
since a history of infertility is itself associated with decreased birth weight and an increased 
incidence of lUGR (for example, see ref. 43). Experimental models may also provide insight 
regarding the longer-term outcomes following ART, including metabolic homeostasis in these 
individuals. Similarly, experimental models may provide insights into the long-term conse­
quences following other clinical scenarios or interventions that may reduce birth weight (Table 
3), and the mechanisms underlying these consequences. 

In addition to reducing size at birth, the long-term outcomes of experimental interventions 
should be broadly consistent with the effects of small size at birth in humans, in order for these 
models to provide specific insights into the underlying mechanisms. In particular, appropriate 
experimental models will have negative associations of birth weight with insulin resistance and 
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Table 3. Factors contributing to small size at birth and/or clinical lUGR in humans 

Maternal factors 
Small or underweight mother 
First pregnancy 

Mult iple pregnancy (twins or higher multiples) 
Chronic undernutrition or severe undernutrition in late gestation 
Adolescent pregnancy 
Smoking 
Socio-economic disadvantage 
Infection 

Placental factors 
Small placental size 
Low uteroplacental blood f low 
Impaired placental transport of amino acids 
Pre-eclampsia 

Clinical interventions 
Assisted reproductive technology, including in vitro fertilisation 
Repeated corticosteroid treatment for threatened premature delivery^^ 

Adapted from Robinson et al. 104 

obesity, and progression to impaired glucose tolerance and NIDDM with aging. The available 
experimental models for the programming of metabolic homeostasis can be considered as ma­
nipulations of (1) maternal or (2) placental factors, or models of (3) clinical scenarios and 
interventions. 

Maternal Factors 
The fetal rat ^ and guinea pig ' that are subject to maternal food restriction from 

before and throughout pregnancy develop obesity and insulin resistance after birth (Table 4). 
In the case of the guinea pig, progeny of feed-restricted mothers are also glucose intolerant 
despite increased insulin secretion, and have an impaired capacity to maintain cholesterol 
homeostasis when subjected to a dietary challenge. ® Few studies in the rat have explored the 
metabolic consequences for progeny of maternal food-restriction prior to and maintained 
throughout pregnancy, however. One inconsistency between experimental models of 
food-restriction throughout pregnancy in nonhuman species and human outcomes following 
lUGR is the failure of neonatal progeny to undergo catch-up growth. Moderate food restric­
tion for part of pregnancy only does not consistendy reduce birthweight in the rat, so is diffi­
cult to extrapolate from this model to the currently described human phenomenon. In rats, 
birth weight was not altered by a 50-70% reduction in maternal food supply during early 
pregnancy only,̂ '̂̂ ^ or during either the first or last 2/3 of pregnancy.^ '̂̂ ^ In contrast to other 
rat studies, a 50% restriction of maternal feed intake during only the last 1/3 of pregnancy in 
the rat did reduce birth weight.^ Similarly, a 50% restriction of maternal feed intake during 
the second half of pregnancy reduced birth weight in the guinea pig,^^ as did severe acute food 
restriction in late pregnancy in the sheep. ̂ ^ Limited data from some of these models suggests 
that imposing maternal feed restriction for part of pregnancy only does not impair glucose 
homeostasis in the progeny (Table 4). The metabolic programming effects of restricted mater­
nal protein intake have been explored in far greater detail than those of restricted maternal feed 
intake. Protein restriction (6 to 8% c£ 20%) throughout pregnancy in the rat,^^ reduces 
birth weight and may decrease insulin secretory capacity of progeny, but does not impair adult 
glucose tolerance, and unlike the human is not characterised by neonatal catch-up growth 
(Table 4). Prolonging protein restriction (8% cf. 20%) throughout lactation as well as 
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pregnanqr in the j-at̂ 9,60,62,64-67 ̂ ^^^ impair adult insulin sensitivity, although the effects on 
glucose tolerance and insulin secretion are variable (Table 4). Overall, the inconsistency be­
tween outcomes following human lUGR and in progeny of dams subject to food or protein 
restriction during pregnancy may limit the usefulness of specific mechanistic information ob­
tained in these models. Nevertheless they have been critical in clearly substantiating the pro­
gramming phenomenon. 

Placental Factors 
Small-size-at-birth occurring due to spontaneous variation in litter size in guinea pigs ' 

and pigs'̂ '̂'̂ ^ produces postnatal consequences for progeny that are similar to those seen after 
human lUGR (Table 4). These include catch-up growth, obesity, glucose intolerance, increased 
insulin secretion in response to a glucose challenge, and insulin resistance, although some of 
these responses differ between genders (Table 4). Similar models of LBW in sheep̂ "̂ *̂ ^ produce 
obesity, variable catch-up growth depending on neonatal nutrition, and elevated fasting insulin 
in juveniles, but responses to a glucose challenge have not been investigated in this model 
(Table 4). Surgical interventions have been used to directly investigate the progeny outcomes 
of impaired placental function. Surgical restriction of placental implantation in sheep'' '^ re­
duces progeny birth weight, and results in neonatal catch-up growth, increased fat deposition 
even in neonatal life, and elevated fasting and post-glucose insulin secretion, although in neo­
nates this is still below that expected when corrected for the level of insulin resistance (Table 4). 
Surgical restriction of uterine blood flow in late pregnancy in rats has a more severe effect on 
progeny phenotype than the models described previously. The progeny of these rats show el­
evated fasting glucose and impaired post-glucose insulin secretion in addition to obesity, glu­
cose intolerance and insulin resistance (Table 4). The latter model appears to more closely 
mimic the late stages in the development of diabetes, including failure of insulin secretion as 
well as insulin resistance. In the three models where insulin resistance of progeny has been 
characterised, only surgical restriction of uterine blood flow in late pregnancy in the rat impairs 
the absolute insulin secretory response to glucose. The insulin secretory response to glucose is 
increased in absolute terms in small pigs from large litters and in placentally-restricted sheep, 
although secretion relative to sensitivity is still impaired in the latter model. These results sug­
gest that surgical restriction of uterine blood flow in late pregnancy in rats affects the develop­
ment and/or function of the pancreas more severely than the chronic restriction imposed by 
large litter size or surgical reduction in the number of placental implantation sites. 

Clinical Scenarios and Interventions 
Maternal hyperglycaemia induced by maternal streptozotocin treatment and consequent 

mild maternal hyperglycaemia throughout pregnancy in rats ' increases size at birth and 
results in progeny with increased adiposity, glucose intolerance and insulin resistance, but no 
changes in fasting glucose. These models may therefore provide useful information about the 
mechanisms underlying the development of diabetes and obesity in children who were exposed 
to gestational diabetes in fetal life. Data regarding the metabolic consequences of corticoster­
oid exposure in experimental models is currendy limited (Table 4), as is the case for human 
data also. Exposure to a single dose of maternally-administered dexamethasone during late 
gestation in sheep, which does not affect birth weight, increases insulin secretion after a 
glucose challenge (Table 4). This suggests that a single exposure to glucocorticoid during fetal 
life may cause insulin resistance in sheep, although this has not yet been measured directly, and 
these animals are able to maintain normal glucose tolerance. Progenv of ewes given multiple 
maternally-administered doses of dexamethasone in late pregnancy also have exaggerated 
insulin responses to glucose, and develop glucose intolerance with aging (Table 4). Repeated 
doses of glucocorticoids decrease fetal growth to a greater extent in sheep than that suggested 
in limited human trials to date, suggesting that the sheep may be more sensitive to glucocor­
ticoid exposure. Nevertheless, the data available from sheep studies suggest that repeated fetal 
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exposure to glucocorticoids may program metabolic homeostasis and this should therefore be 
investigated in human cohorts. 

Mechanistic Basis for Programming of Metabolic Homeostasis— 
Evidence from Experimental Models 

What additional information has the use of these experimental models provided about the 
mechanisms that underlie impaired insulin sensitivity and development of obesity following 
restriction of fetal growth in humans? 

One interesting feature of many of the models described above is that progeny outcomes 
relate much more closely to size at birth than to treatment group. For example, in our studies in 
sheep^ '^ we have found that size at birth is a stronger predictor of neonatal growth rates and 
adult insulin sensitivity than whether the mother was a control ewe or had undergone surgery 
to restrict placental implantation. Similarly, measures of glucose homeostasis were more closely 
related to size at birth than to litter size in the guinea pig with spontaneous variation in size at 
birth. '̂ ^ This might suggest that multiple factors, such as placental restriction and restriction 
due to litter size, act via a common mechanism to induce fetal programming, and that size at 
birth reflects the sum of these factors to a degree. Changes in fetal glucocorticoid exposure, 
with consequences for accelerated differentiation but reduced proliferation of cells within a 
range of tissues, have been suggested as a common mechanism that might mediate the effects 
of multiple environmental factors on the fetus. Certainly, maternal glucocorticoid adminis­
tration in rats^^' and sheep^^ produce progeny outcomes with some similarities to those fol­
lowing human lUGR. 

What about the systematic, tissue or cellular changes underlying the changes in postnatal 
growth and metabolism in experimental models.** Several experimental models of constraints to 
placental size or fiinction, produce progeny with reduced size at birth followed by neonatal 
catch-up growth (Table 4). Increased neonatal appetite appears to be a central feature of catch-up 
growth, although the underlying mechanism is largely unknown. In rats, fetal growth restric­
tion induced by maternal undernutrition during pregnancy increases the appetite of progeny 
after weaning, which may contribute to the later development of obesity and metabolic dys­
function. '^ Neonatal catch-up growth is also associated with increased whole-body sensitivity 
to the actions of insulin and insulin-like growth factor, important anabolic hormones for neo­
natal growth, in sheep and guinea pigs that were small at birth.^^'^^ Despite increased insulin 
sensitivity as neonates, insulin resistance develops with ageing, as young adults who were small 
at birth are insulin-resistant in both experimental models.^^' '̂ ^ At least in the guinea pig that 
was small at birth, whole-body insulin resistance is primarily peripheral and we have prelimi­
nary data to show that this is in muscle (JA Owens et al, unpublished data). Impairment of 
glucose tolerance with aging probably also reflects a reduced capacity for compensatory insulin 
secretion, as in our studies insulin disposition is positively related to size at birth in young adult 
male sheep. Further studies in experimental models are needed to delineate the mechanistic 
basis for catch-up growth and increased appetite, and how these contribute to later disease. The 
structural, cellular and molecular changes underlying decreased whole-body insulin resistance 
and probable impaired insulin secretory capacity also require further investigation. 

Conclusions 
The characterisation of experimental prenatal perturbations that restrict fetal growth and 

lead to similar pre and post-natal phenotypes to human lUGR has confirmed the mechanistic 
information available from human studies. Human and experimental studies consistendy im­
plicate whole-body and skeletal muscle insulin resistance as primary defects underlying the 
association of metabolic disease with small size at birth. Evidence from experimental studies 
also supports the more limited evidence of impaired insulin secretory capacity in humans of 
low birth weight. The available experimental models should allow a more detailed and hope­
fully more rapid exploration of the systemic, tissue and cellular changes underlying altered 
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insulin resistance and impaired secretion, than may be possible in humans. These models addi­
tionally allow the effects of specific factors that influence fetal growth on progeny outcomes to 
be tested, rather than using the summative measures of birth weight or dimensions. The real 
power of experimental models, however, may be that they allow us to test pre- and post-natal 
interventions to prevent or ameliorate the deleterious consequences of exposure to an adverse 
fetal environment for impaired metabolic homeostasis in later life. 
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CHAPTER 14 

Programming EflFects of Excess 
Glucocorticoid Exposure in Late Gestation 
Timothy J.M. Moss* and Deborah M. Sloboda 

Abstract 

G lucocorticoids are powerful hormones that play a crucial role in normal maturation of 
fetal organs in preparation for life outside the womb. However, exposure of the fetus 
to elevated levels of glucocorticoids, or exposure at inappropriate times, subtly dis­

turbs normal fetal development. Experimental studies have demonstrated that late gestational 
exposure to excess glucocorticoids causes programming of a number of organ systems. 

Introduction 
In the late 1960s and early 1970s a series of experiments conducted by Sir Graeme *Mont' 

Liggins in New Zealand led to the use of maternal glucocorticoid treatment for the prevention 
of respiratory distress syndrome in preterm babies.^ He had shown that preterm lambs born 
after infusion of the synthetic glucocorticoid, dexamethasone, were able to breathe effectively, 
despite delivery at an ^ e at which immaturity of their lungs would normally make this impos­
sible. By harnessing the potent maturational effects of glucocorticoids, the therapy devised by 
Mont Liggins has improved or saved the lives of thousands of preterm infants. 

In recent years it has become evident that exposure of the fetus to inappropriately high 
levels of either endogenous or exogenous glucocorticoids can cause programming, whereby the 
long term health of an individual is affected by subde developmental alterations that cause 
permanent changes to the body's tissues, organs and systems. Furthermore, elevated fetal ex­
posure to glucocorticoids is a common characteristic of a variety of interventions with pro­
gramming effects, such as maternal under nutrition. '̂  In this chapter we highlight the major 
programming effects of excess glucocorticoid exposure in late gestation, rather than exposure 
early in gestation or throughout its entirety. We focus on programming effects of the clinical 
use of glucocorticoids, as demonstrated by human studies, and on our own investigations in 
sheep, using glucocorticoid treatments designed to mimic those used clinically (see Table 1). 

Normal Glucocorticoid Levels in Late Gestation 
Normally, glucocorticoid production by the fetal adrenal gland is high in early gestation 

and becomes reduced during mid-late gestation. '̂  Maintenance of these normal low levels of 
glucocorticoids is essential for normal fetal growth and development. The fetus is usually *pro-
tected' from exposure to circulating maternal Cortisol by the presence of the enzyme 
llphydroxysteroid dehydrogenase type 2 (lipHSD2) in the placenta, which converts active 
Cortisol to inactive cortisone. 
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Table 1. Timing of late gestational glucocorticoid treatment used in our sheep 
experiment 

Treatment 
Group 104 Days 

Control Saline 
Single treatnnent Betamethasone 
Repeated treatment Betamethasone 

Gestational Age 
111 Days 118 Days 124 Days 

Saline Saline Saline 
Saline Saline Saline 
Betamethasone Betamethasone Betamethasone 

Maternal or ultrasound-guided fetal intramuscular betamethasone injections (0.5 mg/kg maternal or 
fetal bodyweight, respectively) are given at gestational ages of 65-85% of full term. Antenatal 
corticosteroid treatment is recommended for women at risk of preterm delivery betv^een 24-34 weeks' 
gestation (60-85%of full term).^^ In recent years, the useof repeated courses of antenatal corticosteroid 
treatment was common.' 80 

In many mammalian species circulating fetal Cortisol (the principal glucocorticoid in most 
mammals, including humans) levels rise exponentially in the days leading up to birth (Fig. 1)^ 
as a result of increased activation of the fetal hypothalamic-pituitary-adrenal (HPA) axis. These 
rising glucocorticoid levels not only contribute to the initiation of parturition but also cause a 
switch in many cells from division to differentiation, thus slowing fetal growrth and causing 
maturation of a variety of organs in order to prepare the late gestation fetus for extrauterine life. 
An extensive list of cellular functions affected by glucocorticoids in utero is provided in an 
excellent review of the programming effects of various endocrine factors.^ 
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Figure 1. Endogenous glucocorticoid levels in late gestation for various mammalian species. Reprinted 
with permission from The Nutritional Society. Fowden AL, Li J, Forhead AJ. Glucocorticoids and the 
preparation for life after birth: are there long-term consequences of the life insurance? The Procedings 
of The Nutritional Society, 1998; 57:113-122. ©1998 The Nutritional Society. 
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Excess Glucocorticoids and Direct Effects on Fetal Growth 
The normal late gestational slowing of fetal growth in sheep can be abolished by adrenalec­

tomy, and premature increases in Cortisol by exogenous infusion causes the fetal growth rate to 
slow early. Thus, in many species, intrauterine growth restriction (lUGR) is a direct conse­
quence of late gestation exposure of the fetus to excess glucocorticoids. 

Administration of the synthetic glucocorticoid, betamethasone, to pregnant sheep, in doses 
and at times that mimics clinical use in pregnant women, causes lUGR.^^ While single courses 
of antenatal glucocorticoids used in obstetric practice do not cause lUGR,^^ repeated treat­
ment given to women at continual risk of preterm birth can have adverse effects on fetal 
growth. ̂ '̂ Determination of the effects of repeated glucocorticoid treatments, the use of 
which arose mainly from an incomplete understanding of long term efficacy of the therapy and 
the supposition that *more is better, ̂ ^ are currendy the subject of randomised controlled trials. 

In contrast to the direct fetal growth restricting effects of maternal betamethasone we have 
observed, direct ultrasound-guided fetal injections of betamethasone do not cause lUGR.^^' 
We believe the growth restricting effect of maternal betamethasone is due to the prolonged 
duration of fetal exposure to betamethasone that occurs after maternal injection. ̂ ^ Consistent 
with this, previous studies in which fetuses received intravenous Cortisol infusions demon­
strated that fetal growth begins to slow only after approximately a day of exposure. ̂ ^ 

Excess Glucocorticoids and Programming 
Early studies by David Barker, which showed associations between low birthweight and 

subsequent *adult-onset' diseases, suggest that the direct growth restricting effects of late gesta­
tion glucocorticoid exposure might be accompanied by later programmed physiological per­
turbations. This indeed seems to be the case '̂̂  and it is evident that fetal exposure to glucocor­
ticoids is a common, and critical, consequence of a number of experimental interventions that 
affect fetal programming. '̂ '̂ ^ However, like any other programming stimulus, the effects of 
exposure to excess glucocorticoids are dependent on the timing of the insult and the sex of the 
fetus. The programming effects of excess glucocorticoid exposure in late gestation are summarised 
below. 

Late Gestational Glucocorticoids and Programming of Metabolism 
In recent years the health of millions throughout the world has been threatened by an 

upsurge in the incidence of *the metabolic syndrome' or 'Syndrome X', the constituents of 
which include type 2 diabetes (glucose intolerance/insulin resistance), hyperlipidemia, hyper­
tension and obesity. Since Prof. David Barker's initial investigations, demonstrating an asso­
ciation between birthweight and the incidence of type 2 diabetes,^^ it has become well estab­
lished that an individual s intrauterine environment influences their risk of developing the 
metabolic syndrome and that fetal exposure to glucocorticoids is the likely mediator of this 
effect.2^ 

Using a protocol designed to mimic clinical use of glucocorticoids for women at risk of 
preterm birth, we have shown that single or repeated maternal betamethasone injections, given 
to pregnant sheep during the final third of pregnancy, cause alterations in postnatal glucose 
metabolism of their offspring. In this same study we showed that direct fetal injections had 
similar effects on postnatal glucose metabolism; prenatal betamethasone exposure resulted in 
elevated insulin responses to intravenous glucose administration, suggesting these sheep were 
insulin resistant. The different effects on fetal growth of maternal or fetal betamethasone injec­
tion (outlined above) allowed us to demonstrate that effects on postnatal glucose metabolism 
of late gestation glucocorticoid exposure occur independendy of effects on fetal growth.^ 

Our studies in sheep are consistent with investigations conducted using rats, which have 
begun to illustrate the likely molecular mediators of the programming effects of late gestation 
glucocorticoids on postnatal metabolism. Administration of the synthetic glucocorticoid, dex-
amethasone, to rats late in pregnancy resulted in fetal growth restriction and adult offspring that 
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were hyperglycaemic at rest with elevated insulin responses to glucose challenge."^ These rats 
had increased hepatic expression of glucocorticoid receptor (GR) and phosphoenopyruvate 
carboxykinase (PEPCK), the rate limiting enzyme in gluconeogenesis, which would be expected 
to result in increased hepatic glucose production. These effects of late gestation glucocorticoid 
exposure were not observed when dexamethasone was administered earlier in pregnancy. 

Other mechanisms that may underlie the association between late gestation glucocorticoid 
exposure and altered postnatal metabolism are incompletely understood. Effects of excess gluco­
corticoids on postnatal insulin sensitivity of peripheral tissues are complex.'̂ ^ A critical role for 
glucocorticoids in fetal pancreatic development is established, and fetal pancreatic insulin con­
tent is related to fetal glucocorticoid levels, but there has been no thorough investigation of the 
effects of excess glucocorticoids in late gestation on pancreatic development. Our initial obser­
vations indicate that normal late gestational fetal pancreatic islet remodelling is altered in fetal 
sheep as a result of repeated maternal betamethasone injections in late gestation (unpublished). 

Intergenerational programming of dexamethasone-induced growth restriction, elevated 
hepatic PEPCK activity and abnormal glucose homeostasis have recently been demonstrated 
in rats.^^ Male and female offspring of pregnant rats treated with dexamethasone during late 
pregnancy themselves had male offspring that were of low birthweight, with elevated hepatic 
PEPCK activity and abnormal glucose homeostasis, without exposure to dexamethasone dur­
ing gestation. These second generation effects were not present in third generation offspring. 
The fact that intergenerational programming occurred in male offspring of either males or 
females whose mothers were treated with dexamethasone demonstrates that this phenomenon 
cannot be attributed to the intrauterine environment. Rather, these findings raise the intrigu­
ing possibility of epigenetic effects of late gestational dexamethasone exposure, and the persis­
tence of genomic 'imprinting' in subsequent generations.^^ 

To date, there are no published data from studies of human subjects relating to the effects 
on glucose metabolism of antenatal corticosteroid treatment. 

Late Gestational Glucocorticoids and Programming 
of the Hypothalamic-Pituitary-Adrenal Axis 

Normal physiology is dependent on adequate function of the HPA axis, which is respon­
sible for regulating synthesis and release of a variety of corticosteroid hormones. Cortisol is the 
principle corticosteroid (in mammals other than rodents) produced by the adrenal cortex; it 
regulates metabolic, immune and behavioural processes, and the body's response to stressful 
stimuli. Cortisol acts through glucocorticoid and mineralocorticoid receptors (GR and MR, 
respectively), which are present in many organs. Permanent alterations in GR and/or MR gene 
expression have been observed in a variety of organs after manipulation of fetal glucocorticoid 
exposure^ and such changes are likely to underlie some of the programming effects on HPA 
axis function of late gestational glucocorticoid exposure. 

Administration of dexamethasone to pregnant rhesus monkeys, late in pregnancy, results in 
elevated basal and stress-induced circulating Cortisol concentrations in juvenile offspring. '^ 
Rats born after maternal dexamethasone treatment throughout the last third of gestation have 
elevated circulating corticosteroid concentrations in adulthood, accompanied by hyperten­
sion."̂ ^ These same rat offspring had lower GR mRNA expression levels in discrete hippocam-
pal regions responsible for HPA axis feedback regulation, but not in brain nuclei associated 
with central cardiovascular control,"^^ therefore the physiological programming effects of late 
gestation glucocorticoids in these animals appear to result from GR-mediated alterations in 
HPA axis regulation. In contrast, HPA axis programming does not appear to underlie postnatal 
hypertension induced by dexamethasone treatment in early pregnancy in sheep. A short pe­
riod of maternal dexamethasone treatment in late gestation did not alter early postnatal corti­
costeroid levels in young rats but hypothalamic CRH/AVP content was altered, which may 
increase HPA axis responsiveness.^^ Evidence from experiments using guinea pigs indicates 
that programming effects of late gestational glucocorticoid exposure on the HPA axis are age-
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and sex- dependent.^^'^^ HPA axis function in young adult female guinea pigs, born after re­
peated maternal dexamethasone treatments in late pregnancy, depended on the stage of their 
reproductive cycle, reflecting the influence of female sex hormones.^^ 

Our own longitudinal studies using sheep, and others* experiments using guinea pigs, have 
demonstrated that the capacity of late gestational glucocorticoid exposure to alter HPA respon­
siveness is dependent on postnatal age. We have demonstrated that responsiveness of the HPA 
axis to stimulation by corticotrophin releasing hormone (CRH) and arginine vasopressin (AVP) 
is elevated in one-year-old lambs after gestational exposure to maternal or fetal injection of 
betamethasone. Later in postnatal life, adrenal responsiveness is reduced in sheep exposed in 
late gestation to single or repeated maternal betamethasone injections.^^ Male guinea pigs born 
after repeated maternal dexamethasone injections, studied as young adults, had reduced HPA 
axis function compared to control. Older adult males, exposed to identical prenatal treat­
ments, displayed more normal HPA axis function, despite abnormalities in hippocampal MR 
expression. These older male guinea pigs, born after repeated maternal dexamethasone treat­
ments, had higher blood pressure than controls,^^ an effect not observed in younger animals.^^ 
These longitudinal experiments demonstrate that the effects of late gestational glucocorticoid 
exposure on postnatal HPA axis responsiveness are dynamic. 

Published accounts of the effects of antenatal corticosteroid treatment on postnatal HPA 
axis ftinction are limited to studies of neonates, which indicate that stress-induced activation of 
the HPA axis may be impaired, despite infants' ability to maintain normal Cortisol concentra­
tions under basal conditions.^ Whether or not abnormalities persist throughout postnatal life 
remains to be determined. 

Late Gestational Glucocorticoids and Programming of Blood Pressure 
Administration of dexamethasone to rats throughout the final third of gestation results in 

offspring that are growth restricted in utero, hypertensive as adults, and have abnormal HPA 
function. Betamethasone treatment of pregnant rats throughout this same period reduced 
birth weight but did not alter postnatal blood pressure. There are numerous potential explana­
tions for the discrepant findings from these two studies. Other experiments using rats, in 
which dexamethasone treatment was restricted to shorter periods during the final third of preg­
nancy, have demonstrated an association between postnatal hypertension and reduced nephron 
endowment; but only when dexamethasone treatment occurred between 70-85% of gestation, 
and not at earlier or later times. As mentioned above, repeated maternal dexamethasone treat­
ments during late pregnancy (which do not significandy alter birthweight) result in hyperten­
sion in mature, but not younger adult, male offspring^ \'̂ ^ but the underlying cause is unknown. 

In sheep, single or repeated, maternal or fetal, betamethasone injections in late gestation do 
not cause hypertension in adult offspring, in contrast to the established and well-characterised 
effects of glucocorticoid administration early in prenatal life, which causes hypertension in 
sheep. '̂ ^ Postnatal hypertension resulting from early gestational dexamethasone exposure is 
associated with a reduction in nephron number, similar to observations from studies of rats, 
oudined above. The gestational timing of corticosteroid treatment resulting in postnatal hy­
pertension in rats and sheep is quite different; however, in terms of renal development, dexam­
ethasone treatment is given at similar times, prior to commencement of nephrogenesis. ' ^ 
Our investigations in sheep, a species with a similar gestational nephrogenic profile to hu­
mans, indicate that late gestational betamethasone exposure in sheep does not reduce neph­
ron number (unpublished observations); this suggests that antenatal corticosteroid treatment 
in humans is unlikely to alter nephron number. 

The entire spectrum of possible effects of antenatal corticosteroid treatment on postnatal 
blood pressure in humans has been observed. Systolic blood pressure was lower in a group of 20 
year olds born after 1 course of antenatal corticosteroids than in controls;^ higher systolic and 
diastolic pressures were observed in 14 year old children born after 1 course of antenatal corti­
costeroid treatment; no effect of antenatal corticosteroid treatment was observed on follow 
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up of 6-year-olds whose mothers were enrolled in Liggins s original randomised controlled 
trial. ^ Such differences between studies could theoretically be due to changes associated with 
age but this seems unlikely. Certainly, any reported effects of antenatal corticosteroid treatment 
on postnatal blood pressure are small. '̂ 

Late Gestation Glucocorticoids and Programming 
of Immune Function 

Function of the immune system is influenced by basal glucocorticoid levels and by HPA 
axis responsiveness, raising the possibility that alterations in postnatal HPA axis function 
induced by exposure to excess glucocorticoids in late gestation might alter susceptibility to 
postnatal inflammatory/immune disease. 

Investigations in rats and pigs have demonstrated that prenatal stress results in postnatal 
immunosuppression. '̂̂ ^ These effects are likely mediated by prenatal exposure to glucocorti­
coids but alterations in postnatal HPA axis function do not necessarily account for altered 
postnatal immune function in these studies,^ '̂̂ ^ suggesting that prenatal stress has direct pro­
gramming effects on development of the immune system. 

Only a few experimental studies have examined effects on postnatal immune function, 
beyond the immediate neonatal period, of glucocorticoid exposure in late gestation. Mice aged 
5 months, born after prolonged maternal dexamethasone treatment during the final half of 
gestation, had impaired immunological function, associated with low thyroxine levels and ana­
tomically abnormal thymus, adrenal and thyroid glands.̂ "^ Immunosuppression was also ob­
served in juvenile monkeys born at term, 1 month after 2 days of maternal dexamethasone 
administration.^^ 

A few studies of human neonates, born after antenatal corticosteroid therapy, indicate that 
immediate postnatal immune function is impaired. Total numbers of circulating white cells are 
decreased by antenatal corticosteroids, with particular effects on T cells. T cell proliferation is 
impaired in infants born after antenatal corticosteroids but natural killer cell activity is in­
creased.^^ These effects do not result in an increased (or decreased) incidence of infection in 
neonates born after a single course of antenatal corticosteroids but data suggest that the 
incidence of infection in childhood may be increased by the therapy.^ Multiple courses of 
antenatal corticosteroids increase the risk of early onset sepsis and sepsis-related neonatal death. 
The long term effects in humans of single or repeated courses of antenatal corticosteroids 
remain to be determined. 

Late Gestational Glucocorticoids and Programming of the Brain 
and Behaviour 

Late gestation excess glucocorticoid exposure reduces fetal brain growth (Fig. 2)^^ and we 
have shown recently that such glucocorticoid-induced reductions in brain weight persist until 
adulthood. The brain regions and cell types that are affected by late gestational glucocorti­
coids are unknown but reductions in fetal brain myelination in sheep ' and reductions in 
cytoskeletal microtubule associated proteins and the synapse associated protein, synaptophysin, 
in fetal baboons have been observed. Neuronal number in the brains of fetal and juvenile 
primates is reduced after late gestational dexamethasone treatment(s), apparendy due to neu­
ronal degeneration."^" '̂ ^ The hippocampus is likely the most affected brain region because it 
has a high density of glucocorticoid receptors. 

Reductions in brain weight of experimental animals exposed to late gestational glucocorti­
coids are consistent with observations of human infants, showing dose-dependent reductions 
in neonatal head circumference after antenatal corticosteroids. ' Magnetic resonance imag­
ing of a small group of infants born after repeated antenatal corticosteroid treatments showed 
that cortical folding and surface area are reduced, suggesting delayed brain maturation. 
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Figure 2. Effects of single or repeated injections of betamethasone in late gestation on fetal brain growth. 
Reprinted with permission from Huang WL, Beazley LD, Quinlivan JA et al. Effect of corticosteroids 
on brain growth in fetal sheep. Onstetrics and Gynecology 1999; 94:213-218. ©1999 The American 
College of Obstetricians and Gynecologists. 

The effects on postnatal behaviour of late gestational glucocorticoid exposure have been the 
subject of only a few studies. Subtle behavioural effects of prenatal betamethasone or dexam-
ethasone exposure have been observed in mice but there were no major adverse consequences. ^ 
This is consistent with data from humans showing that there are no adverse long-term neuro­
logical or cognitive effects of a single course of antenatal corticosteroids. However, evi­
dence of psychomotor delay^"^ and hyperactivity^^ in children have been associated with re­
peated courses of antenatal corticosteroids. 

There are a number of adverse cognitive or behavioural outcomes associated with reduced 
head size, including low cognitive ability, and low developmental and intelligence quotients'^^ 
in childhood. Small head circumference at birth is associated with an increased risk of develop­
ing schizophrenia; characteristics of which include reductions in brain weight and hippoc-
ampal volume,'^^ and altered function of the hypothalamic-pituitary-adrenal axis.^^ Such changes 
are consequences of antenatal corticosteroid treatments in sheep or primates^ ̂ '̂  ' ^ and to­
gether these data raise the possibility that antenatal corticosteroid treatments could contribute 
to the development of schizophrenia and related disorders; to our knowledge, this possibility 
has never been investigated. 
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Conclusion 
The ubiquitous effects of late gestational glucocorticoid exposure on fetal development 

have programming consequences for many physiological functions. The extent to which ma­
ternal stress during late pregnancy and antenatal corticosteroid therapy contribute to postnatal 
health and wellbeing will be elucidated by ongoing and future investigations. Future experi­
mental studies will be necessary to determine the mechanisms responsible for the program­
ming effects of late gestational glucocorticoid exposure, and to investigate potential strategies 
for preventing or ameliorating adverse effects. 
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CHAPTER 15 

Programming Effects of Moderate and Binge 
Alcohol G)nsumption 
Jeff Schwartz* and Luke C. Carey 

Alcohol is a well known teratogen. Heavy, sustained consumption of alcohol by pregnant 
women is associated with the constellation of birth defects and symptoms known as 
fetal alcohol syndrome (FAS). Similarly, exposure to high concentrations of alcohol for 

extended periods in animal models of FAS reproduces the teratogenic effects. In contrast, far 
less is known regarding the more subde effects on offspring of lesser maternal ethanol inges­
tion. The most widely studied permanent consequence of prenatal alcohol exposure is im­
paired development of the nervous system, leading to changes in brain chemistry, neurobiol­
ogy and behaviour. This is reflected in the mental retardation and neurological deficits associated 
with FAS. Because this is more accurately described as mimicking a teratogenic outcome present 
at birth and is considered to be the result of high and sustained exposure to alcohol in humans, 
it will not be specifically covered in this essay. There are numerous excellent recent reviews on 
this subject.^ Rather, this chapter will concentrate on reviewing the body of literature concern­
ing the more subde effects of prenatal alcohol exposure, often not apparent at birth, and im­
pacting on the performance and regulation of various organ systems. These findings have been 
obtained in animal, rather than human, experiments and observations. In many ways the phe-
notypic changes resemble those associated with certain types of fetal programming as caused by 
nutrient or oxygen restriction (see other chapters in this volume), including small weight at 
birth and permanent alterations to the hypothalamo-pituitary-adrenal (HPA) axis, glucose 
metabolism, and possibly cardiovascular regulation. In addition to expanding our knowledge 
of early physiological programming from the perspective of a novel perturbation in nonhuman 
species, these observations on the effects of prenatal alcohol identify possible pathophysiologi­
cal consequences of human alcohol consumption during pregnancy. 

The physiological effects of prenatal alcohol exposure are often not readily apparent in 
humans. Aside from the most obvious neurological and craniofacial manifestations of FAS, 
more subtle consequences of prenatal alcohol exposure in humans have rarely been looked for 
or identified. As Moushmoush and Abi-Mansour have written with respect to heart defects, if 
the high level of alcohol (responsible for the developmental alteration) occurred only during a 
period critical for heart (and not brain) development, then the child might only have a con­
genital heart defect and no other signs of FAS, and the association with alcohol would most 
likely be missed.^ Hence, there are likely many human postnatal health problems that are the 
result of prenatal exposure to alcohol, but never so linked, because the nonFAS problems occur 
at lower levels of alcohol consumption and/or at times when alcohol does not exert gross effects 
on neural and craniofacial development. 
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A note of caution: The aim of this chapter is to provide an overview of published animal 
studies on the long lasting effects of prenatal exposure to ethanol at levels that do not produce 
recognizable birth defects. Thus, terms such as high, low and relative are not used in relation to 
any defined standard, although efforts have been made to be consistent. The applicability of 
many of the studies cited to the issue of fetal programming is also complex. Many of the cited 
studies predate the recent articulation of the concept of programming and were therefore not 
specifically designed to test hypotheses related to programming. Nevertheless, they involved a 
prenatal treatment and examination of postnatal consequences. While they may be useful for 
understanding the role or actions of alcohol in eliciting programming, it must be remembered 
that they are not studies of programming per se. In numerous instances, the authors have 
included critical aspects of methodology of cited articles, which may influence interpretation 
of outcomes. This is necessary for studies that involve the use of a complex drug such as etha­
nol, which has behavioural, as well as physiological, impact, making it difficult to design ad­
equate controls. For example, if the model of alcohol ingestion diminishes nutrient intake, the 
latter must be controlled for as well. 

What Is Moderate Alcohol Consumption and What Are Common 
Pregnancy Exposures in Humans? 

In humans it is generally accepted that 1-2 standard drinks (10-20 grams of ethanol) per 
day is not harmful and may even confer health benefits. This amount of alcohol, when con­
sumed within a relatively short time, produces a blood alcohol concentration (BAG) in the 
vicinity of 0.05 % in a 50 kg woman. In countries such as Australia, the UK and US, alcohol 
consumption rates in women of childbearing age often appear to be somewhat higher than 
recommended levels. Once women learn they have become pregnant, however, they largely 
decrease or cease consumption of alcohol. Nevertheless, a significant proportion of women 
continue to consume alcohol during pregnancy, and there are many women who, despite in­
tentions to the contrary, consume alcohol in dangerous amounts. This is evident in a recendy 
published Danish study, where it was found that up to 40 % of pregnant women engage in at 
least one episode of binge drinking (a minimum of 5 standard drinks within a short period) 
during the second trimester.'^ 

Animal Models of Alcohol Exposure 
Binge exposure also forms the basis of one model of fetal alcohol exposure in animals. One 

of the most widely used doses is 5 g of alcohol per kg body weight in rats or mice, delivered by 
oral gavage. Because of the increased metabolic rate in rodents, the maximum BACs achieved 
are far less than would occur if the same dose were administered to humans. A regression based 
on maximum BACs in pregnant rats fed alcohol at various doses suggests that maximum BAG 
= 0.05 X dose (g/kg). Thus 5 g alcohol per kg body weight produces a maximum BAG in the 
order of 0.25 %? West has suggested in other work that, by virtue of the concentrations reached 
and time of exposure, binge exposure may be the most relevant model for human alcohol 
consumption and effects on the fetus. 

Perhaps the most widely used protocol of exposure to alcohol is one in which alcohol is 
included as a component of a complete liquid diet, thereby mimicking moderate alcohol expo­
sure. In these diets, alcohol constitutes approximately 5-6 % of the total volume and provides 
around one third of the total energy requirement. Gontrol animals are fed an identical liquid 
diet, with corn starch or another energy equivalent substituted for alcohol, where the volume 
of the diet available to each control is equivalent to the volume of the alcohol-containing diet 
consumed by a paired experimental animal on the previous day. Often an ad libitum fed con­
trol is also included. The maximum BAGs achieved with the 5-6 % alcohol liquid diet are in 
the order of 0.08-0.1 %.^^This diet is often provided over a certain period of development, but 
is sometimes used throughout pregnancy. 
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In this chapter, the phrase liquid diet will be used to refer to a treatment where animals have 
access to a single source of alimentation in which alcohol provides approximately one third of 
total energy and where the diet is provided throughout pregnancy, with perhaps a 3-4 day 
period at the beginning of ramping up to full alcoholic strength. Any variations from this 
approach will be indicated. A number of other exposure models, such as inhalation of alcohol 
vapours, and intraperitoneal injection of alcohol, have also been used. 

Endocrine System 
Alcohol ingestion alters the maternal endocrine system, which is likely to induce secondary 

effects on fetal development. In addition, alcohol itself may act direcdy on the developing fetal 
glands and target organs for hormones. Of particular importance with respect to fetal pro­
gramming in general, are alterations to the maternal, fetal and postnatal offspring HPA axes. 
Altered HPA axis activity is a feature in many other animal models of early programming by 
perinatal perturbation (reviewed elsewhere in this volume in Chapter 14), and in humans 
permanendy altered HPA axis activity has been observed to occur as part of the small size-at-birth 
for gestational age phenotype in children and adidts. '̂ "̂  

Alcohol stimulates the HPA axis and, not surprisingly, this has been repeatedly demon­
strated to occur in the pregnant rat on the alcohol liquid diet between gestational day (e) 8 and 
e20 (gestation is approximately 22 days in rats), and in those exposed to alcohol vapours be­
tween e7 and el 8. '^ Interestingly, in contrast to the mother, fetal blood corticosterone levels 
are not increased relative to those in controls when the diet is fed to dams between e8 and 
e20.^^ Some of the effects of alcohol exposure on the development of other fetal organs, such as 
the heart, are attenuated if the increase in maternal corticosterone levels are prevented by adrena­
lectomy on e7 and replacement to maintain corticosterone at a control or normal level. 

Maternal adrenalectomy is associated with an increase in fetal corticosterone. This is a con­
sequence of decreased negative feedback inhibition of fetal ACTH release, which is normally 
modulated by maternal corticosterone crossing the placenta. Less intuitive is the observation 
that the increase in fetal corticosterone, caused by maternal adrenalectomy, is attenuated by 
alcohol, which is normally considered to be a stimulator of the HPA axis.^^ Alcohol also at­
tenuates the normal surge in blood testosterone observed in male fetuses on el8 and el9.^^'^'^'^^ 

The consensus of studies over the past two decades is that adult* offspring of rats that 
consumed alcohol during pregnancy have exaggerated responses of the HPA axis to psycho­
logical, social or physiological stress.^ '^^''^^ These include offspring of animals fed the liquid 
alcohol diet or exposed to alcohol vapours and in adulthood subjected to restraint, immune, 
footshock, noise, novel environment and temperature stress. There is also a sex difference asso­
ciated with the effect of alcohol, with female offspring at 45-60 days of age exhibiting higher 
HPA responses than males to treatment with direct immune mediators, such as interleukin Ip, 
and activation of inflammatory responses by exposure to substances such as lipopolysaccharide 
and turpentine. Furthermore, a significandy enhanced ACTH-response to increased brain 
nitric oxide was seen in adult male rats exposed to alcohol as fetuses.'̂ ^ Interestingly, less mature 
rats (22-24 days old) that had been prenatally exposed to alcohol via the liquid diet exhibited 
blunted ACTH responses to interleukin 1 p compared to controls, which further emphasises 
the complexity of the response pattern, which may vaty with age and type and timing of prena­
tal challenge. 

Prenatal alcohol also alters other endocrine functions postnatally, including the 
hypothalamo-pituitary-gonadal and hypothalamo-pituitaty-thyroid axes. Adult offspring of 
ethanol-fed rat dams on the liquid diet from e8 to e20 have decreased concentrations of 
triiodothyronine, and increased thyroid stimulating hormone levels, suggesting permanently 

*The term adult in this setting is defined as any time after the animal in question has attained sexual maturity. 
In rodents, this is typically at around 7-8 weeks of age. 
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diminished activity at the thyroid."^ Ethanoi-exposed offspring also have decreased plasma 
concentrations of luteinizing hormone (LH). It is not yet known whether either this is the 
result of a brain defect in which there is diminished LH releasing hormone as well. As previ­
ously mentioned, there is a decreased/delayed testosterone surge in male fetuses during ethanol 
exposure, making it is tempting to speculate that ethanol exposure in utero permanendy alters 
hypothalamic development leading to decreased activity in the gonadotropin axis. 

Another interesting and apparendy permanent effect of prenatal alcohol exposure has been 
reported with respect to the osmoregulatory system in rats. In the rat, maternal exposure to an 
alcohol-containing diet from e7 to e21 results in offspring at 11 weekswith a phenotype resem­
bling central diabetes insipidus. Compared to control animals, they have elevated water con­
sumption, urine output and plasma osmolality. The hypothalamus and pituitary have decreased 
vasopressin mRNA and protein, respectively, while the relationship between vasopressin and 
plasma osmolality is shifted, reflecting a higher osmolality threshold required to elicit a vaso­
pressin response. 

Immune System 
The long-lasting effects of prenatal alcohol exposure on immune function have also been 

studied in animal models using moderate levels of ethanol ingestion during pregnancy As 
noted previously, the HPA responses to immune challenge may be elevated in fetal 
alcohol-exposed adult animals. Numerous studies have also demonstrated that aspects of im­
mune system function themselves are diminished in offspring exposed to ethanol as fetuses. 

The origins of this diminished immune function may be evident in alcohol-exposed fetuses. 
Analysis of el 8 mouse fetus thymocytes from dams fed a liquid diet deriving 25 % total energy 
from alcohol indicate the presence of fewer L3T4-positive and Lyt2-positive cells.^^ Other 
indices show that alcohol retards the development of the thymus. ^ Diminished numbers of 
immune cells have been reported in the gastrointestinal associated lymphoid tissue of fetuses 
and nursing pups (examined on postnatal (p) day 14 and pi8) from rats exposed to alcohol via 
the liquid diet. ® The mitogenic responses of thymic and splenic lymphocytes in adult animals 
exposed to alcohol as fetuses also demonstrate a permanent effect on immune function. The 
mitogenic response of splenic lymphocytes to concanavalin-A is decreased in adult offspring 
rats of dams fed alcohol via the liquid diet during pregnancy.^^ In the same study, alcohol 
exposed males were also found to have decreased numbers of thymocytes. Similarly, the re­
sponse to interleukin-2 in concanavalin-A-stimulated T-lymphoblast cells was also diminished 
in cells from 3 month old rats exposed to alcohol as fetuses via the liquid diet over the final two 
weeks of gestation.^^ 

In contrast, other mitogenic responses are apparendy increased in cells obtained from ani­
mals exposed to alcohol as fetuses. Cells from adult prenatal alcohol exposed female rats, sub­
jected to cold stress for one day, exhibit an increased splenic lymphocytic proliferative response 
to concanavalin-A or pokeweed mitogen, compared to that of pair-fed control animals. Thy­
mocytes from young, prenatal alcohol exposed male rats also have an increased mitogenic re­
sponse to concanavalin-A. 

Metabolism 
Along with altered activation of the HPA axis, an apparent resistance to insulin and glu­

cose intolerance are arguably the postnatal consequences of prenatal exposure to moderate 
levels of alcohol that most resemble the general fetal programming phenotype in humans."^ 
Exposure to relatively high levels of alcohol in utero (4 g per kg body weight per day throughout 
pregnancy) in rats results in offspring with elevated resting plasma insulin, elevated resistin 
mRNA in adipose tissue and protein in plasma, and decreased Glut4 transporter protein 
expression in skeletal muscle after a glucose challengeat 13 weeks of age.^^ These animals 
also have elevated plasma glucose and insulin levels in response to a glucose load. Interest­
ingly, rats exposed prenatally to ethanol are reported to have comparable insulin resistance 
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following an intraperitoneal glucose tolerance test to animals raised on a high fat diet.^ The 
mechanisms of the insulin resistance in the two cases are likely to be distinct however, since 
prenatal exposure to alcohol and a high fat diet are additive. 

Exposure to lesser amounts of prenatal alcohol has also been reported to lead to the devel­
opment of insulin resistance. Animals born to dams who consumed alcohol in their drinking 
water during pregnancy had exaggerated insulin responses to an oral glucose load at 90 days of 

Aside from elevated plasma glucose and insulin, adult male rats from dams fed the liquid 
alcohol containing diet during pregnancy, are also reported to have elevated fasting plasma 
concentrations of very low density lipoproteins and triglycerides.^^ This effect may be depen­
dent on testosterone, since it does not occur in castrate males, but does occur in females treated 
with exogenous testosterone. 

Cardiovascular System 
FAS is associated with congenital heart defects, and it is perhaps for this reason that much 

research on the cardiovascular system of animals in models of fetal alcohol exposure deals with 
the development of the heart. For example, the hearts of late gestation fetal mice from dams 
exposed to alcohol by gavage or intraperitoneal injection (25% alcohol at 0.015 ml/g body 
weight) had ventricular septal defects when the exposure was on days eS-lO. '̂̂  At the cellular 
level, it has been reported that the hearts of mice born to dams fed a liquid diet containing 
alcohol providing 20% of energy from day e8 onward have abnormal myocytes at birth, with 
an increase in the volume ratio of mitochondria to cytoplasm, and a decrease in mitochondrial 
number compared to control cells.^^ These changes, however, may reflect acute responses to 
alcohol, rather than programming effects. Some of the morphological changes in cardiomyocytes 
observed at postnatal day p7 in the hearts of rats exposed prenatally to alcohol via the maternal 
liquid diet are not evident at p21.^^ 

In contrast, other effects of prenatal alcohol may be more subtle, but permanent, and there­
fore more consistent with programming. For instance, adult rats exposed to alcohol as fetuses 
have shorter cardiomyocytes and impaired responsiveness to extracellular calcium or stimulat­
ing frequency. Impaired contractile responses of adult cardiomyocytes have also been ob­
served in cells from rats born to dams that had been treated with 6 g alcohol per kg per day 
from e8 to e20 (maximum blood alcohol -0.26%). Cells from alcohol-exposed rats in this 
study had decreased peak tension development and maximum contraction and relaxation ve­
locities compared to controls. Furthermore, it has also been noted that the cardiomyocytes of 
adult rats exposed prenatally to alcohol have increased resting and peak intracellular calcium 
concentrations , and decreased calcium responses to caffeine. 

Similarly, prenatal exposure to alcohol may alter vascular structure and/or function. In vitro, 
rings cut from the aortae of rats exposed to alcohol via the maternal liquid diet were observed 
to be more sensitive to KCl-induced contraction (endothelium removed), and had attenuated 
relaxation responses to carbachol (endothelium intact). The responses to norepinephrine, 
interestingly, were also attenuated. Significandy, the ethanol-exposed rats in this study had 
elevated arterial pressures as adults, compared to controls, suggesting that the observed cardio­
vascular changes are a manifestation of fetal programming. 

We have found that female rats exposed to alcohol (liquid diet, weeks 2 and 3 of pregnancy) 
have left ventricular hypertrophy as adults. This effect appears to be dependent on maternal 
glucocorticoids, since it can be prevented by maternal adrenalectomy. More recently, we have 
shown that a single binge exposure to alcohol (5 g per kg body weight) on e8, but not el6, 
results in off̂ spring with smaller hearts and kidneys at birth (corrected for body weight), but 
normalized kidneys and larger hearts in adulthood. ^ The finding with respect to heart size was 
most evident in females, and was exacerbated with age. In addition, the smaller hearts of 
alcohol-exposed offspring at birth had lower levels of atrial natriuretic peptide (ANP) mRNA 
than those of controls, while the larger ventricles in adulthood had elevated levels of ANP 
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mRNA. Taken together, these data suggest that alcohol triggers subtle changes in the fetus 
causing the heart to grow over time in the postnatal environment. These outcomes may repre­
sent myocardial hypertrophy. FAS in humans is associated with vascular malformation, in par­
ticular increased tortuosity of the retinal vessels. ' This is such a prominent feature that it 
may be the preeminent characteristic of the syndrome. It is not unreasonable, therefore, to 
link altered vascular development with fetal alcohol exposure, even at lesser levels than those 
that cause fetal alcohol syndrome. It is tempting to speculate that the cardiac hypertrophy and 
other changes observed in animal models may be secondary to vascular changes caused by the 
initial exposure to alcohol. 

Gastrointestinal and Liver 
Changes in liver structure and function have been reported to be associated with fetal expo­

sure to alcohol. These are largely teratogenic or temporary acute responses, and therefore are 
not programming. For example, the decreases in fetal hepatic glutathione and ATP present 
after treatment of pregnant rats with alcohol (2.4 g per kg per day between el4 and el9) are no 
longer evident by p7. The results of another study suggest that the livers of rats prenatally 
exposed to alcohol via the maternal liquid diet may be permanendy altered in terms of being 
smaller and having decreased rates of DNA synthesis up to pi4. ^ In this study, however, there 
was no control for decreased nutrition in alcohol-consuming dams (i.e., no pair fed controls; 
the alcohol-exposed offspring were compared to offspring of ad libitum fed dams). Interest­
ingly, the changes were observed only in rats exposed to alcohol throughout pregnancy, but not 
in those exposed in either the first or second half of pregnancy. The pups exposed to alcohol 
throughout pregnancy were also smaller, had smaller brains and craniofacial features that are 
more consistent with teratogenesis rather than programming, where the brain is spared. 

Renal 
Although this area has not been the focus of extensive study, there is evidence to suggest that 

moderate prenatal alcohol exposure may exert effects on renal development consistent with 
programming. Nine day old pups born to dams that had been fed a liquid diet with ethanol 
during pregnancy had decreased kidney weight, protein and DNA content. ^ We have also 
observed that rats born to dams binge exposed to alcohol on e8 had smaller kidneys at birth. 
The difference in renal weight between control and ethanol-exposed animals disappeared by 
adulthood. In a specific study of renal function, ninety day old rats prenatally exposed to 
alcohol via the maternal liquid diet had elevated urinary flow rates and sodium excretion rates 
compared to controls when placed on a low sodium diet. ^ Significantly, they also became 
hyperkalemic on a high potassium diet, suggesting either impaired secretion of mineralocorti-
coids or a more complex deficiency that impairs the rats' ability to handle altered loads of 
electrolytes in general. 

Summary 
Until recently, studies pertaining to the effect(s) of prenatal alcohol on fetal and postnatal 

development have largely focussed on teratogenic outcomes. These studies have generally 
utilized excessive alcohol exposure models, and examined resultant outcomes that are gross 
and can be measured in the offspring as a fetus or at birth. Very few studies have addressed 
the possible long term, or programming, effects of prenatal alcohol exposure. Even observa­
tional studies in humans with fetal alcohol syndrome have been limited, as noted by Day 
and Richardson, consisting of "too few studies to assess accurately the effect of drinking on 
development beyond the neonatal period".^^ These authors go on to speculate that the ef­
fects observed in humans represent only, "the more severe end of a continuum of effects". As 
we learn more about the origins and various mechanisms of human fetal programming, 
animal studies of fetal exposure to socially relevant amounts of alcohol are likely to grow in 
importance. Alcohol exposure is an important contributing factor to small birth weight in 
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human populations and may also contribute to the production of the small birth weight 
phenotype. In addition, because the effects of moderate fetal alcohol exposure resemble the 
phenotype of other animal models of fetal programming, there is an experimental advantage 
to using alcohol to generate the phenotype and investigate the underlying initiating and 
mediating mechanisms. Alcohol exposure can be targeted to a single time point or spread 
over a longer period, and the dose can be easily titrated. For these and other reasons that will 
become apparent only as we learn more, the studies of developmental programming of adult 
disease and those of the subtle pathophysiological effects of moderate maternal alcohol con­
sumption are bound to become increasingly linked. 

References 
1. Kalter H. Teratology in the 20th century: Environmental causes of congenital malformations in 

humans and how they were established. Neurotoxicol Teratol 2003; 25(2): 131-282. 
2. Barker DJP. Mothers, Babies and Health in Later Life. 2nd ed. Edinburgh: Churchill Livingstone, 

1998. 
3. Moushmoush B, Abi-Mansour P. Alcohol and the heart. The long-term effects of alcohol on the 

cardiovascular system. Arch Intern Med 1991; 151(l):36-42. 
4. Australian Social Trends 1995 Health - Risk factors: Alcohol use. Canberra: Australian Bureau of 

Statistics, 1995. 
5. Drinking to excess rising among women. Office of national statistics. Available at: www.statistics.gov.uk, 

2004. 
6. Morse J. Women on a binge. Time 2002; 159:56-61. 
7. Kesmodel U, Kesmodel PS, Larsen A et al. Use of alcohol and illicit drugs among pregnant Danish 

women, 1998. Scand J Public Health 2003; 31(1):5-11. 
8. Maier SE, Miller JA, West JR. Prenatal binge-like alcohol exposure in the rat results in region-specific 

deficits in brain growth. Neurotoxicol Teratol 1999; 21(3):285-291. 
9. Maier SE, West JR. Drinking patterns and alcohol-related birth defects. Alcohol Res Health 2001; 

25(3):168-174. 
10. Mihalick SM, Crandall JE, Langlois J C et al. Prenatal ethanol exposure, generalized learning im­

pairment, and medial prefrontal cortical deficits in rats. Neurotoxicol Teratol 2001; 23(5):453-462. 
11. Phillips DI . Programming of adrenocortical function and the fetal origins of adult disease. J 

Endocrinol Invest 2001; 24(9):742-746. 
12. Ward AM, Syddall HE, Wood PJ et al. Fetal programming of the hypothalamic-pituitary-adrenal 

(HPA) axis: Low birth weight and central HPA regulation. J Clin Endocrinol Metab 2004; 
89(3):1227-1233. 

13. Aird F, Halasz I, Redei E. Ontogeny of hypothalamic corticotropin-releasing factor and anterior 
pituitary pro-opiomelanocortin expression in male and female offspring of alcohol-exposed and 
adrenalectomized dams. Alcohol CHn Exp Res 1997; 21(9):1560-1566. 

14. Ogilvie KM, Rivier C. Prenatal alcohol exposure results in hyperactivity of the hypothalamic-
pituitary-adrenal axis of the offspring: modulation by fostering at birth and postnatal handHng. 
Alcohol Clin Exp Res 1997; 21(3):424-429. 

15. Sinha P, Halasz I, Choi JF et al. Maternal adrenalectomy eliminates a surge of plasma 
dehydroepiandrosterone in the mother and attenuates the prenatal testosterone surge in the male 
fetus. Endocrinology 1997; 138(11):4792-4797. 

16. Wilcoxon JS, Schwartz J, A r d F et al. Sexually dimorphic effects of maternal alcohol intake and 
adrenalectomy on left ventricular hypertrophy in rat offspring. Am J Physiol Endocrinol Metab 
2003; 285(l):E31-39. 

17. Revskoy S, Halasz I, Redei E. Corticotropin-releasing hormone and proopiomelanocortin gene ex­
pression is altered selectively in the male rat fetal thymus by maternal alcohol consumption. Endo­
crinology 1997; 138(l):389-396. 

18. Ward IL, Ward OB, Affuso J D et al. Fetal testosterone surge: Specific modulations induced in 
male rats by maternal stress and/or alcohol consumption. Horm Behav 2003; 43(5):531-539. 

19. Lee S, Schmidt D, Tilders F et al. Increased activity of the hypothalamic-pituitary-adrenal axis of 
rats exposed to alcohol in utero: Role of altered pituitary and hypothalamic function. Mol Cell 
Neurosci 2000; 16(4):515-528. 

20. Kim CK, TurnbuU AV, Lee SY et al. Effects of prenatal exposure to alcohol on the release of 
adenocorticotropic hormone, corticosterone, and proinflammatory cytokines. Alcohol Clin Exp Res 
1999; 23(l) :52-59. 

2 1 . Yirmiya R, Chiappelli F, T io DL et al. Effects of prenatal alcohol and pair feeding on 
lipopolysaccharide-induced secretion of TNF-alpha and corticosterone. Alcohol 1998; 15(4):327-335. 



194 Early Life Origins of Health and Disease 

22. Lee S, Blanton CA, Rivier C. Prenatal ethanol exposure alters the responsiveness of the rat 
hypothalamic-pituitary-adrenal axis to nitric oxide. Alcohol Clin Exp Res 2003; 27(6):962-969. 

23. Lee S, Rivier C. Prenatal alcohol exposure blunts interleukin-1-induced ACTH and beta-endorphin 
secretion by immature rats. Alcohol Oin Exp Res 1993; 17(5):940-945. 

24. Wilcoxon JS, Redei EE. Prenatal programming of adult thyroid function by alcohol and thyroid 
hormones. Am J Physiol Endocrinol Metab 2004; 287(2):E318-326. 

25. Morris DL, Harms PG, Petersen HD et al. LHRH and LH in peripubertal female rats following 
prenatal and/or postnatal ethanol exposure. Life Sci 1989; 44(17):1165-1171. 

26. Knee DS, Sato AK, Uyehara CF et al. Prenatal exposure to ethanol causes partial diabetes insipidus 
in aduk rats. Am J Physiol Regul Integr Comp Physiol 2004; 287(2):R277-283. 

27. Ewald SJ, Walden SM. Flow cytometric and histological analysis of mouse thymus in fetal alcohol 
syndrome. J Leukoc Biol 1988; 44(5):434-440. 

28. Zhu X, Seelig Jr LL. Developmental aspects of intestinal intraepithelial and lamina propria lym­
phocytes in the rat following placental and lactational exposure to ethanol. Alcohol Alcohol 2000; 
35(l):25-30. 

29. Weinberg J, Jerrells TR. Suppression of immune responsiveness: Sex differences in prenatal ethanol 
effects. Alcohol Clin Exp Res 1991; 15(3):525-531. 

30. Norman DC, Chang MP, Castle SC et al. Diminished proliferative response of con A-blast cells to 
interleukin 2 in adult rats exposed to ethanol in utero. Alcohol Clin Exp Res 1989; 13(l):69-72. 

31. Giberson PK, Kim CK, Hutchison S et al. The effect of cold stress on lymphocyte proUferation in 
fetal ethanol-exposed rats. Alcohol Clin Exp Res 1997; 21(8):1440-1447. 

32. Wong CM, Chiappelli F, Chang MP et al. Prenatal exposure to alcohol enhances thymocyte mito-
genic responses postnatally. Int J Immunopharmacol 1992; 14(2):303-309. 

33. Chen L, Nyomba BL. Effect of prenatal alcohol exposure on glucose tolerance in the rat offspring. 
Metabolism 2003; 52(4): 1454-462. 

34. Chen L, Nyomba BL. Glucose intolerance and resistin expression in rat offspring exposed to etha­
nol in utero: Modulation by postnatal high-fat diet. Endocrinology 2003; l44(2):500-508. 

35. Lopez-Tejero D, Llobera M, Herrera E. Permanent abnormal response to a glucose load after pre­
natal ethanol exposure in rats. Alcohol 1989; 6(6):469-473. 

36. Pennington JS, Shuvaeva TI, Pennington SN. Maternal dietary ethanol consumption is associated 
with hypertriglyceridemia in adult rat offspring. Alcohol Clin Exp Res 2002; 26(6):848-855. 

37. Webster WS, Germain MA, Lipson A et al. Alcohol and congenital heart defects: An experimental 
study in mice. Cardiovasc Res 1984; 18(6):335-338. 

38. Uphoff C, Nyquist-Battie C, Toth R. Cardiac muscle development in mice exposed to ethanol in 
utero. Teratology 1984; 30(1):119-129. 

39. Syslak PH, Nathaniel EJ, Novak C et al. Fetal alcohol effects on the postnatal development of the 
rat myocardium: An ultrastructural and morphometric analysis. Exp Mol Pathol 1994; 60(3): 158-172. 

40. Wold LE, Norby FL, Hintz KK et al. Prenatal ethanol exposure alters ventricular myocyte contrac­
tile function in the offspring of rats: Influence of maternal Mg2+ supplementation. Cardiovasc 
Toxicol 2001; l(3):215-224. 

41. Ren J, Wold LE, Natavio M et al. Influence of prenatal alcohol exposure on myocardial contractile 
function in adult rat hearts: Role of intracellular calcium and apoptosis. Alcohol Alcohol 2002; 
37(l):30-37. 

42. Turcotte LA, Aberle NS, Norby FL et al. Influence of prenatal ethanol exposure on vascular con­
tractile response in rat thoracic aorta. Alcohol 2002; 26(2):75-81. 

43. Schwartz J, Cameron V, Jarvis M et al. Lifetime cardiovascular effects of a single exposure to 
ethanol in utero. Paper presented at: Experimental Biology, 2004. 

44. Stromland K, Pinazo-Duran MD. Ophthalmic involvement in the fetal alcohol syndrome: Clinical 
and animal model studies. Alcohol Alcohol 2002; 37(l):2-8. 

45. Gonzalez ER. New ophthalmic findings in fetal alcohol syndrome. Jama 1981; 245(2): 108. 
46. Addolorato G, Gasbarrini A, Marcoccia S et al. Prenatal exposure to ethanol in rats: Effects on 

liver energy level and antioxidant status in mothers, fetuses, and newborns. Alcohol 1997; 
14(6):569-573. 

47. Meyers AF, Gong Y, Zhang M et al. Liver development in a rat model of fetal alcohol syndrome. 
Dig Dis Sci 2002; A7{A):7G7-772. 

48. Gallo PV, Weinberg J. Organ growth and cellular development in ethanol-exposed rats. Alcohol 
1986; 3(4):261-267. 

49. Assadi FK, Manaligod JR, Fleischmann LE et al. Effects of prenatal ethanol exposure on postnatal 
renal function and structure in the rat. Alcohol 1991; 8(4):259-263. 

50. Day NL, Richardson GA. Prenatal alcohol exposure: A continuum of effects. Semin Perinatol 1991; 
15(4):271-279. 



CHAPTER 16 

Vitamin D in Pi^nancy and Offipring Health 
Marianne Tare,* Helena C. Parkington and Ruth Morley 

Abstract 

The prevalence of vitamin D insufficiency is increasing in western societies. The major 
source of vitamin D in healthy individuals of normal mobility is through the action of 
sunlight on the skin, but increased skin pigmentation or behaviours that reduce sun 

exposure, such as increased time spent indoors or extensive skin covering while outdoors, pre­
dispose to vitamin D insufficiency in the absence of dietary supplementation. Although vita­
min D has been classically associated with bone mineralization, the wide distribution of vita­
min D receptors provides the basis for a more extensive role for vitamin D. Thus, there is 
accumulating evidence for an involvement of vitamin D in the regulation of cell proliferation 
and differentiation, brain development, immune responses, the renin-angiotensin system and 
cardiovascular function. A recent disturbing recognition of startlingly low vitamin D levels 
amongst women of reproductive age, and indeed, in pregnant women, places in sharp focus 
our scant understanding of the ramifications of this on offspring health, not only in the imme­
diate neonatal period but, as a result of the recent spodight on the early origins of adult disease 
and syndrome X, on the long term outcomes of maternal vitamin D insufficiency. 

Sources of Vitamin D 
Vitamin D is a potent steroid hormone with a wide distribution of receptors suggesting 

diverse physiological roles. ̂ '̂  Despite its name, relatively litde vitamin D comes from dietary 
sources (apart from fortified foods or supplements). In healthy people of normal mobility 
under most climatic conditions, the majority of their vitamin D requirements are produced 
through the sunlight-mediated (via ultraviolet, UV B) photochemical conversion of 7-dehy-
drocholesterol in the skin to cholecalciferol (vitamin 03).^ The rate of this conversion is re­
duced by increased skin pigmentation, by covering up when outdoors or by staying indoors.^'^ 
Cholecalciferol is hydroxylated in the liver to 25-hydroxycholecalciferol (25(OH)D3) by the 
enzyme 25-hydroxylase. In turn, 25(OH)D3 is hydroxylated (principally though not exclu­
sively in the kidney) to many metabolites (Fig. 1). The main ones are the biologically active 
metabolite 1,25-dihydroxyvitamin D (l,25(OH)2D3), via the enzyme 1-a-hydroxylase, and 
24,25-dihydroxyvitamin D (24,25(OH)2D3). Hepatic synthesis of 25(OH)D3 is only loosely 
regulated, so blood levels reflect the amount of vitamin D produced in the skin or ingested. Its 
half-life is several weeks, whereas that of l,25(OH)2D3 is a few hours, and its synthesis is 
tightly regulated.^ 

1-a-hydroxylase is found in decidual and trophoblastic cells in the placenta, with sub­
stantially higher levels in early versus late gestation, suggesting the potential importance of 
l,25(OH)2D3 during early pregnancy.'^ l,25(OH)2D3 regulates genes associated with im­
plantation, such as HOXAIO, whereas its immunosuppressive effects may have a role in 
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Figure 1. Irradiation of the mothers skin with UV B converts /-dehydrocholesterol to previtamin D, 
which undergoes isomerization to vitamin D. Vitamin D is metaboHzed to 25 (OH)D3 in the Hver. Plasma 
25(OH)D3 is converted to l,25(OH)2D3 and 24,25(OH)2D3 by the kidney and also by the placenta. 
Parathyroid hormone (PTH) and growth hormone (GH) regulate vitamin D metabolism in the kidney. 
Maternal l,25(OH)2D3 and 24,25(OH)2D3 also cross the placenta to supply the fetus. 

implantation tolerance.^ Both 25(OH)D3 and l,25(OH)2D3 cross the human placenta.^ 
Placental vein l,25(OH)2D3 and 25(OH)D3 concentrations correlate significantly with those 
in the maternal circulation, implying that they diffuse easily across the placental barrier and 
that the vitamin D pool of the fetus depends entirely on that of the mother. ̂ '̂̂ ^ The fetal 
supply line for vitamin D is shown in Figure 1. 

Vitamin D InsufHciency 
Vitamin D deficiency has been defined in terms of bone health, and there is still debate 

about the levels below which there is deficiency and insufiiciency.^^'^ At levels below 50 nmol/ 
L preosteomalacic changes are seen on bone biopsy. ̂ ^ Recent studies have attempted to define 
sub-clinical deficiency in adults and children in terms of the basal level of 25 (OH)D3 above 
which l,25(OH)2D3 did not rise and/or PTH did not fall with supplementation.^^'^^ Surpris­
ingly, this level was in the range 50-75 nmol/L in adults and 50 nmol/L in children. No study 
to date has determined optimal levels of vitamin D in pregnant women in terms of health and 
development of their offspring. However, there is no doubt that many pregnant women have 
low vitamin D levels and some groups are deficient. Dark-skinned women who migrate to 
higher latitudes or women who cover up are at high risk of vitamin D deficiency. ' ' 

Maternal serum concentrations of l,25(OH)2D3 are elevated during pregnancy^ ̂ '"̂ '̂̂ ^ prob­
ably because of an increased production rate."̂ ^ This is perhaps necessary, as studies in rats 
suggest that the fetus may be capable of actively accumulating and storing maternal vitamin D 
for the period of dependence on maternal milk, which has low levels of vitamin D.'̂ ^ 

There is evidence that the placenta synthesizes 24,25(OH)2D3 and other vitamin D me­
tabolites as well as l,25(OH)2D3, but little is known about their role. There is some evi­
dence that the responsiveness of rat kidney to vitamin D metabolites changes during devel­
opment. One study found that in embryonic and early postnatal stages, the kidney responds 
to 24,25(OH)2D3, later to both 24,25(OH)2D3 and l,25(OH)2D3, and the mature kidney 
only to l,25(OH)2D3.'^^ Whether a similar change applies to other species or tissues is not 
known. 
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The role for vitamin D as a regulator of mineral acquisition and metabolism and bone 
mineralisation is well recognised, but it has recently become evident that it has far wider 
functions.^ '̂̂ ^ As with other steroid hormones, the biological effects of l,25(OH)2D3, are 
mediated by membrane, cytoplasmic, and nuclear receptors, with an interacting network of 
responses beginning immediately after exposure of cells to vitamin D and culminating in 
changes in gene expression affecting function and phenotype.^ In humans vitamin D recep­
tor (VDR) polymorphisms have been studied for association with growth and health but 
results to date have been somewhat inconsistent. This may relate to differences in vita­
min D status between populations that have been studied.^ 

In view of the importance of vitamin D in the regulation of cell differentiation and prolif­
eration, the effect of maternal vitamin D deficiency in gestation on offspring health has re­
ceived scant study. This is very surprising since there is increasing evidence of vitamin D defi­
ciency in pregnant women, particularly among those who are dark skinned, cover their skin or 
avoid the sun.5'16-19,37 

The Brain 
There is recent evidence that low maternal vitamin D can adversely affect brain develop­

ment in the fetus.^^' ^ In newborn offspring of vitamin D deplete rat mothers (versus controls), 
the cortex had a higher length/width ratio and was proportionally thinner, and lateral ventricle 
volume was greater. ^ Throughout the brain there was more cell proliferation. The proportion 
of mitotic cells was increased while nerve growth factor content was reduced. Some of these 
brain features altered in vitamin D deficiency are similar to those reported in patients with 
schizophrenia. It has been hypothesized that low maternal vitamin D may contribute to in­
creased susceptibility to neurological disorders, including schizophrenia and multiple sclerosis 
in the offspring. ' In a recent study using data from the Northern Finland 1966 Birth Co­
hort, males given at least 2000 lU of vitamin D per day in the first year of life had reduced risk 
of schizophrenia (Risk ratio = 0.23, 95% CI 0.06-0.95) compared with those on lower doses. ^ 
In a small US case control study using banked third trimester maternal serum there was weak 
evidence of lower maternal vitamin D among black individuals with schizophrenia than black 
controls. 

Diabetes 
Vitamin D is known to have immunomodulatory actions. Type I (insulin-dependent) 

diabetes mellitus is thought to result from the autoimmune destruction of the insulin produc­
ing P-cells of the pancreas. Although genetic factors are important in the pathogenesis of the 
disease, interaction with environmental factors has also been implicated. There appears to be a 
gradient in the prevalence of certain autoimmune diseases including type I diabetes, with in­
creasing prevalence with increasing latitude, and ultraviolet radiation has been suggested to 
provide immunosuppression possibly through the actions of UV B and/or increases in serum 
vitamin D. Several epidemiological studies have indicated a beneficial effect of vitamin D 
supplementation during infancy in reducing the risk of developing type I diabetes. '̂ ^ A small 
case-control study of women who took cod liver oil (a rich source of vitamin D) during preg­
nancy also showed that their offspring had a lower risk of developing diabetes, though it is 
unclear which component of cod liver oil was involved; vitamin D or long chain polyunsatu­
rated fatty acids. Interestingly, lifelong administration of the active form of vitamin D, 
l,25(OH)2D3 to nonobese diabetic (NOD) mice, genetically predisposed to developing type 1 
diabetes, substantially reduced their risk of developing the disease by approximately 80%.^^ 
This was achieved using pharmacological doses of l,25(OH)2D3 with consequent effects on 
calcium and bone metabolism. Subsequendy, using nonhypercalcaemia-inducing doses of a 
structural analog of l,25(OH)2D3, KH1060, the same group showed that the incidence of 
diabetes in these mice was still reduced by about 60%.^^ When NOD mice were exposed to 
vitamin D deficiency in utero and in early life, the onset of diabetes occurred earlier and the 
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Figure 2. Incidence of diabetes in NOD mice exposed eidier to vitamin D deficiency or repletion in utero 
and during early life. Onset of diabetes was earlier and disease incidence was greater in the vitamin D deficient 
mice. Reproduced with permission from Springer-Verlag (Diabetologia 2004, 47:451-462; Fig. 2).̂ ^ 

final incidence was significantly greater than in control NOD mice (Fig. 2).^^ When the non-
diabetic NOD mice were subjected to intraperitoneal glucose tolerance testing it was found 
that the vitamin D deplete mice exhibited an altered blood glucose response and glucose intol­
erance. In vitro testing of the fiinction of isolated pancreatic islets from these mice revealed no 
differences in insidin content or secretion between vitamin D replete and deplete groups. 
Thus, these nondiabetic vitamin D deficient NOD mice may be insulin resistant. 

Evidence is beginning to emerge of a possible association between reduced vitamin D levels 
and glucose intolerance and type 2 diabetes. A study on elderly Dutch men revealed an inverse 
association between the area under the glucose curve during oral glucose tolerance test (OGTT) 
and serum 25(OH) vitamin D concentrations. Similarly, there was an inverse association 
between total insulin concentrations during the OGTT and serum 25(OH) vitamin D3. A 
small study of Bangladeshi Asians living in London showed a correlation between reduced 
glucose tolerance and low serum 25(OH) vitamin D3 levels.^ This popidation has a high 
incidence of type II diabetes, and in this study the prevalence of vitamin D deficiency was 
significantly greater in subjects classed as *at risk' of glucose intolerance compared with those 
*not at risk'.^ Given the role of 1,25 (OH)2D3 in the regulation of insulin secretion and com­
bined with its immunosuppressive properties, ensuring vitamin D sufficiency may have benefi­
cial effects in reducing the prevalence or severity of diabetes in at risk populations. 

Cardiovascular Function 
A link between pertubations in utero and early life on the later development of disorders, 

including those contributing to syndrome X, has emerged from both epidemiological and 
animal studies. The notion that vitamin D deficiency during pregnancy may be a contributory 
factor to the development of insulin resistance and/or some of the other risk factors for syn­
drome X has been raised. Cardiovascular dysfunction and/or hypertension are other risk 
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Figure 3. Effect of full body UV B irradiation on ambulatory daytime and night-time systolic and diastolic 
blood pressure in adults with untreated mild essential hypertension. Blood pressures were recorded before 
the commencement of treatment and again after 6 weeks of irradiation (3 times weekly) from a tanning bed. 
Reproduced with permission from Elsevier (Lancet, 1998, 352:709-710).^^ 

factors linked with syndrome X and are also features linked with early origins of adult disease. 
Whether vitamin D may be a critical environmental factor with an aetiologicai/pathogenetic 
role in the early origins of cardiovascular disease awaits elucidation. 

There is compelling evidence from epidemiological, clinical and scientific studies of a link 
between vitamin D and blood pressure in adults. There is an inverse relationship between 
blood pressure and UV B exposure. Data from the INTERSALT study indicated a positive 
association between the prevalence of hypertension and distance north or south of the equa­
tor. There is also seasonal variation in blood pressure, with higher blood pressures reported in 
winter and lower blood pressures in summer, corresponding with changes in UV B levels.'̂ '̂̂  '̂ ^ 
Skin pigmentation influences the efficiency of producing vitamin D, as melanin is capable of 
absorbing UV B photons and thus reducing the amount available for converting 7-dehydroc-
holesterol to previtamin D3. Dark skinned individuals require between 10 to 50 times the 
exposure to simlight than white skinned individuals to produce similar amounts of 25(OH)2D3. 
Thus, it is not surprising that dark skinned individuals living at greater latitudes have a higher 
prevalence of vitamin D deficiency and higher mean blood pressure. There is evidence that 
UV B exposure and vitamin D treatment can have beneficial effects on blood pressure. In a 
group of individuals with mild essential hypertension, UV B exposure three times weekly for 
two months reduced blood pressure by 6 mmHg (Fig. 3).^^ This treatment was also associated 
with increased serum vitamin D levels. There is an inverse correlation between serum vitamin 
D levels and blood pressure^^' and treatment with vitamin D has been reported to lower 
blood pressure in some studies. ' Treatment of spontaneously hypertensive rats with vitamin 
D results in a significant lowering of blood pressure. Testing of vasctdar function in vitro shows 
that this effect of vitamin D treatment is accompanied by recovery of potassium channel func­
tion, as reflected in improved vascular smooth muscle relaxation and endothelial function. ' 
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A possible mechanism linking vitamin D and blood pressure has been provided by Li and 
colleagues in studies on vitamin D receptor null mice (VDR-/-). Systolic and diastolic blood 
pressures of the VDR-/- mice were 20 mmHg higher than their wild type counterparts and 
VDR-/- mice exhibited cardiac hypertrophy. There was evidence of an upregulation of the 
renin-angiotensin system in the VDR-/- mice, namely, elevated plasma angiotensin II concen­
trations and greater renin mRNA expression and protein levels in the kidney. All of these 
effects were independent of calcium metabolism. Captopril, an angiotensin-converting en­
zyme inhibitor, was effective in normalizing the blood pressure in the VDR-/- mice. In wild 
type mice, treatment with l,25(OH)2D3 resulted in decreased renin expression in the kidney. 
Based on these findings the authors proposed that vitamin D acts as a negative regulator of the 
renin-angiotensin system. ' 

Yitamin D Deficiency in Early Life 
In view of the prevalence of vitamin D deficiency in women of reproductive age, the con­

sequences of insufficiency in utero for cardiovascular function later in life warrant investiga­
tion. Male offspring of rats born to dams that were fed a low vitamin D diet during pregnancy 
were allocated to one of two groups: either maintained on a vitamin D deficient diet or normal 
chow for 9 weeks postnatally. Offspring maintained vitamin D deficient displayed alterations 
in cardiac and aortic function. Although initially, systolic blood pressure was some 20 mmHg 
higher in vitamin D deficient rats compared with littermates fed a diet containing vitamin D, 
by the end of the 9 weeks there was no difference. However, plasma renin activity was high in 
animals of both groups (around 30 ng compared with the more usual <10 ng angiotensin I / 
ml/hr). ^ Offspring of dams that were maintained on a vitamin D replete diet during preg­
nancy were not included in these studies. At the end of the treatment period (week 9), 
isolated segments of aorta exhibited enhanced sensitivity to vasoconstrictors and overall con­
striction was greater in vessels obtained from the vitamin D deficient rats. Heart function, 
assessed using a Langendorff perfused preparation that included a pressure transducer in the 
left ventricle, revealed that the rate of pressure development during contraction and decline 
during relaxation was greater in the postnatally vitamin D deficient rats. Surprisingly, myo­
cardial collagen content was increased in vitamin D deficiency. Subsequent studies by this 
group showed that the enhanced sensitivity of the aorta to constrictors could be reversed by 
restoring serum calcium or vitamin D, but enhanced cardiac contractility could not be rescued 
by these treatments. 

We have recently reexamined the effect of vitamin D deficiency in utero and early life on 
vascular function in rats (unpublished data). Female and male offspring of dams maintained on 
either vitamin D deplete chow during pregnancy and lactation or control chow, were studied at 
6 weeks of age. The offspring were maintained on the same diet as their mothers until experi­
mentation. Serum calcium was unchanged in all animals. Blood pressure and heart rate were 
significandy higher in vitamin D deplete rats compared with vitamin D replete controls. There 
were dramatic pro-constrictor changes in vascular function in isolated mesenteric arteries stud­
ied in vitro. The development of spontaneous tone (the myogenic response) was significandy 
elevated in arteries of deficient rats, especially in females. Importantly, the vasodilator function 
of the endothelium was halved in the vitamin D deficient animals. This involved deficits in 
both nitric oxide and endothelium-derived hyperpolarizing factor. Whether these vascular ef­
fects were a cause or a consequence of the higher blood pressure remains to be elucidated. 

Conclusion 
In modern western societies maternal undernutrition is unlikely to be a leading concern in 

terms of early origins of adult disease. There is however, a common misconception that young, 
healthy, mobile people of reproductive age are vitamin D sufficient. Yet, there is an increase in 
the prevalence of vitamin D insufficiency, particularly in veiled and migrant dark-skinned 
populations.^^'^^ Alarmingly, this is being detected in pregnant women and their children. 
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even in "sunny * countries such as Australia. '̂̂  Individuals with increased skin pigmentation, 
those who stricdy adhere to cultural/religious dress codes, white collar workers who spend litde 
time out of doors, those who practice extensive sun protection/covering up when out of doors, 
or hospitalised people (as some pregnant women may be), are all at risk of vitamin D deficiency 
if their diet is not supplemented. The recommended daily intake for individuals is still a matter 
of contention'^^ and likewise, that for pregnant and lactating women awaits further investiga­
tion. Vitamin D is a critical environmental factor with potentially wide reaching implications 
for offspring health, even into adulthood. Ensuring vitamin D sufficiency during pregnancy 
and early life can be guaranteed easily, cheaply, safely and effectively and is likely to have posi­
tive implications for population health. 
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CHAPTER 17 

The Fetal Origins of Adult Mental Illness 
Laura Bennet* and Alistair J. Gunn 

"lam a crookedy twisted piece of humanity. The sooner I die the better. God will relieve me from my 
sufferings^ as I really cannot stand it, " 
—^Voices of the mad: Patients letters from the Royal Edinburgh Asylum 1873-1908. Allan 
Beveridge. 

Abstract 

This chapter critically examines the hypothesis that the origins of some adult mental 
illnesses such as schizophrenia, which is the focus of this review, derive from adverse 
events in utero, such as maternal nutrition deficiency, infection and hypoxia. The hy­

pothesis was originally derived from neuropathological changes in patients with established 
schizophrenia that are highly suggestive of impaired neural development occurring around 
mid-gestation. Increasingly it appears that gestational timing and the severity of the insult, 
rather than type of insult, plays a critical role in subsequent behavioural outcome. Supporting 
the neurodevelopmental hypothesis, recent studies have demonstrated that serious mental ill­
nesses such as schizophrenia and afferent disorders are associated firsdy with behavioural ab­
normalities that are present from early childhood, and secondly with ongoing neural injury on 
serial magnetic resonance imaging through late childhood and adolescence. These data suggest 
that alterations in brain development during fetal life lead to an evolving damage over the 
course of childhood before finally being overtly expressed in early adulthood. Current data 
suggest that the initial loss of cells in utero leads to a long-term remodelling of the brain that is 
mediated by upregulation of physiological apoptosis. That such adult illnesses present with 
early behavioural and physiological clues, are progressive and not static in nature, and that the 
process is potentially governed by common mechanisms regardless of cause, offers significant 
new opportunities for intervention and treatment. 

Introduction 
Schizophrenia is a surprisingly common disorder, with a lifetime incidence of around 1 in 

100 people worldwide. It usually manifests its full form, with deterioration in personality, 
hallucinations and delusions, and cognitive impairment, in late adolescence and early adult­
hood. It represents a major personal, social and medical burden, with costs in the billions of 
dollars per year. However, despite more than a hundred years of dedicated research, the aetiol­
ogy of schizophrenia remains elusive. Certainly few subjects in neurobiology have generated as 
much fascination, controversy, and utter frustration as the hunt for the "cause" of schizophre­
nia—the Holy Grail of biological psychiatry.^ Despite promising anatomical findings in the 
late nineteenth and early twentieth century, which suggested a neuropathological origin to the 
illness, subsequent research led to inconclusive and conflicting results. By the 1970s research 
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on the neuropathology of the illness had come to a near standstill, with the general consensus 
on the subject succincdy summarised by Plum's now somewhat infamous dictum that schizo­
phrenia is the ^'graveyard of neuropathologists''? 

This impasse reflected a number of factors, such as the relative crudeness of the methodol­
ogy available, the belief that the neuropathology of schizophrenia was likely related to a chronic 
neurodegenerative process, and the inappropriate expectation of finding large abnormalities 
rather than smaller discrete ones. Recent advances in imaging techniques, such as Magnetic 
Resonance Imaging (MRI) and Computerised Tomography scanning (CT), have allowed ear­
lier detection and more precise investigations, which support a close association between schizo­
phrenia and neuroanatomical abnormalities. This neuropathology literature has been exten­
sively reviewed by others, and will only be discussed briefly in this chapter. Current data show 
that at the onset of schizophrenia, and thus independent of treatment efî ects, schizophrenic 
patients have enlarged cerebral ventricles with decreased volume of cortex (particularly in the 
prefrontal and temporal lobes) and of subcortical structures (particularly the hippocampus, 
amygdala, and dorsal thalamus). Further there is evidence of loss of neuropil (dendrites, spines 
and aKons) and of extensive white matter changes which typically involves diffuse loss rather 
than active gliosis, as exemplified by the reduced size of the corpus callosum and prefrontal 
cortical white matter. There are alterations in normal cerebral asymmetries, and alterations in 
neuronal size, number, placement, orientation and clustering, with excessive cortical pruning, 
and consequent altered neurotransmitter function and aberrant functional connectivity of spe­
cific cerebral circuits.'^' 

Consistent with the well-known variability in the clinical presentation of the illness, the 
anatomical changes are also quite variable. However, the overall nature of these neuropatho-
logical changes is consistent with a significant prenatal impairment of development. As will be 
discussed below, it is now evident that while there appears to be a genetic component to schizo­
phrenia and other mental illnesses, genetics does not fiilly account for their development. It 
remains controversial whether adverse environmental events act upon a preexisting genetic 
predisposition (similarly to e.g., insulin dependent diabetes mellitus),^^ or modify the epige-
netic status of genes, or are simply coincidental. ' 

The History of the Neurodevelopmental Hypothesis 
The neurodevelopmental hypothesis proposes that adverse environmental events during 

fetal life impairs and subsequently alter neural development, leading to mental illness in adult-
hood-'O'"-'^ Like all good theories, it has a long history As early as 1891, the founding father 
of adolescent psychiatry, Scottish psychiatrist Thomas Storer Clouston, proposed that there 
was a developmental component to ''^adolescent or developmental insanity \ He considered it a 
disorder of cortical development; '^the last cortical disease\ and that the onset of psychotic 
symptoms was due to maturation during adolescence ''of certain parts of the brain which had 
lain dormant before'}^'^^ This concept was subsequendy superseded by the hypothesis pro­
posed by Emil Kraeplin, much influenced by Alzheimer and his study of adult dementia, that 
the illness was a neurodegenerative organic brain disease; a view Clouston ''strenuously' ob­
jected to, but one which held sway for a considerable number of years. ' ' Even Kraeplin 
acknowledged, however, that there might be a developmental origin, at least in some cases 
where evidence of the illness existed in childhood,"^^ as did Eugene Bleuler, who in 1911 coined 
the term schizophrenia; a term chosen to express the presence of schisms between thought, 
emotion and behaviour which characterises the "schizophrenias".^ Bleuler reported that 
behavioural difficulties could be observed in childhood in more than half the patients who 
eventually developed schizophrenia. 

This observation is fundamental, since it demonstrates that the underlying disorder that 
leads to schizophrenia evolves in some cases at least from early childhood if not before birth. In 
subsequent years these childhood clues about the potential developmental origins of schizophre­
nia were forgotten or dismissed, but subsequendy rediscovered in die 1980s.^^'^^ Prospective 
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follow-up studies of birth cohorts have confirmed that significant impairments in neuromotor, 
receptive language, and cognitive development are present among children later diagnosed as 
having schizophreniform disorder."^ '̂̂ ^ These premorbid behavioural changes can be seen as 
early as three years of age. There is also an early childhood onset version of schizophrenia. 
Thus, while schizophrenia typically manifests in its full form in adulthood, there is now good 
evidence to show that the illness is already in progress much earlier and is progressive in nature. 

One key conceptual difficulty is reconciling the timing between origin and onset of the disor­
der: how can it be that an illness which manifests in adolescent or adult life could have its origins 
so long ago, in fetal life? '̂̂ ^ This apparent paradox may be resolved by understanding that 
neurodevelopment is a continuum started at conception, but not completed until adulthood. 
Disturbances in particular critical windows of maturation can thus have very long lasting effects. 

Neuropathological Evidence for Neural Injury before Birth 
in Schizophrenia 

The key neuropathological data for an in utero origin to schizophrenia centre around neu­
ronal migration, and, increasingly, glial proliferation. The presence of neuronal disarray, het­
erotopias and malpositioning are very suggestive since cytoarchitecture is largely determined 
during early fetal life, well before the last trimester.^'^^'^ Among the cellular findings are ab­
normal cytoarchitecture of the entorhinal cortex characterized by poorly formed layer II neu­
ron clusters and laminar disorganization, a reduction and displacement of hippocampal and 
cortical pyramidal cells, and abnormal development of the subplate.^^'^^ ^ Such studies sug­
gest disturbances of neuronal migration during the late first or early second trimester. An ear­
lier time is excluded since gross abnormalities in the structure and cellular content of the cere­
bral cortex would be expected if neurogenesis were affected. 

However, these data are not conclusive, since some studies have not found evidence for 
abnormal migration in schizophrenia, and other, more consistent findings such as alter­
ations to neuronal size and synaptic and dendritic organisation may occur later in life, well 
after birth.^'^^ The differences between studies may reflect the methodological difficulties and 
subde nature of the cytoarchitectural changes.^ Alternatively, it could mean that in many cases 
the putative in utero insult may occur after mid-gestation, when migration is largely com-
plete.^5,46^^^.^ 

stage there is a marked increase in glial proliferation and if correct this would 
suggest that we should expect to see a consistent reduction in the amount of white matter. ' 

Imaging data suggests that this is indeed the case, but it has not been fully appreciated until 
recendy because of technical difficidties, although the consistent presence of ventriculomegaly 
in patients strongly suggests diffuse white matter atrophy. Instead the focus has been on 
whether "lesions" exist. Traditionally, the absence of "gliosis" (i.e., astrocytic activation or scar­
ring) in histopathological and imaging studies of patients with schizophrenia has been taken to 
mean two things: (1) that this must be a neurodevelopmental process and not a neiu-odegenerative 
one (which would leave tell-tale scars), and/or (2) that any changes must have taken place 
before the third trimester, based on the study by Friede, which supposedly showed that gliosis 
cannot occur until after the end of the second trimester. In fact both conclusions are highly 
likely to be erroneous. There is evidence that that astrocytic activation can occur as early as 20 
weeks of gestation, ^ and in anv case a few studies have found periventricular white matter 
lesions in region of patients. ̂ '̂̂  

Critically, modern imaging data has confirmed that the most common pathological feature 
of both schizophrenia and affective disorders is diffuse loss of white matter. ̂ '̂ ^' '̂ ^ This loss 
appears to be region specific. There is, for example, loss of oligodendrocytes (the myelinating 
cells of the central nervous system) and astrocytes and altered oligodendrocyte ultrastructure in 
specific layers of the prefrontal cortex.^ '̂̂ ^ Consistent with these findings, there is evidence of 
impaired and reduced myelination in schizophrenia, ' and altered expression of myelination 
related genes. ^ Thus there is impairment of the normal age-related development of the frontal 
and temporal lobes in adulthood. 
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Loss of the supporting glia likely contributes to the atrophy of neurons that has been de­
scribed in the prefrontal cortex.^^ Layers III and V of the dorsolateral prefrontal cortex, which 
give rise to glutamatergic projections to neostriatum, demonstrate the most structural pathol­
ogy. The fundamental pathophysiology of schizophrenia remains unclear, but evidence sug­
gests that there is excessive stimulation of striatal dopamine D2 receptors, deficient stimulation 
of prefrontal dopamine Dl receptors, and alterations in prefrontal connectivity involving 
glutamate transmission at the NMDA subtype of receptor. 

How Good Is the Evidence for Underlying in Utero Events? 
A variety of prenatal events can adversely affect neuronal development including hypoxia, 

maternal undernutrition, exposure to viruses and infection, maternal stress and maternal lifestyle 
and other health problems (key factors are discussed below).^ ' ' ^ Meta-analysis suggests that 
schizophrenics are twice as likely to have been exposed to obstetric complications as controls. ' 
However, most babies with obstetric complications do not develop schizophrenia and most 
patients with schizophrenia do not have an apparent history of these complications. 

The significance of these findings is highly debated. They might reflect a genetic predispo­
sition, 'î '̂ '̂̂ î which might be to obstetric complications rather than direcdy with mental 
illness.̂ "^ For example, poor pregnancy outcomes occur more frequently among women with 
schizophrenia and they are at greater risk for increased interventions.^^ Obstetric complica­
tions do not seem to be particularly specific to schizophrenia since there now appears to be an 
association with affective disorders as well.̂ '̂̂ ^ These epidemiological data are, of course, lim­
ited by lack of detail particularly with respect to gestational timing, and by an inappropriate 
focus on peripartum events.^ '̂̂ ^ It is likely significant that schizophrenia, for example, appears 
to be mainly related to events which occur in the first or second trimester.^ 

Since numerous adverse events are apparendy equally associated with different types of 
mental illness, it maybe speculated that it is not the type of insult (i.e., infection versus hy­
poxia) which is important to outcome, but rather the gestational timing of the initial insult. 
Insult severity, duration, and the additive effects of interactions between insults are also likely 
to be key factors. The similarity in neuropathology between many illnesses is consistent with 
the shared symptomology of these illnesses, which ofiien makes diagnosis difficult. It is also 
consistent with the increasingly accepted concept that affective disorders and schizophrenia, at 
least, are not distinct illnesses per se, as Kraeplin first proposed, but rather represent a psychiat­
ric continuum ranging from unipolar to bipolar disorder to schizoaffective psychosis all the 
way to schizophrenia.^ Neural impairment and injury, like psychiatric disorders, msLj be viewed 
as a continuum, with timing and severity of an insult critical factors in outcome.^ 

Hypoxia 
It is increasingly clear that hypoxia can occur in the preterm fetus.^ '̂̂  Experimentally, we 

now understand that despite its immaturity the preterm fetus is physiologically resilient and 
has a mature response to severe hypoxia. Paradoxically, however, the capacity to survive 
prolonged asphyxia can place the preterm fetus at greater risk of surviving with injury than is 
the case later in gestation.^^ Prenatal injury, as shown by severe placental pathology such as 
infarction, can occur without detectable clinical signs in infants who go on to develop cerebral 
palsy later in childhood. ̂ ^ Studies in rodents and fetal sheep show that chronic sub-lethal 
hypoxia started in mid-gestation is associated with smaller brains, reduced white and grey 
matter volumes, ventriculomegaly and disordered neuronal migration and dendritic develop­
ment. Further, acute white matter loss after perinatal hypoxia-ischaemia leads to long-term 
reductions in myelination post-natally. In preliminary work from our laboratory in the fetal 
sheep, we have observed that a sufficiently severe, but acute period of asphyxia in mid-gestation 
that causes subcortical injury leads to chronically evolving diffuse white matter loss, (but no 
cystic lesions), ventriculomegaly, and long-term, impairment of cortical development.^ These 
findings were related to reduced glial proliferation and upregulation of programmed cell death. 
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Importantly, white matter injury, while a dominant cause of neural injury in the preterm in­
fant, also occurs later in gestation after severe hypoxia-ischaemia.^^'^^^ 

Clinical data, particularly studies of multiple births, are consistent with these data and 
suggest that exposure to hypoxia-ischaemia is a common cause of neurodevelopmental in­
jury. '̂ '̂̂ ^ '̂̂ ^ The high concordance reported in monozygotic (MZ) twins is often cited as 
irreftitable evidence for the etiological influence of genetics: MZ twins share 100% of their 
genes, and mental illness still develops if the twins are adopted. However, it is striking that far 
from showing 100% concordance for schizophrenia, MZ twins have reported rates between 26 
and 47%, and rates as low as 6% for dizygotic (DZ) twins.^^^ For schizophrenia, MZ concor­
dance rates are significandy lower when samples are selected from a twin register as opposed to 
a psychiatric facility, but twin registries typically record zygosity by sex rather than by ex­
plicit genotyping, and thus the real association may be even lower than reported. ̂ '̂̂ '̂ ^̂  The 
emphasis on genetics has obscured the fact that twins share a lot more than their genes, they 
share an in utero environment where impaired nutrition and oxygenation are common. Thus, 
the increased concordance of twins for mental illness might relate to their increased rate of 
neural injury as discussed below. Seminal imaging work by Suddath and colleagues supports 
this hypothesis. They demonstrated that there were significant neuroanatomical differences, 
including smaller anterior hippocampi and enlarged lateral and third ventricles, between twins 
discordant for schizophrenia and concluded that the cause of schizophrenia in those cases was 
at least in part not genetic. 

Infants born as part of multiple births have very high rates of brain injury and 
neurodevelopmental handicap compared to singletons.^^^'^^^ Cerebral palsy (CP) is, for ex­
ample, 5-10% more frequent in twins than singletons (1-2%), while triplets have a 47 fold 
higher risk.̂ ^^ The loss of a co-twin in utero is associated with a 13-15 fold higher risk for CP 
compared to live-born twins,̂ ^ '̂̂ ^ '̂̂ ^ with an absolute risk of later neurodevelopmental im­
pairment reaching 60%.^^^ The higher relative risk is not solely due to higher rates of 
low-birthweight and prematurity (both of which are predictive for schizophrenia),^ ̂ ^ as nor­
mal birthweight twins also show increased risk of neural injury compared to singletons.^ '̂ ^̂  

It is likely that it is not zygosity which underlies this risk, but chorionicity; that is whether 
the fetuses shared a placenta. ^̂ '̂  ^ MZ twins share the same chorion in most cases (mono-
chorionic, MC), whereas DZ and around a third of MZ twins are of the dichorionic type 
(DC).^^^ Fetal mortality is significandy higher and neurologic morbidity is up to 7-fold higher 
in MC than DC twins.̂ '̂̂ '̂  Monochorionic multiple gestations are frequendy complicated 
by antenatal necrosis of the cerebral white matter, and by abnormal cortical plate develop­
ment shown by polymicrogyria or microgyric-like pattern, and heterotopias. Discordant 
growth, the death of a twin in utero, and twin-twin transftision are key associations. 

The apparent damage is typically present by 22 and 32 weeks gestation, in a pattern which 
is consistent with that reported in schizophrenia. ̂ "̂̂  MZ twin pairs concordant for schizophre­
nia are more likely to have been monochorionic. Pairwise concordances for MZ twins without 
monochorionic markers averaged 10.7%, whereas concordance for MZ twins with one or more 
monochorionic markers was 60%. These data again strongly suggest that it was sharing a 
placenta rather than genes which was most important. A relationship between chorion type 
and concordance of abnormal behaviour between MZ and DZ pairs has also been supported 
by several other studies,̂ '̂ '̂̂ '̂ ^ but not all.̂ ^^ 

Nutrition 
Pasamanick first suggested that maternal malnutrition may lead to behavioural abnormali­

ties in childhood. ̂ ^̂  Nutrition and oxygen delivery are often inextricably interlinked and im­
paired fetal and placental growth in both singletons and twins discordant for schizophrenia 
may be a ftinction of both factors.̂ '̂̂ ^ '̂̂ ^^ Nutritional inadequacy in one form or another is 
one of the lareest single nongenetic contributors to mental retardation and aberrant neural 
development. As discussed elsewhere in this book, the relative imbalance of the current 
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western diet may well lead to persistent metabolic and cardiovascular derangements. The 
modern desire to be thin, which affects as many as 1% of pregnancies through inappropriate 
maternal dieting, ^̂  may also play a contributory role. Reduced caloric intake, nutritional 
imbalance (e.g., increased carbohydrate and reduced protein intake) and micronutrient defi­
ciencies such as folate, homocystein and vitamin D may all impair fetal brain development, 
reduce glial proliferation, increase apoptosis, and lead to glutamate, serotonin and GABA neu­
rotransmitter abnormalities.^2 '̂̂ ^^-^^^ In MC twins, there is a reduction of some essential and 
nonessential amino acids in the growth-restricted twin compared to their co-twins, including 
glycine. Altered glycine metabolism may be important because of the glycine modulatory 
site on the NMDA receptor, which inhibits glutamate function. There is evidence that reduced 
glutaminergic activity contributes to the symptoms of schizophrenia. ̂ ^̂  

The effects of nutritional deprivation before birth persist well into adulthood and are asso­
ciated with behavioural changes, ^^'^ ̂ '̂  ^ such as alterations in sleep-wake cycles and arousal.^ 
Similar disturbances in sleep continuity, and in the balance of slow-wave and rapid eye move­
ment sleep are a consistent feature of schizophrenia.^ ^ Recent data show that indicators of 
intrauterine and childhood undernutrition have a complex association with increased risk of 
later schizophrenia, but that it is prenatal not childhood growth which is most important. 
For example, there is a reverse J-shaped association between adjusted birth weight and schizo­
phrenia, with mean hazard ratio of 7.0 for males of low birth weight (<2.5 kg) and 3.4 for those 
of high birth weight (>4.0 kg). The Dutch Winter Famine studies have demonstrated a strong 
link between malnutrition in mid-gestation and later schizophrenia (around a 2 fold increase), 
whereas late-gestation undernutrition was associated with affective disorder, with exposure in 
the third trimester having a greater effect than exposure in the second trimester. ' ' ^ '̂  ^ 
Taken with the data on injury in twins, these data further suggest that gestational timing rather 
than the nature of the event is more important to later behavioural outcomes. 

Infection 
Fetal infection has been suggested to be a possible etiologic factor based on epidemiological 

findings that individuals with schizophrenia and affective disorders tend to be born in winter/ 
spring when compared to the general population and that there is a strong association between 
maternal influenza and mental illness in offspring. '̂  ^ Although schizophrenia has been linked 
with multiple infectious agents that differ in their antigenicity, modes of transmission, and 
teratogenic potential, it is likely that they share some pathogenic mechanisms.^ ^ Experimen­
tally, potential mechanisms of action include induction of pro-inflammatory cytokines,^ '̂̂ ^̂  
endotoxin-induced fever,̂ ^ '̂̂ ^^ and hypotension and cerebral hypoperfixsion/hypoxia.^^ '̂ ^̂  
Infection may also sensitise the brain to subsequent hypoxic injury. ̂ ^ In twin studies, there is 
evidence that a shared placenta and amniotic sac increases the risk of both fetuses being ex­
posed to infection (chorioamnionitis), '̂ ^̂  whereas a dichorionic placenta helps to limit the 
spread of infection. 

Clues from the Preterm Infant 
Schizophrenia shows a typically remitting and relapsing course. If the neurodevelopmental 

hypothesis is correct, then why should a neurological injury sustained in utero lead to such 
variable symptoms in adulthood? 

One possible link is that glia continue to be produced and myelination continues to de­
velop well into middle age in key corticolimbic relay areas. ^̂ '̂ ^̂  Glia are not simply an impor­
tant but passive matrix for the brain. In addition to their traditional roles in neuronal migra­
tion and inflammatory processes, glia are now known to provide trophic support to neurons, to 
regulate local neuronal metabolism and neurotransmission, and the formation of synapses (in­
cluding pruning). ' ^ The early appearance of ventriculomegaly suggests that there has been 
a profound loss of glia in prenatal life, as is seen on in utero imaging, such that there may be 
an inadequate number in adulthood to consistently support neuronal function. The loss of glia 
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in patients suffering from schizophrenia and affective disorders is further evidence for patho­
logical events in mid-gestation as this is the maximal time of increased glial proliferation and 
differentiation. ^ The impact of prenatal loss of glia is perhaps best illustrated by the 
neurodevelopmental delay, behavioural abnormalities and increased rate of mental illness in 
children who are born prematurely, Pathologically, such infants demonstrate highly se­
lective early white matter damage, which leads to long-term reductions in grey matter volume 
and complexity of neuronal structures.^ 7,169,170 -pj^^ neurological sequelae of preterm birth 
(including epilepsy, cerebral palsy and attention deficit) associated with these perinatal white 
matter lesions seem to be a consequence of the post-injury grey matter transformations. ̂ '̂ '̂̂ ^̂  
This sequence of events is strikingly similar to those in patients with schizophrenia. Disturb­
ingly, there is now evidence to show that preterms are also at greater risk of developing mental 
illnesses such as schizophrenia in adulthood. ̂ ^̂  

Importandy, however, infants do not necessarily deliver even after a major insult in utero. 
There is now increasing evidence to show that neurodevelopmental delay in term babies is also 
associated with white matter loss and subsequendy impaired neuronal development which 
apparendy had its origins much earlier in fetal life. 

Other Neuropathological Features 
There are a number of other features of the neuropathology of schizophrenia, which suggest 

a fetal insult around mid-gestation. For example, it is known that normal human brain symme­
try is determined early in development, during the early second trimester of gestation. Studies 
have suggested that the left side of the brain is generally more severely affected in schizophrenia 
than the right, ̂ ^̂  and thus that some event occurred during this stage. Similarly, gyrification 
occurs largely between weeks 16 and 19 weeks of gestation, and sulcal-gyral abnormalities have 
been found in imaging MRI studies of schizophrenic patients. ' Finally, as Clouston him­
self observed, schizophrenia is associated with an increased risk for other congenital and physi­
cal abnormalities, such as cranio-facial abnormalites like cleft palate, which have their origins 
in mid-gestation.^^^'^^^ 

Cerebral Housekeeping or Implementing "Plan B'' 
The development of the brain is a highly complex coordinated process that can be roughly 

divided into neurogenesis, neuronal migration, glial proliferation, and neuronal differentia­
tion. These events occur as part of a specific timetable in discrete critical windows of time, 
which is presumed to be largely under genetic control. This unfolding maturational pro­
gram can be derailed by environmental events; cell proliferation, differentiation, and migration 
can be slowed or inhibited or cells killed outright. Importandy, because many events only 
occur at a particular "critical window of time", ̂ ^ '̂ ^ even if the event causing this impairment 
is acute (transient hypoxia due to placental infarction for example), the impairment is irrepa­
rable and this has consequences for subsequent neural development. The architectural plan for 
brain development started in utero does not, of course, reach completion until early adult­
hood, when final connections are made in the prefrontal and temporal lobes, and corticolimbic 
pathways. These are all key regions where aberrant neuronal development may contribute to 
the behavioural dysfunction of schizophrenia. 

As discussed in relation to premature birth, cell loss may continue long after the acute 
injury has finished. Cells, be they neurons or glia, require other glia and neurons to provide the 
necessary support and signals cues to survive. ̂ ^̂ '̂ ^ This balance is exquisitely fine. During 
normal development substantial numbers of initially generated cells do not form appropriate 
connections or are in excess of requirements. These cell are removed by physiological apoptosis.^^^ 
Critically, however, programmed cell death is also triggered when cells lose essential input from 
other cells, for example due to injury elsewhere in the brain. In such a pathological situation, 
upregulation of apoptosis is a normal part of the complex 'social' controls that ensure that 
individual cells behave for the good of the whole. The brain will thus develop according to 
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an alternate architectural plan—Plan B. Inevitably this leads to a smaller, less complex brain, 
but a functional one; in as much as function is defined by the ultimate human prime directive: 
the ability to reproduce. 

A critical part of this process may not be simply abnormal neuronal connections, but loss of 
white matter cells, consistent with the association of mild ventriculomegaly with later impaired 
grey matter development and neurodevelopmental delay and behavioural difficulties. The hy­
pothesis that loss of glial support is a major contributor to long-term outcome is consistent 
with the pathological profile of patients with schizophrenia of variable neuronal loss, but a 
consistent reduction in soma size and abnormal synaptic connections. Oligodenrocytes en­
hance the number of functional synapses that form between neurons, and regulate neuronal 
activity. Glia are also a primary source for the growth factors necessary to inhibit apoptosis. 
Insulin-like growth factor (IGF-I) is a key mediator of normal brain development; regulating 
neural stem cell proliferation, differentiation, and maturation, as well as promoting myelina-
tion, neurite outgrowth and synaptogenesis. In recent years it has been proposed that a 
derangement of the IGF axis may be involved in the aetiology of schizophrenia, ̂ ^̂  and that the 
excessive synaptic pruning which is a feature of the schizophrenic brain, is a function not of late 
(post-natal) neurodevelopmental events, but rather occur secondary to diminished trophic cues. 

Is there clinical evidence for such increased, on-going apoptosis? Recent imaging data shows 
that children who go onto develop schizophrenia have accelerated loss of cortical grey matter 
compared to controls during adolescence. This deficit enveloped increasing amounts of cor­
tex throughout adolescence, starting in parietal regions, and then swept forward into sensory 
and motor regions. By 18 years of age this process had moved into the critical areas of the brain 
known to be key to schizophrenia; the dorsolateral prefrontal and temporal cortices - areas 
which initially were not affected. This aberrant development is also seen in MZ twins discor­
dant for schizophrenia. ̂ ^̂  It is likely that this is an upregulation of the normal remodelling of 
the brain is in part mediated by an upregulation of physiological apoptosis.^^ Consistent with 
this there is some evidence that apoptotic processes are upregulated in the brain of schizo­
phrenic patients at postmortem, ̂ ^ and that alterations in glutamate receptor activity seem to 
be important. ̂ ^̂  

Perspective 
This chapter has examined the hypothesis that schizophrenia and other mental illnesses 

may have at least in part their origin in preceding fetal neurodevelopmental injury. Although 
the combined epidemiological, neuroanatomical, behavioural, and imaging evidence is highly 
suggestive, the data cannot yet definitively distinguish the roles of inherited predisposition and 
environmental triggers. Considerable work remains to properly understand the impact of tim­
ing and the nature of different adverse events in utero on the brain, and how these relate to the 
post-natal development of disease. Such knowledge would offer at the very least, improved 
detection of children at risk of later mental illness and thus the potential for earlier interven­
tion. Regardless of the precise origins of the disease, there is now inconvertible proof that 
schizophrenia is an evolving disease that involves both significant premorbid developmental 
problems and progressive anatomical and cellular deterioration during childhood and adoles­
cence well before the *mental illness' appears fully in adulthood. Current data strongly suggest 
that the most likely mechanisms involve upregulation of physiological programmed cell death 
and a pathological imbalance in excitatory neurotransmission. This very long-term evolution 
offers the tantalising possibility that some intervention, whether pharmacological or behavioural 
might be able to arrest the progression of the disease before the florid symptoms appear, or even 
to favourably remodel the brain. 
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CHAPTER 18 

Hypoxia, Fetal Growth and Developmental 
Origins of Health and Disease 
Dino A. Giussani* 

Abstract 

The compelling evidence linking small size at birth with later cardiovascular disease, 
obtained from epidemiological studies of human populations of more than a dozen 
countries,^ has clearly renewed and amplified a clinical and scientific interest into the 

determinants of fetal growth, birth weight and the development of cardiovascular function and 
dysfunction before and afiier birth. As early as the 1950s Penrose'̂  highlighted that an impor­
tant determinant of birth weight was the quality of the intrauterine environment, being twice 
as great a determinant of the rate of fetal growth than the maternal or fetal genotype. Studies of 
birth weights of relatives together with strong evidence from animal cross-breeding experi­
ments^' have clearly supported this contention. One of the great qualifiers of the fetal environ­
ment is the maternal nutritional status during pregnancy. As such, the reciprocal association 
between low birth weight and increased risk of high blood pressure in adulthood, as first de­
scribed by Barker, has literally exploded a new field of research investigating the effects of 
maternofetal nutrition on fetal growth, birth weight and subsequent cardiovascular disease. 
However, the fetus nourishes itself also with oxygen, and in contrast to the international effort 
which is assessing the effects of maternofetal under-nutrition on early development, the effects 
of maternofetal under-oxygenation on fetal growth, birth weight and subsequent increased risk 
of disease have been little addressed. Here, evidence is presented, which supports the concept 
that fetal hypoxia alone may provide a candidate prenatal stimulus contributing to fetal growth 
restriction and the developmental origins of cardiovascular health and disease. 

The Fetal Cardiovascular Defence to Short- and Long-Term Hypoxia 
Hypoxia is one of the major challenges that the fetus may face during gestation. The imme­

diate fetal defence to hypoxia is largely dependent on its cardiovascular system. During acute 
hypoxia the fetal strategy is to make best use of the available oxygen delivery. Hence, in response 
to acute hypoxia, a redistribution of the fetal cardiac output occurs, which shunts blood flow 
away from peripheral towards essential circulations in order to protect hypoxia-sensitive organs 
like the fetal brain^' (Fig. 1). Should the duration of the hypoxic challenge become prolonged, 
the initial homeostatic cardiovascular defence becomes enhanced. In response to chronic hy­
poxia, there is persistent redistribution of blood flow towards essential circulations, secondary to 
chronic elevations in peripheral vascular tone.'^'^ Whether this sustained homeostatic vascular 
response in the fetus becomes vestigial and a maladaptation, akin to the erythrocytotic^^ or 
pulmonary vasoconstrictor^^ responses to hypoxia in highland neonates and adults, which if 
transient are beneficial but if persistent lead to pathology, is unclear at present. However, it is 
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Figure 1. The fetal vascular defence to acute hypoxia. Values represent the minute mean ± S.E.M for blood 
flow and vascular resistance in the carotid and femoral circulations in 8 fetal sheep between 125-130 days 
of gestation. Note that the carotid vascular bed undergoes vasodilatation during acute hypoxaemia (box) 
as indexed by a fall in carotid vascular resistance and an increase in carotid blood flow. In marked contrast, 
the femoral vascular bed undergoes vasoconstriction, aiding the redistribution of blood flow away from 
peripheral circulations. 

suggested that plausible biological trade-ofFs of fetal persistent peripheral vasoconstriction are 
asymmetric growth retardation and increased cardiac afterload, proposing that the classical phe-
notypic association between intrauterine growth retardation with cardiovascular dysfunction in 
adult life may originate from the same developmental stimulus—fetal hypoxia. 

Hypoxia and Fetal Growth Retardation 
Although several studies in animals have shown that chronic hypoxia during pregnancy can 

lead to slow, disproportionate fetal growth, ̂ '̂̂ ^ whether the effects are due to sustained 
under-oxygenation or partial under-nutrition is uncertain as chronic hypoxia also reduces ma­
ternal food intake. In human populations, materno-fetal hypoxia occurs most commonly dur­
ing the hypobaric hypoxia of pregnancy at high altitude. In support of data gathered from 
animal experiments, several investigators have also reported reduced birth weight and asymmet­
ric grow^ retardation in human babies with increasing altitude. '̂  However, because most 
high altitude populations are also impoverished, the extent to which this reduction in fetal 
growth is governed by maternal nutritional status or the hypoxia of high altitude, again, remains 
uncertain. To assess the partial contributions of fetal under-oxygenation and under-nutrition in 
the control of fetal grovsdi, we have recently adopted a two-prong approach addressing ques­
tions in a specific human population and in a specific experimental animal model. 

Epidemiological studies of human populations were carried out in Bolivia as this country is 
geographically and socio-economically unique. Bolivia lies in the heart of South America and it 
is split by the Andean cordillera into areas of very high altitude to the west of the country (4000 
m) and sea level areas as the east of the country spans into the Brazilian Amazon. Facilitating 
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Figure 2. High altitude versus socio-economic stastus on birth weight. The curves represent the cumulative 
frequency distribution across all birth weights in term babies born from mothers of opposing economic 
status in La Paz (4000 m) and in Santa Cruz (sea level), in Bolivia. Modified from Giussani et al. Pediatric 
Research 2001; 49:490-494.̂ ^ 

the study design, the two largest cities, and therefore the most populated with approximately 2 
million inhabitants each, are La Paz (4000 m) and Santa Cruz (400 m). Bolivia is also 
socio-economically unique as both La Paz and Santa Cruz are made up of striking 
economically-divergent populations. In third world countries, and especially in Bolivia, there 
is an unsurprising strong relationship between socio-economic status and nutritional status. 
Joining strengths with Barker, a recent study investigated whether the intrauterine growth 
retardation observed in the high altitude regions of Bolivia was primarily due to intrauterine 
hypoxia or due to the maternal socio-economic nutritional status. Birth weight records were 
obtained from term pregnancies in La Paz and Santa Cruz, especially from obstetric hospitals 
selectively attended by wealthy or impoverished mothers. Plots of the cumulative frequency 
distribution across all birth weights gathered revealed a pronounced shift to the left in the curve 
of babies from high altitude than from low altitude, despite similarly high maternal economic 
status (Fig. 2). Interestingly, when lowland babies born from mothers with high or low eco­
nomic status were compared, a shift to the left in birth weight occurred in low versus high 
income groups, however this shift was not as pronounced as the effect on birth weight of high 
altitude hypoxia alone. Additional data also showed that highland babies from poor families 
did not have the greatest leftward shift of the relationship as one would have expected. Rather, 
counter-intuitively, these babies were actually heavier than highland babies born from families 
with a high socio-economic status. The apparent conundrtmi is easily explained by assessing 
the ancestry of the families. In our study, the low socio-economic group of La Paz contained a 
high percentage (92%) of women from Amerindian origin with Aymara Indian paternal and 
maternal surnames. In contrast, the high socio-economic group of La Paz contained a high 
European admixture. These findings are reminiscent of the observations of Hass et al̂ ^ and 
Moore'̂ ^ who suggested that fetal growth retardation at altitude is correlated to the duration of 
high altitude residence, independent of maternal nutrition: the longest resident population 
experiencing the least decline and the shortest residence groups demonstrating the most reduc­
tion in birth weight. Accordingly, reductions in birth weight at elevations greater than 3000m 
above sea level are greatest in Colorado, intermediate in Andeans and least in Tibetans.^^ 

The second prong of our approach exploited the chick embryo as an animal model. In 
contrast to all mammals, in avian species the effects of hypoxia on the fetus can be assessed 
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Figure 3. The role of oxygen in the growth of the chick embryo. Values are mean ± S .E.M. for the fetal weight 
at the end of the incubation period expressed as a percentage of the initial egg mass (A) and the fetal 
haematocrit at the end of the incubation period (B). Groups are sea level chick embryos incubated either 
at sea level (SLSL, open bar, n = 31) or high altitude (SLHA, closed bar, n = 19) and high altitude embryos 
incubated at high altitude (HAHA, stippled bar, n = 33) or sea level (HASL, hatched bar, n = 30). Different 
letters are significantly different by one way ANOVA + Student Newman Keuls Test (P < 0.05). 

directly, without additional effects of hypoxia on the mother and the placenta, and without 
confounding problems associated with reductions in maternal food intake. The study reasoned 
that if oxygen alone has a real role in the direct control of fetal growth, then fertilised eggs from 
hens native to sea level should show growth restriction when incubated at high altitude, and 
fertilised eggs from hens native to high altitude, which usually show growth restriction, should 
at least recover their growth when incubated at sea level. The data of the study showed that 
incubation of sea level embryos at high altitude led to a 45% growth restriction, but incubation 
at high altitude of embryos from hens native to high altitude only led to 22% growth restric­
tion (Fig. 3). The embryonic growrth restriction of incubations at high altitude was asymmetric 
as brain weight was preserved at the expense of body length. Another component of this study 
showed that when fertilised eggs laid by hens native to high altitude were incubated at sea level, 
the resulting embryos not only recovered their growth, but they grew heavier than sea level 
controls. The haematocrit data reveal that this group of embryos retained an increased oxygen 
carrying capacity despite incubation at sea level (Fig. 3). This suggests that embryos from hens 
native to high altitude incubated at sea level had a greater oxygen content than sea level con­
trols, further supporting a role for oxygen in the control of fetal growth. The mechanism via 
which elevated haematocrit levels are maintained in the absence of a hypoxic stimulus is un­
known, but the data may reflect an adaptive response, transmitted by the mother to the oocyte 
prior to egg laying, predictive of fetal development in a hypoxic environment. Another ex­
ample of a predictive adaptive response is that of the meadow vole, in which the photoperi­
odic history of the dam prior to conception, rather than the perinatal thermal environment, 
can better determine the offsprings coat thickness at birth. Alternatively, the maintained 
elevated haematocrit in HASL embryos in the present study may highlight that genetic control 
of factors determining oxygen carrying capacity is regulated very early on in the developmental 
process of the oocyte by the available oxygen concentration at that time. 

Hypoxia and Developmental Origins of Cardiovascular Disease 
An increasing number of experimental studies are beginning to support the argument 

that developmental hypoxia can give rise to cardiovascular dysfunction before and after birth. 



Hypoxia, Fetal Growth and Developmental Origins of Health and Disease 223 

Studies in fetal sheep have shown that chronic hypoxia, secondary to pregnancy at high alti­
tude, sustained anaemia or chronic fetal placental embolization, led to suppressed cardiac func­
tion and contractility, and resulted in cardiac hypertrophy (see ref 24). Studies in chick and rat 
embryos have shown that the exposure to sustained hypoxia during development, which leads 
to asymmetric growth retardation, is accompanied by ventricular and aortic hypertrophy. ' 
Three elegant studies have now shown that fetal hypoxia alone may have persisting conse­
quences for cardiac and vascular health in the offspring at adulthood. Li et al reported that 
exposure of pregnant rats to hypoxia from day 15 to 21 of gestation produced offspring with 
increased cardiac susceptibility to ischaemic-reperfiision injury at 6 months of age. Williams et 

reported that exposure of pregnant rats to hypoxia from day 15 to 21 of gestation produced 
offspring with impaired NO-dependent vasodilatation in the mesenteric circulation at 4 months 
of age. Ruijtenbeek et al̂ ^ reported that exposure of chick embryos to hypoxia from day 6 to 19 
of the incubation period produced offspring with exaggerated responses to peri-arterial sympa­
thetic nerve stimulation and down-regulated NO-dependent dilator function in the femoral 
vascular endothelium at 15-16 weeks of adidthood. 

In humans, it remains to be elucidated whether hypoxia-induced reductions in birth weight, 
as a result of placental insufficiency or of pregnancy at high altitude are associated with in­
creased health risks after birth. Clearly, it is close to impossible to isolate the partial effects of 
fetal hypoxia and fetal undernutrition in promoting intrauterine growth retardation in human 
pregnancies complicated with placental insufficiency or preeclampsia. In contrast, investiga­
tion of the contribution of fetal hypoxia alone in promoting effects on fetal growth and pro­
gramming health risks before and after birth can be achieved in human pregnancy at high 
altitude, carefully controlled for maternal nutritional status, making this a powerful model. 
Preliminary data suggest that the rates of infant mortality, within the first year of newborn 
life, are positively correlated with altitude, increasing at a rate of ca. 8 deaths per 1000 m 
increase, and that this relationship is independent of the maternal socio-economic and nutri­
tional status. However, the negligible number of studies in which basal arterial blood pressure 
was measured in adult residents rather than climbers at high altitude, report conflicting results 
suggesting either a higher incidence of hypertension in the inhabitants of high altitude regions 
of Saudi Arabia^^ or lower resting blood pressure in Peruvian highlanders.^^ These inconsisten­
cies may be related to the high altitude residence ancestry of the individuals being studied. 
Thus, while hypoxia during development may increase the risk of hyertension at adulthood in 
people who originated from sea level regions, highland natives may have developed a protec­
tion, masking the effect. This point reemphasises the clear need for future epidemiological 
studies of human populations at altitude to relate the effects of prenatal hypoxia with postnatal 
cardiovascular function, separately, in lowland and highland natives. It is also likely that the 
deleterious programming effects of prenatal hypoxia on cardiovascular function in later life 
may express themselves, not during basal conditions, but only once the cardiovascular system is 
stressed. In this context, it is extremely interesting to highlight one study in India reporting a 
much higher incidence of ischaemic stroke in 20-50 year old men resident at high altitude. 

In summary, our observations in human babies and experiments in the chick embryo at 
high altitude strongly support the hypothesis that fetal oxygen, independent of genetic and 
maternal nutritional factors, is an important regulator of fetal growth. Accumulating evidence 
suggests that prenatal hypoxia alone can also be a potent stimidus triggering a developmental 
origin of cardiovascular dysfunction in the offspring. In both human and avian species, pro­
longed high altitude residence ancestry can develop a protection against unwanted biological 
trade-offs, such as the effects of hypoxia on fetal growth. Whether this protection spans into 
the postnatal and adult periods, minimising the risk of developing cardiovascular disease, re­
mains to be elucidated. The mechanism of this protection is clearly of paramount scientific 
interest and important clinical application, not only in pregnancy at high altitude but in sea 
level pregnancies complicated with reduced oxygen delivery to the fetus, such as during placen­
tal insufficiency and preeclampsia. 
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