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Cardiovascular disease is the most common cause of death in westernised societies, for which 
hypertension is a significant risk factor. High pulse rate, high cardiac output and increased 
sympathetic activity are characteristics of the early phases of hypertension. The aetiology of 
hypertension remains largely unknown, but has been related to adult behaviours such as 
obesity and physical inactivity. Recently, epidemiological observations, linking low birth 
weight to hypertension in adulthood, have led to the hypothesis that poor maternal nutrition, 
resulting in impaired fetal growth and thus low birth weight may programme the fetus to 
express hypertension in adulthood. Importantly, epidemiological studies have revealed an 
inverse association between birth weight and pulse rate in adulthood, suggesting that 
increased sympathetic activity may be a mechanism linking poor fetal growth to later 
hypertension. The thesis presented examines, using an animal model of fetal programming, 
whether dietary manipulation during pregnancy alters the offspring sympatho-adrenal system, 
which could result in elevated blood pressure. Key components of the sympatho-adrenal 
system include the catecholamine biosynthetic enzymes, tyrosine hydroxylase (TH), which is 
the rate-limiting enzyme for noradrenaline synthesis in sympathetic nerves, adrenal medulla 
and central noradrenergic neurones, and phenylethanolamine A^-methyltransferase (PNMT), 
which converts noradrenaline to adrenaline in the adrenal medulla and central adrenergic 
neurones. 

The expression of TH and PNMT mRNA was analysed by Northern-blotting in the adrenal 
of female offspring bom to dams fed either a diet mildly restricted in protein content (9% 
casein), but otherwise isocaloric, or fed a control diet (18% casein) throughout gestation. The 
blood pressure effects (measured by tail-cuff plethysmography) of twice daily, for a 7-day 
period, intraperitoneal administration of a PNMT inhibitor, versus vehicle, were analysed in 
low-protein and control male and female offspring. As previously described, offspring from 
dams fed the low-protein diet had significantly elevated blood pressure in postnatal life 
compared with the control offspring. Levels of TH and PNMT mRNA expression in the 
adrenal of the low-protein offspring were not significantly different from those of the control 
offspring at either 2, 4, 8 or 12 weeks of age. At 16 weeks of age, low-protein offspring 
displayed a significantly greater adrenal TH mRNA expression than the controls. Blockade of 
central and peripheral adrenaline synthesis at 8 weeks of age with the PNMT inhibitor 
markedly reduced heart rate and tended to lower blood pressure in all offspring after 7 days 
compared with vehicle-treated offspring. Importantly, the PNMT inhibitor tended to exert a 
prolonged blood pressure reduction specifically in the low-protein female offspring, up to 3 
weeks following withdrawal of the treatment. Adrenal PNMT activity was not different 
between low-protein and control offspring at 8 weeks of age. Therefore, the greater long-term 
blood pressure reduction in the low-protein female offspring following PNMT inhibition may 
be centrally mediated. The data suggest that the mechanisms by which hypertension is 
initiated may not depend on an increased synthesis of catecholamines from the adrenal. 
However, increased levels of adrenaline synthesis by PNMT in central adrenergic neurones 
may play a contributory role. Increased adrenal catecholamine synthesis may, once 
hypertension is established, participate in its maintenance. 
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lUGR : Intrauterine growth retardation 

kb : Kilobase 

kDa : KiloDalton 

L-DOPA : L-3,4 dihydroxyphenylalanine 

MAO ; Monoamine oxidase 

MAP : Mean arterial pressure 

MOPS : 3-(A^-morpholino)-propanesulphonic acid 

MR : Mineralocorticoid receptor (adrenocorticosteroid receptor type 1) 

mRNA : Messenger RNA 

NA : Noradrenaline 

NGF : Nerve growth factor 

NMT : Non specific A^-Methyltransferase 
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NTS : Nucleus of the tractus solitarius 

PC12 : Rat pheochromocytoma cells 

PCR : Polymerase chain reaction 

PDGF^ ; Platelet-derived growth factor P 

PIP2 : Phosphatidylinositol biphosphate 

PKA ; Protein kinase A 

PKC : Protein kinase C 

PLC : Phospholipase C 

PNMT ; Phenylethanolamine A^-methyltransferase 

PRA : Plasma renin activity 

RAS : Renin-angiotensin system 

RNA ; Ribonucleic acid 

RT-PCR : Reverse transcription-Polymerase chain reaction 

RVLM : Rostral ventrolateral medulla 

SAM : S-adenosylmethionine 

SAS : Sympatho-adrenal system 

SEP : Systolic blood pressure 

SD ; Standard deviation 

SDS : Sodium dodecyl sulfate 

SEM : Standard error of the mean 

SHR : Spontaneously hypertensive rats 

SNS : Sympathetic nervous system 

s s c : Sodium sodium citrate 

TBE : Tris-borate-EDTA 

TGPP : TransfoiTning growth factor |3 

TH : Tyrosine hydroxylase 

UCP : Uncoupling protein 

WKY : Wistar Kyoto rats 
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CHAPTER 1 

INTRODUCTION 

Adaptations made by the organism during critical periods of development in response to 

different environmental stimuli can result in long-term and permanent changes in the 

structure and function of different organs and regulatory systems, which may compromise the 

well being of the individual later in life. This phenomenon is termed programming. 

The "fetal origins" of adult disease hypothesis suggests that poor maternal nutrition during 

pregnancy may result in impaired fetal growth and programme the fetus to express 

hypertension, type II diabetes and cardiovascular disease in later life. 

The thesis presented examines whether the sympatho-adrenal system may be one of the 

mechanisms by which programming of hypertension in response to maternal protein 

restriction during pregnancy may occur. 

LITERATURE REVIEW 

In the first instance, the regulation of fetal growth will be mentioned. Then, the 

epidemiological observations that have led to the "fetal origins" of adult disease hypothesis 

will be reviewed. Experimental studies confirming the biological plausibility of the 

hypothesis will subsequently be described. 

In order to understand which regulatory systems, if altered, could result in hypertension, the 

main mechanisms controlling arterial blood pressure will be assessed. Then, experimental 

studies, in rat and sheep, which have investigated the mechanisms underlying the 

programming of hypertension by different types and timing of maternal dietary restriction 

during pregnancy will be reviewed. Importantly, in these studies, little attention has been paid 

to the sympatho-adrenal system as a potential underlying mechanism. 

The sympatho-adrenal system (SAS) will then be examined, with particular focus on 

catecholamine synthesising enzymes. The role of the SAS in blood pressure control and its 

implication in human primary hypertension will be evaluated. 

Finally, evidence that the SAS is programmable will be reviewed, which has led to the 

hypothesis of the present work, i.e. that programming of the SAS may be a potential 
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mechanism by which maternal protein restriction during pregnancy results in offspring with 

persistently raised blood pressure. 

1.1 - FETAL GROWTH 

Size at birth is largely determined by the maternal uterine environment, with relatively little 

influence of parental genotype. Genetic factors may be responsible for up to 38% of the 

variations observed in infant birth weight, with the maternal genotype accounting for 53% of 

these, the fetal genotype 39%, and the sex of the fetus 5% (Molina-Font 1998). The 

remaining 62% have been attributed to epigenetic factors, of which half are due to maternal 

factors and half are unknown (Styne 1998). 

Regulation of fetal growth depends on the adequate nutrient and oxygen availability to the 

fetus in concert with the effects of growth factors (Evain-Brion 1994, Styne 1998). Thus, the 

growth of the fetus is constrained by the ability of the utero-placental unit to supply oxygen 

and substrate to the fetus (Gluckman et al. 1990, Gluckman 1995). Fetal nutrient supply, that 

is the net supply of metabolic substrates to the fetus, depends on the maternal reserves and 

nutrient intake, maternal metabolism and endocrine status, uterine and umbilical blood flow 

and placental transfer and metabolism. The major hormonal mediators of fetal growth are 

insulin and the insulin-like growth factors (IGF-1 and IGF-2), which are in turn regulated by 

fetal nutrient supply (Harding 2001). 

1.1.1 - Transfer of nutrients to the fetus 

The placenta transports nutrients from the maternal to the fetal circulation. The exchange 

processes occur at the microvillous surface of the syncytiotrophoblast and are mediated by 

simple diffusion, facilitated diffusion (glucose) or active transport (amino acids). The transfer 

capacity of the placenta is influenced by the placental surface area and the number of specific 

nutrient transporters on the membranes. The placenta also influences fetal nutrition via its 

own metabolic demand for nutrients and via its role in the metabolism of key nutrients 

(Harding 2001). 

Glucose is the fundamental energy substrate consumed by the fetus. Placental glucose 

transfer is mediated by GLUT 1 glucose transporters and is directly related to the 
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concentration of glucose in the maternal plasma, the uptake of glucose by the uterus and the 

matemal-fetal glucose concentration gradient (Lowy 1994, Molina-Font 1998). Under normal 

circumstances, the placenta consumes more than 50% of glucose extracted from the uterine 

circulation, which limits the availability of glucose for transport into the umbilical circulation 

(Evain-Brion 1994). The fetus utilises glucose mainly to obtain energy, but part of the intake 

is stored in the energy reserves in the forms of glycogen (in the liver) and triglycerides. 

Lactate is also important as an energy substrate and as a precursor of the synthesis of 

glycogen. Lactate is synthesised from glucose by the placenta under aerobic conditions and 

released into the fetal circulation. During the latter part of gestation, lactate is also produced 

by the fetus, mainly in skeletal muscle (Molina-Font 1998). 

The fetus also uses amino acids as fuel for oxidative metabolism. Placental amino acid 

transporters require energy to take amino acids from the maternal plasma to concentrate them 

in the intracellular matrix of the trophoblast, from which transport into the fetal plasma 

follows a decreasing concentration gradient (Hay 1991). The unique supply of amino acids to 

the fetus is regulated by placental amino acid metabolism that is unique for every amino acid 

(Hay 1999). The existence of placental-fetal interorgan cycling for amino acids has been 

demonstrated, indicating that cooperation between the placenta and fetus is an important 

aspect of fetal metabolism (Hay 1991). For instance, glutamine, glycine and to a lesser extent 

asparagine cross the placenta, are released into the umbilical circulation and taken up by the 

fetal liver. A proportion is converted into glutamate, serine and aspartate, respectively, and 

then returns to the placenta where it is oxidized as a source of energy (Hay 1991, Robinson & 

Prendergast 1996). For at least some of the non-essential amino acids, fetal requirements are 

met by interconversion within the placenta rather than by transplacental transport (Robinson 

& Prendergast 1996). The fetus employs amino acids for protein synthesis, energy production 

and as a supply of carbon and nitrogen by means of interconversion to other substrates 

(Molina-Font 1998). Amino acid accretion into protein represents only 20-50% of total 

umbilical uptake (Robinson & Prendergast 1996). 

Net flux of lipids across the placenta can occur by at least three mechanisms; direct transfer 

of fatty acids by specific transport proteins, synthesis of complex lipids from fatty acids 

within the placenta and subsequent release into the umbilical circulation, and hydrolysis of 

complex triglycerides, lipoproteins and phospholipids derived from the maternal circulation 

and subsequent release of fatty acids into the fetal circulation (Hay 1991). Free fatty acids 

cross in a concentration-dependent manner whereas triglycerides per se do not cross the 

placenta (Lowy 1994). Lipid metabolism in the fetus includes the incorporation of fatty acids 
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into membranes as phospholipids, esterification into triglycerides with subsequent deposition 

in brown and white adipose tissue, oxidation and synthesis of leucotrienes and prostaglandins 

(Hay 1991). The composition of fatty acids in fetal tissues is directly influenced by the 

mother's nutrition. Furthermore, fetal growth and development depend on the maternal 

supply of polyunsaturated fatty acids, which are fundamental not only for fetal growth but 

also for the development and maturation of the brain, to maintain the vascular system and for 

the synthesis of eicosanoids (Molina-Font 1998). 

The supply of minerals and oligoelements comprises a distinctive aspect of fetal nutrition. 

Iron supplements are recommended to prevent postnatal deficiency. Calcium and phosphorus 

are necessary for skeletal mineralization. The mother's nutrition, her skeletal deposits and 

calciotrophic hormones are the main factors determining supply to the fetus. Vitamin A is 

essential for embryogenesis, growth and epithelial differentiation. Similarly, folates are an 

essential constituent of the maternal diet. Their absence leads to imperfect DNA synthesis in 

chromosomal replication and cell division (Molina-Font 1998). 

The placenta integrates signals from the fetus and the mother in an attempt to match fetal 

demand with maternal substrate supply. The hormones of the fetal and maternal 

somatotrophic axes appear to be involved in the regulation of placental transfer and lactate 

production (Bauer et al. 1998). The levels of these potentially anabolic hormones on either 

side of the placenta may be important in balancing substrate distribution between placenta 

and fetus in order to maximise fetal growth (Bauer et al. 1998). 

1.1.2 - Pregnancy-related endocrine changes 

1.1.2.1 - Placental 

The placenta also influences fetal nutrition because it produces hormones (placental lactogen 

and growth hormone), which in turn may influence fetal and maternal nutritional supply. In 

the latter half of human pregnancy (from 15 to 20 weeks up to term), the placenta 

continuously secretes growth hormone (GH) into the maternal circulation. This is associated 

with the suppression of maternal pituitary GH release. The rise in placental GH is associated 

with a progressive increase in IGF-1 levels and an elevation in fasting and feasting insulin 

secretion (Lowy 1994, Evain-Brion 1994). Elevated placental growth hormone 

concentrations allow for increased lipolysis of maternal fat stores. The latter are presented to 
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the liver in the presence of the higher insuhn concentrations, facilitating increased 

triglycerides synthesis. Concomitantly, in the latter half of pregnancy there is a rise in the 

concentration of placental lipoprotein lipase, which hydrolyses triglycerides with transfer of 

the hydrolysed products to the fetal circulation. Thus, the increased circulating placental 

growth hormone and maternal insulin secretion may orchestrate the maternal substrates in 

such a way that they can be made available to the placenta (Lowy 1994). Placental lactogen 

also rises with gestation, is secreted in both fetal and maternal circulations, and could play a 

role in controlling both maternal and fetal IGF-1 and IGF-2 and insulin secretion. The 

placenta also produces a number of growth factors (IGF-1, IGF-2, PDGFP and TGFP) and 

cytokines involved in autocrine and paracrine mechanisms in fetoplacental development 

(Evain-Brion 1994). Also synthesised are steroids such as progesterone, estriol, estrone and 

estradiol, which are relevant to uterine growth and placental blood flow (Molina-Font 1998). 

1.1.2.2 - Maternal 

Adjustments in nutrient metabolism, in addition to changes in the anatomy and physiology of 

the mother, support fetal growth and development. Maternal serum triacylglycerol 

progressively increase during pregnancy. Basal metabolic rate increases during the last half 

of gestation. Alterations in protein metabolism, such as a reduction in urea synthesis and 

excretion, favour nitrogen retention in late pregnancy. Adjustments are driven by hormonal 

changes, fetal demand and maternal nutrient supply. Energy metabolism also depends on the 

prepregnancy energy status of the mother and the quality of her living conditions during 

pregnancy (King 2000). 

During pregnancy, the maternal hormonal profile is largely modified due to the secretions of 

placental hormones, such as placental growth hormone, into the maternal compartment. 

Maternal IGF-1 levels increase during pregnancy, probably due to the presence of placental 

GH and to a secretion of IGF-1 by the placenta in the maternal circulation (Evain-Brion 

1994). Maternal IGF-1 does not cross the placenta and does not have a direct role on fetal 

growth but may play an important role in determining the nutrient supply to the fetus. 

Elevation of maternal IGF-1 may enhance nutrient transfer from mother to placenta and so 

alter placenta metabolism (Gluckman 1995). 
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1.1.2.3 - Fetal 

The fetus synthesises IGF. Fetal IGF-1 release appears to be only marginally dependent on 

fetal growth hormone (Gluckman & Harding 1997). The dominant influence on fetal IGF 

synthesis seems to be nutrient status and, in particular, glucose availability to the fetus and 

the consequent changes in fetal insulin release (Gluckman 1995). The fetal concentrations of 

IGF rise with gestation. The placenta is involved in the regulation of circulating fetal IGF-1 

plasma concentrations, by releasing IGF-1 into the fetal compartment when fetal IGF-1 are 

low, and taking up IGF-1 from the fetal circulation when fetal levels are high (Bauer et al. 

1998). 

1.1.3 - Hormonal control of fetal growth 

Fetal growth comprises cellular proliferation or hyperplasia and cellular differentiation that, 

as the organ grows, leads to hypertrophy; migration of cells, which may lead to tissue 

induction; and apoptosis to allow the elimination of tissues no longer necessary. Fetal growth 

factors accomplish these various tasks (Styne 1998). 

Early in gestation, the fetal cells are largely concerned with replication and differentiation 

and this process is mainly dependent on the nutrients provided and on locally active growth 

factors such as IGF, with no endocrine mechanisms involved (Lowy 1994, Evain-Brion 

1994). Later in gestation, endocrine action becomes possible with the development of the 

fetal circulation to deliver hormones to distant cells (Styne 1998). The endocrine regulation 

of fetal growth in late gestation is determined by hormones that influence the partitioning of 

nutrients between mother, placenta, and fetus, as well as those that affect fetal nutrient uptake 

and promote fetal somatogenesis (Gluckman 1995). 

Fetal IGF-1 has the ability to regulate partitioning of nutrients between the placenta and the 

fetus leading to anabolism in the fetus and reduction in placental uptake of nutrients, 

preferentially shunting them to the fetus (Styne 1998, Gluckman 1995, Gluckman & Harding 

1997). Studies in sheep show that infusion of IGF-1 into the fetal circulation reduces fetal 

protein breakdown, enhances fetal substrate uptake and increases placental uptake of amino 

acids from the mother. Placental lactate production is inhibited (Gluckman & Harding 1997). 

IGF stimulate the growth of human fetal fibroblasts, myoblasts, chondrocytes, osteoblasts, 

hepatocytes, glial cells, and adrenal cells, and IGF also affect the differentiation of fetal cells 

including muscle, cartilage and the nervous system (Styne 1998). IGF support the 
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differentiated function of many cell types, including the synthesis of extracellular matrix 

molecules such as fibronectin, type I and II collagens and glycosaminoglyeans (Hill 1995). 

IGF are found in the circulation in association with IGF binding proteins (IGFBP), which 

serve not only as carrier proteins but they also modulate the bioavailability of IGF (Hill 

1995). 

Insulin acts to promote fetal growth via alterations in cellular uptake of nutrients, increased 

IGF-1 production (Gluckman 1995) and decreased IGFBP-1 production (Hay 1999). Insulin 

stimulates cellular and DNA proliferation, activates the synthesis of glycogen and proteins, 

limits protein breakdown and has lipogenic effects (Molina-Font 1998). 

Although GH does not appear to have a direct role in fetal growth, GH may be able to 

influence subsequent fetal growth by initial effects on placentation (Symonds et al. 2001a). 

1.1.4 - Adaptations to reduced substrate availability 

The fetus adapts to reduced substrate availability by modifications of the partition of 

substrates between placenta and fetus, metabolic changes, redistribution of blood flow and 

changes in the production of fetal and placental hormones that control fetal growth. Under 

conditions of reduced substrate availability, such as maternal hypoglycaemia, the placenta 

disproportionately reduces its utilisation of glucose and increases its consumption of amino 

acids to promote diversion of some maternal glucose from placental to fetal metabolism (Hay 

1991, Evain-Brion 1994). Similarly, a reduction in leucine flux from the maternal circulation 

to the placenta is compensated for by a decrease in placental leucine utilisation, thus 

maximizing the availability of maternal leucine to the fetal circulation (Robinson & 

Prendergast 1996). At the same time, uteroplacental production of lactate increases, with a 

greater proportion being secreted into the fetal circulation, increasing the availability of this 

substrate to the fetus (Owens et al. 1989). When placental growth is restricted, the fetuses 

compensate to some degree by increasing their extraction rate of glucose and oxygen. They 

are, however, unable to increase their extraction of amino acids, suggesting that the supply of 

amino acids may become limiting to fetal growth by restraining protein synthesis (Owens et 

id. 1989). 

Under conditions of long-term maternal undernutrition, the fetus can become catabolic, 

producing higher than normal concentrations of essential amino acids, which can be oxidized 

directly, or indirectly via metabolism to glucose to maintain fetal energy balance, and are also 

released back to the placenta to sustain placental oxidative metabolism. These processes 
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occur at the expense of fetal growth (Hay 1991). More prolonged undernutrition leads to a 

slowing in growth. This enhances the fetus's ability to survive by reducing the use of 

substrates and lowering the metabolic rate (Barker 1998). Slowing of growth leads to 

disproportion in organ size since organs and tissues that are growing rapidly at the time are 

affected the most (Barker 1998). 

The main response to a limited oxygen supply is redistribution of blood flow, so that blood is 

preferentially directed towards the heart and brain, resulting in disproportionate growth 

(Gluckman et al. 1990). 

The metabolic changes observed in situations of longer-term restriction of nutrient supply are 

accompanied, and may be driven by, changes in the levels of the somatotrophic hormones 

and their binding proteins (Oliver et al. 1999). Hormonal changes evoked in the fetus by an 

altered supply of oxygen and nutrients may modulate fetal and placental metabolism, 

redistribute blood flow and possibly alter the rate of pattern of fetal growth (Owens et al. 

1989). Maternal undemutrititon leads to a decline in fetal IGF-1 levels and a rise in IGFPB-1 

(Gluckman & Harding 1997). Subsequent to substrate deficit, fetal hypoinsuhnemia and 

reduced production of IGF-1 will contribute to fetal growth retardation. 

1.2 - FETAL PROGRAMMING OF ADULT DISEASES 

Programming describes persisting changes in structure and function caused by environmental 

stimuli during critical periods of early development (Barker 1994, Langley-Evans 1997a). It 

is proposed that during times of inadequate fetal nutrient supply, programming of metabolic 

and physiological processes occur in the growing fetus, which is beneficial to survival under 

conditions of poor nutrition. Thus, fetal undernutrition is suggested to lead both to changes in 

size at birth and also to altered homeostatic mechanisms such as regulation of blood pressure 

or insulin sensitivity (Harding 2001). These adaptations, however, become detrimental to 

health if the individual encounters nutritional abundance in later life, and susceptibility to 

ischaemic heart disease, hypertension and type 2 diabetes may result (Hales & Barker 1992, 

Ozanne 1999). 

1.2.1 - Epidemiological evidence 

The original idea that bad conditions of maternal nutrition and health could lead to 

cardiovascular diseases in the next generation arose from geographical relationships 
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established between maternal and neonatal deaths (within one year of birth) and coronary 

heart diseases becoming apparent several decades later (Barker 1994). Subsequently, birth 

records found in Hertfordshire, Preston and Sheffield allowed birth weight to be linked to 

cause of death in individuals (Clark 1998). The early epidemiological studies that pointed to 

long-term effects of an adverse intrauterine environment examined the death rate from 

ischaemic heart disease among men in middle and late life, bom in Hertfordshire during 

1911-1930 (Barker 1995). They showed that those who had a birth weight below 5.5 pounds 

had the highest death rates from ischaemic heart disease (Barker et al. 1989). Another study, 

of men bom in Sheffield during 1907-1924, where measurements of head size and length at 

birth as well as information on gestational length were available, showed that the highest 

death rate from coronary heart disease was among people who had been light or thin or had a 

small head circumference at birth (Barker et al. 1993a). Cardiovascular mortality was not 

related to the duration of gestation, and therefore these associations were thought to reflect 

fetal growth (Barker et al. 1993a). Since then, relationships between size at birth and later 

coronary heart disease have been confirmed in several different populations. For instance, 

low birth weight and low ponderal index were related to the prevalence of the disease in a 

sample of men bom in Helsinki during 1934-1944 (Eriksson et al. 2001). In men and women, 

aged 45 and over, bom in Mysore City, South India, between 1934 and 1954, the prevalence 

of coronary heart disease was found to be higher in those who had low birth weights, short 

birth lengths or small head circumferences (Stein et al. 1996). 

Subsequently, similar relations between restricted early growth and cardiovascular risk 

factors have been documented. Hence, an association between size at birth and later 

hypertension, diabetes, elevated blood cholesterol and fibrinogen concentrations have been 

reported (Barker 1995). 

1.2.1.1 - Fetal programming of hypertension 

Measurement of systolic blood pressure in men and women bom in Preston during 1935-

1943 and who still lived in Lancashire at around 50 years of age showed that the highest 

blood pressures and risk of hypertension were among people who had been light babies with 

large placentas (Barker et al. 1990). This relation was found to be independent of influences 

in adult life such as body mass index (BMI) and alcohol consumption and was found in each 

social class (Barker et al. 1990). Similarly, among men and women aged around 50 years, 

bom in Sheffield between 1939-1940, systolic blood pressures were found to be higher in 
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people who had lower birth weight or who had been shorter or had a smaller abdominal 

circumference at birth (Martyn et al. 1995). Low birth weight was subsequently associated 

with an increased risk of adult hypertension in different populations (Curhan et al. 1996, Law 

et al. 1991, Law & Shiell 1996). A study of 4 year-old children, bom in Salisbury between 

1984-1985, showed that the relation between increased systolic blood pressure and low birth 

weight, low ponderal index and large placenta was already apparent in children (Law et al. 

1991). Indeed, a systematic review of 34 studies examining the relation between birth weight 

and blood pressure in different populations around the world supported a negative 

relationship between blood pressure and birth weight in prepubertal children and adults. The 

difference in systolic blood pressure per kg increase in birth weight was approximately 2-3 

mmHg in children and tended to increase with age. The relation was, however, found less 

consistently in adolescents (Law & Shiell 1996). 

1.2.1.2 - Fetal programming of type 2 diabetes and insulin resistance 

Measurement of fasting plasma glucose concentration in men bom in Hertfordshire during 

1920-1930, aged around 64 years at the time of the study, showed that some of the men had 

impaired glucose tolerance or newly discovered non-insulin dependent diabetes and had had, 

compared with the other subjects, lighter weight at birth (Hales et al. 1991). Moreover, the 

proportion of men with impaired glucose tolerance or diabetes fell progressively with 

increasing birth weight (Hales et al. 1991). The study of a sample of the men and women 

from the Preston cohort showed that those who were thin at birth, as defined by a low 

ponderal index, had, at around 50 years of age, greater insulin resistance, measured by the 

fall in plasma glucose concentration after an intravenous insulin injection (Philips et al. 

1994). These studies have also suggested that the prevalence of type 2 diabetes in a 

population may be related to both the past prevalence of impaired fetal growth and the 

current prevalence of adult obesity. Indeed, the highest prevalence of type 2 diabetes, 

impaired glucose tolerance and insulin resistance was found in people who were hght or thin 

at birth but obese as adults (Hales et al. 1991, Phillips et al. 1994). 

In a sample of men from Hertfordshire and men and women from Preston, the prevalence of 

syndrome X or insulin resistance syndrome (defined by high fasting plasma glucose, high 

systolic blood pressure and high serum triglyceride) was shown to be related to birth weight. 

The percentage of those having syndrome X fell progressively from those who had the lowest 
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to those who had the highest birth weight, suggesting that type 2 diabetes and hypertension 

may have a common origin in sub-optimal development in utero (Barker et al. 1993b). 

Therefore, these studies have shown that patterns of abnormal fetal growth strongly predict 

the subsequent occurrence of ischaemic heart disease and cardiovascular risk factors such as 

hypertension, insulin resistance and type 2 diabetes. Different patterns of early growth are 

associated with different risk factors of coronary heart disease (Barker 1995). Insulin 

resistance was found in people who were thin or light at birth whereas raised blood pressure 

was found in people who were thin, light, short or light with a large placenta. Importantly, the 

relationships encompass birth weight within the normal range and are independent of known 

influences of adult lifestyle (Barker et al. 1993c). Adult lifestyle factors, however, may be 

additive to the influence of early life (Hales et al. 1991, Phillips et al. 1994). Catch-up growth 

in childhood may also be detrimental (Eriksson et al. 1999). 

1.2.2 - Nutrition as the programming stimulus 

Undernutrition in fetal life is believed to be the central stimulus for programming of 

susceptibility to adult diseases. Small size at birth and disproportion in head size, length and 

weight are thought to reflect adaptations made by the fetus in response to a lack of nutrient or 

oxygen that occurred at particular stages during gestation (Barker 1995). The biological 

plausibility of this proposal has been tested and confirmed by experimental studies in 

animals. In addition, human follow-up studies that have investigated the influence of the 

mother's nutritional status on the outcome of pregnancy and incidence of later diseases also 

seem to support the role of maternal nutrition. 

1.2.2.1 - Experimental studies 

Possible associations between maternal nutrition during pregnancy and diseases in adulthood 

were assessed in animals. The relationships between size at birth and later diseases observed 

in the epidemiological studies were reproduced by manipulating nutrition during pregnancy 

in animals. A variety of experimental approaches were used. Not only severe/pathological 

restrictions, but also, and importantly, modest/physiologically feasible restrictions resulted in 

impaired fetal growth and programmed adverse outcome in the offspring. This is consistent 

with the epidemiological associations being observed across the whole range of birth weight 
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distribution. These experiments have supported the role of inadequate maternal nutrition in 

the associations between birth size and later disease. 

Thus, reduced placental blood flow to one of the uterine horns by unilateral uterine artery 

ligation in guinea pigs and rats lowered the birth weight of the offspring (Persson & Jansson 

1992, Jansson & Lambert 1999) and was found to be associated with an increased blood 

pressure in the adult guinea pig at 3-4 months of age (Persson & Jansson 1992). Pups of rat 

dams whose dietary intake was severely (70%) globally restricted throughout gestation were 

shown to have reduced neonatal weight and elevated systolic blood pressure (SEP) by 30 

weeks of age (Woodall et al. 1996a). Offspring of dams fed a severe low-protein diet (6% of 

total calories) from day 12 of gestation until term developed increased blood pressure by 8 

weeks of age compared with control offspring (Vehaskari et al. 2001). 

The effects of a sub-optimal diet, as opposed to pathological dietary restrictions, were 

subsequently investigated. A large number of experimental studies have shown that when rats 

are fed an isocaloric low-protein (8-9%) diet throughout pregnancy, the offspring are 

significantly smaller around birth than the offspring of dams fed a control (18-20%) protein 

diet during pregnancy (Snoeck et al. 1990, Petry et al. 1997, Langley-Evans et al. 1996a, 

Langley-Evans & Nwagwu 1998, Woods et al. 2001). Moreover, maternal protein restriction 

was shown to impair the fetal growth trajectory. Indeed, feeding rats a low-protein (9%) diet 

for two weeks before mating and throughout gestation seemed to produce an accelerated 

growth of the fetus from mid- until late gestation, followed by a retarded growth in late 

gestation. Thus, at day 20 of gestation (two days before full term), fetuses exposed to the 

low-protein diet (9%) were found to be heavier and longer in proportion to body mass than 

fetuses exposed to the control (18%) maternal protein diet (Langley-Evans et al. 1996a). 

Feeding rats a low-protein diet throughout gestation also resulted in selective impairment of 

organ growth. For instance, brain weight as a proportion of body weight was greater in day 

20 fetuses and neonates from dams fed a restricted (9%) protein diet (Langley-Evans & 

Nwagwu 1998). Reducing the proportion of protein in the diet of pregnant rats resulted in, 

concomitantly with impaired fetal growth, offspring that have elevated blood pressure in 

adult life. The offspring of rat dams fed a low-protein diet (8.5-9%), either for 2 weeks prior 

to and during pregnancy or throughout pregnancy only, were found to have permanently 

raised systolic blood pressure (+15-30 mmHg) from 4 weeks of age compared with offspring 

from dams fed a control (18-19%) protein diet (Langley & Jackson 1994, Sherman & 
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Langley-Evans 1998, Woods et al. 2001). Exposure to the maternal protein restricted diet 

(9%) for only a short period during gestation (either days 0-4, days 0-7, days 8-14 or days 15-

22 of gestation) also resulted in offspring with increased blood pressure (Langley-Evans et al. 

1996b, Kwong et al. 2000). 

Subjecting pregnant rats to protein deficiency also resulted in offspring that have glucose 

intolerance in adult life. Offspring from protein-restricted (8%) mothers, either maintained on 

low-protein (8%) or fed normally (20% protein) after birth were found to have, at 70 days of 

age, reduced glucose tolerance, associated with reduced insulin secretion (Dahri et al. 1991). 

In another study, the offspring of dams fed a low-protein (8%) diet during pregnancy and 

lactation were shown to have, by 15 months of age, an impaired glucose tolerance compared 

with the offspring of rat dams fed a control (20%) protein diet (Hales et al. 1996). 

Modest maternal protein restriction during pregnancy was also shown to affect the longevity 

of the offspring (Sayer et al. 2001, Hales et al. 1996). 

Similarly, pups of rat dams whose dietary intake was modestly (30%) globally restricted from 

day 1 to day 18 of gestation were shown to have reduced neonatal weight and altered organs 

weight (Ozaki et al. 2001). The lungs of the day-old offspring from dams fed a 30% restricted 

diet were smaller than controls, but liver weight was greater (Ozaki et al. 2001). Offspring of 

dams fed a 30% restricted diet from day 1 to day 18 of gestation were reported to have, by 

100 days of age, increased SBP than controls (Ozaki et al. 2001). 

In a long gestational species such as the sheep, a 15% reduction in total maternal dietary 

intake from conception until 70 days gestation (term =147 days) resulted in elevated mean 

arterial pressure in the 85 day-old lamb (Hawkins et al. 1997). 

Feeding pregnant rats a low-iron diet for 1 to 4 weeks prior to mating and throughout 

gestation led to anaemic pups with reduced neonatal weight. These offspring developed 

higher SBP than the controls by 40 days of age (Crowe et al. 1995), which persisted up to 3 

months of age (Lewis et al. 2001). 

Therefore, experiments conducted in animals have demonstrated that an inadequate maternal 

nutrition during pregnancy, either in the form of an isocaloric low-protein diet (Langley & 

Jackson 1994) or modest food intake restriction (Ozaki et al. 2001, Hawkins et al. 1997) 

resulted in offspring with reduced size at birth and persistently raised SBP in adult hfe, 

supporting the hypothesis that sub-optimal maternal nutrition during gestation may underlie 
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the associations between impaired fetal growth and adult cardiovascular diseases observed in 

humans. 

The hypertensive effects of early protein or nutrient restriction were amplified by later 

dietary obesity, further mimicking the epidemiological findings (Petry et al. 1997, Vickers et 

al. 2000). 

1.2.2.2 - Maternal influences on fetal growth 

Studies have suggested that the maternal dietary intake is a dominant determinant of fetal 

growth and development (Godfrey & Barker 2000). A study in Southampton designed to 

examine whether and how nutrient intake in early and late pregnancy influences fetal and 

placental size showed that high energy intake, particularly dependent on carbohydrate intake, 

in early pregnancy was associated with decreased fetal and placental weights, while low 

intake of meat protein in late pregnancy was associated with lower birth weight, and low 

intake of dairy protein in late pregnancy was associated with low placental weight (Godfrey 

et al. 1996). Women with high intake of carbohydrate in early pregnancy and low intake of 

dairy protein in late pregnancy tended to have babies that were thinner at birth (Godfrey et al. 

1997). An analysis of a survey of diet in pregnancy carried out in Aberdeen showed, in 

contrast, that the babies of women who took a high percentage of calorie intakes from animal 

protein in late pregnancy had lower birth weight (Campbell et al. 1996). A study in Denmark 

showed that birth weight increased with increasing consumption of fish in early pregnancy 

(Olsen & Secher 2002). 

1.2.2.3 - Maternal influences on adult diseases 

Studies that have assessed the role of maternal dietary intake during pregnancy on the well 

being of her offspring have shown that a woman's diet in pregnancy is related to 

cardiovascular risk factors in her offspring in adult hfe. A follow-up study of 40 year-old 

men and women bom in Aberdeen during 1948-1954, whose mothers took part in a survey 

and recorded all food eaten during 7 consecutive days around the 30^ week of pregnancy 

suggested that the balance between the mothers' intake of animal protein and carbohydrate 

may be linked to the SEP of their adult offspring (Campbell et al. 1996). Thus, among 

women who reported daily intakes of animal protein up to 50 g, a high carbohydrate intake 

was associated with raised SEP in the adult offspring whereas among those who reported 
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daily intakes of animal protein above 50 g, a low maternal carbohydrate intake was 

associated with higher blood pressure (Campbell et al. 1996). Examination of the relationship 

of dietary intake during pregnancy to blood pressure in Filipino adolescents found that the 

mother's percentage of dietary energy from protein during late gestation was inversely related 

to SBP in boys. In girls, SBP was inversely related to the mother's percentage of energy 

intake from fat (Adair et al. 2001). 

A recent follow-up study of men and women, aged about 50 years, who were bom in 

Amsterdam during 1943-1947, either before the Dutch famine, were exposed to famine 

during gestation or conceived after famine showed that those bom after famine exposure 

during mid or late gestation had higher plasma glucose concentrations 2 hours after a glucose 

load compared with those not exposed to famine before birth. Men and women exposed to 

famine during late gestation were found to have the highest rates of impaired glucose 

tolerance (2 hours glucose concentration of 7.8-11.0 mmol/L) and diabetes (2 hours glucose 

concentration >11.1 mmol/L) (Ravelli et al. 1998). Analysis of the official daily rations 

during that time found that adult blood pressure was inversely related to the ratio of protein to 

carbohydrates in the mother's diet during the third trimester (Roseboom et al. 2001a). 

Studies have shown that maternal anthropometrical measurements, probably reflecting 

maternal nutritional status, have important effects on long-term outcomes in the offspring. 

Follow-up of a group of Jamaican children showed that girls and boys whose mothers had 

thin skinfold thickness during pregnancy, as well as girls whose mothers had a low weight 

gain between 15 and 35 weeks of gestation had higher SBP at the age of 11 years (Godfrey et 

al. 1994). A subsequent study of 11 year-old children bom to Asian and white women living 

in the UK, half of whom had a history of obstetric problems or a low weight or low BMI 

before pregnancy, reported that in women with thin skinfold thickness in early pregnancy, 

poor weight gain from early to late pregnancy (18 to 28 weeks) was associated with a 

significant higher children's SBP (Clark et al. 1998). In Filipino adolescent boys, SBP was 

found to be inversely related to maternal triceps skinfold thickness at around 30 weeks of 

gestation (Adair et al. 2001). Studies in South India found that a low maternal weight in 

pregnancy was associated with a raised prevalence of coronary heart disease in the offspring 

in adult life (Stein et al. 1996). In a rural area of The Gambia, it was found that the blood 

pressure of children at 8 and 9 years was inversely related to the mother's weight gain in the 

last trimester, in contrast to the blood pressure of children under 8 years, which was 
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positively correlated to the mother's weight at 7.5 months of pregnancy (Margetts et al. 

1991). 

Therefore, epidemiological studies have suggested a relationship between the mother's 

nutrient intake and birth measurements and have demonstrated that the mother's nutritional 

status during pregnancy may influence the systolic blood pressure of her offspring. They 

have supported the hypothesis that fetal undernutrition during gestation, which leads to 

patterns of altered fetal growth, programmes later cardiovascular disease. Support for 

nutritional programming of increased systolic blood pressure has come from experimental 

studies in animals. 

1.3 - ARTERIAL BLOOD PRESSURE AND HYPERTENSION 

Arterial blood pressure is generated when the heart pumps the blood into the circulation 

against the resistance of the vessels. Arterial pressure equals cardiac output times total 

peripheral resistance. 

1.3.1 - Regulation of arterial pressure 

Mean arterial pressure (MAP) is by no means a fixed entity. Although it is fairly steady 

during relaxed rest, continuous recordings in normotensive persons reveal a remarkable wide 

daily range and a characteristic diurnal rhythm. Thus, MAP in normotensive subjects can 

vary from some 60 mmHg during deep sleep up to 120-130 mmHg during emotional 

eruptions (Folkow 1982). Baroreceptor reflexes always subserve with remarkable efficiency 

the role of opposing blood pressure falls and rises, i.e. to reduce blood pressure variability 

(Grassi & Mancia 1994). Thus, baroreceptors participate in moment-to-moment stability of 

arterial pressure throughout daily stresses and activities. In the long-term, the regulation of 

blood pressure is intimately associated with that of blood volume. 
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1.3.1.1 - Rapid stabilisation of arterial pressure 

1.3.1.1.1 - Main cardiovascular centres and connections 

The key to the central control of blood pressure lies in the medulla oblongata, where afferent 

cardiovascular information is processed and efferent information sent to influence the 

circulation, through descending pathways that regulate the activity of the adrenal medulla, the 

sympathetic nervous system and the vagus (Chalmers et al. 1994). Baroreceptors are nerve 

endings lying in the walls of the carotid sinus and aortic arch, which are stimulated by 

distension of the vessel wall caused by an increase in arterial blood pressure. Afferent 

information from the baroreceptors travels in the glossopharyngeal and vagus nerves. These 

afferent fibres synapse with neurones of the nucleus of the tractus solitarius (NTS) in the 

dorsal medulla, which integrate the information. Glutamatergic neurones of the NTS, in turn, 

excite the depressor neurones in the caudal ventrolateral medulla (CVLM). The CVLM 

exerts an influence on the pressor neurones in the rostral ventrolateral medulla (RVLM) by 

the way of an inhibitory synapse with GAB A as the neurotransmitter (Suzuki et al. 1997). 

Neurones of the RVLM are tonically active sympatho-excitatory neurones that provide 

ongoing synaptic input to cardiovascular sympathetic preganglionic neurones (Ross et al. 

1983, Reis et al. 1988, Stith & Dormer 1994) (Figure 1.1). 
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Figure 1.1 - Control of arterial pressure in response to an acute hypertensive challenge: 
the baroreceptor reflex. 

© : Tonic activity, (+): Stimulation, (-): Inhibition. 
NTS; nucleus of the tractus solitarius, CVLM: caudal ventrolateral medulla, RVLM: rostral 
ventrolateral medulla, also called Ci area (adrenaline, glutamate and neuropeptide Y-
containing neurones). 
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1.3.1.1.2 - Baroreceptor reflex 

Neurones of the RVLM, including adrenergic neurones (Ci area), mediate the vasodepressor 

response to baroreceptor stimulation (Reis et al. 1988). Baroreceptors are stimulated when an 

increase in blood pressure occurs and consequently excite neurones in the NTS. As a result, 

the glutamatergic NTS neurones excite the GABAergic neurones in the CVLM, which in turn 

inhibit the neurones in the RVLM (Agarwal et al. 1989). The resulting effect is an inhibition 

of the tonic activity of the sympatho-excitatory bulbospinal neurones in the RVLM, which 

results in withdrawal of excitatory input to sympathetic preganglionic neurones involved in 

cardiovascular control (Figure 1.1). This results in arteriolar dilatation, decreasing the total 

peripheral resistance, venodilatation, decreasing the preload on the heart, therefore 

decreasing cardiac output, and finally bradycardia and reduction in myocardial contractility, 

also decreasing cardiac output. In parallel, after the baroreceptor signals have entered the 

NTS of the medulla, secondary signals excite the parasympathetic preganglionic neurones, 

which are located in the dorsal motor nucleus of the vagus and in the nucleus ambiguus 

(Chalmers et al. 1994). The parasympathetic nervous system controls heart rate by way of 

parasympathetic fibres carried to the heart in the vagus nerves. Augmentation of vagal drive 

causes a dramatic fall in heart rate. Therefore, stimulation of the baroreceptors by pressure in 

the arteries reflexly inhibits sympathetic activity and activates parasympathetic activity, 

causing the arterial pressure to decrease (because of both a decrease in peripheral resistance 

and a decrease in cardiac output), thus maintaining cardiovascular homeostasis within 

minutes. 

Conversely, arterial baroreceptor deactivation by a blood pressure reduction reflexly 

increases sympathetic activity and reduces vagal drive, causing the arterial pressure to rise 

back to normal. 

In response to sustained increases and decreases of arterial pressure, baroreceptors are rapidly 

adapting and reset to enable stabilization of arterial pressure around the prevailing pressure 

(Cowley 1992). 
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1.3.1.2 - Long-term control of arterial pressure 

1.3.1.2.1 - Pressure-diuresis concept of pressure regulation 

Long-term blood pressure regulation involves control of body fluid volume, which is 

determined by balance between fluid intake and renal excretion. Fluid intake and output must 

be precisely balanced and changes in arterial pressure can serve as a means of achieving fluid 

balance (Hall & Granger 1994). Too much extracellular fluid in the body increases the blood 

volume, elevating the preload on the heart, thus augmenting cardiac output and causing the 

arterial pressure to rise, which in turn increases sodium and water excretion via pressure 

natriuresis and diuresis. As a result, extracellular fluid volume decreases, lowering venous 

return and cardiac output until blood pressure returns to normal and fluid intake and output 

are balanced once again. Conversely, when blood pressure decreases, the kidneys retain 

sodium and water until arterial pressure is restored to normal. Thus, the regulation of blood 

volume and blood pressure are intimately related. 

The mechanisms responsible for the effect of arterial pressure on sodium and water excretion 

are related not only to changes in physical forces in the glomeruli but also to neurohumoral 

changes that occur secondarily to increased blood pressure (Hall & Granger 1994). 

1.3.1.2.2 - Regulation of extracellular fluid volume 

1.3.1.2.2.1 - Osmoregulation 

The quantity of sodium chloride that accumulates in the extracellular compartment and the 

efficient osmoregulatory system determine total extracellular fluid volume, which is an 

important determinant of arterial pressure. When there is excess salt in the body, the 

osmolarity of the body fluids increases, and this is detected by the osmoreceptors located in 

the hypothalamus, which respond by influencing thirst and stimulating the release of 

vasopressin (AVP). Vasopressin causes the kidneys to reabsorb greatly increased quantities 

of water from the renal tubular fluid, thereby increasing the extracellular fluid volume. 

Stimulation of the thirst centre makes the person drink extra amounts of water to dilute the 

extracellular salt to a normal concentration, thus increasing extracellular fluid volume. 
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1.3.1.2.2.2 - Determinants of extracellular volume 

Receptors in the walls of the cardiac atria detect changes in blood volume and elicit specific 

reflexes involving neural and endocrine pathways that regulate sodium and water excretion. 

In response to volume expansion and increased atrial filling pressure, these receptors 

participate in the reflex suppression of vasopressin secretion, reduction in renal sympathetic 

tone and inhibition of the renin-angiotensin system (RAS) (Cowley 1992, Hall & Granger 

1994). 

Reduction in renal sympathetic tone is one of the mechanisms that promote diuresis and 

natriuresis in response to volume expansion and atrial stretch. Decreased sympathetic tone 

results in renal vasodilatation, increasing fluid filtration through the glomeruli into the 

tubules and also results in reduced reabsorption of sodium by direct action on the proximal 

convoluted tubule, hence augmenting sodium excretion, the net effect being a decrease in 

extracellular fluid volume. Reduction of sympathetic nerve discharge to the juxtaglomerular 

cells, which are modified smooth muscle cells located in the walls of the afferent arterioles 

immediately proximal to the glomeruli, results in a lowering of renin secretion (Grassi & 

Mancia 1994), therefore in a diminished synthesis and action of angiotensin II. 

Renin is an enzyme that acts enzymatically on the plasma globulin angiotensinogen to release 

angiotensin I. Then, within a few seconds after angiotensin I formation, the 8 amino acid 

peptide angiotensin II is split from it by the angiotensin I converting enzyme (ACE) (Figure 

1.2). Angiotensin II exerts both direct and indirect effects on the kidney to decrease urine 

excretion of both salt and water. Angiotensin II mediates constriction of the renal efferent 

arterioles, thereby diminishing blood flow through the kidneys. Angiotensin II also mediates 

tubular reabsorption of sodium and water, thus increasing the extracellular fluid volume. 

Finally, angiotensin II induces aldosterone secretion from the adrenal glands. Aldosterone 

causes marked increase in sodium reabsorption by the kidney tubules. This then causes water 

retention, thus increasing the extracellular fluid volume. 
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Figure 1.2 - Diagram of the renin-angiotensin system. 
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The heart also participates in sodium and volume regulation by the synthesis and release of 

atrial natriuretic factor (ANF) in response to elevation of atrial filling pressure, which occurs 

independently of neural reflex pathways. ANF reduces reabsorption of sodium in the 

medullary collecting ducts and decreases renin and aldosterone secretion. 

1.3.1 3 - Other main factors influencing arterial pressure 

1.3.1.3.1 - The central nervous system 

Regions in the pons and midbrain, including the As noradrenergic cell group, locus coeruleus, 

parabrachial nucleus and periaqueductal gray as well as regions in the forebrain, including 

the hypothalamus, amygdala and cortex are believed to be implicated in the central control of 

blood pressure (Chalmers et al. 1994). 

The central nervous system (CNS) receives information from the environment by means of 

the 'telereceptors' (vision, hearing, smell) as well as from the body receptors. By integrating 

extrinsic and intrinsic information, the CNS responds with appropriate somatomotor, 

visceromotor and hormonal adjustments, thereby adjusting behaviour, circulation, 

metabolism, fluid-electrolyte state, and nutritional depots to the imposed situation (Folkow 

1987, 1994). Limbic-hypothalamic structures thus control a number of preformed emotional 

response patterns, designed to cope with various environmental situations. The CNS induces 

its influence via differentiated adjustments of the bulbar level, whereby some of the bulbar 

ordinary functions are transiently suppressed and other are facilitated (Folkow 1987). 

The best-known limbic-hypothalamic response pattern is the defence reaction. The defence 

reaction is not only involved in negative emotional situations, like anger, fear and resentment, 

but to modest degrees also whenever individuals are mentally aroused, whether by 

interesting, amusing, thrilling, irritating or generally challenging environmental situations. 

The centrally elicited cardiovascular adjustments are as follows; in a differentiated way these 

suprabulbar influences overrule bulbar reflex activity by superimposing an anticipatory 

circulatory adjustment that is well suited to support physical exertion. Besides bulbar 

suppression of vagal activity, it increases sympathetic activity to heart, venous capacitance 

vessels, kidneys, splanchnic region and skin, while vasoconstrictor fibre activity to skeletal 

muscle is suppressed. The ensuing muscle vasodilatation is reinforced by the release of 

blood-borne adrenaline, binding to Pa-receptors in muscle resistance vessels (Folkow 1987, 

1994). The hemodynamic result is an increase in cardiac output. This results in a pressure rise 
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associated with increased heart rate. Furthermore, the defence reaction results in a neurogenic 

reduction of glomerular filtration rate and facilitation of renal tubular sodium reabsorption, 

effects that tend to increase blood volume. It also results in a neurogenic activation of several 

hormonal systems. Thus, renal sympathetic activation induces renin release and thereby 

angiotensin-aldosterone release, and the adrenocorticotropin (ACTH) - glucocorticoid and 

antidiuretic (AVP) hormone systems are engaged as well. 

1.3.1.3.2 - Adrenal steroids 

Mineralocorticoids (e.g. aldosterone, deoxycorticosterone) and glucocorticoids (e.g. Cortisol, 

corticosterone) influence blood pressure. Mineralocorticoids, acting via renal type 1 

adrenocorticosteroid receptors (MR), cause an antinatriuresis. Increased sodium uptake 

together with water leads to an expansion of plasma volume and results in an increase in 

cardiac output. Glucocorticoids can, under certain circumstances, act like 

mineralocorticosteroids and affect renal function. Normally endogenous glucocorticoids are 

prevented from binding to type 1 receptors by the enzyme ll|3-hydroxysteroid 

dehydrogenase type 2(11(3-HSD2) which converts Cortisol (man) or corticosterone (rat) to 

the biologically inactive cortisone or ll(3-dehydrocorticosterone. If this enzyme is 

congenitally absent or plasma steroid levels are exceptionally high, then Cortisol and 

corticosterone occupy and activate MR receptors for which they have high affinity. 

Consequently, they can cause sodium retention and mineralocorticoid-induced hypertension 

(Kenyon & Morton 1994). 

Glucocorticoids enhance the contraction of vascular smooth muscle. Glucocorticoids effects 

can be both direct and indirect. Glucocorticoids, acting at the type 2 adrenocorticosteroid 

receptor (GR), promote influx of sodium into vascular smooth muscle cells (Komel et al. 

1993). Indirectly, glucocorticoids can potentiate the vasoconstrictor effects of vaso-active 

substances, such as noradrenaline (Russo et al. 1990) and angiotensin II (Tangalakis et al. 

1992), through different mechanisms. Glucocorticoids can increase the synthesis or binding 

characteristics of the receptors for these vaso-active peptides. Thus, glucocorticoids have 

been reported to increase levels of both ^-adrenergic and angiotensin II receptors in rat 

arterial smooth muscle cells (Jazayeri & Meyer 1988, Provencher et al. 1995). 

Glucocorticoids can also increase the expression of enzymes that control the biosynthesis of 

these vaso-active hormones. For instance, glucocorticoids induce the mRNA expression and 
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activity of enzymes involved in catecholamine synthesis (Wan & Livett 1989, Betito et al. 

1992) and induce the production of angiotensin-converting enzyme (Mendelsohn et al. 1982). 

Glucocorticoids and mineralocorticoids exert effects on blood pressure in the central nervous 

system that are opposite in direction. Mineralocorticoids cause a rise in blood pressure, and 

glucocorticoids induce a decrease (van der Berg et al. 1990). 

1.3.2 - Primary hypertension 

Hypertension is a pathological state whereby arterial pressure is maintained beyond 

physiological values. Established hypertension was defined as diastolic blood pressure 

consistently above 95 mmHg, borderline hypertension as diastolic pressure intermittently 

above 90 mmHg, and normotension as diastolic pressure consistently less than 85 mmHg, as 

assessed by repeated measurements on separate days (Julius et al. 1971, Guzetti et al. 1988, 

Anderson et al. 1989, Grassi et al. 1998). A chronic elevation of blood pressure represents a 

major risk factor for cardiovascular diseases, the main cause of death in industrialised 

societies. 

Most hypertensive patients (90-95%) suffer from primary (or essential) hypertension, which 

means that in most cases the origins of this pathology are still unknown. 

Primary hypertension is a multifactorial disorder of regulation. Hypertension has an aetiology 

that shows considerable individual variation (Folkow 1994). Primary hypertension is 

characterised by a predisposition that is polygenetically inherited. These hereditary 

predisposing elements are interdependent with environmental influences in raising blood 

pressure. Thus, the primary or intrinsic elements for their full expression often need the 

presence of certain extrinsic, or environmental, influences (such as the habit of salt intake and 

certain excitatory psychoemotional influences) (Folkow 1982). The relative impact of 

environmental factors to a great extent depends on whether the genetic elements make the 

organism particularly sensitive to the one or/and other of these environmental factors 

(Folkow 1994). The resulting hypertension, when persistent enough, induces an adaptive 

increase in contractile tissue in predominantly the left heart and systemic arteries, which in 

turn maintains the high-pressure state (Folkow 1982). This structural adaptation might be 

genetically accentuated, in that part of the genetic predisposition to hypertensive disease 

might be expressed as a modest accentuation of the normal ability of muscle cells to respond 

to increases in load with hypertrophy (Folkow 1978). Various control elements involved in 
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volume regulation and hormonal regulation are consequently reset at a higher level of 

pressure (which is easily mistaken for causative involvement) (Folkow 1982). 

Early primary hypertension is characterised by a hyperkinetic circulatory state. The initial 

defence reaction-like hyperkinetic state (high cardiac output, elevated heart rate and 

increased blood pressure) is gradually transferred into the cardiovascular pattern 

characterising established primary hypertension, with a normalised cardiac output and 

pressure elevation that is essentially caused by an increased systemic resistance (Folkow 

1987). 

1.3.2.1 - Hereditary primary predisposition 

A polygenetically linked predisposition implies that several macromolecular cardiovascular 

components (enzyme, carrier, etc.) are afflicted and that their very constellation happens to 

affect cardiovascular balance so that arterial pressure increases. The constellation of such 

genes is likely to vary among people (Folkow 1982). Initial phases of primary hypertension 

are so insidious in humans that the functional expressions of primary genetic alterations are 

difficult to trace and define (Folkow 1982). 

1.3.2.2 - Environmental influences 

Hypertension is often found in association with the metabolic syndrome or syndrome X, 

which comprises insulin resistance, dyslipidaemia (high plasma triglycerides and low HDL) 

and central obesity. 

Clear relationships are found between high blood pressure and overweight, but it is not 

known whether this mainly reflects environmental influences (food-intake habit), if this is a 

facet of the genetic predisposition, or both (Folkow 1982). Weight loss reduces blood 

pressure in hypertensive and normotensive subjects, suggesting that excess weight causes 

higher blood pressure (Julius et al. 2000). 

It is likely that at least some subgroups among human hypertension have a genetic 

predisposition in which high salt intake can facilitate or sometimes even precipitate a 

pressure rise. While in genetically normotensive humans very little happens to blood pressure 

when salt intake is increased to 20-25 g/day, such salt intake leads to a significant rise in 

pressure in genetically predisposed individuals. In these subjects, the consequent cardiac 
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output elevation seems to be less well offset by sympatho-hormonal inhibition (Folkow 

1982). 

Psychosocial influences via the limbic-hypothalamic mechanisms may contribute to the 

induction and maintenance of primary hypertension. Humans in modem society are 

frequently aroused. Some individuals more than others experience their environment as 

"mentally stressful". Then, the same ancient emotional patterns, such as the defence reaction, 

are elicited, which were developed millions of years ago to suit the harsh realities of 

primitive life, but which are not so relevant to the symbolic challenges of modem life 

(Folkow 1982, 1987, 1994). Moreover, for social reasons, humans try to suppress the bodily 

expression of the emotional response. Giving emotions such as anger, hate, or resentment 

free expression is often not socially acceptable. However, humans cannot suppress the 

associated visceral and hormonal adjustments, once an emotional state is elicited. Though 

socially desirable, such dissociation between behavioural and visceral response may be 

harmful, particularly if repeated often. For instance, the suppression of the intended physical 

exertion eliminates exercise-induced muscle vasodilatation, thereby producing greater 

pressor effects (Folkow 1994). Even mild and transient neuro-hormonal pressor influences 

are believed to be enough to initiate a corresponding degree of structural adaptation in the 

hypertrophic direction (Folkow 1987). In support for this hypothesis, weak daily intermittent 

stimulations of the hypothalamic defence area gradually elevated the resting blood pressure 

in rats. The resting blood pressure became significantly higher than unstimulated animals 

after the 8^ week, suggesting that episodes of mental stress, which are often repeated during 

prolonged periods of time, may constitute a centrally elicited neuro-hormonal trigger 

mechanism for gradually inducing hypertension (Folkow & Rubinstein 1966). 

Other behavioural factors, such as physical inactivity and smoking are also believed to 

contribute to the development of hypertension. Physical inactivity seems to be a common 

characteristic of patients with essential hypertension. Regular exercise training was reported 

to result in lowering of systolic blood pressure in sedentary patients with mild to moderate 

hypertension (Nelson et al. 1986). 

A poor intrauterine environment, to which the fetus adapts by slowing fetal growth and 

reprogramming its cardiovascular system, is also believed to result in hypertension 

development. 
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1.3.2.3 - Cardiovascular adaptations 

The increase in pressure load, and also to a lesser extent trophic influences (exerted by 

hormones or nerve transmitters) induce adaptive vascular smooth muscle hypertrophy. The 

adaptive growth of the wall reduces the inner radius, resulting in an elevated resistance to 

flow even at complete muscle relaxation. The resulting thickened arteriolar wall also 

produces exaggerated luminal changes for given muscle contraction and therefore leads to 

accentuated resistance increase (Folkow 1978). 

This structurally based vascular hyperreactivity would tend to create a positive feedback 

interaction with functional excitatory influences: a given smooth muscle activation in such 

altered resistance vessels produces an exaggerated resistance and MAP elevation and thereby 

furnishes the stimulus for additional structural changes which, in turn, further accentuate the 

resistance and MAP response, and so on (Folkow 1978). This would imply that even 

intermittent increases in load might gradually build up a substantial increase in the wall 

thickness to inner radius ratio in systemic resistance vessels (Folkow 1978). These structural 

adaptations can be rapidly established. Therefore they can already early in the course of 

primary hypertension exert their important and gradually more efficient positive feedback 

interactions with the excitatory influences (Folkow 1978). 

In addition, collagen is synthesised and secreted by vascular smooth muscle when exposed to 

increased load, and then built into intercellular filaments, which results in a further 

thickening of the arterial wall (Folkow 1978, Martyn & Greenwald 1997). 

1.3.2.4 - Animal models of hypertension 

Several experimental animal models have been used for the study of the mechanisms 

underlying human hypertension. Most of them are based upon postulated aetiological factors 

in human hypertension. 

1.3.2.4.1 - Genetic models of hypertension 

Experimental models of spontaneous hypertension have been developed by measuring blood 

pressure in a large number of non-inbred animals and then selectively breeding those having 

the highest blood pressures. The hypertensive strains were then established by the selective 

inbreeding, for approximately 20 generations, of offspring with the highest blood pressures 

(Kurtz et al. 1994). The most commonly used model, the spontaneously hypertensive rat 
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(SHR), was derived by selectively breeding of Wistar rats. The Dahl salt-sensitive rats were 

selectively bred for their high blood pressure response to a high-salt diet. Other inbred 

genetic models of hypertension include the Milan hypertensive rat, the Lyon hypertensive rat, 

the New Zealand genetically hypertensive rat, the Sabra hypertensive rat and the 

spontaneously hypertensive mouse (Kurtz et al. 1994). Corresponding normotensive strains 

were established. 

The hypertensive rat strains offer great advantages. First, each strain clearly differs in the 

nature of the genetic trigger elements and their relationship to environmental influences 

(Folkow 1982). Each strain has between individual uniform genetic predispositions. Indeed, 

after 20 generations of brother x sister mating, the offspring are highly inbred and 

homozygous at > 99% of loci, i.e. almost genetically identical (Kurtz et al. 1994). Second, 

events can be followed throughout life along a compressed time scale. Finally, environment 

can be standardised (Folkow 1982). 

Comparisons between the hypertensive strain and its normotensive control have been used to 

study the pathogenesis of hypertension. Interstrain comparisons are, however, of limited 

value (Kurtz et al. 1994). Although the progenitors of the normotensive strain were selected 

from the same colony of animals as the progenitors for the hypertensive strain, these animals 

were genetically diverse. Therefore, the normotensive and hypertensive strains end up 

differing with respect to multiple loci throughout the genome, not just those affecting blood 

pressure. Therefore, many of the molecular, physiological and biochemical differences 

observed between the hypertensive strain and the normotensive controls are not responsible 

for the strain difference in blood pressure (Kurtz et al. 1994). Moreover, in SHR there is a 

lack of international standardisation. Breeding stocks of SHR and the corresponding 

normotensive controls Wistar Kyoto (WKY) were distributed long before they were fully 

inbred and, as a consequence, multiple colonies of genetically and phenotypically different 

SHR and WKY rats exist throughout the world (Kurtz et al. 1994). 

Interestingly, SHR demonstrate indices of fetal and placental growth disturbance. The SHR 

fetus is lighter than the control WKY from days 16 to 20 of gestation, and then grows rapidly 

from day 20, catching up to the WKY on day 22 (Lewis et al. 1997). Growth in the SHR is 

disproportionate, as indicated by heavier heart and kidney on gestational days 20 and 22 
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(Lewis et al. 1997). The placentas in SHR are larger than those of WKY on gestational days 

20 and 22 (Johnston 1995, Lewis et al. 1997). Therefore, these findings bear some 

similarities with the population studies, which found that individuals bom small relative to 

their placenta have the greatest risk of developing hypertension as adults. 

1.3.2.4.2 - Experimental steroid-induced hypertension 

Unilaterally nephrectomized rats given a 1% sodium chloride solution to drink and treated 

with deoxycorticosterone acetate (DOCA) are used to study mineralocorticoid hypertension. 

Rats treated with synthetic steroid such as dexamethasone or methyl prednisolone (which 

bind with greater affinity to type 2 corticosteroid receptors than naturally occurring steroids) 

are used to study glucocorticoid hypertension (Kenyon & Morton 1994). 

1.3.2.4.3 - Experimental renal hypertension 

Goldblatt and his colleagues have developed experimental models of renovascular 

hypertension by either unilateral renal artery clamping (Goldblatt two-kidneys, one-clip) or 

renal artery clamping combined with unilateral nephrectomy (Goldblatt one-kidney, one-clip) 

(Thurston 1994). 

1.3.2.4.4 - Fetal programming of hypertension 

As described earlier, animal models have been developed to study the mechanisms by which 

adverse intrauterine influences induce later hypertension, by either nutritional (Langley & 

Jackson 1994, Ozaki et al. 2001, Hawkins et al. 1997), surgical (Persson & Jansson 1992) or 

pharmacological treatment (Benediktsson et al. 1993) of the mother. 
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1.4 - MECHANISMS UNDERLYING THE PROGRAMMING OF HYPERTENSION 
BY MATERNAL DIETARY RESTRICTION 

The extent to which essential hypertension might have its origins in the early nutritional 

experience of the fetus remains an open question. 

Understanding the mechanisms underlying the fetal programming of adult diseases is 

important, as it will allow the potential for prevention of cardiovascular diseases. It has been 

proposed that the changes in the intrauterine environment, which alter fetal growth on the one 

hand, may also independently affect the programming of various homeostatic mechanisms on 

the other (Barker et al. 1993c). Re-programming of cardiovascular, metabolic and 

neuroendocrine control systems is believed to become detrimental during postnatal life, 

particularly if the environment is no longer restricting, thus leading to the development of 

diseases in adulthood. Animal models have allowed invasive studies of the putative 

programming mechanisms. Investigations of the mechanisms that lead to re-programming 

during fetal life have identified a role for maternal glucocorticoids. The mechanisms that may 

impinge on the offspring's blood pressure mainly concern the tissue sensitivity to 

glucocorticoids, the setting of the hypothalamic-pituitary-adrenal axis, the development of 

the kidney and the renin-angiotensin system and possibly the sympatho-adrenal system 

(Figure 1.4). 

1.4.1 - Glucocorticoids 

Several features of fetal glucocorticoid overexposure suggest a plausible role in the early life 

programming of adult cardiovascular and metabolic disorders (Seckl 1998, Seckl et al. 1995, 

1999). Exogenous glucocorticoids retard fetal growth in humans and experimental animals, 

indicating that they can have a marked effect on fetal development (Reinisch et al. 1978, 

Benediktsson et al. 1993, Seckl 1994). Glucocorticoids play a role in inducing the terminal 

differentiation of organs such as the lung and liver (Sugimoto et al. 1976). Glucocorticoids 

increase blood pressure in the immature fetus (Tangalakis et al. 1992). Crucially, prenatal 

dexamethasone treatment results in offspring with persistently elevated blood pressure 

(Benediktsson et al. 1993, Dodic et al. 1998). Dexamethasone is a synthetic glucocorticoid 

that crosses the placenta fairly readily, but normally the fetus has much lower levels of 

physiological glucocorticoids than the mother (Seckl et al. 1995). This is achieved by the 

placental enzyme liP-hydroxysteroid dehydrogenase type 2 ( l lp-HSD2) which catalyses the 
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rapid metabolism of maternal Cortisol (human) and corticosterone (rat) to inactive 

compounds, preventing maternal glucocorticoids from reaching the fetus (Seckl et al. 1995). 

Interestingly, inhibition of l lp-HSD was found to exert similar effects to dexamethasone. 

Treatment of pregnant rats with the l iP-HSD inhibitor carbenoxolone reduced birth weight 

and programmed elevated offspring blood pressure (Langley-Evans 1997b). The effects of 

carbenoxolone required maternal glucocorticoids, in that the increase in blood pressure was 

not seen in the offspring of adrenalectomized pregnant rats. This confirmed that the action of 

carbenoxolone is upon 11(3-HSD rather than other processes, and may facilitate transfer of 

maternal glucocorticoids to the fetus (Lindsay et al. 1996, Seckl et al. 1999). 

Programming of elevated blood pressure by maternal protein restriction appears to be, in part, 

a consequence of an overexposure of the fetus to maternal glucocorticoids. Dietary protein 

restriction (9%) during rat pregnancy attenuated the gene expression (Bertram et al. 2001) 

and activity of the placental 11P-HSD2 enzyme (Langley-Evans et al. 1996c). Moreover, the 

elevated blood pressure of offspring from dams fed a low-protein diet was prevented by 

pharmacological blockade of maternal glucocorticoid synthesis (Langley-Evans et al. 1996d, 

Langley-Evans 1997c) and by maternal adrenalectomy (Langley-Evans & Jackson 1996). 

This suggested that maternal nutritional factors can affect the protective capacity of the 

placenta and hence the level of glucocorticoid exposure in the fetus (Langley-Evans 1997a) 

and that excessive glucocorticoid exposure may mediate, in part, the effects of a lack of 

nutrition. 

It is believed that exposure of the fetus to excessive glucocorticoid levels may be involved in 

the re-programming of cardiovascular control systems (Langley-Evans 1997a, Langley-

Evans et al. 1998). 

1.4.2 - Insulin-like growth factors 

The insulin-like growth factors (IGF-1 and IGF-2) are mitogenic peptides that have a 

fundamental role in regulating fetal growth. During early development, their production is 

believed to be predominantly regulated by nutrition. Later, around weaning in the rat, growth 

becomes growth hormone (GH) dependent, presumably due to regulation of IGF-1 (Sara et 

id. 1986). 

The metabolic adaptations to long-term maternal nutrient restriction are linked to changes in 

the concentration of fetal and maternal IGF and IGFBP, which in turn may influence fetal 
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growth (Barker et al. 1993c). Offspring from nutrient restricted mothers may have persisting 

defects in their GH-IGF axis. Such endocrine re-programming in response to maternal 

nutrient restriction may have functional consequences during both fetal and postnatal life 

(Woodall et al. 1996b, Brameld et al. 2000). For instance, maternal undernutrition (30% of 

the ad libitum intake) in the rat is associated with a fall in maternal blood glucose, insulin and 

IGF-1 levels, and an increase in IGFBP-1 expression. Similarly, fetal IGF-1 levels fall while 

IGFBP-1 levels increase (Woodall et al. 1996b, Oliver et al. 1999). Offspring from mothers 

fed 30% of ad libitum intake, which are persistently growth-retarded, exhibit reduced plasma 

IGF-1 and elevated IGFBP-1 levels up to 9 days postnatally. At 21 days of age, despite 

normalisation of circulating IGF-1, they display reduced hepatic GH receptors, suggesting a 

resetting of the GH-IGF-1 axis (Woodall et al. 1996b). IGF-1 treatment was found to 

normalize the systolic blood pressure of these adult offspring that had become hypertensive 

as a result of fetal programming (Vickers et al. 2001). Conversely, offspring of rats fed a 

low-protein diet (7% vs. 14%) from 2 weeks before conception until weaning, which are also 

persistently growth retarded, have elevated serum IGF-1 levels from postnatal days 5 to 20, 

followed by lower levels on postnatal day 50 (Sara et al. 1986). In sheep, maternal nutrient 

restriction (60% of metabolisable energy requirements) from days 28 to 80 of gestation 

resulted in lower IGF-1 mRNA and GH receptor mRNA expression in the liver and higher 

IGF-2 mRNA expression in the liver and skeletal muscle in the absence of any effect on fetal 

body weight in the day-80 fetus (Brameld et al. 2000). Following 60 days of re-feeding to the 

level of well-fed ewes, previously nutrient-restricted fetuses had, at 140 days gestation, 

increased hepatic IGF-1 mRNA and GH receptor mRNA levels, increased hepatic IGF-2 

mRNA but decreased skeletal muscle IGF-2 mRNA levels compared with continuously well-

fed fetuses (Brameld et al. 2000). These adaptations have been suggested to alter hepatic 

development and skeletal muscle differentiation (Brameld et al. 2000). 

Interestingly, dexamethasone administration to pregnant rats produced growth-retarded 

fetuses that displayed increased IGFBP-1 mRNA expression in liver, concomitant with 

elevated serum concentration of IGFBP-1 at 20 day of gestation, suggesting that 

glucocorticoids may retard fetal growth through increases in IGFBP expression (Price et al. 

1992). 
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1.4.3 - Tissue glucocorticoid sensitivity 

Many fetal tissues express 11(3-HSD2, suggesting that the action of glucocorticoids in fetal 

tissues may be modulated by the level of 11(3-HSD2 expression. Postnatally the expression of 

11(3-HSD2 is confined to mineralocorticoid target tissues (kidney, colon) where it maintains 

aldosterone-specificity upon the mineralocorticoid receptor (Stewart et al. 1995). 

There is some evidence that maternal nutritional restriction during pregnancy programmes 

altered tissue sensitivity to glucocorticoids in the resulting offspring, as indicated by 

modified expressions of glucocorticoid receptor (GR) and 11P-HSD2. Thus, protein 

restriction (9%) of pregnant rats resulted in greater binding to GR in aorta of offspring at 4 

weeks of age (Langley-Evans et al. 1996e). Pups bom to rats fed a low-protein diet (9%) also 

exhibited increased renal GR mRNA and protein expression as well as lower renal 11 p-

HSD2 mRNA levels from gestational day 20 through to 12 weeks of age. Greater abundance 

of GR protein expression was also observed in lung and hver of the low-protein rat offspring 

from early life into adulthood (Bertram et al. 2001). Similar effects were observed in the 

neonatal sheep following maternal nutrient restriction from early to mid gestation 

(Whorwood et al. 2001). The sheep fetuses from ewes fed 50% of metabolisable energy 

requirements from days 28 to 77 of gestation exhibit elevated GR mRNA in peripheral 

tissues such as the liver, lung, kidney and adrenals, and decreased 11P-HSD2 mRNA 

expression in kidney and adrenals immediately after the period of maternal nutritional 

restriction. These effects persist in late gestation despite restoration of maternal nutrition 

from 77 days to term (Whorwood et al. 2001). Decreased tissue 11P-HSD2 gene expression 

is believed to result in attenuated tissue inactivation of glucocorticoid and hence greater level 

of glucocorticoid hormone action in these tissues, which is likely to be further enhanced by 

increased tissue GR expression (Bertram et al. 2001). 

Programming of increased tissue glucocorticoid sensitivity is believed to mediate the link 

between maternal nutrient restriction and offspring hypertension through both direct and 

indirect effects of glucocorticoids on blood pressure. These include direct and 

vasoconstrictor-potentiating effects on the vasculature, influence on the biosynthesis of vaso-

active substances and on the expression of glucocorticoid-responsive genes that contribute to 

the regulation of blood pressure (Bertram et al. 2001, Whorwood et al. 2001). Moreover, the 
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programmed decline in 11|3-HSD2 in the kidney is likely to induce a state of apparent 

mineralocorticoid excess and may contribute to the manifestation of hypertension 

(Whorwood et al. 2001, Whorwood & Stewart 1996). 

Administration of dexamethasone to pregnant rats in the last week of gestation similarly 

programmed increased expression of GR mRNA in the liver, suggesting that glucocorticoids 

and lack of nutrition may have a common underlying mechanism (Nyirenda et al. 1998). 

Therefore, fetal exposure to excess glucocorticoids is believed to alter the fetal tissue 

sensitivity to glucocorticoids, effect that may persist in postnatal life. 

Restriction of placental growth in sheep had no impact on 11(3-HSD2 mRNA expression in 

the fetal kidney and adrenal in late gestation, but resulted in an increased 11|3-HSD1 (which 

converts inactive cortisone to active Cortisol) mRNA expression in the liver, suggesting that 

there may be a greater hepatic exposure to the actions of glucocorticoids in the growth-

restricted fetus in late gestation (McMillen et al. 2000). 

1.4.4 - Hypothalamic-pituitary-adrenocortical axis 

The influence of changes in intrauterine environment on the hypothalamic-pituitary adrenal 

(HPA) axis function has been demonstrated in a number of studies. In humans, altered 

development indicated by size at birth is linked to changes in HP A axis function. A study of 

9 year-old children in Salisbury showed that those who had been light at birth displayed 

elevated urinary excretion of glucocorticoid metabolites (Clark et al. 1996). Moreover, in 

men and women in Hertfordshire, Preston and Adelaide, aged 20-64 years, fasting plasma 

Cortisol concentrations were found to be inversely related to birth weight. In these 

populations, raised blood pressure was significantly related to higher fasting plasma Cortisol 

concentrations (Phillips et al. 1998, 2000). Further investigation of a subset of the 

Hertfordshire men showed that those who had been small at birth had a greater 

responsiveness of plasma Cortisol to ACTH administration (Reynolds et al. 2001). These 

studies have suggested that increased activity of the HP A axis may be one of the mechanisms 

explaining the associations between birth size and elevated blood pressure (Phillips et al. 

1998, 2000, Reynolds et al. 2001). 
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Experimental studies have shown that maternal dietary restriction may persistently 

programme the setting of the offspring HP A axis, possibly as a result of increased exposure 

of the fetus to glucocorticoids. In 4 week-old offspring from dams fed a low-protein (9%) 

diet during gestation, ACTH secretion does not follow a normal diurnal pattern, plasma 

concentrations being lower than the controls in the middle of the dark phase, while 

corticosterone concentrations are similar to the controls at different points in the light cycle 

(Langley-Evans et al. 1996e). 

Eight week-old offspring from dams fed a low-protein diet during gestation were found to 

exhibit decreased levels of GR mRNA in the hypothalamus, a brain region that mediates the 

central control of the HP A axis (Bertram et al. 2001) (Figure 1.3). This may imply a 

reduction in the sensitivity to corticosterone-negative feedback. Similar effects have been 

observed in the progeny of rats administered dexamethasone during pregnancy, which 

indicates that excess glucocorticoid transfer to the fetus may be the underlying factor (Levitt 

et al. 1996). Thus, dexamethasone administration during the last week of pregnancy 

attenuated GR mRNA expression in the hippocampus of the 16 week-old male offspring and 

was associated with increased plasma corticosterone concentrations. Therefore, overexposure 

of the fetus to high plasma glucocorticoid concentrations of maternal origin may programme 

increased HP A activity in the offspring due to the persistent loss of GR in central sites that 

mediate glucocorticoid feedback control (Levitt et al. 1996). 

In the sheep, placental restriction was associated with an increase in fetal plasma Cortisol 

concentrations after 127 days gestation, despite unaltered plasma levels of ACTH, possibly 

indicating an increased adrenal sensitivity to ACTH (Phillips et al. 1996). In contrast, 15% 

reduction in the nutritional intake of pregnant ewes over the first 70 days of gestation 

produced depressed HP A axis function in the fetus in late gestation. This was indicated by a 

lower basal plasma Cortisol concentration, reduced fetal plasma ACTH and Cortisol responses 

to an AVP/CRH challenge, and reduced Cortisol response to direct adrenocortical stimulation 

by exogenous ACTH (Hawkins et al. 1999). These latter offspring are hypotensive in late 

gestation (Hawkins et al. 2000) but, postnatally, become hypertensive (Hawkins et al. 1997), 

with increased ACTH and Cortisol responses (Hoet & Hanson 1999). These studies have 

highlighted the central role of the HP A axis in the physiological adaptation of the fetus to 

intrauterine substrate deprivation, and its persistent resetting leading to elevated blood 

pressure in postnatal life. 
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Figure 1.3 - Schematic function of the hypothalamic-pituitary-adrenal axis. 

Secretion of corticotropin (ACTH) is stimulated by hypothalamic corticotropin releasing 
hormone (CRH). ACTH stimulates the adrenal cortex to release corticosterone (rat) or 
Cortisol (human). In turn, corticosterone exerts a direct negative feedback effect on the 
anterior pituitary and the hypothalamus to inhibit the release of ACTH and CRH, 
respectively. 
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1.4.5 - Renal structure 

The kidney plays a direct role in blood pressure regulation through the control of water and 

sodium homeostasis. 

Studies have indicated that protein restriction during pregnancy impairs kidney growth and 

nephrogenesis in the developing rat, and this may have a negative impact upon renal 

function, leading to elevated blood pressure. Kidneys in the low-protein exposed (9%) 

offspring are shorter in proportion to weight, but wider than control kidneys (Nwagwu et al. 

2000). Fetuses from dams fed a low-protein diet (9%) either in the second week, third week 

or throughout gestation display a greater nephron number than control fetuses at day 20 of 

gestation. However, exposure to the low-protein diet during pregnancy is associated with a 

slowing of nephrogenesis over the last two days of gestation. This results in lower nephron 

number at birth in pups exposed during the second and third week of gestation, and in similar 

nephron number at birth in pups exposed throughout gestation, as compared with the controls 

(Langley-Evans et al. 1999a). At 4 weeks of age, nephron number and kidney weight as a 

proportion of body weight are lower in offspring from dams fed the low-protein (9%) diet 

(Langley-Evans et al. 1999a), and the total number of glomeruli is still reduced at 20 weeks 

of age (Woods et al. 2001). Offspring of dams fed a different low-protein diet (6% of total 

calories) from gestational day 12 to term also display a decreased number of glomeruli at 8 

weeks of age (Vehaskari et al. 2001). 

Creatinine clearance, a crude index of glomerular filtration rate (GFR) is lower in 4 week-old 

offspring exposed to the low-protein diet (9%) throughout gestation than in control offspring 

(Nwagwu et al. 2000). In contrast, GFR is normal in 19-20 week-old low-protein (9%) 

offspring (Langley-Evans et al. 1999a, Woods et al. 2001). These older low-protein (20 

week-old) offspring have, however, greater blood urea N concentrations than controls (an 

index of the relative production of urea by the liver and its elimination by the kidneys) with 

normal hepatic metabolism, as indicated by unchanged plasma albumin concentration. This is 

suggestive of a deterioration of renal function (Nwagwu et al. 2000). At 20 weeks of age, 

low-protein (9%) exposed offspring produce more urine than the control offspring and have 

higher urinary albumin/creatinine values, suggestive of a reduction in the permeability of the 

glomerular membranes (Nwagwu et al. 2000). Male offspring from dams fed a different low-

protein (6% of total calories) diet during the second half of gestation have also increased 

protein/creatinine values at 8 weeks of age (Manning & Vehaskari 2001). On the basis of 

these observations, early nephron deficit was hypothesized to promote adaptations, including 
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increases in blood pressure at the intrarenal and systemic levels, in order to maintain GFR 

and hence the excretory capability of the kidney. In turn, increased glomerular capillary 

pressure is believed to promote renal deterioration (Langley-Evans et al. 1999a, Nwagwu et 

al. 2000). Therefore, impaired nephrogenesis due to maternal protein restriction is believed to 

be one of the mechanisms that establish lifelong increase in blood pressure (Langley-Evans et 

al. 1999b). 

1.4.6 - Renin-angiotensin system 

Evidence suggests that the renin-angiotensin-system (RAS) is impaired by nutritional 

restriction during pregnancy. Studies in the postnatal rat exposed to maternal low-protein 

(9%) diet throughout gestation have provided clear evidence that the RAS is important in the 

maintenance of elevated blood pressure in this model. Plasma angiotensin-converting enzyme 

(ACE) activity is elevated in the 4 and 13 week-old offspring of dams fed the low-protein 

diet (9%) during gestation (Langley-Evans & Jackson 1995). However, pulmonary ACE 

activity in the 20 day-old fetus, 4 and 13 week-old offspring is unaffected by maternal protein 

restriction (Langley-Evans & Jackson 1995). Renal ACE activity is similarly unchanged in 

the 4 and 20 week-old offspring (Nwagwu et al. 2000). Plasma renin activity is unaltered at 

4, 13 and 20 weeks of age by maternal protein restriction throughout gestation (Langley-

Evans & Jackson 1995, Langley-Evans et al. 1996b, Woods et al. 2001). Plasma angiotensin 

II levels are lower in low-protein exposed animals at the age of weaning but tend to be 

elevated (non significantly) at 13 weeks of age compared with the 18% protein exposed 

control offspring (Langley-Evans & Jackson 1995, Langley-Evans et al. 1996b). The pressor 

response to low doses of intravenously administered angiotensin II is greater in low-protein 

exposed offspring than in control offspring at 10 weeks of age, indicating an increased 

sensitivity to angiotensin II (Gardner et al. 1998). Administration of the ACE inhibitor 

captopril to low-protein exposed offspring for 18 days beginning at 23 weeks of age lower 

their blood pressure to the level of 18% protein exposed offspring after 3 days of treatment. 

On withdrawal of captopril treatment, the hypertensive state slowly returns (Langley-Evans 

& Jackson 1995). Similarly, administration of captopril to the low-protein offspring for 2 

weeks starting at 10 weeks of age returns their increased blood pressure to normal within the 

first 7 days of treatment (Sherman & Langley-Evans 1998). 

Studies in the postnatal rat exposed to a more severe maternal low-protein (6% of total 

calories) diet from day 12 of gestation until term have also underlined the importance of the 
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RAS in the maintenance of elevated blood pressure, which establishes at 8 weeks of age in 

this model. Plasma renin activity (PRA) is reduced at 4 and 8 weeks of age in offspring of 

dams fed a low-protein diet (6% of total calories) from gestational day 12 to term, but is 

subsequently increased at 24 and 44 weeks of age as compared with the control offspring 

(Manning & Vehaskari 2001). In contrast, plasma aldosterone is higher in the low-protein 

group at 4 and 8 weeks of age (Vehaskari et al. 2001). Plasma sodium is elevated at 8 weeks 

of age in the low-protein offspring, but is similar to the control offspring at 44 weeks of age, 

suggesting a sodium-retaining state when hypertension is developing. Thus, it is believed that 

sodium retention and mineralocorticoid excess, leading to extracellular fluid expansion (and 

explaining the suppressed PRA) may be important during the generation of hypertension until 

a new state is reached (Vehaskari et al. 2001). Administration of the ACE inhibitor enalapril 

to the low-protein offspring for 32 weeks, beginning at 8 weeks of age normalizes their blood 

pressure by 24 weeks of age and partially improves survival (Manning & Vehaskari 2001). 

The generation of angiotensin II in the perinatal period appears to be a key step in the 

programming of elevated blood pressure by maternal protein restriction (Langley-Evans et al. 

1999b). Administration of captopril between 2 and 4 weeks of age prevented the blood 

pressure elevation associated with fetal exposure to maternal low-protein (9%) diet. Some 8 

weeks after cessation of treatment, low-protein exposed, captopril-treated offspring still had 

reduced blood pressure compared with non-treated low-protein exposed offspring and similar 

blood pressure to 18% protein exposed offspring (Sherman & Langley-Evans 1998). 

Administration of the angiotensin II receptor antagonist losartan from 2 to 4 weeks of age 

produced similar effects. Thus, at 4 and 12 weeks of age, low-protein offspring given losartan 

in early postnatal hfe did not develop elevated blood pressure (Sherman & Langley-Evans 

2000). Therefore, angiotensin II seems to play a role not only in the maintenance of the high 

blood pressure but also in the initiation of the blood pressure increase associated with 

maternal low-protein feeding. 

Exposure to excess glucocorticoids in utero and the subsequent development of tissue 

hypersensitivity to glucocorticoids has been proposed to programme activation of the RAS in 

the maternal low-protein (9%) model. Glucocorticoids are believed to enhance the generation 

of angiotensin II by induction of angiotensinogen and ACE synthesis and, importantly, 

promote angiotensin II action by increasing angiotensin II receptor expression (Langley-

Evans et al. 1999b). Intrauterine steroid exposure is thought to establish an increased 
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sensitivity to angiotensin II in early postnatal life, which in turn establishes lifelong raised 

blood pressure (Sherman & Langley-Evans 2000). 

Other studies have shown that experimental undernutrition in fetal life is associated with 

suppression of the renal RAS in the perinatal period. They have suggested that suppression of 

the renal RAS in early life leads to impaired renal development, in turn resulting in adult 

hypertension (Woods et al. 2001). Thus, the kidneys of newborn pups from dams fed a low-

protein (8.5%) diet during gestation demonstrate decreased renin mRNA expression 

compared with those of pups from mothers fed a control protein diet (19%), and this is 

accompanied by reduced renal tissue renin and angiotensin II levels (Woods et al. 2001). This 

suppression of the renal RAS during nephrogenesis (that occurs from approximately mid-

gestation to about 10 days after birth in the rat) is followed by a decreased number of 

glomeruli and hypertension in adulthood. Similar observations have been made in studies in 

sheep, in which placental restriction, and thus restriction of nutrient and oxygen supply was 

associated with suppression of renin and angiotensinogen gene expression in the fetal kidney 

in late gestation (Zhang et al. 2000). It has been suggested that neonatal alterations in the 

renal RAS impair renal development, which may lead to adult hypertension. This may 

represent a mechanism by which maternal protein restriction programmes later hypertension 

(Woods et al. 2001). In support of this hypothesis, blockade of the angiotensin II AT] 

receptor during the first 12 days of postnatal life (the latter portion of the period of 

nephrogenesis) was shown to result in a reduced number of glomeruli, reduced renal function 

and increased arterial pressure in adult animals (Woods & Rasch 1998). 

The beneficial effect of early (between 2 and 4 weeks of age) losartan administration to low-

protein offspring (Sherman & Langley-Evans 2000) would be explained by the timing of 

treatment. It has been hypothesized that RAS blockade during nephrogenesis has an effect to 

increase the future blood pressure set point whereas blockade after nephrogenesis has effects 

to decrease that set point (Woods & Rasch 1998). 

Fetal growth restriction may be associated with changes in the role of the RAS in the 

regulation of arterial blood pressure before birth. Although experimental restriction of 

placental growth in the sheep does not impact on the fetal arterial blood pressure measured 

between 115 and 145 days gestation, the RAS plays a greater role in the maintenance of 

arterial blood pressure in the growth restricted fetal sheep than in normally grown fetuses in 

late gestation (Edwards et al. 1999). Indeed, the maximal diastolic blood pressure response to 



61 

increasing doses of angiotensin II administered intravenously is greater in the placentally 

restricted fetuses than in the controls. Moreover, the intravenous infusion of the ACE 

inhibitor captopril for 4 hours between 135 and 145 days gestation produces a decrease in the 

mean arterial blood pressure (by 120 minutes after the start of the injection) in the placentally 

restricted fetuses while there is no change in mean arterial blood pressure in the control 

fetuses (Edwards et al. 1999). 

1.4.7 - Sympatho adrenal system 

Neither the impact of the maternal nutrient status on the offspring sympatho-adrenal function 

nor the contribution of the SAS to the elevated offspring blood pressure that results from 

exposure to maternal dietary restriction during gestation have been investigated. 

After description of the SAS, evidence that the SAS is programmable by different factors 

occurring during the perinatal period will be reviewed. It has led to the hypothesis that 

programming of the SAS may represent another mechanism by which maternal nutrient 

restriction during gestation brings about adult offspring hypertension. 
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Figure 1.4 - Potential mechanisms underlying the programming of hypertension by 
maternal dietary restriction. 

11P-HSD2: ll(3-hydroxysteroid dehydrogenase type 2; IGF: insulin-like growth factor; GC: 
glucocorticoid; HPA: hypothalamic-pituitary adrenal; RAS: renin-angiotensin system; SAS: 
sympatho-adrenal system. 
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1.5 - THE SYMPATHO ADRENAL SYSTEM 

The adrenal medulla and the sympathetic nervous system (SNS) make up an anatomic and 

physiological unit referred to as the sympatho-adrenal system (SAS) (Young & Landsberg 

1998). Through the release of catecholamines at the sympathetic nerve endings and from the 

adrenal medulla, the SAS contributes to the maintenance of homeostasis (mainly 

cardiovascular and metabolic) in situations created by a large variety of external stimuli and 

various physiological and/or pathophysiological situations (Lafontan & Bertan 1993). This 

function is under the direct control of the central nervous system (CNS). 

1.5.1 - Organisation of the sympatho-adrenal system 

1.5.1.1 - The sympathetic nervous system 

The sympathetic nervous system consists of efferent neurones supplying the viscera (Gilbey 

& Spyer 1993). These efferent neurones consist of two sets of neurones (pre and 

postganglionic) connecting to the ganglia. The cell bodies of sympathetic preganglionic 

neurones are found in the intermediolateral column of the thoracic and lumbar segments of 

the spinal cord, within the spinal grey matter. They either innervate adrenal chromaffin cells 

or project to preaortic and paravertebral chains of sympathetic ganglia. At the ganglionic 

synapse and in the adrenal medulla, the neurotransmitter is acetylcholine (Ach). Sympathetic 

postganglionic neurones arising from these ganglia then innervate organs and blood vessels 

(Figure 1.5). 

The nuclei of the cell bodies of the sympathetic postganglionic neurones generate enzymes 

involved in catecholamine synthesis. Those enzymes are transported down the axons to the 

nerve endings where they mediate synthesis of noradrenaline (NA) (Axelrod 1976). 

Noradrenaline is stored in small vesicles and when nerves are stimulated, released into the 

synaptic cleft. Sympathetic activity can be defined as the amount of noradrenaline released 

from the sympathetic postganglionic neurones. Sympathetic activity is distributed non-

homogeneously to the different organs. 

Sympathetic nerves demonstrate ongoing activity under resting conditions. 
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1.5.1.2 - The adrenal medulla 

In mammals, the catecholamine-producing adrenal medulla is enveloped within the steroid-

producing adrenal cortex, both structures forming small endocrine glands, which are situated 

close to the upper pole of each kidney (Wheater et al. 1979). The two different endocrine 

tissues are, however not so clearly separated. The adrenal medulla appears to be peppered 

with cortical cells. Conversely, chromaffin cells can be found in all zones of the adult adrenal 

cortex. 

Adrenomedullary chromaffin cells generate the catecholamines adrenaline (AD) and 

noradrenaline (NA), which are stored into vesicles together with other peptides such as 

enkephalins. Ultrastructurally, adrenomedullary cells are characterized by their dense-cored 

catecholamine-containing vesicles. They are called chromaffin cells since, when fixed in 

chrome salts, the granules are oxidised in a brown colour. 

The adrenal gland is supplied by small arterioles that arise from the aorta, and from the renal 

and inferior phrenic arteries. Blood is supplied to a network of arterioles in the connective 

tissue capsule, referred to as the subcapsular arteriolar plexus, from which it is distributed 

into two types of vessels: the thin-walled sinusoids that supply the cortex and the medullary 

arteries that convey blood directly to the adrenal medulla (Ehrhart-Bomstein et al. 1998). 

The adrenal medulla is innervated by cholinergic preganglionic sympathetic fibres of the 

splanchnic nerve, which directly control the secretion of adrenal medullary catecholamines. 

Thus, the secretory cells of the adrenal medulla are functionally equivalent to the 

postganglionic neurones of the sympathetic nervous system, with the notable exception that 

the catecholamines are discharged into the bloodstream instead of the synaptic cleft and that 

the predominant compound released is adrenaline as opposed to noradrenaline (Slotkin 

1986). 
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Figure 1,5 - Diagram illustrating the organisation of the sympatho adrenal system and 
the major projections from supra spinal brain regions to preganglionic neurones. 

RVLM; rostral ventrolateral medulla; NA: noradrenaline; AD: adrenaline; Ach: 
acetylcholine. 
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1.5.1.3 - The central nervous system 

Sympathetic activity is under the control of regulatory centres in the brain. Several regions of 

the central nervous system have axons projecting to the sympathetic preganglionic neurones, 

including the rostral ventral medulla (rostral ventromedial and ventrolateral medulla) and the 

caudal raphe nuclei in the brainstem, the Ag noradrenergic cell group in the midbrain and the 

hypothalamus in the forebrain (Gilbey & Spyer 1993, Chalmers et al. 1994, Huang & Weiss 

1999). They are thought to modify the firing of the sympathetic preganglionic neurons. For 

instance, neurones of the rostral ventrolateral medulla (RVLM) are tonically active and 

responsible for the ongoing resting sympathetic tone (Reis et al. 1988). 

1.5.2 - Development of the sympatho adrenal system 

Sympathetic neurones and chromaffin cells derive from a common embryonic progenitor, 

the sympathoblasts, which originate in the neural crest. Neural crest cells migrate ventrally 

from the apex of the neural tube to the dorsal aorta where they aggregate to form the primary 

sympathetic ganglia (Anderson 1993). As soon as the sympathoblasts reach the site of the 

future ganglia, by the day of gestation in the rat, they express a noradrenergic phenotype 

(Teitelman et al. 1979). These cells, which co-express neurone-specific and chromaffin-

specific genes, will either loose chromaffin-specific genes and differentiate to form 

sympathetic neurones or continue to migrate to the adrenal anlagen (Anderson 1993). They 

appear in the adrenal anlagen by the 13.5 - 15^ day of gestation (Teitelman et al. 1979, Bohn 

et al. 1981), where they differentiate to form chromaffin cells. Chromaffin cells express the 

adrenergic phenotype by the 17 - 17.5* day of gestation (Teitelman et al. 1979, Seidl & 

Unsicker 1989). 

Basic fibroblast growth factor (bFGF) and glucocorticoids participate in the phenotypic 

transformation of sympathoblasts into either sympathetic neurones or chromaffin cells. Basic 

FGF would promote the proliferation and initial neuronal differentiation of sympathoblasts 

into neuroblasts. Subsequently, developing sympathetic neuroblasts acquire nerve growth 

factor (NGF) responsiveness and become trophic-dependent upon NGF (Anderson 1993). 

Nerve growth factor produced by the innervated tissue prevents apoptosis from occurring, 

induces the terminal differentiation into sympathetic neurones and promotes sprouting of 

dendrites and increased arborisation of the network of sympathetic fibres in the tissue, thus 

regulating the density of sympathetic innervation within the tissue (Young & Landsberg 
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1998). Growth and expansion of dendrites and nerve endings is co-ordinated with growth of 

innervated tissues (Young & Morrison 1998). 

Evidence shows that glucocorticoids trigger the differentiation of sympathoblasts into 

chromaffin cells by inducing the expression of phenylethanolamine-A^-methyltransferase 

(PNMT), the adrenaline-synthesising enzyme. Thus, mice carrying targeted mutations of the 

glucocorticoid receptor lack the enzyme PNMT in their adrenal glands (Schmid et al. 1995, 

Finotto et al. 1999). In addition, a sharp rise in adrenal and plasma corticosterone as well as 

in glucocorticoid binding to specific cytosolic receptor proteins in embryonic medullary cells 

were shown to occur from day 17.3 to day 20.3 of gestation in the rat, in parallel to the 

induction of adrenaline synthesis in the adrenals (Seidl & Unsicker 1989). 

1.5.3 - Functional maturation of the sympatho adrenal system 

Neural control of adrenal catecholamine release is totally absent in the neonatal rat, appears 

toward the end of the first week postnatally and becomes fully mature by 10 days of age 

(Slotkin 1986). In comparison, splanchnic innervation is presumed to occur at or near term in 

humans (Padbury 1989) while occurring during fetal hfe in sheep, around 125 days of 

gestation (term = 147 days). However, immature rats without splanchnic innervation are still 

able, by a non-neurogenic mechanism, to release catecholamines from the adrenal medulla in 

response to some stressful stimuli (Slotkin 1986, Slotkin & Seidler 1988, Padbury 1989). 

Hypoxia, but not hypoglycaemia is capable of evoking adrenomedullary secretion in neonatal 

rats (Slotkin & Seidler 1988). The mechanism for non-neurogenic release of catecholamine 

from the immature adrenal disappears concurrently with the onset of neurogenic control 

(Slotkin 1986, Slotkin & Seidler 1988, Padbury 1989). 

In the rat, the vasculature and heart, like the adrenal, are not under the influence of the 

sympathetic innervation at birth (Mills & Smith 1986). The onset of sympathetic control of 

cardiac function displays much the same time course as in the adrenal, appearing at about 6 

to 8 days of postnatal age (Bartolome et al. 1980, Bareis & Slotkin 1980). 
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1.6. CATECHOLAMINES 

The term catecholamine refers to all organic compounds that contain a catechol nucleus (a 

benzene ring with two adjacent hydroxyl substituents) and an amine group. In a physiological 

content, catecholamine implies dopamine, noradrenaline and adrenaline (Flatmark 2000). 

Catecholamines are important regulators of many functions. Adrenaline acts mainly as a 

hormone and is also believed to be a neurotransmitter and/or neuromodulator in selected 

supraspinal regions. Noradrenaline is the principal neurotransmitter of the sympathetic 

nervous system, as well as a major transmitter of the central nervous system. Dopamine has 

an important transmitter function in specific areas of the brain and also acts peripherally as an 

autocrine/paracrine regulator of local organ function (Flatmark 2000). 

1.6.1 - Catecholamine synthesis 

1.6.1.1 - Biosynthetic pathway 

Catecholamines are synthesised by a common biosynthetic pathway in which four enzymes 

are involved (Figure 1.6). The amino acid tyrosine is transported into the cell where it is 

converted to 3,4 dihydroxyphenylalanine (L-DOPA) by tyrosine hydroxylase (TH). This 

reaction is the rate-limiting step in the biosynthesis. In the subsequent step, L-DOPA is 

decarboxylated to dopamine (DA) by L-DOPA decarboxylase, a non-specific decarboxylase 

also called L-aromatic amino acid decarboxylase (AADC). Dopamine is then taken up inside 

the granulated vesicles, where it is hydroxylated into noradrenaline (NA) by dopamine P-

hydroxylase (DBH). Finally, after transport of NA from the chromaffin granule into the 

cytoplasm, phenylethanolamine N-methyltransferase (PNMT) transfers a methyl group from 

the methyl donor S-adenosylmethionine (SAM) to NA to produce adrenaline (Figure L6). 

Adrenaline is subsequently reuptaken and stored in the chromaffin granules. 

NA can also be //-methylated into adrenaline by a non-specific A^-methyltransferase (NMT), 

which methylates many amines (Ziegler et al. 1989a). 
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70 

1.6.1.2 - Sites of production 

Catecholamines are produced predominantly in the sympathetic postganglionic neurones, the 

adrenal medulla and the central nervous system. Noradrenaline and dopamine are widely 

distributed whilst adrenaline is more restricted. Adrenaline is essentially synthesised in the 

adrenal medulla while small amounts are also generated in the brain. 

The production of the catecholamines depends on the presence of their synthesising enzymes. 

Thus, tyrosine hydroxylase (TH) is present in the sympathetic ganglia, the sympathetic 

postganglionic neurones and all the sympathetically innervated tissues, the adrenal medulla 

and the central nervous system. In subcortical areas of the brain, NA-containing cells are 

assorted into nuclei and located in different areas classified as Ai to A?. The largest group of 

NA-containing neurones estimated to account for not less than 50% of the NA in the brain is 

the locus coeruleus (Ac) located in the pons. 

Aromatic L-amino acid decarboxylase (AADC) is rather ubiquitous in nature, occurring in 

the cytoplasm of most tissues, including the distal and proximal tubuli of the kidney at high 

levels (Goldstein et al. 1972). 

Dopamine ^-hydroxylase (BDH) is found in catecholaminergic neuroendocrine cells. 

Phenylethanolamine A^-methyltransferase (PNMT) is highly localised in the chromaffin cells 

of the adrenal medulla (Axelrod 1962), where only a few cells are of the noradrenergic 

phenotype, while small amounts have been detected in the central nervous system. Cell 

bodies containing PNMT have been localised in the rostral ventrolateral medulla (Ci region, 

also called the vasomotor centre) and dorsal medulla oblongata (C2 group, whose most 

medial cells are called C3), while nerve terminals containing PNMT were found in the dorsal 

nucleus of the vagus, the nucleus of the tractus solitarius, the hypothalamus and spinal cord 

(Hokfelt et al. 1973, Howe et al. 1980). PNMT activity was found in the Ci and C2 regions, 

the locus coeruleus and the hypothalamus (Saavedra et al. 1974). Neurones immunopositive 

for PNMT have also been localised transiently in the amygdala of the young rat (Mezey 

1989a). PNMT activity is reportedly expressed transiently in the superior cervical ganglia of 

the newborn rat (Bohn et al. 1982). PNMT activity may also be present in peripheral tissues 

as suggested by the observation that a proportion of rat tissue adrenaline remained after 

adrenal demedullation and destruction of nerve terminals (Torda et al. 1987, El ay an et al. 

1990a, Kennedy et al. 1990). This adrenaline has been reported to be generated by both extra-
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adrenal non-neuronal PNMT and NMT, in various ratios depending on the tissue (Kennedy et 

al. 1995, Ziegler et al. 1998). 

1.6.2 - Catecholamine release 

The principal physiological stimulus for catecholamine secretion from adrenomedullary 

chromaffin cells is acetylchohne released after activation of the splanchnic nerve. 

Acetylcholine acts on the nicotinic receptors at the cell membrane of the chromaffin cells to 

induce their depolarisation and opening of voltage-dependent calcium channels. Increase in 

intracellular calcium, due to calcium entry, brings about actin disassembly, allowing the 

secretory granules to move to the plasma membrane. Secretory granules become cross-linked 

to the plasma membrane and this leads to exocytotic fusion and fission of membranes to 

allow release of granule contents (Burgoyne 1991). 

Other physiological stimuli for adrenaline release from chromaffin cells include histamine 

and angiotensin II (Burgoyne 1991, Livett & Marley 1993). 

The release of noradrenaline from the postganglionic sympathetic nerve endings into the 

synaptic cleft is triggered by depolarisation of the axonal membrane by an action potential 

and is presumed to occur by the same mechanism of exocytosis (Young & Landsberg 1998, 

Burgoyne 1991). 

Noradrenaline release from sympathetic nerves is modulated by local feedback through 

autoreceptors as well as receptors to other mediators, which are located presynaptically on 

noradrenergic nerve terminals. They either inhibit or facilitate the release of the 

neurotransmitter (Langer & Arbilla 1990). Activation of presynaptic ai-adrenergic receptors 

inhibits the release of noradrenaline elicited by nerve stimulation. Stimulation of presynaptic 

dopamine receptors of the D2 subtype by dopamine also mediates an inhibition of 

noradrenaline release. However, activation of presynaptic (32-adrenergic receptors enhances 

noradrenaline release in response to nerve impulses. Another facilitatory mechanism at the 

level of sympathetic nerve endings involves angiotensin II (Langer & Arbilla 1990). These 

later receptor-mediated mechanisms that enhance presynaptically the release of noradrenaline 

appear to be particularly relevant in the cardiovascular system (Brown & Macquin 1981). 

Only a small proportion of the catecholamines secreted actually bind to adrenergic receptors 

to be biologically active, while the majority is inactivated. Some noradrenaline released from 
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nerve terminals is reuptaken, through a transporter, into the postganglionic nerve endings 

where it is either recycled into the secretory vesicles or degraded in the cytoplasm. A fraction 

of noradrenaline (some 25%) escapes reuptake and reaches the plasma by diffusion where it 

can be precisely measured (Folkow 1994). Some circulating adrenaline derived from the 

adrenal medulla is taken up and metabolised in peripheral tissues, while a small amount may 

be captured by sympathetic nerve endings, stored and released upon sympathetic stimulation. 

1.6.3 - Catecholamine metabolism 

Two types of enzymes metabolise catecholamines. Monoamine oxidases (MAO), enzymes 

located in the outer mitochondrial membrane, catalyse the oxidative deamination of amines. 

Catechol O-methyltransferase (COMT), cytoplasmic enzyme, catalyses the meta-0-

methylation of adrenaline, noradrenaline and their deaminated metabolites. These enzymes 

are situated both peripherally, mainly in liver and kidneys, and intraneuronally. 

Metabolites are excreted in urine. 

1.6.4 - Effects of catecholamines on cell function 

1.6.4.1 - Adrenergic receptors 

Catecholamines produce a wide range of effects by activating receptors located on the 

surface of effector cells. The diversity of effects is due to the existence of different receptors 

coupled to different mechanisms of transferring signals to the cells. 

Adrenergic receptors are composed of a single protein chain with seven hydrophobic 

membrane-spanning domains (that are responsible for binding to the ligand), each connected 

by extracellular and cytoplasmic loops. The third cytoplasmic loop, which is intracellular, 

interacts with specific G regulatory proteins (either stimulatory or inhibitory). 

Activation of the receptor by an agonist induces a conformational change in the receptor and 

produces its dissociation from the G protein. This is followed by the autophosphorylation, 

activation and interaction of the G protein with a membrane-associated enzyme (such as 

adenylate cyclase or phospholipase C), to modulate levels of intracellular second messengers 

(cAMP, phospholipid metabolites, intracellular calcium) (Summers & McMartin 1993). 

Second messengers provoke the effector responses by stimulating phosphorylation of 

enzymes and other intracellular proteins. 
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Adrenergic receptors have been classified into three major groups and their subtypes based 

on ligand binding and molecular cloning studies: a , (a,A, ocjb, ocio), % (0C2A, 0C2B, ocic, cczc) 

and P (Pi, P2, Ps). Each subtype is the product of a separate gene. 

The natural neurotransmitter, noradrenaline, is relatively non-selective for tti and %-

receptors, while the hormone, adrenaline, displays a shght selectivity for ^-adrenoceptors. 

Noradrenaline is a moderately selective Pi-adrenoreceptor agonist but is a weak agonist of 

p2-receptors. Noradrenaline is a more potent agonist of the Ps-receptor than adrenaline (Table 

1.1). 

The three major groups of adrenoreceptors have different classes of G proteins linking them 

to their respective effector systems (Summers & McMartin 1993). Following agonist binding, 

(%]-adrenoreceptors couple with phospholipase C (PLC) through Gq. Phospholipase C 

activation catalyses the hydrolysis of membrane phospholipids such as phosphatidylinositol 

bisphosphate (PIP2) to form two second messengers that produce changes in cellular activity; 

inositol trisphosphate (IP3) and diacylglycerol (DAG). IP3 acts on a specific intracellular 

receptor to release sequestered calcium while DAG activates protein kinase C (PKC). 

Following agonist binding, ai-adrenoreceptors couple with adenylate cyclase (AC) through 

Gi or directly with ion channels. Adenylate cyclase inhibition reduces intracellular levels of 

cyclic AMP (cAMP). Both decreases in cAMP and modification of the activity of ion 

channels such as the Na" /̂H^ antiport, or channels alter cellular activity. Following 

agonist binding, P-adrenoreceptors couple with adenylate cyclase through Gs. Activation of 

adenylate cyclase raises intracellular levels of the second messenger, cAMP. cAMP activates 

protein kinase A and other cAMP-dependent protein kinases that phosphorylate a variety of 

proteins, to generate the P-receptor response (Figure 1.7). 
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Table 1.1 - Relative affinities of adrenaline (AD) and noradrenaline (NA) to the 
different adrenergic receptors. 
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Figure 1.7 - Relations between adrenergic receptors, membrane-bound regulatory 
proteins, enzymes and intracellular effector systems. 

NA; noradrenaline; AD: adrenaline; PLC; phospholipase C; DAG: diacylglycerol; AC: 
adenylate cyclase; PKC: protein kinase C; PKA: protein kinase cAMP-dependent; PIP2: 
phosphatidylinositol biphosphate; IP3: inositol triphosphate. 
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1.6.4.2 - Physiological effects 

The sympatho-adrenal system elicits physiological regulations in responses to stimuli such as 

hypovolaemia, hypoxia, hypotension, hypoglycaemia and changes in temperature (Goldstein 

1987) but the chronic level of sympatho-adrenal activity is also important. Catecholamines 

exert principally cardiovascular, renal and metabolic effects either directly or by altering the 

secretion of hormones. 

The direct effects of catecholamines on the heart are mediated predominantly by Pi-receptors 

and include increased heart rate, enhanced contractility and augmented conduction velocity, 

all of which generate an increase in cardiac output (Young & Landsberg 1998). The direct 

effects of catecholamines on the vasculature are mediated by a , - and ^-receptors and 

include vasoconstriction and venoconstriction. Arteriolar a-receptors regulate peripheral 

resistance and tissue perfusion, providing adequate perfusion of vital organs in the face of 

changing circumstances. Venoconstriction augments venous return and thus cardiac output. 

On the other hand, catecholamines also mediate vasodilatation by stimulation of p2-receptors, 

particularly in vessels of skeletal muscle. 

Activation of endothelial a - or (3-receptors stimulates the production of nitric oxide, resulting 

in vasodilatation. 

Catecholamines influence renal sodium reabsorption by direct, vascular and hormonal 

effects. Catecholamines directly augment sodium reabsorption in the proximal tubule of the 

glomerule, through az-mediated activation of Na"̂ /H"̂  exchange at the brush border and %-

mediated activation of Na^/K^-ATPase at the basolateral membrane. Renal vasoconstriction 

decreases renal perfusion and therefore glomerular filtration of sodium, resulting in decreased 

natriuresis. Stimulation of renal Pi-adrenoceptors produces the secretion of renin from the 

juxtaglomerular cells. The resulting elaboration of angiotensin II stimulates adrenocortical 

secretion of aldosterone, which has antinatriuretic effects. 

SNS activation stimulates energy mobilisation and utilisation in various tissues. 

Catecholamines promote hepatic glucose output by activating glycogenolysis, accelerating 

gluconeogenesis and inhibiting glycogen synthesis. Thus, interactions of catecholamines with 

the P2-adrenoceptor stimulates adenylate cyclase and leads to generation of cAMP, initiation 
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of the cAMP-dependent enzymatic cascade, resulting in the phosphorylation of glycogen 

phosphorylase and glycogen synthase, which activates the former and inhibits the latter 

(Webber & McDonald 1993). ai-receptor stimulation also activates phosphorylase, thereby 

increasing glycogenolysis, and enhances gluconeogenesis by mechanisms that are 

independent of cAMP. 

In muscle, catecholamine stimulation of glycogenolysis occurs by (32-receptor activation. The 

skeletal muscle is the major site of SNS activation-induced thermogenesis. It is not only 

involved in the regulation of the resting metabolic rate (obligatory thermogenesis) but also 

mediates the additional increase in energy expenditure promoted by ingestion of food and its 

processing (facultatory thermogenesis) (Mius et al. 2000). 

Stimulation of adenylate cyclase-coupled adrenergic receptors controls lipolysis in fat cells 

(Lafontan & Berlan 1993). Adrenergic |3-receptor-mediated increment of intracellular cAMP 

concentrations promotes activation of cAMP-dependent protein kinase A (PKA), which in 

turn phosphorylates and activates hormone-sensitive lipase (HSL). HSL cleaves triglycerides 

into fatty acids and glycerol within adipose tissue. In addition to |3-mediated lipolysis, 

catecholamines exert a a2-receptor-mediated antilipolytic effect (Lafontan & Berlan 1993, 

Webber & McDonald 1993). 

Suppression of insulin and stimulation of glucagon secretion by catecholamines augment 

their direct effect on hepatic glucose production and on fat mobilisation. 

In brown adipose tissue (BAT), which is present in rodents and in neonates of many 

mammalian species, the metabolism of fatty acids produces heat. This thermogenic activity 

of the BAT involves a mitochondrial protein named uncoupling protein (UCP), which 

transfers the proton potential generated by respiration across the inner mitochondrial 

membrane as heat instead of ATP. 

Adrenergic receptor-mediated variations in intracellular cAMP concentrations have potential 

effects on gene transcription. Control of transcription of genes by cAMP operates through 

PKA phosphorylation of the cAMP response element binding protein (CREB), a transcription 

factor which subsequently recognises distinct DNA sequences called cAMP response element 

(CRE) present in the promoter regions of the target genes. 

Catecholamines are believed to contribute to the development of adaptive hypertrophy of 

cardiac muscle, skeletal muscle and vascular smooth muscle. Noradrenaline was indeed 
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shown to stimulate hypertrophy of cultured myocardial rat cells, through an oci-mediated 

response (Simpson & McGrath 1983). 

1.6.4.3 - Modulation of effects 

Organs that contain specific receptors to catecholamines can be influenced either by 

noradrenaline liberated from the sympathetic nerve endings or by adrenaline secreted by the 

adrenal medulla into the general circulation. The relative contribution of locally released 

noradrenaline and circulating adrenaline in the regulation of catecholamine-dependent 

processes is uncertain. It is believed that postsynaptic ai- and (31-adrenergic receptors are 

positioned within the synapse (in the vicinity of the neuro-effector junction) in contrast to the 

postsynaptic % - and Pa-adrenoceptors, which reside extrajunctionally. Thus, postsynaptic tti-

and Pi-receptors would be under neuronal control and interact with endogenous 

noradrenaline liberated from sympathetic nerves. However, since the highly efficient 

neuronal uptake pumps keep synaptic levels of noradrenaline low, thereby preventing 

diffusion to the extrajunctional sites, and Pa-receptors are considered non-innervated and 

believed not to interact with liberated noradrenaline. and Pa-receptors would respond to 

circulating catecholamines, especially adrenaline (Van Zwieten 1988; Ruffolo 1985). 

a - and P-adrenoceptors mediating opposing effects can coexist within a tissue. In addition, 

different proportions of a - and P-adrenergic receptors can be found in different tissues and 

are hkely to vary with age (McMiUian et al. 1983) and physiological circumstances. The 

overall physiological effect of catecholamines will depend on the number of adrenergic 

receptors and on the balance between a - and P-adrenoceptors within a tissue. 

When adrenergic stimulation is sustained, down-regulation of cellular surface adrenoceptors 

occurs, resulting in a decline in physiological response. The mechanisms involved include 

phosphorylation of consensus sequences in the cytoplasmic domains of the receptor proteins 

in their activated conformation by P-adrenoceptor kinase (P-ARK). Phosphorylated receptors 

may then undergo sequestration to an interior compartment of the cell. 

The responsiveness of peripheral effector tissues to adrenergic stimulation can be modified 

by local factors and alterations in the levels of various hormones. For instance. 
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glucocorticoids influence the regulation of adrenergic receptor gene transcription (Mak et al 

1995), induce alterations in receptor number (Jazayeri & Meyer 1988) and in signal 

transduction by adrenergic receptor pathways (Bian et al. 1992, 1993a), and ultimately affect 

adrenergic responsiveness in target tissues (Russo et al. 1990). 

In summary, catecholamine levels and their physiological actions can be regulated at many 

sites. These include the ease of their release, the type, number and sensitivity of the multiple 

receptors in target cells, as well as the rate of biosynthesis and metabolism (Flatmark 2000). 

1.7 - PHENYLETHANOLAMINE A^-METHYLTRANSFERASE 

1.7.1 - Molecular characteristics 

PNMT is encoded by a single gene, which in the rat spans about 2.8 kb, is made of 3 exons 

and 2 introns (Suh et al. 1994) and contains a single transcription initiation site. Northern-

blotting analysis has revealed a single mRNA species of about 1.1 kb in the rat adrenal gland 

and brainstem. PNMT is a cytoplasmic monomeric enzyme of about 31 kDa. 

1.7.2 - Ontogeny of PNMT 

1.7.2.1 - Adrenal medulla 

In the fetal rat adrenal medulla, PNMT mRNA, protein and enzyme activity first appear 

around the 17̂ ^ day of gestation (Margolis et al. 1966, Seidl & Unsicker 1989, Teitelman et 

al. 1979, 1982, Bohn et al. 1981, Ebert et al. 1996) and dramatically increase until term in 

parallel with the adrenaline content. 

Adrenaline becomes the dominant catecholamine on day 18 of gestation and from then on the 

ratio adrenaline/noradrenaline steadily increases until term (Coulter et al. 1988, Seidl & 

Unsicker 1989). 

In the postnatal adrenal medulla, PNMT mRNA expression was reported to rise after birth, 

peak at postnatal day 11 and subsequently decline until postnatal day 35, when levels were 

not significantly different from those at birth (Wong et al. 1992a). In parallel, adrenal PNMT 

activity was shown to increase continuously from birth through maturation, either plateauing 

at around 25 to 35 days of age, being then 7 to 10-fold higher than at birth (Wong et al. 
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1992a) or increasing progressively until postnatal day 60 (Bohn et al. 1982, Lau et al. 1988) 

or postnatal day 200 (Kvetnansky et al. 1978). These data suggest that the development of 

PNMT mRNA and enzymatic activity do not take place in a co-ordinated fashion (Wong et 

zd. 1992a). 

The adrenaline content of the adrenal gland was shown to gradually increase from birth until 

adulthood. The adrenaline/noradrenaline content ratio was reported to reach a maximum 

value by day 10 after birth, being then higher than either at birth or in the adult (Coulter et al. 

1988). 

Whether glucocorticoids initiate adrenal PNMT gene expression developmentally has been 

controversial. It was first believed that glucocorticoids were not required for initial 

adrenergic expression. Treatments that increased embryonic steroids levels, such as 

administration of dexamethasone or implantation of corticosterone pellets in pregnant rats or 

direct treatment of embryos with dexamethasone or ACTH early in gestation, around the 11 -

12'"̂  day, failed to elicit the appearance of PNMT prior to its normal onset (17^ day) and, 

conversely, treatments that reduced embryonic steroid levels failed to inhibit the initial 

appearance of PNMT at 17 days gestation (Teitelman et al. 1979, Bohn et al. 1981). 

However, it was subsequently reported that the lack of detectable glucocorticoid binding sites 

prior to the 17'^ day of gestation might explain why a precocious initiation of PNMT in 

response to early glucocorticoid treatment was not possible (Seidl & Unsicker 1989). 

Moreover, cultured chromaffin precursor cells isolated from day 16 adrenals were 

demonstrated to acquire the adrenergic phenotype only in the presence of glucocorticoids 

(Seidl & Unsicker 1989). The fact that transgenic mice lacking the glucocorticoid receptor do 

not express PNMT in their adrenal glands (Schmid et al. 1995, Finotto et al. 1999) added 

strength to the argument and provided evidence that glucocorticoids initiate the expression of 

adrenal PNMT after a functional glucocorticoid receptor system has been established. 

The ontogenetic modulation of adrenal PNMT during the neonatal period was shown to be 

dependent on maintaining physiological levels of glucocorticoids. Indeed, hypophysectomy 

in utero dramatically reduced the normal developmental increase of PNMT activity and 

immunoreactivity in medullary cells (Margolis et al. 1966, Bohn et al. 1981). However, the 

asynchronous temporal pattern of adrenal corticosterone and PNMT mRNA levels found 

during early postnatal development suggested that glucocorticoids could not be the sole 

controlling agent (Wong et al. 1992a). 
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The transcription factor AP-2 was hypothesised to play a role in combination with the 

glucocorticoid-activated GR in the maturation of adrenergic phenotype in adrenal medulla. 

AP-2 was demonstrated to be abundant in the nuclei of cells throughout the adrenal medulla 

on postnatal day 10, the developmental time-point when the adrenal PNMT mRNA level 

reaches its peak (Ebert et al. 1998). Moreover, in the presence of dexamethasone, AP-2 was 

shown to be able to stimulate PNMT promoter activity to induce both reporter gene 

expression and endogenous PNMT mRNA expression in RSI cells, a clonal derivative of the 

pheochromocytoma PC 12 cells selected to express functional GR activity (RSI cells were 

selected after transfection of PC 12 cells with a vector containing the rat GR cDNA) (Ebert et 

al. 1998). 

1.7.2.2 - Superior cervical ganglia 

In the superior cervical ganglia, PNMT is transiently expressed in the newborn rat. Authors 

showed that PNMT activity is initially detectable in the superior cervical ganglia of fetuses at 

17 days of gestation and increases 3 to 4-fold by postnatal day 2, after which activity 

decreases precipitously and is undetectable 2 weeks after birth (Bohn et al. 1982). 

1.7.2.3 - Brainstem 

In the brainstem, PNMT expression occurs earlier than in the adrenal. Immunoreactivity to 

PNMT was first observed in the brainstem between the 13 - 14^ day of embryonic life in 

cells presumably destined to comprise the Ci cell groups (Foster et al. 1985, Bohn et al. 

1986). Enzyme activity was first measurable on gestational day 14.5 and increased steadily to 

attain adult levels over the next four weeks (Bohn et al. 1986). 

In the prenatal rat brainstem, two species of PNMT mRNA were detected, one of which was 

produced by an intron retention mechanism of alternative splicing. The spliced, intronless 

message was shown to be down regulated postnatally, while the intron-retained mRNA 

species continued to be expressed through adulthood. By contrast, in the adrenals, both pre 

and postnatally, only the spliced message was expressed, suggesting that during perinatal 

development the expression of PNMT is differentially regulated by alternative mRNA 

splicing in a tissue-specific manner (Unsworth et al. 1999). 



82 

PNMT expression in the brainstem is thought not to be induced in the same manner as in the 

adrenal medulla as glucocorticoids are not synthesised endogenously and GR not functional 

on gestational day 14 when brain PNMT first appears (Bohn et al. 1986, Kennedy & Ziegler 

2000X 

Whilst they are essential in the adrenal medulla, glucocorticoids are believed not to be 

required for the development of brain PNMT, as decreased endogenous glucocorticoid levels 

by adrenalectomy in neonatal rats had no effect on PNMT activity in medulla oblongata 

assayed one month later (Bohn et al. 1986). 

1.7.2.4 - Limbic system 

In the amygdala of the young rat, the number of neurones immunopositive for PNMT have 

been reported to increase during the first two weeks of life and subsequently decline and 

disappear by postnatal day 35 (Mezey 1989a). 

1.7.2.5 - Heart 

In the embryonic rat heart, a transient developmental burst in PNMT mRNA expression from 

gestational days 9.5 through 13 was reported (Ebert et al. 1996). Similarly, a transient burst 

of PNMT activity from embryonic days 10 to 14, gradually returning to low levels on day 17 

was described (Ebert et al. 1996, Kennedy & Ziegler 2000). 

It is believed that the regulation of early PNMT expression in the fetal heart is not dependent 

on glucocorticoids since PNMT appears several days before mRNA encoding the 

glucocorticoid receptor is expressed in this organ (Kennedy & Ziegler 2000). 

1.7.3 - Regulation of PNMT 

1.7.3.1 - Adrenal medulla 

Adrenal PNMT has been shown to be mainly under the regulation of both glucocorticoid 

hormones and neural input to the adrenal medulla (Ciaranello & Black 1971). 
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1.7.3.1.1 - Glucocorticoid hormones 

In the neonatal and adult rat adrenal medulla, the steady-state levels of PNMT mRNA, 

PNMT activity and enzyme molecules appear to be regulated by the pituitary-adrenal axis, as 

indicated by their decrease after hypophysectomy and reversal following administration of 

ACTH or dexamethasone (Stachowiak et al. 1988, Jiang et al. 1989, Evinger et al. 1992, 

Wurtman & Axelrod 1966, Margolis et al. 1966, Kvetnansky et al. 1970, Ciaranello 1978, 

Wong et al. 1985, Wong et al. 1995, Burke et al. 1983). 

Whilst the importance of glucocorticoids for the maintenance of PNMT has been well 

recognised, the mechanisms involved have not been fully defined. Hypophysectomy was 

shown to lower PNMT levels by accelerating the rate of enzyme degradation, which was 

reversed by administration of dexamethasone, suggesting that inhibition of PNMT 

degradation by endogenous glucocorticoids is an ongoing intracellular process which is 

important to maintenance of steady state levels (Ciaranello 1978). Further studies showed 

that glucocorticoids might influence in vivo PNMT activity by controlling endogenous 

concentrations of the enzyme's co-substrate, SAM, which protects PNMT against 

degradation. This might be achieved via glucocorticoid regulation of SAM synthetic enzyme, 

methionine adenosyl-transferase (Wong et al. 1985). Moreover, the dexamethasone-induced 

increase in adrenal PNMT activity seen in hypophysectomized rats could be blocked by 

concurrent administration of actinomycin D, suggesting that the biochemical mechanism by 

which glucocorticoids increase PNMT activity probably involves the synthesis of new 

enzyme proteins (Wurtman & Axelrod 1966). In addition, increased adrenal PNMT mRNA 

levels resulting from dexamethasone administration to hypophysectomized rats was shown to 

be mediated by an acceleration in the rate of PNMT gene transcription, suggesting that 

glucocorticoids can act as transcriptional regulators of the PNMT gene (Evinger et al. 1992). 

In addition to their role in maintaining the steady-state levels of PNMT, glucocorticoids 

appear to induce adrenal medullary PNMT, but only during a specific time window, in that 

PNMT can be increased by glucocorticoids in the neonatal rat whereas this corticosteroid 

inductive effect is lost in the adult rat. Thus, implantation of Cortisol pellets in pregnant rats 

on day 14 of gestation augmented PNMT immunoreactivity beyond the normal ontogenetic 

changes in the fetal adrenal gland, as measured 5 days later (Bohn et al. 1981). 
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Administration of dexamethasone to pregnant rats for 4 days starting on gestational days 15 

or 16, increased adrenal PNMT activity in late gestation fetus (Kennedy & Ziegler 2000). 

Administration of dexamethasone to pregnant rats from gestational day 12 to term raised the 

activity of adrenal PNMT in the 21 day-old offspring (Parker & Noble 1967). Moreover, 

adrenal PNMT activity was significantly higher following ACTH-induced increase in plasma 

corticosterone concentration in the 7 day-old rat (Banerji et al. 1985). 

Despite the fact that glucocorticoids increased adrenal PNMT activity and mRNA expression 

in cultured bovine adrenal chromaffin cells (Betito et al. 1992, Wan & Livett 1989, 

Stachowiak et al. 1990a), in hypophysectomized rats (Stachowiak et al. 1988, Evinger et al. 

1992) and in neonatal rats (Banerji et al. 1985), neither ACTH nor dexamethasone 

administration to adult intact rats elevated PNMT mRNA above control levels (Stachowiak et 

al. 1988), nor did it increase PNMT activity in normal adult animals (Wurtman & Axelrod 

1966, Ciaranello & Black 1971, Evinger et al. 1992). 

Despite the inconsistencies described above, glucocorticoid control of PNMT mRNA 

expression is predicted from the structure of the PNMT gene. In rat, one putative 

glucocorticoid response element (GRE), based on consensus binding site identity, is present 

in the 5'-regulatory region of the PNMT gene (Ross et al. 1990) (Figure 1.8). GRE is located 

at -513 bp 5' to the transcriptional start site and acts as a functional response element when 

PNMT promoter-reporter constructs are expressed by transient transfection (Ross et al. 

1990). The functionality of the GRE was further demonstrated in cultured bovine adrenal 

chromaffin cells where the induction of PNMT activity (Betito et al. 1992) and mRNA (Wan 

& Livett 1989) by glucocorticoids could be blocked by the specific glucocorticoid antagonist 

RU-38486, suggesting that the observed regulation of PNMT by glucocorticoids was 

mediated via glucocorticoid receptor. 
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Figure 1.8 - Proximal promoter/regulatory region of the PNMT gene. 

One putative glucocorticoid response element (GRE) is located at -513 bp to the 
transcriptional start site (Ross et al. 1990). Two potential Egr-1 binding elements are situated 
in close proximity to the site of transcription initiation (+1). The proximal site at -45 bp 
shows an 8/9 match while the distal site at -165 bp is perfectly matched to the 9-bp Egr-1 
consensus sequence. Egr-1 is a member of the immediate early gene family of transcriptional 
factors (Ebert et al. 1994). Two 9-bp Spl consensus elements are encoded in the PNMT 
promoter/regulatory sequences and overlap 5 bp of the 5' end of each of the Egrl consensus 
element. Spl is known to be regulated developmentally and in response to specific stimuli. 
The presence of DNA sequences that resemble consensus DNA binding elements for the AP-
2 transcription factor has also been revealed. There are two sites where 5 of 6 nucleotides 
match the AP-2 consensus sequence, located at -653 and -571 bp, and a site with a 4 of 6 
nucleotides match at -103 bp. AP-2 is a developmentally regulated transcription factor that is 
primarily expressed in neural crest-derived tissues (Ebert et al. 1998). There is an 11-bp 
match to the MAZ binding element that overlap 1 bp of the 3' end of the -49 bp Spl site (Her 
et al. 1999). 
GR, Egr-1 and Spl are believed to be potential activator of the PNMT promoter since their 
over expression in RS1 cells was shown to be able to activate PNMT promoter-reporter gene 
expression (Ross et al. 1990, Ebert et al. 1994, Ebert et al. 1998). 
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The transcription factor Egr-1, whose consensus sequences are found in the PNMT promoter 

(Figure 1.8), is believed to be a potential transcriptional activator of the PNMT promoter 

(Ebert et al. 1994, Merita et al. 1995) and to work in concert with the glucocorticoid receptor 

to regulate PNMT gene expression (Ebert et al. 1994). Egr-1 was shown to be able to activate 

the PNMT promoter/regulatory sequences through binding to the Egr-1 consensus elements 

in the PNMT promoter to stimulate reporter gene as well as endogenous PNMT expression in 

a PC12 derivative cell hne, RSI (Ebert et al. 1994). In the same conditions, dexamethasone 

was shown to be able to enhance, but not independently induce, Egr-1-mediated gene 

expression from the PNMT promoter/regulatory sequences (Ebert et al. 1994). Since the 

corticosteroid effect was shown to be abolished when the sequences containing the GRE (-

513 bp) were deleted, it was suggested that an interaction of the activated glucocorticoid 

receptor with Egr-1, following the binding of both transcription factors to their cognate 

recognition site in the PNMT promoter may be necessary for the incremental corticosteroid 

induction (Ebert et al. 1994). The transcription factor AP-2 was similarly shown to work in 

combination with the glucocorticoid-activated GR to regulate PNMT gene expression (Ebert 

et al. 1998). It is thought that such a mechanism would provide an explanation for the 

observation that corticosteroids do not elevate adrenal PNMT beyond normal levels in adult 

rats, in that glucocorticoids might be incapable of independently activate the PNMT gene. 

Rather, another transcription factor might be necessary to initiate PNMT gene expression, a 

factor with which the activated GR could then interact to facilitate PNMT gene transcription 

(Ebert et al. 1994). 

Studies have reported a paradoxical inhibitory effect of glucocorticoids on adrenal PNMT, 

suggesting that glucocorticoids may regulate PNMT in an inhibitory manner. A chronic 

physiological elevation of plasma Cortisol levels in the fetal sheep from 109 to 116 days of 

gestation reduced adrenal PNMT mRNA expression with a consequent decrease in PNMT 

protein expression. This dechne was believed not to be mediated via negative feedback effect 

on pituitary ACTH secretion since the HP A axis is relatively insensitive to glucocorticoid 

negative feedback in fetal sheep at this gestational age (Adams et al. 1999). Neonate and 

adult rats treated with dexamethasone for nine days showed a deficit in adrenal PNMT 

activity (Lau & Slotkin 1981). 
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1.7.3.1.2 - Neural input to the adrenal medulla 

In the adult animal, there appears to be a functional coupling of catecholamine secretion and 

synthesis within the adrenal chromaffin cell in order to maintain catecholamine stores after 

periods of increased adrenal stimulation. This coupling is mediated by trans-synaptic 

stimulation of the levels, activity and gene expression of PNMT. Reflex activation of the 

splanchnic nerve, the major cholinergic innervation to the adrenal gland, was shown to 

increase in vivo adrenal PNMT mRNA (Wong et al. 1993), PNMT activity (Ciaranello & 

Black 1971, Ciaranello et al. 1975, Wong et al. 1993) and active enzyme (Wong et al. 1993). 

In cultured bovine adrenomedullary cells, acetylcholine was reported to increase PNMT 

mRNA levels and this inductive effect to be prevented by a nicotinic antagonist, suggesting 

that nicotinic receptor activation is involved in the neural regulation of PNMT mRNA 

expression (Stachowiak et al. 1990). 

Egr-1 is believed to participate in the neural activation of the PNMT gene in vivo as reflex 

stimulation of the splanchnic nerve was reported to induce nuclear Egr-1 protein expression 

in the rat adrenal medulla under conditions that induce PNMT mRNA, enzyme activity and 

protein (Ebert et al. 1994). It was hypothesised that following stimulation of the splanchnic 

nerve, released ACh, through binding to its nicotinic receptor and via some signal 

transduction pathway, may activate the Egr-1 gene and that the rise in Egr-1 expression, in 

turn, may then induce PNMT gene expression (Ebert et al. 1994). 

1.7.3.1.3 - Stressors 

PNMT is regulated either through the splanchnic nerve or the pituitary-adrenocortical axis or 

both in stress situations in which catecholamines are released from the adrenal medulla to 

enable metabolic and cardiovascular adaptations to stress. Increases in PNMT activity and 

mRNA levels have been found after insuhn-induced hypoglycaemia, repeated immobihsation 

stress (Kvetnansky et al. 1970, Viskupic et al. 1994), exposure to cold (Kvetnansky et al. 

1971, Weisberg et al. 1989) and hypoxia (Adams & McMillen 200). Immobilisation-induced 

rise in adrenal PNMT mRNA is mediated by the pituitary-adrenocortical axis (Viskupic et al. 

1994), suggesting that glucocorticoids can be implicated in the enhancement of PNMT 

during stress. However, acute hypoxia-induced increase in adrenal PNMT mRNA in vivo in 

the fetal sheep depends, after innervation has been established, on nicotinic stimulation of the 



adrenal medullary cells (Adams & McMillen 2000). Thus, different types of stressors can 

regulate PNMT through different mechanisms (Sabban & Kvetnansky 2001). 

1.7.3.1.4 - Other regulatory factors 

Other physiological effectors are believed to play a role in the regulation of catecholamine 

biosynthetic enzymes. In primary cultured bovine adrenal medullary cells, IGF-1 and 

angiotensin II were shown to cause, through ligand-receptor interaction, elevation in PNMT 

activity as well as in PNMT mRNA levels (Hwang & Choi 1995, Stachowiak et al. 1990b), 

suggesting that these factors might be physiological effectors contributing to the regulation of 

PNMT in vivo. 

During culture of the adrenal medullary tissue in the presence of adrenaline, the activity of 

PNMT was reduced and this was accompanied by a diminished rate of PNMT synthesis, 

suggesting that extragranular levels of adrenaline can regulate PNMT (Burke et al. 1983) 

1.7.3.2 - Superior cervical ganglia 

PNMT activity in superior cervical ganglia was shown to be increased by dexamethasone 

administration in neonatal but not in adult rat, suggesting that the sensitivity of this response 

may be limited in time to a few days after birth (Ciaranello et al. 1973). 

1.7.3.3 - Brainstem 

As opposed to the adrenal, the maintenance of PNMT activity in the medulla oblongata does 

not seem to be under the control of the pituitary-adrenocortical axis as PNMT activity was 

not affected by hypophysectomy (Bohn et al. 1986). 

However, brain PNMT appears to be regulated by glucocorticoids. Thus, dexamethasone 

treatment of pregnant rats in late gestation was shown to increase PNMT activity in the fetal 

medulla oblongata (Bohn et al. 1986). Several days of dexamethasone administration to intact 

adult rats was reported to markedly increase PNMT activity in the medulla oblongata and 

hypothalamus (Moore & Phillipson 1975). 
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1.7.3.4 - Other tissues 

Non-adrenal peripheral PNMT were also shown to be inducible by glucocorticoids. PNMT 

activity was increased in the heart of late gestation fetuses whose mothers had received 

dexamethasone (Kennedy & Ziegler 2000). Several days of dexamethasone administration to 

adrenalectomized adult rats increased PNMT activity and mRNA in lung (Kennedy et al. 

1990, Kennedy et al. 1993a) as well as PNMT activity in heart and skeletal muscle (Kennedy 

& Ziegler 1991). 

1.8 - TYROSINE HYDROXYLASE 

1.8.1 - Molecular characteristics 

TH is encoded by a single gene, which in rat spans 9.3 kb, is made of 13 exons separated by 

12 introns and contains a single transcription initiation site (Brown et al. 1987). Northern-

blotting analysis revealed a 1.9 kb mRNA species. TH exists as a homotetramer, each subunit 

having a molecular weight of approximately 60 kDa. TH exists in both cytoplasmic and 

membrane-bound forms. It requires a reduced pteridine cofactor, tetrahydrobiopterine (BH4), 

ferrous iron and molecular oxygen for activity (Kumer & Vrana 1996). 

1.8.2 - Ontogeny of TH 

1.8.2.1 - Sympathetic ganglia 

In the rat, TH mRNA and protein appear in cells of the thoracic sympathetic ganglia in 11 

day-old embryos and in abdominal and lumbar ganglia 1 to 2 days later (Teitelman et al. 

1979, Jonakait et al. 1989). 

1.8.2.2 - Adrenal gland 

At 13.5 days of gestation, TH immunoreactivity appears in cells migrating to the adrenals and 

in scattered cells within the adrenals (Bohn et al. 1981). TH protein is present within the 

adrenal anlagen around the 13.5-15^ day of development (Bohn et al. 1981, Teitelman et al. 

1979). TH activity is expressed in adrenal glands on gestational day 16.3 and increases until 

birth (Seidl & Unsicker 1989). 
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Levels of TH mRNA were found to increase significantly after birth, exhibiting a transient 

peak at 12 hours, and then remaining high in neonatal and adult adrenal medulla (Holgert et 

al. 1991). Adrenal TH activity was shown to be higher by postnatal day 17, compared to 

postnatal day 2, and to progressively increase thereafter until the 360^' day when it was found 

to stabilise (Kvetnansky et al. 1978). 

1.8.2.3 - Central nervous system 

Although TH immunoreactivity is found in the brain of embryonic rats as early as gestational 

day 10.5, TH is confined to known noradrenergic and dopaminergic cell groups, and does not 

appear in the PNMT-positive cells at the same time as PNMT. TH is found considerably later 

in these cells and in some not until after birth. At birth, TH can be visualised in only 5% of 

the PNMT-immunoreactive cells of the Ci area and in 50% of the Ca (Foster et al. 1985). 

1.8.3 - Regulation of adrenal TH 

Like adrenal PNMT, adrenal TH is documented to be mainly regulated by glucocorticoids 

and the neural input to the adrenal medulla (Stachowiak et al. 1988, 1990a). These factors 

mediate both co-ordinate and selective regulations of TH and PNMT. 

1.8.3.1 - Glucocorticoid hormones 

Contrarily to the steady-state level of PNMT mRNA, basal TH mRNA levels were found not 

to depend on the presence of circulating glucocorticoid hormone since hypophysectomy did 

not change TH mRNA levels (Stachowiak et al. 1988). 

However, glucocorticoids were found to regulate levels of TH mRNA both in vitro and in 

vivo. Incubation of pheochromocytoma cultures (derived from a rat adrenal medullary 

tumour) and primary cultures of bovine adrenal medullary cells with dexamethasone 

enhanced TH mRNA levels (Lewis et al. 1987, Stachowiak et al. 1990a) as a result of an 

increased transcription (Lewis et al. 1987). Treatment of rats with dexamethasone was found 

to result in the induction of adrenal TH mRNA levels (Stachowiak et al. 1988, Kumai et al. 

2000), as opposed to PNMT mRNA levels, which were found not to be elevated beyond 

normal levels in adult rats (Stachowiak et al. 1988). 
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Figure 1.9 - Proximal promoter/regulatory region of the TH gene. 

Sequences -454 to -443 bear homology in 10 of 11 consecutive bases to sequences in the 
human metallothionein gene that comprise a portion of the glucocorticoid regulatory element 
of that gene (Lewis et al. 1987). An oxygen-regulated element (HIF-l) is present within the 
promoter. A putative AP-1 sequence (the Fos/Jun immediate early protein binding site) has 
been identified approximately 200 bp upstream of the transcription start site (Kumer & Vrana 
1996). This site is overlapped by a 20 bp-dyad element, at the centre of which is a sequence 
for the motif called E-box (the E2A/MyoD binding site) (Kumer & Vrana 1996). A negative 
transcriptional regulatory element, HEFT has been identified. Sequences -44 to -37 bear 
homology to sequences found in a number of genes regulated by cyclic AMP (Lewis et al. 
1987). A second putative CRE (cAMP regulatory element) is believed to be present at 
approximately -90. 
Currently, there is limited information concerning the functional significance of these 
potential binding sites (Kumer & Vrana 1996). 
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A glucocorticoid regulatory element (GRE) is postulated to exist in the 5' regulatory region 

of the TH promoter, based on consensus sequence homology, 450 bp upstream from the 

transcription start site (Figure 1.9). Although an in vivo role for glucocorticoid regulation has 

been established, it appeared that this specific sequence is not sufficient to confer 

glucocorticoid responsiveness, in that, when fused to a reporter gene and transfected into 

cells, treatment of the cells with glucocorticoids failed to induce reporter gene expression 

(Lewis et al. 1987). This suggested that there might be multiple elements on the TH gene that 

act co-operatively to invoke transcriptional stimulation by glucocorticoids (Lewis et al. 

1987). 

1.8.3.2 - Neural input to the adrenal medulla 

The evidence that trans-synaptic regulation is an important mode of regulation of TH has 

been given by experiments showing that increased splanchnic nerve activity due to reserpine 

treatment increased TH activity (Ciaranello et al. 1975). Moreover, in vitro studies have 

shown that the neurotransmitter, acetylcholine, interacts with cholinergic receptors present on 

adrenomedullary cells, which in turn increases TH enzyme activity and mRNA expression 

(Stachowiak et al. 1990a). 

Synaptic activity and cholinergic agonists have been found to produce acute stimulation of 

TH activity via various protein kinases-induced phosphorylation of pre-existing TH 

(Zigmond et al. 1989), while in the long-term TH protein and activity were shown to be 

modulated by changes in TH mRNA expression (Kumer & Vrana 1996). 

1.8.3.3 - Stressors 

Elevated TH activity and mRNA expression in the adrenal medulla have been reported to 

occur in response to acute, chronic or repeated exposure to a variety of stressors in order to 

compensate for the stress-induced catecholamine release (Sabban & Kvetnansky 2001). Thus, 

increases in TH activity and mRNA levels have been found after immobilisation stress 

(Kvetnansky et al. 1970), exposure to cold for several days (Thoenen 1970, Kvetnansky et al. 

1971, Stachowiak et al. 1985), insulin-induced hypoglycaemia (Vietor et al. 1996), among 

others. The effects of a number of stressors on increased TH mRNA levels, such as insulin-

induced TH gene expression (Vietor et al. 1996), have been reported to be abolished by 

adrenal denervation, suggesting that they are trans-synaptically mediated. 
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The duration and repetition of the stress has been reported to have a marked effect on 

changes in expression of the genes that encode catecholamine-synthesising enzymes. A 

single episode of stress was shown to result in a transient increase in TH mRNA returning to 

basal levels within a day and not accompanied by increased protein levels (Victor et al. 

1996). However, repeated stress was shown to result in an increase in TH mRNA levels that 

was sustained for a longer time after termination of the stress compared with a single episode 

of stress, and that elicited an increase in TH protein levels (Sabban & Kvetnansky 2001). 

It is hypothesised that the transient and more sustained transcriptional activation may be 

mediated by different transcription factors. The rapid induction of TH transcription is 

believed to reflect post-translational activation of pre-existing factors, such as CREB or 

cJUN, while the rapid response to stress of intermediate duration is thought to involve de 

novo synthesis of transcription factors, such as cFOS and Egr-1. Factors such as FRA2 

(binding to the AP-1 site) or Egr-1 have been implicated in mediating the transition to the 

more-prolonged transcriptional responses to repeated stress (Sabban & Kvetnansky 2001). 

1.8.3.4 - Other regulatory factors 

Dietary calcium deprivation in rats, known to cause hyperparathyroidism and the 

development of hypertension, was shown to increase TH activity in the adrenal glands 

(Hagihara et al. 1990). 

Factors such as angiotensin II (Stachowiak et al. 1990b), IGF-1 (Hwang & Choi 1995), basic 

fibroblast growth factor (bFGF) (Puchacz et al. 1993), epidermal growth factor (EGF) (Lewis 

& Chikaraishi 1987) have been shown to induce TH activity and mRNA levels in vitro. 

TH is believed to be subject to feedback inhibition by all of the catecholamines (Kumer & 

Vrana 1996). 

The molecular mechanisms underlying the induction of TH by these multiple effectors, and 

in particular the sequences of DNA in the 5'-flanking region of the TH gene that are 

necessary for the induction, have only started being investigated. 
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1.9 - THE SYMPATHO ADRENAL SYSTEM AND ESSENTIAL HYPERTENSION 

1.9.1 - Catecholaminergic effects on blood pressure 

Adrenergic neurones of the CNS, sympathetic fibres and adrenal catecholamines are 

important in a range of processes pivotal to blood pressure regulation. 

Neurones of the rostral ventrolateral medulla (RVLM, Ci region of the brainstem), including 

PNMT-immunoreactive neurones, project to the site of origin of sympathetic preganglionic 

neurones in the thoracic and lumbar spinal cord and synapse with sympathetic preganglionic 

neurones involved in cardiovascular control. Neurones of the RVLM regulate sympathetic 

drive to the heart, vasculature, kidney and adrenal medulla, thus participate in the control of 

blood pressure (Huang & Weis 1999). These neurones are sympatho-excitatory since 

chemical stimulation in the RVLM elevates blood pressure, accelerates the heart and releases 

adrenal catecholamines (Ross et al. 1983, Stith & Dormer 1994). They are tonically active 

and responsible for resting tone. They are also implicated in the reflex control of blood 

pressure (Reis et al. 1988) (Figure 1.1). 

Chemical sympathectomy and bilateral adrenalectomy have been used in rats for the 

evaluation of the relative contribution of the sympathetic fibres and the adrenal medulla to 

the regulation of blood pressure. The blood pressure was lowered by more than 30 mmHg a 

few hours after sympathectomy whereas bilateral adrenalectomy in the presence of an intact 

sympathetic system caused a decrease in blood pressure of about 15 mmHg, suggesting that 

the sympathetic fibres are the major sympathetic component responsible for the maintenance 

of cardiovascular functions under resting conditions (De Champlain et al. 1977). 
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Figure 1.10 - Effects of catecholamines on blood pressure. 

(+): Stimulation of adrenergic receptors by noradrenaline and/or adrenaline, +: increase. 
From Young & Landsberg 1998. 
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Catecholamines can increase blood pressure by effects on the heart, veins and kidneys that 

increase cardiac output and effects on the kidneys and arterioles that increase peripheral 

resistance (Figure 1.10). Cardiac output is increased by enhancement of myocardial 

contractility and increased venous return, the latter resulting from venoconstriction and 

enhanced renal sodium reabsorption. Renal sodium reabsorption is stimulated by both direct 

and indirect effects. Indirect effects involve catecholamine action on the juxtaglomerular 

cells that increases renin and subsequent angiotensin II production, the latter leading to 

aldosterone liberation from the adrenal cortex. Peripheral resistance is increased by 

catecholamine and angiotensin Il-mediated arteriolar vasoconstriction. 

Given the catecholaminergic effects on blood pressure, it can be postulated that any altered 

input from the supraspinal brain regions that govern the activity of the sympathetic 

preganglionic neurones, or any long-term change in catecholamine synthesis in both the 

sympathetic nerve endings and the chromaffin cells, any change in release, degradation or 

efficiency of action could initiate and/or maintain hypertension. 

1.9.2 - The sympatho adrenal system in human essential hypertension 

Since noradrenaline and adrenaline can raise blood pressure, the possible pathophysiological 

role of excessive sympathetic nervous system and sympatho-adrenomedullary activity in 

essential hypertension has been proposed (Axelrod 1976). Indeed, there is evidence that the 

sympatho-adrenal system is activated in human hypertension. 

1.9.2.1 - Methods for assessing sympatho-adrenal function 

Comparisons of plasma levels of noradrenaline between patients with essential hypertension 

and normotensive controls have been used to determine whether patients with essential 

hypertension show abnormal sympathetic neural activity. Although providing a useful guide 

to sympathetic function, measurements of plasma noradrenaline have limitations. Plasma 

noradrenaline levels represent the product not only of noradrenaline release from sympathetic 

nerve and spillover to plasma but also removal from the circulation (reuptake by nerve 

endings, extraneuronal uptake by a variety of tissues and metabolic conversion) (Goldstein 

1983a, Esler et al. 1988). To avoid the confounding influence of plasma clearance, 

measurements of total spillover of noradrenaline to plasma have been developed, based on 



97 

noradrenaline isotope dilution in plasma. They give the rate at which released noradrenaline 

enters plasma (Esler et al. 1988). However, plasma noradrenaline concentration and total 

spillover measurements provide no information on the regional patterning of sympathetic 

nervous activation while the sympathetic outflow to some organs may be activated and that to 

other regions may be unchanged or inhibited (Esler 1994). 

Techniques allowing study of regional, organ-specific sympathetic activities have 

subsequently been developed. Microneurography was devised for studying nerve firing in 

subcutaneous sympathetic nerves distributed to skeletal muscle and skin. This technique 

involves the insertion of fine tungsten electrodes through the skin, with positioning of the 

electrode tip in sympathetic fibres. Radiotracer methods have been developed to estimate the 

regional noradrenaline overflow to plasma. This technique can be used for internal organs. It 

provides information on the sympathetic outflow to different organs because there is a 

proportional relationship between the sympathetic nerve firing rate to an organ and the 

spillover rate of noradrenaline from this organ into the venous drainage (Esler et al. 1988, 

Esler 1993, 1994). The method involves a constant-rate infusion of radiolabelled 

noradrenaline coupled with regional arterial and venous blood samplings. Net spillover of 

noradrenaline from an organ to plasma is calculated from the product of the veno-arterial 

difference in plasma noradrenaline concentration across an organ and the plasma flow (Esler 

et al. 1988). Heart rate power spectral analysis is commonly applied to the study of 

autonomic control of the heart, and allows investigation of spontaneous, superimposed 

circulatory rhythms producing cyclical variation in heart rate (Esler 1995). High frequency 

and low frequency components of heart rate variability are evident. The high frequency 

component is coupled with the respiratory cycle, and determined by vagal function, while 

low frequency variability derives from the influence of the cardiac sympathetic nerves (Esler 

1993). Finally, the technique of pharmacological autonomic blockade was introduced for the 

study of the prevailing level of neural cardiovascular tone (Esler 1994). 

Measures of tissue noradrenaline turnover (based on the fall in unlabelled noradrenaline 

tissue concentration after synthesis block or decline in tissue noradrenaline specific activity 

after prior radiolabeUing of noradrenaline stores) are widely used to estimate levels of 

sympathetic nerve firing in experimental animals (Esler et al. 1988). 

Measurements of plasma adrenaline concentration and adrenaline spillover to plasma have 

been used to estimate sympatho-adrenomedullary activity. 
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1.9.2.2 - Sympathetic nervous system overactivity in essential hypertension 

Evidence indicates that the sympathetic nervous system is activated in a substantial 

proportion of patients with essential hypertension. Several studies have shown that resting 

plasma noradrenaline concentration is significantly elevated in about 40% of patients with 

essential hypertension, principally younger ones (40 years-old or younger) (Goldstein 1981, 

1983a). Total noradrenaline spillover to plasma is also increased in essential hypertension 

(Esler et al. 1988). Measurements of regional noradrenaline release to plasma have indicated 

that a selective activation of the sympathetic nervous system, involving the outflows to the 

heart and kidneys but sparing the lungs and hepatomesenteric circulation, is present in 

essential hypertension but only in young and not elderly patients (Esler 1995). Studies using 

clinical microneurography measurements have documented the presence of increased muscle 

sympathetic nerve firing in young patients with borderline hypertension (Anderson et 

al.l989) as well as in middle-aged subjects with more severe hypertension (Grassi et al. 

1998). All this supports the existence of an increased sympathetic drive in essential 

hypertension, which seems to characterise the early developmental phases of essential 

hypertension. 

The pattern of circulation observed in borderline hypertension at rest is compatible with the 

haemodynamics of the defence reaction: elevated blood pressure, high cardiac output and fast 

heart rate (Julius 1993). This hyperkinetic circulatory state is beheved to be mainly of central 

neurogenic origin and may involve an element of reduced vagal tone to the heart, presumably 

reflecting central suppression of the bulbar-reflex vagal restraint on the heart, which is a 

characteristic feature of the defence reaction (Folkow 1994). Indeed, analysis of heart rate 

variability showed that in hypertensive subjects not only the low-frequency component 

(marker of sympathetic activity) was greater than that found in normotensive controls, but the 

high-frequency component (marker of vagal activity) was conversely smaller in the 

hypertensive group compared with the normotensive controls. This indicated the presence of 

cardiac sympathetic stimulation and parasympathetic withdrawal in hypertensive patients at 

rest (Guzzetti et al. 1988). Similar conclusions were drawn from studies with 

pharmacological blockade of the heart. Greater falls in heart rate and cardiac output were 

found after ^-adrenergic blockade (by propanolol infusion) in patients with borderline 

hypertension compared with normotensive subjects. Lesser increase in cardiac output and 

heart rate were found in hypertensive patients after parasympathetic blockade (with atropine 
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administration). It was concluded that both a heightened sympathetic tone and a reduced 

parasympathetic activity are present in borderline hypertension (Julius et al. 1971). 

1.9.2.3 - Consequences of sympathetic nervous activation 

Sympathetic overactivity is a common feature among young individuals, and it may precede 

the development of hypertension (Julius et al. 2000). The stimulatory influences of the 

sympathetic nervous system on renin release, glomerular filtration rate, renal tubular sodium 

reabsorption, vascular resistance and the performance of the heart may initiate and contribute 

to the blood pressure elevation (Esler 1995, 2000). Moreover, a trophic effect of sympathetic 

activation in the human heart is probable in hypertensive patients (Esler 2000). The increased 

sympathetic activity to the heart enhances the pressure on and activity level of the heart and 

vessels, which in turn is believed to initiate growth-promoting processes, inducing 

cardiovascular smooth muscle hypertrophy (Folkow 1994). Released noradrenaline from the 

sympathetic nerve terminals could also directly participate in this structural adaptation 

(Simpson & McGrath 1983). 

1.9.2.4 - Causes of sympathetic overactivity in essential hypertension 

The possible causes of the increased sympathetic activity in essential hypertension remain 

largely conjectural, although life style factors appear to be involved. 

Patients with primary hypertension are commonly overweight. The sympathetic activation 

seen in essential hypertension could perhaps represent an adaptive response to overeating, 

since positive energy balance initiates thermogenesis by stimulation of the sympathetic 

nervous system (Esler 1993, JuUus et al. 2000). In support for this hypothesis, systolic blood 

pressure and sympathetic nervous system activity (determined by the rate of appearance of 

noradrenaline to plasma) were shown to increase in normal weight subjects in response to 

overfeeding and fall with underfeeding (O'Dea et al. 1982, Jung et al. 1979). 

A sedentary lifestyle could also contribute to sympathetic nervous overactivity in 

hypertensive patients. Epidemiological studies have suggested that physical inactivity is a 

common characteristic of patients with primary hypertension. Studies have demonstrated that 

45 minutes of bicycle exercise 3 or 7 times a week resulted in long-term lowering of systolic 

blood pressure in sedentary patients with mild to moderate hypertension. This was attributed 

to a fall in total peripheral resistance. Lowering of blood pressure was accompanied by a fall 
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in plasma noradrenaline and heart rate, suggesting that reduced sympathetic activity may 

have contributed to the lowering of peripheral resistance with increasing exercise training 

(Nelson et al. 1986). 

Given the importance of central noradrenergic neurones in influencing sympathetic nervous 

system responses, including those accompanying stress reactions, the possibihty that 

abnormal central monoaminergic transmission could increase sympathetic activity has been 

investigated. Noradrenaline spillover from the CNS (particularly from subcortical areas) into 

the internal jugular vein was higher in patients with essential hypertension than in healthy 

subjects (Ferrier et al. 1993). Moreover, among the hypertensive patients, a striking 

relationship existed between spillover of noradrenaline into the jugular vein and renal 

sympathetic activity. Among normal subjects and hypertensive patients combined, 

noradrenaline overflow into the jugular vein correlated directly with whole-body 

noradrenaline spillover from the SNS (Ferrier et al. 1993). These results suggested that 

activation of central nervous noradrenergic neuronal cell groups might mediate the increased 

sympathetic nerve firing rates present in a proportion of patients with essential hypertension. 

Psychosocial influences may contribute to the gradual development of hypertension. It has 

been proposed that a limbic-hypothalamic hyperactivity, due either to excessive 

environmental stimuli and/or to an inherent hyperactivity to an otherwise normal 

environment could be at the origin of the sympathetic over activation associated with 

hypertension (Mancia et al. 1997). These possibilities have been sought and identified in 

animal models of hypertension. SHR were shown to display a marked pressor hyperactivity 

to most types of environmental alerting stimuli, as compared with genetically normotensive 

or renal hypertensive rats. This hyperactivity precedes the hypertensive state (Folkow 1987). 

Therefore, a genetically linked limbic-hypothalamic hyperactivity and its relationships to 

environmental stimuli may be important in the induction of primary hypertension. In man, 

several studies have shown that hypertensive subjects have exaggerated cardiovascular 

responses to mental or physical stresses, while other studies have reported no cardiovascular 

hyperactivity (Mancia et al. 1997). 

Finally, it has recently been suggested that increased SNS activity may be a consequence of 

altered fetal growth (Phillips & Barker 1997). 
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1.9.2.5 - Baroreceptor reflex in essential hypertension 

Evidence shows that the baroreceptor control of heart rate is markedly impaired in essential 

hypertension without being accompanied, however, by any similar impairment of baroreflex 

sympathetic modulation. Indeed, young patients with hypertension have been reported to 

have abnormally decreased baroreflex-cardiac sensitivity but normal baroreflex-vascular 

sensitivity (Goldstein 1983b). This was shown by the use of a technique consisting of a neck 

collar within which air pressure could be made negative, increasing carotid transmural 

pressure, stimulating the carotid baroreceptors and reflexly causing a bradycardia. The 

bradycardia was much less in essential hypertensives than in normotensives (Goldstein 

1983b). Arterial baroreceptor control of the sinus node has also been examined by 

intravenous injection of a pressor drug (phenylephrine), increasing arterial blood pressure, 

stimulating arterial baroreceptors and reflexly reducing heart rate, coupled with subsequent 

intravenous injection of a vasodepressor drug (nitroprusside), which decreases arterial 

pressure, deactivates arterial baroreceptors and reflexly increases heart rate. This produced 

much less reflex bradycardia and tachycardia in moderate and more severe hypertensive 

subjects than in normotensives. However, the concomitant reflex inhibition and activation of 

muscle sympathetic nerve traffic, as measured by microneurography, was similar in all 

groups of patients (Grassi et al. 1998). A depressed response to sympathetic stimulation was 

also shown by analysis of heart rate variability. When normotensive and hypertensive 

individuals were passively moved from rest to an upright position (tilt), the average RR 

interval decreased in all subjects and this change was more marked in the control than the 

hypertensive groups. The high-frequency component of RR variability (marker of vagal 

activity) decreased less in the hypertensive group than in the controls (Guzzetti et al. 1988). 

This differential behaviour of the baroreflex in hypertension has been suggested to be due to 

a central impairment of baroreceptor modulation that is, however, limited to the vagus 

(Grassi et al. 1998). In animals, simultaneous stimulation of the afferent vagal depressor fibre 

and the defence area resulted in the suppression of the depressor fibre effect on the heart 

while the depressor fibre effect on the resistance vessels was largely unaffected. This 

indicated a differentiated interaction between the antagonistic hypothalamic defence reaction 

and the homeostatic baroreceptor reflexes, with a selective suppression of the inhibitory 

reflex action on the heart, but with little or no interference with the reflex modulation of the 

vasoconstrictor fibres (Djojosugito et al. 1970). This intriguing similarity with the baroreflex 
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alteration observed in hypertension has led to the hypothesis that brain regions involved in 

the defence reaction may be involved (Mancia et al. 1997, Grass! et al. 1998). 

It is unsettled whether the impairment of the baroreceptor control of the sinus node precedes 

hypertension and participates in its development (Grassi & Mancia 1994). 

Essential hypertension is accompanied by a resetting of the arterial baroreceptor reflex 

towards the existing higher blood pressure value (Grassi & Mancia 1994), which imphes that, 

rather than opposing the blood pressure elevation, this mechanism acts to maintain it (Mancia 

et al. 1997). 

1.9.2.6 - Haemodynamics of hypertension 

The hemodynamics of hypertension change as the disease develops (Esler 1993). Patients 

with mild forms of hypertension have a hyperkinetic circulation characterized by increased 

heart rate and cardiac output. This haemodynamic constellation is different from established 

hypertension, in which vascular resistance is elevated and cardiac output is normal (Julius 

1994). Longitudinal studies have demonstrated that over a period of twenty years, cardiac 

output decreases, vascular resistance increases and permanent hypertension evolves in almost 

all patients with previously hyperkinetic mild or borderline hypertension (Julius 1994). 

The changes that occur in the haemodynamics of hypertension are paralleled and probably 

caused in part by changes in the level of cardiac sympathetic stimulation (Esler 1994). In the 

beginning, the increased sympathetic tone is directed toward the heart. As hypertension 

advances, the responsiveness of cardiac output to both sympathetic stimulation and venous 

filling decreases. Apparently, the increased sympathetic tone in borderline hypertension 

eventually leads to a functional down-regulation of the ^-adrenergic responsiveness. This 

change in chronotropic responsiveness evolves in parallel with a gradual decrease in stroke 

volume during the course of hypertension (Julius 1993), probably due to the gradual 

development of secondary cardiovascular hypertrophy. In parallel with these changes that 

tend to decrease cardiac output, cardiac sympathetic stimulation falls with age in 

hypertensive patients. The prolonged pressure load causes hypertrophy of the major 

resistance vessels, which in turn, causes a steady increase in vascular resistance (Julius 1993). 
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The transition is believed to lie in the capacity of the brain to regulate the circulation and its 

ability to redirect the autonomic tone to different parts of the circulation in order to achieve a 

certain blood pressure level. 

Changes of underlying haemodynamics with a preserved blood pressure response have been 

observed in a wide range of circumstances. For instance, during mental arithmetic and 

isometric exercise, the characteristic response is an elevation of blood pressure 

predominantly through a higher cardiac output. If the increase in cardiac output is prevented 

by (^-adrenergic blockade, the blood pressure has been shown to be preserved and the 

underlying haemodynamic pattern to be shifted to an increase in vascular resistance (Julius 

1993). 

According to this hypothesis of a neurogenic hypertension in which the brain would be able 

to direct the sympathetic drive to responsive organs in order to maintain elevated blood 

pressure, the following sequences have been proposed to explain the normalisation of 

sympathetic tone during the course of hypertension (Julius 1993). In the beginning of 

hypertension, the increased sympathetic tone is directed toward the heart and blood pressure 

elevation is associated with a high cardiac output. As hypertension advances, cardiac 

responsiveness decreases. Consequently, the excess sympathetic tone would be redirected to 

the more responsive periphery. Later, as the responses of hypertrophic vessels become 

amplified, less sympathetic discharge would be needed to maintain the same 

vasoconstriction. Consequently, the sympathetic discharge from the central nervous system 

would decrease to a point where it appears entirely normal (Julius 1993, 1994). 

1.9.2.7 - The adrenal medulla in human essential hypertension 

An alternative hypothesis of the cause of sympathetic overactivity in essential hypertension is 

the facilitation of noradrenaline release from the sympathetic nerve endings by adrenaline 

acting presynaptically. It has been proposed that elevation of circulating adrenaline levels 

could, following extraction from plasma by the sympathetic nerve endings, enlarge the 

neuronal adrenaline pool. Following sympathetic nerve stimulation, adrenaline may be 

released in the synaptic cleft together with noradrenaline and mediate an autofacilitatory 

feedback loop in noradrenergic transmission by acting on presynaptic Pa-adrenergic 

receptors, resulting in an increased amount of noradrenaline released per nerve impulse, 

which would result in a sustained elevation of sympathetic activity, and eventually lead to the 

development of hypertension (Brown & Macquin 1981, Rand & Majewski 1984). 
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Evidence for adrenaline release from the human heart has been provided with the help of the 

isotope dilution technique (Johansson et al. 1997). Cardiac adrenaline spillover was shown to 

decrease after neuronal uptake blockade, and to increase during activation of the sympathetic 

nervous system. This supports the notion that the human heart is able to extract adrenaline 

from plasma by a process of neuronal uptake and that adrenaline is being released from 

cardiac sympathetic neurones (Johansson et al. 1997). 

To test the hypothesis of adrenaline acting on presynaptic Pa-adrenoreceptors, the effects of 

infusion of adrenaline on the release of noradrenaline and cardiovascular responses have been 

studied in humans. It has been shown that, in healthy volunteers, infusion of adrenaline 

causes persistent tachycardia after the infusion, and that standing caused a further marked 

increase in heart rate compared with prior to adrenaline infusion. These effects could be 

prevented by pre-treatment with desipramine, which inhibits uptake of adrenaline into 

sympathetic nerve endings during the infusion, suggesting that persistent tachycardia depends 

on uptake of adrenaline into sympathetic nerve endings. The postural data suggested that 

during the infusion, adrenaline is accumulated in the cardiac sympathetic nerve endings and 

can be released by sympathetic stimulation (Brown & Macquin 1982). In another study, 

infusion of adrenaline for 6 hours at a rate that raised plasma levels of adrenaline into the 

high physiological range was shown to cause a sustained rise in blood pressure, lasting for at 

least 18 hours after the end of the infusion, while infusion of noradrenaline had no such 

effect, suggesting that the pressor effect of adrenaline is mediated by a Pi-adrenoceptor. 

Moreover, after the infusion of adrenaline had been stopped, its pressor effect was evident 

only during periods of increased sympathetic activity, suggesting that increased 

noradrenaline release during sympathetic stimulation may explain the delayed pressor effect 

of adrenaline (Blankestijn et al. 1988). It has also been shown that the forearm 

vasoconstrictor response to neurogenic vasoconstriction was greater 30 minutes after the end 

of an adrenaline infusion than before (Floras et al. 1990). These studies have confirmed the 

hypothesis that adrenaline is taken up from the plasma by the sympathetic nerves, and when 

plasma adrenaline is high the amount of adrenaline that is stored together with noradrenaline 

by the neurones may increase. When plasma adrenaline concentrations are no longer high, 

co-released adrenaline may still be able to cause activation of prejunctional (32-adrenoceptors, 

leading to a sustained elevation of sympathetic activity (Blankestijn et al. 1988). 
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Evidence indicates that adrenomedullary secretion of adrenaline is increased in essential 

hypertension. As with noradrenaline, several studies have shown that resting plasma 

adrenaline concentration is significantly elevated in about 40% of patients with essential 

hypertension, principally younger ones (Goldstein 1983a). With the use of the isotope 

dilution technique, it has been shown that the total body spillover of adrenaline was 

significantly increased in mild hypertensive individuals compared with normotensive 

subjects whereas total body clearance of adrenaline was similar in both groups, suggesting 

that the elevated plasma adrenaline levels were due to an increased adrenomedullary release 

of adrenaline into the bloodstream (Jacobs et al. 1997). 

Elevated adrenaline secretion from the adrenal medulla is believed to arise from excessive 

environmental stimulation by such factors as stress and anxiety and/or to an increased 

susceptibility to stressful stimuli (Rand & Majewski 1984). On the other hand, the increased 

adrenaline release observed in mildly hypertensive individuals has been proposed to reflect 

an increased sympathetic outflow selectively to the adrenal medulla (Jacobs et al. 1997). 

Studies have provided mixed support for the hypothesis that adrenaline uptake into 

sympathetic nerves may be responsible for the increased sympathetic activity seen in 

hypertensive patients. Measures of venous and arterial plasma catecholamines in 

hypertensive and normotensive subjects have reported that arterial adrenaline concentration 

was higher than venous in both the hypertensive and normotensive groups, and that the 

arterial-venous difference was increased in the hypertensive compared with the normotensive 

group, suggesting an increased uptake of adrenaline by the peripheral vascular beds 

(Kjeldsen et al. 1981). In contrast, the facilitatory effect of adrenaline infusion on neurogenic 

vasoconstriction was not exaggerated in subjects with bordeline hypertension compared with 

normotensive subjects (Floras et al. 1990). 

The fact that the blood pressure lowering effect of (3-blockers was accompanied by a decrease 

in the indices of sympathetic activity does, however, support the adrenaline hypothesis. After 

2 weeks of chronic ^-adrenergic receptor blockade (100 mg atenolol given orally once daily), 

hypertensive patients displayed reduced heart rate and systolic and diastolic arterial blood 

pressure. The low-frequency component of RR variability (marker of sympathetic activity) 

was significantly reduced (Guzzetti et al. 1988). It is believed that (3-blocking drugs owe their 
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antihypertensive effect to blockade of the presynaptic P2-adrenergic receptors, resulting in 

reduced sympathetic tone (thus decreased peripheral resistance). 

1.9.2.8 - Postsynaptic adrenergic receptors in essential hypertension 

Since catecholaminergic effects are dependent on the number, sensitivity and binding affinity 

of adrenergic receptors, as well as the relative proportion of the various classes of receptors 

localised on target cells, the possibility of disequilibria in adrenergic receptor function has 

been postulated in human hypertension. Indeed, sympathetic activation is associated with 

major alterations in the balance among postsynaptic adrenergic receptors in cardiovascular 

tissues. Several studies have reported the existence of an enhanced vascular reactivity to «%-

adrenergic receptor stimulation, whereas other studies have demonstrated an attenuation of 

cardiac and vascular ^-adrenergic receptor function in human hypertension (De Champlain et 

al. 1999). Whether these dysfunctions are primary or secondary to the development of 

hypertension is difficult to determine. Nevertheless, these functional alterations likely play an 

important role in the evolution and maintenance of hypertension (De Champlain et al. 1999). 

1.9.3 - The sympatho-adrenal system in experimental hypertension 

Evidence of dysfunction in adrenergic mechanisms has been uncovered in various 

experimental models of hypertension. 

1.9.3.1 - SHR and other genetic models of hypertension 

Evidence suggests an increased sympathetic activity before hypertension is fully developed 

in spontaneously hypertensive rats (SHR), followed by a normalisation of sympathetic 

activity when hypertension is established. In SHR, as in man, there is an early hyperkinetic 

stage of hypertension, i.e. a rate-dependent increase in cardiac output that appears to be 

neurogenically mediated, as indicated by its elimination upon nerve blockade (Folkow 1987). 

Even in the earliest stages of postnatal development, the neurally mediated contribution to 

resting blood pressure and heart rate was enhanced in SHR. The rate of development of the 

neurally mediated component of blood pressure was accelerated in SHR relative to WKY 

between 1 and 42 days of age, and slowed thereafter (Smith et al. 1984). Increased plasma 

NA levels were found in 4 week-old SHR (Grobecker et al. 1975). An increased NA turnover 
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rate was demonstrated in the heart of young SHR (De Champlain et al. 1977). There is also 

neurophysiological evidence of an increased renal sympathetic nerve activity at rest in SHR 

compared with WKY (Folkow 1987). 

PNMT activity, protein and number of PNMT immunoreactive cells were reported to be 

increased in the C, area of the brainstem and in the spinal cord of young SHR, but were 

unchanged in adult SHR compared with WKY (Saavedra et al. 1976, Saavedra 1979, 

Chalmers et al. 1984), suggesting a possible involvement of the central adrenergic neurones 

projecting to the spinal cord in the elevations of sympathetic activity and arterial pressure. 

Evidence indicates a decreased adrenomedullary activity during the development of 

hypertension in SHR, followed by activation later in the course of the disease. Adrenal TH 

and PNMT activities were reported to be decreased from 2 to 8 weeks of age in SHR 

compared with WKY (Grobecker et al. 1975, 1982). The adrenaline content of the adrenals 

of the SHR was reported to be lower than that of the WKY at 4 weeks of age (Grobecker et 

al. 1975). Conversely, adrenal TH activity and mRNA expression were shown to be increased 

in adult SHR (Grobecker et al. 1982, Kumai et al. 1995, 1998), which was followed by 

higher noradrenaline and adrenaline levels in the adrenal medulla (Kumai et al. 1995, 1998). 

Therefore, the exaggerated sympathetic neuronal activity in early life in SHR may be an 

essential factor in the course of development of hypertension, while the adrenal medulla may 

be essential for the maintenance of hypertension in SHR. 

Both sympathectomy and adrenalectomy lowered the blood pressure within the normotensive 

range in SHR (De Champlain et al. 1977), confirming the role of both components of the 

SAS in the maintenance of an elevated blood pressure. 

Lyon hypertensive rats do not exhibit an increased SNS activity, and hypertension can 

develop despite destruction of peripheral sympathetic fibres (Vincent & Sassard 1994). 

Similarly, peripheral sympathetic mechanisms do not appear to be primary initiator of 

hypertension or to be solely responsible for its maintenance in The New Zealand 

Hypertensive rat (Simpson et al. 1994). 

Dahl rats not only exhibit genetic differences in catecholamine metabolism, but also genetic 

differences in the effects of high-salt intake on the synthesis of catecholamines in the adrenal 

gland. Sensitive Dahl rats displayed higher adrenal TH and PNMT activities than resistant 
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Dahl rats, irrespective of the salt diet. In addition, a high-salt diet resulted in an increase in 

TH and PNMT activities as well as in adrenaline and noradrenaline levels in the adrenal 

medulla, only in sensitive rats (Saavedra et al. 1983). These differences could be related to an 

inability of sensitive rats to control catecholamine synthesis, and could contribute to the 

elevation of their blood pressure, when challenged with a salt load (Saavedra et al. 1983). 

1.9.3.2 - Experimental steroid-induced hypertension 

There appears to be synergistic hyperactivities of the sympathetic fibres and the adrenal 

medulla in DOCA-salt rats (De Champlain et al. 1977). Noradrenaline turnover and synthesis 

rates were found to be increased in sympathetically innervated cardiovascular organs of the 

DOCA-salt hypertensive animals, indicating an increased sympathetic tone in this model (De 

Champlain et al. 1977). This was confirmed by the higher serum catecholamines found in 

hypertensive animals (De Champlain et al. 1977). In addition, shght increases in cardiac 

noradrenaline turnover rate and serum catecholamines were found before the development of 

hypertension, suggesting that activation of the SNS is primary to the development of 

hypertension (De Champlain et al. 1977). 

PNMT activity was shown to be increased in the Ci area of the brainstem in adult DOCA-salt 

hypertensive rats (Saavedra et al. 1976) and could contribute to the increased sympathetic 

activity. 

TH activity in the adrenal medulla was higher than in controls after only 1 week of treatment 

with DOCA-saline, and the increase persisted with further treatment, suggesting that an 

elevated sympatho-adrenal activity in this form of experimental hypertension parallels the 

development of hypertension (Grobecker et al. 1982). The catecholamine synthesis rate was 

also increased in the adrenal medulla of hypertensive rats, which, in the presence of normal 

catecholamine content, suggested an increase in the catecholamine secretion from the adrenal 

medulla into the general circulation (De Champlain et al. 1977). 

Both chemical sympathectomy and bilateral adrenalectomy resulted in a greater lowering of 

blood pressure in DOCA-salt hypertensive animals than in normotensive rats, confirming 

their contribution in the maintenance of an elevated blood pressure. Nevertheless, the blood 

pressure remained at hypertensive levels after both procedures, indicating that other 

mechanisms are involved in the maintenance of hypertension (De Champlain et al. 1977). 
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Specific removal of the adrenal medulla produced a decrease in blood pressure only in the 

male DOCA-salt, suggesting that the adrenal medulla plays a greater role in the maintenance 

of DOCA-salt hypertension in male than female rats (Lange et al. 1998). 

Dexamethasone-induced hypertension was found to be associated with increased TH mRNA, 

TH activity, noradrenaline and adrenaline levels in the adrenal medulla as well as 

noradrenaline and adrenaline levels in plasma. This suggested that increased TH activity 

following dexamethasone treatment might be at least a part of the mechanism of 

glucocorticoid-induced hypertension (Kumai et al. 2000). 

1.9.3.3 - Experimental renal hypertension 

The sympathetic nervous system is not essential for the development of one-kidney, one-clip 

hypertension. Indeed, sympathectomy prior to clipping had no effect on the development of 

one-kidney, one-clip hypertension (Thurston 1994). There is, however, evidence of increased 

sympathetic nervous activity in the established phase of hypertension. Indeed, plasma 

noradrenaline has been reported to be elevated in established one-kidney, one-clip 

hypertension (Thurston 1994). In addition, chemical sympathectomy caused a marked fall in 

blood pressure in animals that were hypertensive either for 3 or 7 weeks (De Champlain et al. 

1977). 

Application of a silver clip to the left renal artery with contralateral nephrectomy was 

associated with elevated PNMT activity in several brainstem regions, becoming obvious in 

the nucleus of the tractus solitarius 7 days after operation, and affecting other areas by 4 

weeks, in particular the locus coeruleus. This suggested that central adrenergic pathways 

might be involved in the development of one-kidney renovascular hypertension (Petty & 

Reid 1979). 

Bilateral adrenalectomy was accompanied by a fall in blood pressure 3 weeks after clipping 

whereas it did not change the blood pressure after 7 weeks, suggesting an increased 

adrenomedullary activity in the acute phase of the disease (De Champlain et al. 1977). 

Two-kidney renovascular hypertension is believed to be associated with a fall in sympathetic 

tone during the first few days after clipping, probably originating in an activation of the 

baroreflex consecutive to the increase in blood pressure, followed by an increased 

sympathetic activity when hypertension is established. Indeed, two-kidney Goldblatt 
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hypertensive rats exhibited a decrease in heart rate 3 days after clipping, and subsequently 

displayed tachycardia by 28 days after clipping (Denoroy et al. 1984). 

Clipping the left renal artery alone was associated with no change in central PNMT activity, 

in either the locus coeruleus, the Ci or the C2 areas of the medulla oblongata after either 3,10 

or 28 days (Denoroy et al. 1984). 

PNMT activity in the adrenal medulla was increased in two-kidney Goldblatt hypertensive 

rats 28 days after clipping, suggesting an increased sympatho-adrenal tone in established 

two-kidney renovascular hypertension (Denoroy et al. 1984). 

1.10 - PROGRAMMING OF THE SYMPATHO-ADRENAL SYSTEM 

Evidence shows that different aspects of the SAS are susceptible to programming by adverse 

perinatal environments. 

1.10.1 - Noradrenaline and the sympathetic nervous system 

Increased sympathetic nervous system (SNS) activity is evident during the early phases of 

hypertension and is associated with a hyperdynamic circulation, characterised by increased 

cardiac output and heart rate (Esler 1993). It has been suggested that increased SNS activity 

may be programmed in utero. Thus, a study of a sample of men and women bom in Preston 

during 1935-1943, whose size at birth had been recorded, showed that those who had low 

birth weights had higher resting pulse rates at the age of 50 years, suggesting, although the 

resting pulse rate is an imperfect index of SNS activity, that elevated sympathetic activity 

might be established in utero and be one of the processes mediating the link between small 

size at birth and raised blood pressure in adult life (Phillips & Barker 1997). In support for 

this hypothesis, small-for-gestational age babies were shown to have higher heart rate and 

lower heart rate variability, both in high and low frequency bands, than appropriate-for-

gestational age babies, giving evidence of significant modification of both sympathetic and 

parasympathetic autonomic nervous system control (Spassov et al. 1994). A significant 

positive correlation between birth weight, the ratio of birth weight to head circumference and 

parameters of heart rate variability influenced by the sympathetic activity was demonstrated 

in 11 and 12 week-old infants, increased sympathetic tone characterising infants with 

impaired growth. This study suggested the influence of fetal growth on the programming of 

the autonomic nervous system beyond the neonatal period (Massin et al. 2001). 



Ill 

Experimental studies have supported the hypothesis that altered fetal growth may be related 

to increased SNS activity. Intrauterine growth retardation (lUGR) induced by uterine artery 

ligation on day 18 of gestation was shown to be associated with increased SNS activity, as 

measured by the rate of noradrenaline spillover to plasma, as well as increased plasma 

noradrenaline and adrenaline concentrations in female rats at 3-4 months of age (Jansson & 

Lambert 1999). Studies have revealed that lUGR may lead to dramatic alterations in 

sympathetic function in the newborn. lUGR rat pups (bom to dams that had undergone 

uterine artery hgation on day 18 of gestation and whose birth weight was more than 2 SD 

below the mean birth weight of the control group) had, under basal conditions, similar plasma 

noradrenaline concentrations to the controls at 1 day of age but had increased cardiac 

sympathetic activity. However, their sympathetic response to acute hypoxia was blunted, in 

that, as opposed to the controls, both elevations in cardiac sympathetic activity and in plasma 

noradrenaline levels did not occur when the pups were placed in a chamber in hypoxic 

conditions (Shaul et al. 1989). In the placentally growth-restricted sheep fetus, circulating 

noradrenaline concentrations were found to be elevated between 110 and 140 days of 

gestation (Simonetta et al. 1997). Intrafetal infusion of tyramine, which acts to displace 

noradrenaline from catecholamine-containing vesicles within postganglionic sympathetic 

neurones, resulted in a greater increase in plasma noradrenaline in the placentally restricted 

sheep fetuses than it did in controls. However, the stimulated increase in plasma 

noradrenaline was proportional to basal circulating concentrations in both groups, indicating 

that the increased basal noradrenaline concentration was derived from sympathetic nerve 

terminals in the placentally restricted group (Simonetta et al. 1997). Proposed mechanisms 

that could contribute to the increased basal noradrenaline concentrations in the placentally 

restricted sheep fetuses include hyperinnervation of fetal tissues and/or increased synthesis of 

catecholamines in developing sympathetic neurones (McMillen et al. 2001). 

There is evidence, from studies in rats, that prenatal exposure to glucocorticoids exerts a 

promotional effect on the development of central catecholaminergic neurotransmission, but 

impairs the development and activity of cardiac sympathetic innervation (Slotkin et al. 1992, 

Bian et al. 1993b). Maternal administration of dexamethasone from days 17 through 19 of 

gestation was found to accelerate the maturation of noradrenergic transmission in the 

midbrain and brainstem of newborn rats, as indicated by a premature rise in neonatal 

noradrenaline turnover compared with the normal ontogenetic profile. Turnover was also 
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found to level off prematurely in the dexamethasone-treated animals, so that central 

noradrenergic activity eventually became subnormal during the postweaning period and into 

young adulthood (Slotkin et al. 1992). Offspring from rats given dexamethasone on days 17, 

18 and 19 of gestation were shown to have, both in the neonatal period and adulthood, lower 

cardiac noradrenaline content and decreased cardiac sympathetic activity, suggesting an 

effect of prenatal glucocorticoids on the neurones themselves and on central control of 

sympathetic activity (Bian et al. 1993b). In sheep, prenatal exposure to glucocorticoids was 

shown to exert a maturational effect on sympathetic responses at birth (Segar et al. 1998). 

Lambs from ewes that were administered dexamethasone at around 120 days of gestation 48 

and 24 hours before delivery by caesarean section showed increases in heart rate, mean 

arterial pressure and renal sympathetic activity at birth, in contrast to untreated controls of the 

same gestational age, in which a sympatho-excitatory response at birth was absent (Segar et 

al. 1998). 

1.10.2 - Adrenaline and the adrenal medulla 

There is a marked surge of adrenal catecholamine release at birth that is thought to assist the 

neonate in adapting metabolic, cardiovascular, respiratory and thermogenic function to the 

demands of extrauterine life (Artal 1980, Slotkin & Seidler 1988, Padbury 1989). 

Experimental studies have shown that several adverse intrauterine events influence the 

capacity of the fetus's adrenal gland to synthesize adrenaline, and may therefore limit the 

adrenal responses to perinatal stressors (McMillen et al. 2001). Restriction of placental 

growth and function was shown to reduce the expression of PNMT mRNA in the adrenal 

gland of the fetal sheep in late gestation (Adams et al. 1998) and to reduce the intensity of 

immunostaining for PNMT in the sheep fetal adrenal in mid-gestation (Coulter et al. 1998). 

Placental restriction had, however, no effect on TH mRNA concentrations in the fetal adrenal 

(Adams et al. 1998). In contrast, adrenaline concentrations were found to be elevated in the 

circulation of the placentally growth-restricted sheep fetus in late gestation (Simonetta et al. 

1997). lUGR rat pups had, at 1 day of age, similar plasma and adrenal adrenaline 

concentrations to the controls, but greater adrenal catecholamine synthesis and release under 

basal conditions (Shaul et al. 1989). However, their adrenal medullary response to acute 

hypoxia was blunted, in that, as opposed to the controls, both increases in adrenal 

catecholamine synthesis and release and elevations in plasma adrenaline levels did not occur 

when the pups were placed in a chamber in hypoxic conditions (Shaul et al. 1989). 
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Evidence shows that glucocorticoid exposure during fetal life has adverse consequences on 

the function of the adrenal medulla. Fetal sheep administered hydrocortisone on gestational 

day 128 for 60 hours and delivered 2 days later by caesarean section, were shown to have a 

reduced plasma catecholamine surge after cord cutting (Stein et al. 1993). Neonatal rats from 

dams treated with dexamethasone on days 17 to 19 of gestation were found to have a 

decreased adrenal adrenaline content paralleled with an insufficient adrenergic 

responsiveness to hypoxia, which was shown to impair their abihty to survive hypoxia 

(Kauffman et al. 1994). 

Studies have suggested that the impact of adverse intrauterine environments on adrenaline 

synthesis and secretion may have significant physiological consequences not only before and 

during, but also after birth (McMillen et al. 2001). Indeed, there is evidence that adverse 

intrauterine environments persistently influence the development of the catecholamine 

synthesising enzymes and catecholamine content. Exposure of pregnant rats to 

dexamethasone from day 12 of gestation through to birth was found to result in offspring 

with increased adrenal PNMT activity at 21 days of age and increased adrenaline levels at 21 

and 45 days of age (Parker & Noble 1967). In contrast, treatments of pregnant rats with 

dexamethasone in late gestation were reported to cause a decrease in the adrenaline content 

of the adrenal medulla of the offspring on postnatal days 1 and 14 (Kauffman et al. 1994, 

Manojlovic et al. 1998). 

Catecholamine-synthesising enzymes have also been shown to be subject to imprinting early 

in development. Nutritional deprivation during early development was found to adversely 

affect the maturation of the chromaffin cells of the sympatho-adrenal pathway. In rats that 

had been nutritionally deprived by increasing the litter size, the activities of TH and PNMT 

were reported to be suppressed throughout development, and these deficiencies were found to 

persist postweaning (Lau et al. 1988). Neonates given dexamethasone daily beginning the 

day after birth and continuing for up to 9 days were reported to display deficits in adrenal 

PNMT activity, which persisted 3-4 weeks after cessation of dexamethasone treatment (Lau 

&Slotkin 1981). 
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1.10.3 - Central adrenergic centres 

Studies have shown that prenatal hypoxia resulted in an altered developmental pattern of 

catecholamine-synthesising enzyme expression in the medulla oblongata (White & Lawson 

1997). Pups from dams placed in moderate hypoxia (10% 02) from gestational day 18 until 

birth were reported to exhibit a decrease in TH mRNA and protein at birth and a reduction in 

PNMT mRNA levels on postnatal day 7 in the dorsal medulla compared with age-matched 

non hypoxic animals, and to have higher levels of TH mRNA during the first 10 postnatal 

days in the ventral medulla (White & Lawson 1997). 

In 4-5 month-old adult rats that had been treated neonatally (on postnatal days 2 to 4) with 

dexamethasone, brainstem PNMT activity determined after 30 minutes of shaker stress was 

reported to be higher than that of control rats (Turner et al. 1979). 

1.10.4 - Tissue sensitivity to adrenergic stimulation 

Studies have suggested that maternal nutrition during pregnancy may have lasting 

consequences on the vascular responses to sympathetic stimulation of the offspring. Isolated 

femoral arteries of 20 day-old offspring from dams fed a 30% restricted diet from day 1 to 

day 18 of gestation were shown to have reduced maximal constrictor responses to 

phenylephrine and noradrenaline compared with maternally unrestricted control offspring of 

the same age. This reduced responsiveness to catecholamines has been suggested to 

compromise cardiovascular homeostasis in young offspring. It was, however, not maintained 

in 100 and 200 day-old offspring while, by that time, these offspring developed high blood 

pressure (Ozaki et al. 2001). Enhanced sensitivity to noradrenaline was found in isolated 

femoral arteries from the 60 day-old offspring of dams fed a 20% fat diet for 10 days before 

mating, throughout pregnancy and until weaning, as compared with age-matched offspring 

from dams fed a standard chow during the corresponding period (Koukkou et al. 1998). 

There is evidence that exposure of the fetus to excess glucocorticoids persistently alter their 

tissue sensitivity to adrenergic stimulation. In rats and sheep, prenatal exposure to excess 

glucocorticoids can enhance cardiac adenylate cyclase responses to (3-receptor stimulation 

(Bian et al. 1992, Stein et al. 1993). Thus, fetal sheep administered hydrocortisone on day 

128 for 60 hours and delivered 2 days later by caesarean section, were shown to display 

augmented myocardial adenylate cyclase activity (Stein et al. 1993). Offspring from rat dams 
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given dexamethasone on days 17, 18 and 19 of gestation were shown to have increased |3-

receptor mediated stimulation of adenylate cyclase in the heart throughout the preweaning 

period (Bian et al. 1992). 

1.10.5 - Maturation of the sympatho adrenal function 

Neuronally mediated release of adrenal catecholamine and cardiac function are absent at birth 

in rats and normally develop by the first week of postnatal age. Pups exposed to an adverse 

intrauterine environment have been reported to display accelerated functional maturation of 

sympathetic nerve connections to the heart and/or adrenal medulla (Slotkin et al. 1980, 

Bartolome et al. 1981). In neonatal rats bom to mothers which were given daily injections of 

methadone from the lO"̂  day of gestation through to birth, adrenal catecholamine depletion in 

response to insulin, reflecting hypoglycaemia-induced reflex neuronal stimulation of 

sympatho-adrenal pathways, was shown to be evoked as early as 4 days of age while the 

response did not appear until 7 days of age in the control pups (Slotkin et al. 1980). In 

neonatal rats bom to mothers which received ethanol from the 13'^ day of gestation through 

to birth, cardiac ornithine decarboxylase activity in response to insulin, reflecting 

hypoglycaemia-induced reflex neuronal stimulation of efferent cardiac sympathetic 

pathways, was shown to be evoked 3 days ahead of that of control pups (Bartolome et al. 

1981). It was suggested that premature exposure of sympathetically innervated organs to 

neuronal impulses might disturb the cellular maturation of the target tissues and eventually 

result in developmental defects (Slotkin et al. 1980, Bartolome et al. 1981). 

Therefore, there is evidence that the SAS is susceptible to programming by adverse perinatal 

environments, in particular by experimental manipulations affecting fetal growth (placental 

restriction in the sheep, uterine artery ligation in the rat and maternal glucocorticoid 

exposure). There has been, however, little investigation of the long-term influence of 

maternal nutritional restriction on the SAS and, importantly, its relationship with the 

development of elevated blood pressure. 
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AIMS OF THE THESIS 

The SAS participates in cardiovascular homeostasis in response to several challenges and is 

also involved in the control of resting blood pressure. Evidence has indicated that the 

sympatho-adrenal function is programmable by different stimuli occurring during fetal life, 

such as pathologically reduced fetal nutrient and oxygen supply (induced by placental 

restriction or uterine artery ligation) and fetal glucocorticoid exposure. Whether modest 

maternal protein restriction during gestation programmes the SAS remains unknown. 

Glucocorticoids appear to be the mediators of the effects of maternal protein deprivation on 

the programming of hypertension in later life, in that fetuses of protein-restricted mothers are 

believed to be exposed to excess glucocorticoids. The mechanisms by which glucocorticoids 

may programme later hypertension include effects on regulators of blood pressure and 

modification of the expression of several genes. 

Key components of the SAS are the catecholamine synthesising enzymes tyrosine 

hydroxylase (TH) and phenylethanolamine N-methyltransferase (PNMT), whose gene 

expression is glucocorticoid-sensitive. These enzymes may therefore be permanently altered 

by maternal protein restriction, and excess catecholamine may represent one of the 

mechanisms by which programming of hypertension could occur. 

The aims of this work were: 

(i) To examine whether feeding pregnant rats a low-protein diet during gestation may 

programme TH and PNMT mRNA expression in the adrenal medulla of the 

resulting offspring. 

(ii) To determine whether altered PNMT activity may play a functional role linking 

maternal protein restriction during pregnancy with programming of raised blood 

pressure in the offspring. 

(in) To characterize, in a preliminary study, the distribution of TH and PNMT mRNA 

expression in neonatal and 4 week-old non-adrenal peripheral tissues. 
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CHAPTER! 

MATERIALS & METHODS 

2.1 - MATERIALS 

All reagents were of analytical or molecular biology grade and unless otherwise stated were 

obtained from Sigma-Aldrich Company Ltd. (Poole, UK). 

2.2 - ANIMALS 

Animal experimentation was performed under Project Licences issued by the Home Office in 

accordance with the Animals Act (1986). The rats were housed in plastic boxes in a room 

maintained at 22°C with a 12-hour light/dark cycle with free access to food and water. 

Pregnant rats and the litter were housed together in individual cages. The weaned offspring 

were housed in groups of 2, 3 or 4. 

2.2.1 - Feeding 

The protocol was designed as previously described (Sherman & Langley-Evans 1998) so that 

the offspring generated differed only in terms of prenatal nutrition. Virgin female Wistar rats 

(Harlan UK Ltd., Bicester, UK) weighing between 200 and 250 g were mated and when 

pregnant, as indicated by the appearance of a vaginal plug, were assigned to be fed either an 

18% (control) or 9% (low-protein) casein diet throughout gestation. These diets were 

isocaloric as the carbohydrate content of the 9% diet was increased to balance the diets in 

terms of energy. The diets were matched for minerals, vitamins, fat and fibre. Both diets were 

supplemented with methionine to prevent sulphur deficiency, and magnesium. The 

composition of the diets is presented in Appendix L 

The feeding of the low-protein diet throughout pregnancy has previously been reported to not 

significantly impair maternal weight gain or alter food intake relative to control animals 

(Langley-Evans et al. 1996b, Sherman & Langley-Evans 1998). 

Feeding of the diets continued until the rats delivered. Within a few hours of giving birth, all 

the dams were transferred to a standard laboratory diet (18.8% protein), whose composition 

is given in Appendix 2. Offspring were sexed, weighed and culled to 8 pups per litter in order 
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to standardise postnatal conditions such as milk provision. Pups were weaned at 4 weeks of 

age onto the standard laboratory diet. Thus, feeding of the experimental diets occurred only 

from the first day of pregnancy until delivery whilst postnatal nutrition was standardised. 

2.2.2 - Blood pressure measurement 

Systolic blood pressure and heart rate were measured in conscious offspring using a tail cuff 

plethysmography technique. The tail-cuff method has been validated against direct arterial 

cannulation measurements taken in conscious unrestrained animals (Bunag 1973). In the low-

protein exposed animals, higher systolic blood pressures than controls, as previously 

determined using the tail-cuff method, have also been described using arterial cannulation 

under anaesthesia (Gardner et al. 1998). Moreover, training (by daily measurement on several 

consecutive days) was shown not to influence the recorded pressures (Sherman & Langley-

Evans 1998). 

Systolic blood pressures were determined as follows: rats were housed at a temperature of up 

to 28°C for 2 hours. Rats were then placed in a restraint tube and allowed to settle in for 5 

minutes. A cuff selected according to the size of the rat was placed over the tail. Pulses were 

recorded using a photoelectric sensor. The cuff was inflated to 250 mmHg to occlude the tail 

arterial pulse. Reappearance of the pulse during deflation was monitored using a IITC model 

31 computerised blood pressure monitor (Linton Instrumentation, Diss, UK) and taken as the 

systolic pressure. The average of 4 systolic blood pressure readings was recorded for each 

offspring. 

2.2.3 - PNMT inhibitor administration 

In chapter 5, offspring were intraperitoneally administered a saline solution of the PNMT 

inhibitor SKF-64139A (SmithKline Beecham Pharmaceuticals, Harlow, UK). Details of the 

protocol are included in section 5.2.1. 

2.2.4 - Tissue collection 

At birth, culled offspring were dissected for excision of neonatal tissues (brain, heart, lungs, 

adrenal glands and kidneys), which were snap frozen in liquid nitrogen and stored at -80°C. 
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Subsequently, the collection of tissues was performed so as to allow study of at least five 

offspring from different litters within each experimental group, in order to avoid false-

positive or negative results being due to a litter effect. 

In chapter 4, up to two offspring from each litter were randomly sacrificed by carbon dioxide 

asphyxiation at different critical stages of postnatal development: 2 weeks (lactation), 4 

weeks (weaning), 8 weeks (sexual maturation), 12 and 16 weeks (adulthood) of age. Tissues 

(hippocampus, hypothalamus, cerebellum, adrenal glands, kidneys, heart, lungs, aorta, 

adipose tissue and skeletal muscle) were excised, snap-frozen in hquid nitrogen and stored at 

-80°C for molecular analyses. This protocol enabled study of 5 to 10 offspring from 5 to 9 

litters within each dietary group at each time point. 

In chapter 5, litter size was kept at eight offspring from birth until 8 weeks of age. One or two 

animals, randomly taken from 80% of total litter, were sacrificed at 8 weeks of age. One 

animal within each gender and treatment groups, randomly taken from between 80 and 100% 

of total litter, were sacrificed at 9 weeks of age. Remaining animals were sacrificed at 16 

weeks of age. Tissues (adrenal glands) were excised, snap-frozen in liquid nitrogen and 

stored at -80°C for molecular analyses. This protocol enabled study of 5 to 8 animals per 

dietary and treatment groups at 8 and 9 weeks of age and study of 5 to 7 animals per gender, 

dietary and treatment groups at 12 and 16 weeks of age, all being from at least 80% of total 

litter. 
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2.3 - e x t r a c t i o n o f t o t a l r n a 

Total RNA was isolated by modification of the method described by Chomczynski & Sacchi 

(1987). Adrenal glands (20-60 mg) were homogenised using a glass tissue grinder (Merck 

Ltd., Leics, UK) in 1 ml of TRI-Reagent (Sigma-Aldrich Company Ltd.). The mixture was 

allowed to stand for 5 minutes at room temperature so that nucleoprotein complexes 

dissociated. Chloroform (0.2 ml) was added, and the suspension shaken vigorously for 15 

seconds before being allowed to stand for 10 minutes at room temperature. After 

centrifugation at 10,000 x g for 15 minutes at 4°C, the aqueous upper layer containing total 

RNA was transferred to a fresh tube (whilst the interphase and organic phase were saved for 

protein isolation). Total RNA was precipitated by addition of 0.5 ml of isopropanol for 10 

minutes at room temperature or for > 1 hour at -20°C. The precipitate was pelleted by 

centrifugation at 10,000 x g for 15 minutes at 4°C. The pellet of RNA was washed with 1 ml 

of 75% (v/v) ethanol, then repelleted by centrifugation at 5,000 x g for 5 minutes at 4°C, 

dried and dissolved in water treated with 0.1% (v/v) diethyl pyrocarbonate (DEPC). 

The integrity of total RNA was assessed as follows: a 1 jul aliquot was removed from each 

sample, loaded on a 1% agarose gel stained with ethidium bromide (0.5 ng/ml) and 

electrophoresed at 80 V in 1 x TBE buffer [90 mM Tris, 90 mM Boric acid, 2 mM 

diaminoethanetetraacetic acid disodium salt (EDTA)] for 1 hour. RNA was judged to be of 

"good" quality when the most prevalent RNA species, ribosomal 28S and 18S RNA, could be 

visualised under UV light. 

Quantification of total RNA was assessed by UV spectrophotometric absorbance at 260 nm. 

Absorbance at 280 nm was also recorded to evaluate protein contamination. 
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Proteins were prepared either at the same time as RNA using TRI- Reagent or by 

homogenisation in Tris buffer as described below. 

2.4.1 - TRI-Reagent 

After the phase separation step, the interphase and organic phases were saved for protein 

isolation. DNA was removed from these phases by precipitation with 0.3 ml of 100% (v/v) 

ethanol. Proteins were precipitated with 1.5 ml of isopropanol for 10 minutes at room 

temperature. The protein pellet was washed 3 times in 0.3 M guanidine hydrochloride / 95% 

(v/v) ethanol for 20 minutes at room temperature followed by a wash in 100% (v/v) ethanol 

also for 20 minutes. The pellet was dried and dissolved in 1% sodium dodecyl sulfate (SDS) 

(BDH Laboratory Supplies, Poole, UK). Insoluble material was removed. 

2.4.2 - Tris buffer 

Tissue was homogenised in 0.1 M Tris-HCl pH 7.4 containing 0.2 mM 

phenylmethylsulfonylfluoride (PMSF) using a glass homogeniser. Following centrifugation 

for 10 minutes at 7,500 x g at 4°C, the pellet was discarded and the supernatant transferred to 

a new tube. 

2.4.3 - Protein assay 

Protein concentration was determined according to the Lowry assay (Lowry et al. 1951) 

using a commercially available kit (Bio-Rad Laboratories, Inc., Hemel Hempstead, UK). 

Bovine serum albumin (BSA) dissolved in the buffer in which proteins had been prepared 

was used as a standard. Several dilutions of the protein standard (ranging from 0.2 to 1.5 

mg/ml) and duplicates of a 1:5 dilution of each protein sample were mixed with the reagents 

(alkaline copper tartatre solution and Folin reagent). Reduction of Folin reagent by copper-

treated proteins produced a blue colour whose absorbance was measured at 750 nm using a 

spectrophotometer (Model 6100, Jenway Ltd., Dunmow, UK). A standard curve expressing 

the recorded optical density as a function of protein concentration was drawn, from which 

protein concentration of the samples was deduced. 
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2.5 - n o n - q u a n t i t a t i v e r t - p c r 

The reverse-transcriptase-polymerase chain reaction (RT-PCR), which is a very sensitive 

means by which to detect mRNA species in a tissue, was used to test for TH and PNMT 

mRNA expression in different tissues. 

The adrenal was assayed as positive control and NaVK'^'-ATPase tti subunit was assayed in 

each tissue to verify integrity and adequate reverse transcription of RNA. For each tissue 

investigated, total RNA from three different animals was analysed. 

Total RNA from different tissues was diluted at 200 ng/|il in nuclease-free water and its 

concentration quantified, by UV spectrophotometric absorbance at 260 nm (GeneQuant, 

Amersham Pharmacia Biotech, Little Chalfont, UK), to correct for the variation that may 

occur during dilution. The integrity of RNA after dilution was analysed on a 1% agarose gel. 

For each reaction, 2 |ig (9-15 ^1 of the RNA dilution) was heated at 70°C for 10 minutes to 

remove secondary structures, and snap cooled on ice for 2 minutes. Total RNA was reverse 

transcribed by adding 0.5 pig oligo(dT)i5 primers (Promega Ltd., Southampton, UK), 200 U 

moloney murine leukemia virus reverse transcriptase (M-MLV) (Promega Ltd.), 0.5 mM of 

each dNTP (PGR nucleotide mix) (Promega Ltd.), M-MLV reverse transcriptase buffer (50 

mM Tris-HCl pH 8.3 at 25°C, 75 mM KCl, 3 mM MgCli, 10 mM DTT) and 20 U RNase 

inhibitor (Promega Ltd.) in a total volume of 25 |il. First strand cDNA was synthesised at 

42°G for 1 hour. Reverse transcriptase was then denatured by 10 minutes incubation at 75 °C. 

For each RNA sample, a negative control reaction without reverse transcriptase was 

performed in parallel. 

An aliquot of the reaction mixture (1.25 jiil) and 0.5 pM of the sense and antisense specific 

primers were added to 12.5 |il of 2 x PGR master mix (Promega Ltd.), which contains 0.6 U 

Taq DNA Polymerase in reaction buffer, 200 jiM of each dNTP and 1.5 rnM MgGli per 

reaction, in a final reaction volume of 25 |il. PGR amplification was performed in a thermal 

cycler with heated lid pressure setting (PGR express, Hybaid, Ashford, MIDDX, UK) and 

involved, after the initial denaturation at 94°G for 3 minutes, 33, 35 or 28 cycles (for PNMT, 

TH or Na^/K^-ATPase amplification respectively) of denaturation at 94°G for 1 minute, 

annealing at 59.5°C, 57°C or 59°C (for PNMT, TH or Na+/K+-ATPase amplification 
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respectively) for 1 minute and extension at 72°C for 1 minute. Amplification was completed 

with an additional extension step at 72°C for 10 minutes. Non-reverse transcribed RNA was 

amplified simultaneously to assess amplification of genomic DNA that could have 

contaminated RNA samples. Another PGR control, in which water was substituted for the 

template, was performed to check for product contamination. Samples were transferred with 

dedicated pipettes and filtered tips to avoid cross contamination of samples. 

Primers for PNMT were designed to span intron 1, based on reported genomic sequence (Suh 

et al. 1994). PNMT sense primer sequence was 5'-CAA CAA CTA CGC GCC TCC TC-3' 

corresponding to nucleotides 134-153 (exon 1). PNMT antisense primer sequence was 5'-

TGA GGC AGA CAT GCT GGC TAT-3', complementary to nucleotides 913-893 (exon 2). 

The predicted PGR fragment from PNMT spliced mRNA was 288 bp. If genomic DNA were 

present in the samples, each amplification would include intron 1 (493 bp) and result in a 781 

bp fragment (Figure 2.1). 

Primers for TH were 5'-TCC AGT ACA AGC ACG GTG AAC CAA-3\ corresponding to 

nucleotides 646-669 of cloned cDNA (exons 5-6 of genomic DNA) and 5'-TTC CAC AGT 

GAA CCA GTA CAC CGT-3% complementary to nucleotides 1139-1116 of the cDNA 

(exons 10-11 of genomic DNA) with a predicted amplified fragment of 483 bp (Grima et al. 

1985). 

To confirm the presence of RNA of adequate integrity for RT-PCR, amplification of the 

ubiquitously expressed (%i subunit of Na'^/K^-ATPase was performed in parallel. Primer 

sequences for Na+/K+-ATPase were 5'-TCA GAA GGT AAC GAG ACC GTG GAA-3% 

corresponding of nucleotides 2140-2163 of cloned cDNA and 5'-ATG CTG ATC AGA CGC 

TCG TTC ACA-3', complementary to nucleotides 2791-2768, generating a predicted 652 bp 

amplified fragment (Shull et al. 1986). 

PCR products (10 |il) were fractionated by electrophoresis (80 V for 105 minutes) on a 2% 

agarose gel stained with ethidium bromide (0.5 ng/ml), visualised under UV light, and their 

size verified by comparison with a 100 bp DNA ladder (Promega Ltd.). A photograph was 

taken using a digital camera (BioDoc-It™ system, UVP, Cambridge, UK). 
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+ 1 

PNMT sense 
primer 

3' 
20 134 153 225 718 926 1034 1479 

Exon 1 Intronl Exon 2 Intron 2 Exon 3 
(205 bp) (493 bp) : (208 bp) OOSb^i (445 bp) 

5' 

5' 
893 913 

PNMT antisense 
primer 

Figure 2.1 - Diagram showing what part of the PNMT genomic DNA the PNMT sense 
and antisense primers designed for non-quantitative analysis of PNMT mRNA 
expression by RT-PCR correspond to. 
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2.6. n o r t h e r n - b l o t t i n g a n a l y s i s 

This technique consists of electrophoresing RNA species in an agarose gel, transferring them 

onto a membrane, which is then incubated with a radiolabeled probe complementary of the 

mRNA of interest. The signal obtained is proportional to the amount of the mRNA present in 

the total RNA sample. 

2.6.1 - PNMT and TH complementary RNA probe synthesis 

The constructs available were as follows: a nearly full-length PNMT cDNA (840 out of 905 

nucleotides: 41 nucleotides on the 5' end of the coding region plus the poly A tail on the 3' 

end were missing) isolated from rat adrenal (Weisberg et al. 1989) cloned into the EcoR I site 

of pBluescript SK vector, and a nearly full-length TH cDNA (containing the region +14 to 

+1165 of the 1800 nucleotides) isolated from rat adrenal, cloned into the EcoR I site of pBS 

vector. 

Plasmid DNA was grown up by transformation of competent DH5a Escherichia Coli by 

incubating 200 ^1 of competent bacteria with 50 ng of plasmid DNA for 1 hour on ice 

followed by heat shocking for 90 seconds at 42°C. After addition of 800 |il of Luria Broth 

(LB) medium [10 g/L tryptone, 5 g/L yeast extract (Difco Laboratories Ltd., East Molesey, 

UK), 85.6 mM NaCl], bacteria were further incubated for 1 hour at 37°C. The transformed 

bacteria were then plated out on LB agar (1%) plates containing ampicillin (50 |Xg/ml) and 

grown up overnight at 37°C. A single colony was inoculated into 100 ml LB medium 

containing ampicillin (50 fxg/ml) and grown up overnight at 37°C with vigorous shaking. 

Plasmid DNA was then extracted using a commercially available kit (QIAfilter plasmid Maxi 

Kit, QIAGEN Ltd, Crawley, UK). Purity of the plasmid preparations was checked by running 

DNA on a 1% agarose gel stained with ethidium bromide (0.5 ng/ml), followed by 

visualisation using an ultraviolet light box. DNA concentration was determined by 

spectrophotometry at wavelengths of 260/280 nm. 

The vectors containing the RNA polymerase (T3 and T?) promoters were linearized by 

enzymatic restriction carried out overnight at 37°C. The choice of the restriction enzymes 

involved a preliminary determination of the orientation with which the inserts had been 

cloned into their respective vector, and was made so that transcription using one of the RNA 
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polymerase would produce a RNA complementary to their cognate mRNA, with a size 

ideally around 0.6-1.2 kb. 

The plasmids were digested with EcoR V (Promega Ltd.) for PNMT and Pvu II (Boehnnger 

Mannheim, Lewes, UK) for TH. The linearized templates were precipitated by addition of 

0.1 volume of 3 M sodium acetate pH 5.2 and 2.5 volumes of 100% ethanol, centrifuged at 

10,000 X g for 15 minutes at 4°C, washed with 75% (v/v) ethanol, dissolved in DEPC-treated 

water and quantitated by spectrophotometry. 

Antisense riboprobes were radiolabeled by in vitro transcription using linearized templates 

as matrix. One |Hg of linearized plasmid was mixed together with transcription buffer, 10 mM 

dithiothreitol (DTT) (Promega Ltd.), 20 U RNase inhibitor (Promega Ltd.), 0.5 mM of 

unlabelled ATP, CTP, OTP (Amersham Pharmacia Biotech), 3.1 }xM [^^P]-UTP (800 

Ci/mmol) (ICN Pharmaceuticals, Ltd., Basingstoke, UK) and 25 U T3 RNA Polymerase 

(Promega Ltd.) in a final volume of 20 |xl. In attempt to detect TH and PNMT mRNA in 

central and peripheral tissues, where expression is much less than in adrenals, antisense 

riboprobes were also double-radiolabelled by in vitro transcription. One |ig of linearized 

plasmid was mixed together with transcription buffer, 10 mM DTT, 20 U RNase inhibitor, 

0.5 mM unlabelled CTP and OTP, 4 pM ATP, 3.1 pM [^^P]-UTP (800 Ci/mmol), 0.7 pM 

[^^P]-ATP (3000 Ci/mmol) (ICN Pharmaceuticals Ltd.) and 25 U T3 RNA Polymerase in a 

final volume of 25 jil. The reaction mixtures were incubated overnight at 4°C. The DNA 

templates were digested by incubation with 2 U RNase-free DNase I (RQ I, Promega Ltd.) 

for 15 minutes at 31°C. The volume of the reaction was brought up to 100 |il with DEPC-

treated water. Contaminating proteins were removed by phenol-chloroform-isoamylalcohol 

(25:24:1) extraction followed by chloroform-isoamylalcohol (24:1) extraction. 

Complementary RNA (cRNA) was recovered by ethanol precipitation in the presence of 50 

|ig of total yeast RNA (Ambion Ltd., Huntingdon, UK) and centrifugation at 10,000 x g for 

15 minutes at 4°C, washed with 75% ethanol and dissolved in DEPC-treated water. 

The proportion of full-length transcripts was analysed by electrophoresis. A 1 |nl aliquot of 

each riboprobe was denatured for 3-4 minutes at 90-95°C in formamide loading buffer (80% 

deionized formamide, 1 x TBE, 0.1% bromophenol blue and 0.1% xylene cyanol) and loaded 

onto a 6% polyacrylamide -7 M urea- 1 x TBE denaturing gel. The samples were 

electrophoresed in 1 x TBE at 450 V for 3 hours. The gel was exposed to X-Ray film 
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(Genetic Research Instrumentation Ltd., Braintree, UK). The expected sizes of the antisense 

riboprobes were 0.9 kb for PNMT and 1.4 kb for TH. 

2.6.2 - 18S ribosomal DNA probe synthesis 

Ribosomal DNA (rDNA) probe was synthesised by the oligonucleotide random priming 

method using a commercially available oligolabelling kit (Amersham Pharmacia Biotech). 

Fifty ng of 18S rDNA (1070 bp fragment excised from pBluescript plasmid and purified) was 

denatured in 33 fxl of sterile water at 100°C for 10 minutes and snap cooled on ice. Ten jj,l of 

reagent mix (containing the reaction buffer, random hexanucleotides and dATP, dGTP, 

dTTP, dCTP nucleotides), 0.3 piM [a^^P]-dCTP (3000 Ci/mmol) (ICN Phamaceuticals Ltd.) 

and 12.8 U Klenow fragment (DNA polymerase I) were added in a total volume of 50 |Lil and 

incubated at 37°C for 1 hour. 

In both cases, the radiolabeled nucleotides incorporation efficiency was assessed using a (3 

counter. A 1 |il aliquot of each probe was added to 4 ml of distilled water and the cpm it 

contained was counted. 

2.6.3 - Blotting 

Total adrenal RNA (5-10 fig) or total RNA from other tissues (50-75 fig) was denatured for 

15 minutes at 65°C in a solution containing 50% deionized formamide, 15% formaldehyde 

(37% (v/v) solution), 1 x MOPS (3-(#-morpholino)-propanesulphonic acid) buffer [0.2 M 

MOPS, 50 mM sodium acetate, 10 mM EDTA, pH 7.0, autoclaved and DEPC-treated], 1 x 

loading dye [50% glycerol, 0.25% bromophenol blue, 0.25% xylene cyanol, 1 mM EDTA pH 

8.0] and 0.2 ng/jUl ethidium bromide. Samples were loaded on a 1.5% agarose gel prepared in 

a solution containing 15% formaldehyde (37% (v/v) solution) and 1 x MOPS buffer. Samples 

were electrophoresed at 100 V for 3-4 hours in 1 x MOPS buffer. After electrophoresis, the 

gel was placed over an ultraviolet light and the distance of the 18S and 28S ribosomal RNA 

bands from the top of the gel were recorded. The gel was first washed in distilled water for 

20 minutes and then in 20 x SSC (3 M sodium chloride, 0.3 M sodium citrate, pH 7-7.4, 

autoclaved) also for 20 minutes. RNA was transferred by capillary blotting to nylon 

membrane (Hybond N^, Amersham Pharmacia Biotech) using 20 x SSC as transfer buffer. 
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RNA was immobilised onto the membrane by UV cross-linking (7.5 joules/cm^) (UV cross-

linker model CL-1000, UVP, Cambridge, UK). The membrane was soaked in 2 x SSC, then 

stored in a sealed bag at 4°C. 

Membranes were pre-hybridised for at least 4 hours at 55°C in a buffer containing 50% 

deionized formamide, 5 x SSPE, equivalent to 0.75 M of salt [20 x SSPE = 3 M NaCl, 177 

mM sodium dihydrogen orthophosphate 2-hydrate (NaH2P04 2H2O, BDH Laboratory 

Supplies), 20 mM EDTA], 0.5 x Denhardt's solution (Denhardt's 5 x = 0.02% ficoll, 0.02% 

polyvinyl pyrrolidone, 0.1% BSA), 10% dextran sulphate, 1% SDS and 100 |ig/ml of 

denatured yeast total RNA (Ambion Ltd.). The riboprobes were denatured for 3-4 minutes at 

90-95°C and a volume of probe equivalent to lO^cpm per ml of buffer was added to the pre-

hybridisation buffer. Hybridisation was performed overnight at 65°C in a rotary incubator 

(Hybaid). 

The membranes were then washed in conditions of progressively increasing stringency. They 

were washed in 2 x SSC - 0.1% SDS solution at room temperature for 30 minutes followed 

by 0.2 X SSC - 0.1% SDS at 68°C for 30 minutes, this was sometimes followed by 0.1 x SSC 

- 0.1% SDS at 68°C for 30 minutes depending on the radioactivity remaining on the 

membrane, as estimated using a Geiger counter. Membranes were rinsed in 2 x SSC, 

wrapped in plastic and exposed to X-Ray film at -80°C for 12-24 hours for adrenal tissue and 

for 1-2 weeks for other tissues. 

Membranes were stripped of probe by pouring on a boiling solution of 0.1% SDS prepared in 

DEPC-treated water and allowing it to cool down while shaking. 

Membranes were reprobed with 18S rDNA probe. Membranes were prehybridised at 42°C 

for 4 hours in buffer containing 0.17 M NaH2P04 ZHzO, 0.59 M di-sodium hydrogen 

ortophosphate anhydrous (Na2HP04, BDH Laboratory Supplies), 5 mM EDTA, 7% SDS and 

100 |Xg/ml denatured salmon sperm DNA. The 18S probe was denatured at 100°C for 10 

minutes, and 10^ cpm was added to each ml of pre-hybridisation solution. After an overnight 

hybridisation at 42°C, membranes were first washed in 2 x SSC at room temperature for 30 

minutes, followed by 2 x SSC - 1% SDS at 65°C for 30 minutes, and finally 0.1 x SSC -

0.1% SDS at room temperature for 30 minutes. The membranes were rinsed in 2 x SSC, 

wrapped in plastic and exposed to X-Ray film, overnight at -80°C. 

Membranes were stripped of probe by incubation in 1% SDS solution at 70°C for 3 hours. 
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Densitometric analysis of autoradiographic images was performed using Phoretix Gel 

Analysis Software (Nonlinear Dynamics, Newcastle upon Tyne, UK). 

2.7 - QUANTITATIVE COMPETITIVE PGR 

Quantitative competitive PGR was performed as previously described (Gilliland et al. 1990, 

Zhang et al. 1997) by using, for each gene studied, an internal standard DNA, which enabled 

to correct for variability in PGR efficiency among samples and to quantify an unknown 

amount of cDNA of interest, also termed target cDNA. The internal standard was a 

synthesised standard DNA sharing identical primer binding sites with the target cDNA. As 

the internal standard DNA had been designed to be identical to the target cDNA except for 

his smaller size, both standard DNA and target cDNA were co-amplified with the same 

efficiency using the same primers, and the relative amount of each product could be 

determined by densitometric scanning of ethidium bromide-stained gels. 

2.7.1 - Design of primers 

For each gene studied, 3 primer binding sites were chosen. Primer 1 binding site (Pri.l BS) 

was taken from the coding sequence, while primer 2 and 5 binding sites (Pri.2 BS and Pri.5 

BS) were from the antisense sequence (Figure 2.2). Primer 2 was chosen 50-100 bp internal 

to the primer 5 binding site. Primer 3 comprised both the primer 2 and primer 5 binding sites. 

To ensure that genomic DNA sequences were not amplified, primers 1 and 3 were chosen to 

span at least 1 intron. 

Standard DNA was generated from PGR amplification of total adrenal cDNA with primers 1 

and 3 (Figure 2.2). When subsequently amplified using primers 1 and 5 in quantitative 

competitive PGR, standard DNA gives a PGR product 50-100 bp shorter than PGR product 

amplified from target cDNA, allowing their separation by electrophoresis through an agarose 

gel (Figures 2.2 and 2.4). 
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Primer 1 

Pri.l BS PNMT or TH cDNA Pri.2BS 1 Pri.5 BS 

Primer 2 Primer 5 

Primer 2 Primer 5 

Primer 3 

PCR using 
primers 1 +3 

Pn^BS P&nV[TorTHStMKkKdI)N/L Ph.3 BS / Pri.5 BS 

Figure 2.2 - Standard DNA synthesis for quantitative competitive PCR. 

From Zhang et al. (1997). Primer 1 comprises the sequence from primer 1 binding site (Pri.l 
BS), primer 5 comprises the sequence from primer 5 binding site whilst primer 3 comprises 
the sequences from both primer 2 and primer 5 binding sites. Total RNA was reverse 
transcribed into cDNA and amplified by PCR with primers 1 and 3. Amplified DNA product 
was purified and used as a competitor against target cDNA in quantitative competitive PCR. 
When subsequently amplified using primers 1 and 5 in quantitative competitive PCR, 
standard DNA gives a PCR product 50-100 bp shorter than PCR product amplified from 
target cDNA. 
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For PNMT gene, phmer 1 was: 5'-AAC AAC TAC GCG CCT CCT C-3' (sense sequence), 

corresponding to nucleotides 39-58 of the PNMT cDNA (Mezey 1989b) (exon 1 of the 

genomic DNA). Primer 2 was: 5'-TGA GGC AGA CAT GCT GGC TAT-3' (antisense 

sequence), corresponding to nucleotides 325-305 (exon 2). Primer 5 was: 5'-CAA TGG GCA 

AGA CTC GCT TCA-3' (antisense sequence), corresponding to nucleotides 400-380. Primer 

3 was: 5'- CAA TGG GCA AGA CTC GCT TCA TGA GGC AGA CAT GCT GGC TAT -3' 

(antisense sequence). PCR amplification with primers 1 and 5 resulted in a 361 bp product 

from the target PNMT cDNA and in a 306 bp product from the PNMT standard DNA. 

For TH gene, primer 1 was: 5'-ACC TAT GCA TTC ACC TGA GC-3' (sense sequence), 

corresponding to nucleotides 971-990 of the rat TH mRNA (Grima et al. 1985). Primer 2 was 

5'-CCT TGG CGT CAT TGA AGC TC-3' (antisense sequence), corresponding to 

nucleotides 1338-1319. Primer 5 was 5'-GTA CGT CAA TGG CCA GTG TG-3' (antisense 

sequence), corresponding to nucleotides 1419-1400. Primer 3 was 5'-GTA CGT CAA TGG 

CCA GTG TGC CTT GGC GTC ATT GAA GCT C-3' (antisense sequence). PCR 

amplification with primers 1 and 5 resulted in a 448 bp product from the target TH cDNA 

and in a 386 bp product from the TH standard DNA. 

Primers 1, 3 and 5 were synthesised by Life Technologies Ltd. (Paisley, UK). They were 

dissolved in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) to a stock solution of 80 |xM 

and stored at -20°C. 

2.7.2 - Standard DNA synthesis 

To synthesise the standard DNA, 0.2 p,g of total RNA extracted from an adrenal gland was 

reverse transcribed into cDNA, then amplified with primers 1 and 3 by PCR using Ready-To-

Go PCR Beads (Amersham Pharmacia Biotech), which contain - 1.5 U Taq DNA 

Polymerase, 10 mM Tris-HCl (pH 9.0 at room temperature), 50 mM KCl, 1.5 mM MgClg, 

200 ^iM of each dNTP and stabilizers, including BSA. Total cDNA (1 |xl) and 0.4 jiM of each 

of the primers 1 and 3 were added to Ready-To-Go PCR Beads in a total volume of 25 |Lil. 

Five reactions were performed. PCR amplification involved, after the initial denaturation at 

94°C for 3 minutes, 30 cycles of denaturation at 94°C for 50 seconds, annealing at 60°C for 1 

minute and extension at 72°C for 1 minute. Amplification was completed with an additional 

extension step at 72°C for 10 minutes. PCR product was checked on a 2% agarose gel. In 
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order to digest the remaining primers, PGR product was incubated with DNA Polymerase I 

Klenow Fragment (Amersham Pharmacia Biotech) ( lU / 10 jil of PGR product) at 37°C for 

30 minutes, followed by 10 minutes at 75°G to denature the enzyme. The final volume was 

brought up to 200 |il, to which 1 volume of chloroform was added. Following shaking and 

centrifugation for 2 minutes at 10,000 x g, synthesised DNA was extracted from the upper 

aqueous phase and precipitated with 0.1 volume of 3 M sodium acetate pH 5.2 and 2.5 

volumes of 100% ethanol, overnight at -20°G. Synthesised DNA was centrifuged at 10,000 x 

g for 20 minutes at 4°G and the resulting DNA pellet was washed with 1 ml of 70% (v/v) 

ethanol, dried and dissolved in TE buffer. Standard DNA concentration (|ig/ml) was 

determined by spectrophotometry (GeneQuant, Amersham Pharmacia Biotech). 

Given that the molecular weight of the standard DNA can be approximated as the number of 

bases timed 340 (Da), the molar concentration of the standard DNA was calculated according 

to the following equation: 

Molar concentration (pmol/|Lil) = 

[Concentration (|lg/ml)]*1000 

Molecular weight (Da) 

Molar concentration for PNMT standard DNA was: 

253.4*1000 
= 2.43 pmol/juil 

(306*340) 

Molar concentration for TH standard DNA was: 

16^4*1000 
= 1.29 pmol/|il 

(386*340) 
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To check if it was free of primers, standard DNA was amplified by PGR (20 cycles) without 

addition of primers. The absence of DNA band on an agarose gel confirmed that the standard 

DNA solution was free from contaminating primers. 

2.7.3 - Reverse transcription of total RNA 

Total RNA extracted from the adrenal glands of rats from dams that had been fed either an 

18% (control) or 9% (low) protein diet during gestation was diluted at 100 ng/jil in nuclease-

free water and its concentration checked by spectrophotometry (GeneQuant) to correct for the 

variation that may occur during dilution. The integrity of RNA after dilution was also 

checked on a 1% agarose gel. For each reaction, 0.2 p,g (1.7-3 |il of the RNA dilution) was 

heated at 70°C for 10 minutes to remove secondary structures and snap cooled on ice for 2 

minutes. Total RNA was reverse transcribed by adding 0.5 |Lig oligo(dT)i5 primers, 200 U 

moloney murine leukemia virus reverse transcriptase (M-MLV), 0.5 mM of each dNTP (PGR 

nucleotide mix), M-MLV reverse transcriptase buffer (50 mM Tris-HGl pH 8.3 at 25°G, 75 

mM KGl, 3 mM MgGla, 10 mM DTT) and 20 U RNasin ribonuclease inhibitor in a total 

volume of 20 fxl. First strand cDNA was synthesised at 42°G for 1 hour. Reverse transcriptase 

was then denatured by 10 minutes incubation at 75°G. Total cDNA was kept at -20°G until 

amplified by PGR. 

2.7.4 - Determination of the conditions for quantitative PGR 

2.7.4.1 - Cycle number 

Preliminary experiments were undertaken to determine, for each gene studied, the number of 

cycles that should be used in PGR, so that amplification was exponential and saturation did 

not occur. One |il of adrenal total cDNA was amplified using Ready-To-Go PGR Beads 

(Amersham Pharmacia Biotech) with 0.4 |xM of TH or PNMT primers 1 and 5 for 22, 24, 26, 

28 and 30 cycles. Resulting PGR products were electrophoresed through a 2% agarose gel 

and their intensity quantified. Logio values of optical densities were plotted against the 

number of PGR cycles (Figure 2.3). The plot showed that TH and PNMT ampUfications were 

exponential (linear) from 22 to 26 cycles. Saturation occurred at 28 cycles for both genes but 

may also have occurred at 26 cycles for TH. As a result, TH and PNMT mRNA analyses 

were performed using 24 and 26 cycles of PGR amplification, respectively. 
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Figure 2.3 - Determination of the number of PCR cycles for which PCR amplification is 
within the linear phase. 

Adrenal total cDNA (1 |li1) was amplified by PCR for 22, 24, 26, 28 and 30 cycles using TH 
or PNMT primers. After electrophoresis through a 2% agarose gel, DNA products were 
quantified. The Logio values of their optical densities were plotted against the number of 
PCR cycles. 
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2.7.4.2 - Amount of standard DNA 

Preliminary experiments were conducted to determine the amount of standard DNA to use 

that would result, when amplified with total cDNA by PGR, in two visible bands of equal 

intensity on an agarose gel. Sequential dilutions of the standard DNA (1:2 and 1:5), ranging 

from 1:100,000 to 1:5,000,000 were made, of which 1 )il was amplified with 1 |il of total 

cDNA by PGR using primers 1 and 5. After the initial denaturation at 94°G for 3 minutes, 

PGR amplification involved 24 or 26 cycles of denaturation at 94°G for 50 seconds, 

annealing at 60°G for 1 minute and extension at 72°G for 1 minute for TH and PNMT, 

respectively. Amplification was completed with an additional extension step at 72°G for 10 

minutes. PGR products (10 |il) were separated on a 2% agarose gel. The dilution of the 

standard DNA that resulted in a PGR product of comparable intensity to the DNA product 

from total cDNA amplification (i.e. working dilution) was determined visually. In order for 

all RNA samples to be analysed with the same standard solution, standard DNA was 

subsequently prepared in large quantity at the working dilution, aliquoted and kept at -80°G. 

For PNMT gene, it visually appeared that PGR amplification performed with 1 |il of the 

PNMT standard DNA diluted 1:1,000,000 and 1 )il of total cDNA resulted in 2 bands of 

comparable intensity (not shown). PNMT standard DNA was aliquoted at 2.5 amol/p-l (i.e. 

diluted 1:960,000). For TH gene, it visually appeared that PGR amplification performed with 

1 jil of the TH standard DNA diluted 1:5,000,000 and 1 |xl of total cDNA resulted in 2 bands 

of comparable intensity (not shown). TH standard DNA was aliquoted at 0.2 amol/|il (i.e. 

1:6,450,000). 

2.7.4.3 - Amount of cDNA 

Since TH and PNMT mRNA expression vary from one adrenal gland to another, the 

appropriate amount of cDNA to be used in quantitative PGR was determined for each sample 

in preliminary experiments. One (il of each cDNA was added to 5 )il of each of the standard 

DNA (at the working dilution) and amplified by PGR for 24 cycles for TH and 26 cycles for 

PNMT as previously described. PGR products were electrophoresed through a 2% agarose 

gel. The intensity of the 2 bands was assessed by scanning densitometry. The dilution of the 

cDNA that should be used in competitive PGR was deduced from the ratio of the two 

intensities. When the ratio standard/target was ~ 1, cDNA was diluted 1:2 to 1:4 prior to be 
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used in PGR. When it was ~ 0.5, cDNA was diluted 1:5 to 1:10. When the ratio 

standard/target was > 1, cDNA was not diluted. 

2.7.5 - Quantitative competitive PCR 

The amount of target cDNA, in the total cDNA template, was titrated against a dilution series 

containing known amounts of the corresponding standard DNA. Total cDNA (1 (xl at the 

appropriate dilution) was added to 1, 2, 3, 4 and 5 |xl of standard DNA (at the working 

dilution) and amplified with primers 1 and 5 by PCR (Figure 2.4) using Ready-To-Go PCR 

Beads. PCR amplification involved, after the initial denaturation at 94°C for 3 minutes, 24 

(TH) or 26 (PNMT) cycles of denaturation at 94°C for 50 seconds, annealing at 60°C for 1 

minute and extension at 72°C for 1 minute. Amplification was completed with an additional 

extension step at 72°C for 10 minutes. 

PCR products (10 (xl) were electrophoresed through a 2% agarose gel. The DNA bands were 

photographed using a digital camera (UVP, BioDoc-It™ system). The intensity of the bands 

was quantified by densitometry using NIH Image 1.55 software for Macintosh. The value 

was measured in pixels and called 'optical density'. 

2.7.6 - Determination of mRNA levels 

Because target cDNA and its corresponding standard DNA are co-amplified using the same 

primers, PCR efficiency should be identical and the ratio of target cDNA to standard DNA 

should remain constant throughout the amplification and reflect the initial concentration of 

target cDNA versus that of the added standard DNA. The amount of target cDNA was thus 

deduced from both the amount of standard DNA added in the PCR reaction and the ratio of 

the intensity of the two PCR products. However, a correction for the difference in size 

between target DNA and standard DNA needed to be done when calculating the amount of 

target cDNA, the optical density of a DNA band being proportional to the number of copies 

multiplied by its size: 

Dt oc Mt * St Ds oc Ms * 5s 

(Dt and Ds are the optical densities, Mt and Ms are the number of molecules and St and Ss are 

the sizes of target cDNA and standard DNA, respectively). 
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Therefore (from Zhang et al. 1997); 

Di Mi * St 

Ds Ms * Ss 

Dt Ss 
Mt = Ms * — * — 

Ds St 

(5t and 5s are determined by the choice of the primers, i.e. 5t = 306 bp and Ss = 361 bp for 

PNMT, 5t = 386 bp and Ss = 448 bp for TH). 

Optical densities from the target cDNA PGR product (Dt) and the standard DNA PGR 

product (Ds) were obtained from the gels for each amount of standard DNA added in the 

PGR reaction. The ratios of standard DNA to target cDNA (Ds/Dt) were plotted against the 

number of attomoles (amol.) of standard DNA added in the PGR reaction. A linear plot was 

obtained, the regression of which was: 

y - ax + b 

(y is the value of the ratio Ds/Dt; x is the amount of standard DNA or Ms). 

Then, for each value of x (i.e. Ms), y (Ds/Dt) was corrected according to the equation of the 

linear regression. Subsequently, for each value of x, the amount of target cDNA was 

determined as follows: 

Ss X 
Mt = — * — 

St y 

A number of target cDNA molecules (Mt) was obtained for each value of x, then averaged 

and finally multiplied by the factor by which total cDNA had been diluted prior to PGR 

amplification. The number of attomoles of target cDNA that was determined reflects the 

expression of the target mRNA in the sample. 

Figure 2.5 shows a typical analysis of mRNA expression by quantitative PGR. 

In my hands, the assay had an interassay coefficient of variance of 25% (n = 5). 
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Total RNA 

RT 

Total cDNA, including 
target cDNA (1 |il 

of the appropriate dilution) 
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Standard I 
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Figure 2.4 - Protocol for quantitative PGR assay. 

A fixed amount of total cDNA was amplified by PGR with increasing amount of standard 
DNA using primers 1 and 5 and a fixed number of PGR cycles. Standard DNA gave a PGR 
product 50-100 bp shorter than the PGR product amplified from target cDNA. The two PGR 
products were separated by electrophoresis. 
RT: Reverse transcription. 
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Figure 2.5 - Analysis of mRNA expression by quantitative PGR: typical result. 

For each target gene whose mRNA expression wanted to be analysed, an internal 
standard DNA, identical to the target cDNA but smaller in size, was preliminarily 
synthesised and its concentration determined by spectrophotometry. For mRNA levels 
analysis, total RNA was prepared and 0.2 |ig reverse transcribed into cDNA. One pil of 
the reverse transcription reaction mixture was co-amplified by PGR with increasing 
amounts of the corresponding standard DNA (Lanes 1 to 5). PGR products were 
separated through a 2% agarose gel and the relative amount of each product determined 
by densitometry. The ratio (Standard / Target), reflecting the initial concentration of the 
target cDNA versus that of the added standard DNA, was plotted against the amount of 
standard DNA added in the reaction. The regression of the linear plot obtained was used 
to quantitate the amount of target cDNA, as described in the text. 
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2.8 - s d s - p a g e a n d w e s t e r n - b l o t t i n g a n a l y s i s 

Stock adrenal protein samples were prepared for SDS-PAGE by adding to a given amount of 

protein (homogenised in 1% SDS or in 0.1 M Tris pH 7.4 as described in section 2.4) an 

equal volume of protein loading buffer (250 mM Tris-HCl pH 6.8, 2% SDS, 0.01% 

bromophenol blue, 10% glycerol, and 20 mM DTT freshly added). Protein samples were 

denatured at 100°C for 10 minutes. Samples were kept at -20°C until assayed. 

For detection of TH, proteins (10 pig) were size-fractionated through an SDS-PAGE gel 

composed of a 5% acrylamide/bisacrylamide, 125 mM Tris-HCl pH 6.8, 0.1% SDS stacking 

gel and 10% acrylamide/bisacrylamide, 375 mM Tris-HCl pH 8.8, 0.1% SDS separating gel. 

Samples were electrophoresed at 200 V in a buffer consisting of 25 mM Tris-base, 250 mM 

glycine and 0.1% SDS. Separated proteins were transferred for 1 hour at 3 mA/cm^ onto 

nitrocellulose membrane (Hybond-ECL, Amersham Pharmacia Biotech) using a Trans-blot 

semi-dry blotting apparatus (Bio-Rad Laboratories, Inc.) with transfer buffer consisting of 39 

mM glycine, 48 mM Tris-base, 0.039% SDS and 20% methanol. Membranes were blocked 

for non-specific binding by incubation overnight at 4°C in Tris buffered saline (TBS) (10 

mM Tris, 150 mM NaCl pH 8) containing 5% non-fat milk. Membranes were incubated for 2 

hours at room temperature with monoclonal mouse anti-rat TH antisera (Sigma-Aldrich 

Company Ltd..) diluted 1:500 with TBS containing 1% milk. They were then washed with 

TBS (5 times for 7 minutes at room temperature) and incubated for 1 hour at room 

temperature with horseradish peroxidase conjugated rabbit anti-mouse IgG (Sigma-Aldrich 

Company Ltd.) diluted 1:5000 with TBS containing 1% milk. Following further washing 

with TBS (5 times for 7 minutes at room temperature), TH protein was visualised by 

autoradiography using the ECL-Plus chemiluminescent system (Amersham Pharmacia 

Biotech). 

Preliminary experiments aimed at determining the linear range of the autoradiographic 

detection were conducted by loading increasing amounts of adrenal proteins and exposing the 

membrane to X-Ray film for increasing lengths of time. The intensity of the detected bands 

was, for each exposure time, plotted against the amount of protein loaded. Experimental 

conditions for which the resulting curve was linear were retained. 
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For detection of PNMT, proteins (20 p.g) were size-fractionated through an SDS-PAGE gel 

composed of a 5% stacking gel and 12% separating gel. Membranes were blocked for non-

specific binding by incubation overnight at 4°C in TBS containing 5% BSA and 5% goat 

serum. Membranes were incubated for 3 hours at room temperature with polyclonal rabbit 

anti-bovine PNMT antisera (Biogenesis Ltd., Poole, UK), which had been preabsorbed with 

liver proteins, diluted 1:20 with TBS containing 0.5% BSA and 0.05% Tween 20. 

Membranes were washed with TBST (TBS, 0.3% Tween 20), 5 times for 7 minutes and then 

incubated for 1 hour at room temperature with horseradish peroxidase conjugated goat anti-

rabbit IgG (Sigma-Aldrich Company Ltd.) diluted 1:5,000 with TBS containing 0.5% BSA 

and 0.05% Tween 20. Following further washing with TBST (5 times for 7 minutes), PNMT 

protein was visualised by autoradiography using the ECL-Plus chemiluminescent system. 

In my hands, the intraassay coefficient of variance for Western-blotting was 10%. 

Preabsorption of PNMT antibody to liver proteins was done to reduce non-specific binding. 

Liver (300 mg) was homogenised in 0.5 M sodium phosphate buffer pH 7.0 (305 mM 

NaHP04 2 H2O, 195 mM NaH2P04 H2O) and centrifuged at 10,000 x g for 10 minutes. The 

supernatant was collected, to which an equal volume of acetone was added. The mixture was 

poured on an aluminium foil and allowed to dry overnight. Dry liver proteins (liver powder) 

was collected and kept at -20°C until use. 

Liver powder (50 mg) was added to PNMT antibody diluted 1:10 with TBS. The solution 

was gently shaked for 10 minutes, then left to stand on ice for 1 hour and centrifuged at 

10,000 X g for 2 minutes. The supernatant was used in Western-blotting. 

2.9 - RADIOENZYMATIC ASSAY FOR PNMT 

PNMT activity was assayed as previously described (Ziegler et al. 1988), by incubating the 

enzyme with unlabelled noradrenaline as substrate and radiolabelled S-adenosylmethionine 

(SAM) as methyl donor. The radiolabelled adrenaline formed was extracted by selective 

adsorption onto alumina and taken as a measure of enzyme activity. 
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2.9.1 - Assay 

2.9.1.1 - Homogenisation of tissue 

Adrenal gland was homogenised in 1 ml of 0.1 M Tris-HCl pH 7.4 containing 0.2 mM 

PMSF. Following centrifugation for 10 minutes at 7,500 x g at 4°C, supernatant was 

transferred to a new tube, its volume determined by pipetting and its protein content assayed. 

Protein homogenate was split into 2 aliquots, which were frozen and kept at - 80°C until 

measurement of PNMT activity. 

2.9.1.2 - Sample preparation 

Protein homogenates were thawed on ice, then diluted at 1.43 with 0.1 M Tris-HCl pH 

7.4 containing 0.2 mM PMSF, to which an equal volume of assay buffer (2 M Tris-HCl pH 

8.6 with 5% EDTA and 0.1 mg/ml of freshly added DTT) was added. Protein concentration 

was redetermined after dilution to correct for the variation that may occur during dilution. 

2.9.1.3 - Assay procedure 

Protein homogenates (140 |li1, i.e. 100 jxg of adrenal protein) were transferred to 14 x 56 mm 

polypropylene tubes, to which 6.7 jiM S-Adenosyl-L-[methyl-^H] methionine ([^H]-SAM) 

(1.0 mCi/ml, 15.0 Ci/mmol) (Amersham Pharmacia Biotech) solution was added. 

Radiolabelled [^H]-SAM solution was prepared as follows: cold S-adenosylmethionine 

(SAM) stock solution that had been aliquoted at 667 |iM (and kept at -20°C for up to 1 month 

in a HCl solution of pH 3.0, in order to maintain its stability), was freshly diluted (1:10) with 

assay buffer and used for isotopic dilution (1:100) of [^H]-SAM. 

The PNMT inhibitor SKF 64139 (lO'^M) (Smithkline Beecham, Harlow, UK) was added to a 

duplicate aliquot of each homogenate sample to determine non-specific counts per minute 

(cpm). 

The mixture was preincubated in a shaking water bath at 25°C for 10 minutes before 

initiating the reaction by addition of lO'^M noradrenaline (Arterenol, Sigma-Aldrich 

Company Ltd.) prepared immediately prior to use in 0.126 M sodium ascorbate as an 
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antioxidant (Burke et al. 1986). The final volume of the reaction was 200 p,l. The reaction 

was stopped after 1 hour at 25°C by returning the tubes on ice and adding 1 ml of 2 M Tris-

HCl containing 5% EDTA, 0.5 M potassium phosphate, pH 8.6, with 0.1 mM DTT freshly 

added. 

Radiolabelled adrenaline formed was extracted by adsorption on alumina (AI2O3) in the 

presence of phosphate (Drell 1970). Alumina (100 mg) was scooped into each tube, which 

was then capped and shaken for 5 minutes. After brief inversion of the tubes to remove any 

alumina remaining on the sides, tubes were centrifuged for 1 minute at 1,200 rpm at 4°C to 

precipitate alumina. Supernatant was aspirated off and discarded. Alumina was then washed 

with 2 ml of ice-cold water containing 0.1 mM DTT and vortexed for 5 seconds to resuspend 

it. Alumina was allowed to settle as before, then precipitated by centrifugation. This wash 

was repeated 4 times to eliminate [^H]-SAM that had not been used in the enzymatic 

reaction. After the last wash, tubes were centrifuged for 1 minute at 3,200 rpm at 4°C and the 

residual water aspirated. 

Adrenaline was eluted from the alumina by addition of 0.6 ml of 0.1 M perchloric acid (BDH 

Laboratory Supplies) followed by 10 seconds of vortexing. After centrifugation at 3,200 rpm 

at 4°C, the supernatant containing radiolabelled adrenaline was transferred to a new 

polypropylene tube. 

Contaminating [^H]-SAM was then precipitated in order to reduce the non-specific counts. A 

freshly made solution containing 0.5 mg epinephrine and 1.5 mg SAM per 1 ml of 0.2 N 

acetic acid (BDH Laboratory Supplies) was added (50 ^1) to each tube, followed, after brief 

vortexing, by 100 )il of freshly prepared 25% (w/v) phosphotungstic acid solution. The tubes 

were allowed to sit on ice for 15 minutes while a visible precipitate formed. They were then 

centrifuged for 10 minutes at 3,200 rpm at 4°C to sediment the precipitate. 

The supernatant was decanted into scintillation counting vials, to which was added, in 

succession: 0.5 ml of 1 M potassium phosphate pH 7.1, to adjust the pH of the perchloric acid 

eluate and 3 ml of scintillant (Optiphase 'Hisafe 3', Fisher Chemicals, Loughborough Leics., 

UK). The radioactivity content (cpm) was determined using a liquid scintillation counter 

(RackBeta, LKB Wallac). 

Each protein sample was assayed in triplicate (3 tubes in the absence and 3 in the presence of 

the PNMT inhibitor). Blank counts (in the presence of the PNMT inhibitor) were typically 

100-200 cpm. Assay counts were 2000-10000 cpm. Enzyme activity was expressed as 
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picomoles of product formed per milligram of protein per unit of time (pmol/mg/h). Counts 

per minute corresponding to product formation, or specific cpm, were calculated by 

subtracting the averaged cpm present in the sample tubes that contained lO'^M SKF 64139 

from the averaged cpm present in sample tubes in the absence of the enzyme inhibitor, then 

timed by 100 to account for the isotopic dilution. To convert from counts per minute of 

radioactivity to pmol/mg/h of enzyme activity, it was assumed that the specific activity of the 

product [^H]-adrenaline was the same as that of the donor [^H]-SAM and that the scintillation 

counter was 100% efficient (thus assuming that cpm = dpm). Enzyme activity was calculated 

using the following equation: 

specific cpm * 100 
* 10® = pmol/mg/h 

2.2*10 * specific activity (15 Ci/mmol) * protein (mg) * time (h) 

In my hands, the assay had an intraassay coefficient of variance of 0.8 % (n = 7) and an 

interassay coefficient of variance of 15.5 % (n = 13). 

2.9.2 - Validation of the assay 

Experiments were conducted to check that the concentrations of substrate and cosubstrate 

used in the assay were not rate limiting factors to the reaction. Experiments were also 

conducted to determine the range of incubation times and protein concentrations over which 

the PNMT assay was linear. Thus, when adrenal proteins were incubated with increasing 

concentrations of noradrenaline and a fixed concentration of SAM, or incubated with 

increasing concentrations of SAM and a fixed concentration of noradrenaline, PNMT activity 

rose, and then reached a plateau (Figures 2.6 and 2.7). The concentrations of substrate and 

cosubstrate used in our assay (10"̂  M noradrenaline and 6.7 |liM SAM) were such that every 

enzyme molecule was occupied by the substrate and cosubstrate and was fully utilised in the 

catalytic reaction, which therefore approached its maximum velocity (Plateau). 

Linearity of the enzyme reaction with time was maintained for the first 2 hours of incubation 

(Figure 2.8). PNMT activity could be measured in as little as 10 fa,g of adrenal protein 

homogenate, which gave counts twice as high as blank samples. Tritiated adrenaline 

generation was proportional to the amount of adrenal proteins added in the reaction when up 

to 200 |ig of proteins were incubated (Figure 2.9). 
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Figure 2.6 - Effect of substrate concentration on [ H]-adrenaline formation. 

Adrenal proteins (150 jig) were incubated with 6.7 |iM [^H]-SAM solution and increasing 
concentrations of noradrenaline (arterenol) ranging from 0.1 to 2 mM at 25°C for 90 minutes, 
with or without the PNMT inhibitor SKF 64139. Adrenaline formation was determined and 
plotted against the concentration of substrate used in the reaction. 
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Figure 2.7 - Effect of cosubstrate concentration on [ H]-adrenaline formation. 

Adrenal proteins (100 |Lig) were incubated with 10"̂  M noradrenaline and various 
concentrations of [^H]-SAM solution ranging from 0.8 to 6.7 |iM at 25°C for 1 hour. 
Adrenaline formation was determined and plotted against the concentration of SAM used in 
the reaction. 
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Figure 2.8 - Effect of time on [ H]-adrenaline formation. 

Adrenal proteins (100 fxg) were incubated with 6.7 fxM [^H]-SAM solution and 10'̂  M 
noradrenaline at 25°C for various times ranging from 10 to 240 minutes. Adrenaline 
formation was determined and plotted against time. 
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Figure 2.9 - Effect of protein concentration on [ H]-adrenaline formation. 

Increasing amounts of adrenal proteins ranging from 10 to 400 |ig were incubated with 6.7 
|iM [^H]-SAM solution and 10"̂  M noradrenaline at 25°C for 1 hour. Adrenaline formation 
was determined and plotted against the amount of protein added in the reaction. 



145a 

2.10 . DATA ANALYSIS 

Data were reported as mean ± SEM. 

Data were tested for normality of distribution with Kolmogorov-Smimov test. 

When data were found to be normally distributed, single comparisons of parameters between 

groups (9% vs. 18%) were performed by unpaired Student's t test. Comparisons between 

study groups over time were performed by analysis of variance (ANOVA). 

Thus, in chapter 4, differences in blood pressure between dietary groups were assessed 

statistically at each age by unpaired t test. A two-way ANOVA with diet (9% vs. 18%) and 

time (8 and 12 weeks) as the main factors was used to analyse blood pressure over time. In a 

similar manner, adrenal TH and PNMT mRNA: ISSrRNA ratios (Northern-Blotting), as well 

as TH and PNMT mRNA expression (Quantitative PGR) and protein levels (Western-

Blotting) in the low-protein and control groups were compared at each age by using Student's 

t test. A two-way ANOVA with diet (9% vs. 18%) and time (2, 8 and 16 weeks) as the main 

factors was used to analyse adrenal PNMT mRNA expression (Quantitative PGR) over time. 

The relationships between expression of adrenal TH and PNMT mRNA obtained from the 

same animal as well as the relationships between results of adrenal TH or PNMT mRNA 

expression obtained from the same animal when analysed either by quantitative PGR or 

Northern-Blotting, in the low-protein and control groups, were determined by using 

correlation analysis. 

In chapter 5, initial statistical comparisons of low-protein (9%) vs. 18% control values for 

birth weight, body weight (BW), heart rate HR), systolic blood pressure (SEP), adrenal 

PNMT activity, adrenal protein content and TH protein levels at 8 weeks of age were 

assessed statistically by unpaired Student's t test. To assess the influence of gender, 

comparisons were also carried out by a global ANOVA considering factors of maternal diet 

and gender. When a significant main effect of gender was found, a subsequent t test was 

conducted to assess the effect of the maternal diet separately in males and females. 

The relationships between body weight and blood pressure from the same animal at 8 weeks 

of age were determined in males and females by using correlation analysis. Statistical 

comparison of low-protein (9%) vs. 18% control SEP adjusted for BW was conducted using 

analysis of covariance (ANGOVA). 
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Multiple comparisons between study groups were performed by analysis of variance 

(ANOVA). Thus, a two-way ANOVA with diet (9% vs. 18%) and treatment (PNMT 

inhibitor vs. Vehicle) as the main factors was used to analyse body weight gain during the 

treatment period, adrenal weight at 16 weeks of age, HR and SEP at 56 days of age (baseline) 

among animals involved in the PNMT inhibitor study, as well as adrenal PNMT activity and 

protein content at 9 and 16 weeks of age. 

Where repeated measurements were made in the same animal, data (body weight, heart rate 

and blood pressure) were compared in the two dietary groups using ANOVA with repeated 

measures, with diet (9% vs. 18%), treatment (PNMT inhibitor vs. Vehicle) and gender as 

factors. Since repeated measurements were carried out both during the treatment period and 

beyond, and that culling of animals occurred at the end of the treatment period, analysis of 

data was first conducted including all animals (n = 77) involved in the treatment period (56, 

59 and 63 days of age), then including animals (n = 51) involved only in the whole 

experiment (56, 59, 63, 84 and 112 days of age). When effect of gender was significant, 

similar analyses were carried out separately in males and females. 

One-way ANOVA indicated that litter had no effect on most parameters, in that no clustering 

of parameters within litters was observed; therefore individual offspring were considered as 

independent. Statistical analyses reported on all Figures and Tables were performed 

considering each individual offspring as the unit of experimentation. 

Analysis was subsequently also carried out in relation to the number of dams rather than to 

the number of pups. For this, data were first pooled to determine a litter mean, before being 

analysed. Statistical results obtained from the two different analyses were reported in 

separate Tables. 

Statistical analyses were performed using SPSS Software (SPSS, Inc., Chicago, IL). Analyses 

employed p < 0.05 as the criterion for statistical significance; p values between 0.05 and 0.2 

were provided; p values > 0.2 were indicated as not significant (NS). 
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CHAPTER 3 

DISTRIBUTION OF TH AND PNMT niRNA IN NEONATAL AND 4 WEEK-OLD 
RAT TISSUES 

3.1 - INTRODUCTION 

Adrenaline is synthesised from noradrenaline by the enzyme phenylethanolamine N-

methyltransferase (PNMT), which is most densely localised in the adrenal medulla (Axelrod 

1962) while lower levels are expressed in the brainstem (Saavedra et al. 1974). Adrenaline is 

also found in small amount in non-adrenal peripheral tissues, suggesting that it might exert 

local control of physiological functions. The presence of adrenaline in peripheral tissues is 

believed to come from adrenaline released from the adrenal medulla and taken up by 

sympathetic nerve endings innervating these tissues. Adrenaline has also been proposed to be 

produced locally and account for a proportion of adrenaline found in peripheral tissues. Thus, 

the observation that a proportion of rat tissue adrenaline remains after adrenal demedullation 

and destruction of nerve terminals (Torda et al. 1987, Elayan et al. 1990a, Kennedy et al. 

1990) suggested that peripheral tissues can synthesise adrenaline. This proposition was 

confirmed by the detection of PNMT activity in different human and rat peripheral tissues, 

such as cardiac atria and ventricles, lung, kidney and skeletal muscle (Elayan et al. 1990a, 

Kennedy et al. 1990, Kennedy & Ziegler 1991, Kennedy et al. 1995). Adrenaline might be 

produced locally from noradrenaline released by sympathetic nerve terminals innervating 

these tissues and subsequently taken up inside the tissues. 

Evidence suggests that locally produced adrenaline may influence several physiological 

processes (Kennedy et al. 1993b, Kennedy et al. 1993c). 

In adrenalectomized humans, plasma adrenaline was shown to rise during hypoglycaemia but 

not during standing, suggesting that extra-adrenal adrenaline not derived from sympathetic 

postganglionic neurones is secreted (Shah et al. 1984). 

The presence of PNMT gene expression in non-adrenal peripheral tissues has been reported 

in adult rat kidney (Andreassi et al. 1998a), spleen, thymus (Andreassi et al. 1998b), lung 

(Kennedy et al. 1993a) as well as embryonic and adult heart (Ebert et al. 1996, Krizanova et 
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al. 2001). The presence of PNMT gene expression in tissues such as skeletal muscle, adipose 

tissue or aorta has, however, not previously been reported. Moreover, it is unknown whether 

PNMT mRNA is expressed neonatally in non-adrenal peripheral tissues. 

Tyrosine hydroxylase (TH) is the rate limiting enzyme in catecholamine synthesis as it 

catalyses the first of several enzymatic reactions leading to noradrenaline and adrenaline 

synthesis (Figure 1.6). TH is most densely localised in neurones of the central nervous 

system, in sympathetic postganglionic neurones and in the adrenal medulla. The presence of 

TH activity in non-adrenal peripheral tissues is believed to be a marker of sympathetic 

innervation. TH activity in the rat heart has been detected as early as day 18 of gestation 

(David et al. 1984), concomitant with the presence of noradrenaline in this tissue (Kennedy & 

Ziegler 2000). However, only a few sympathetic axons have been detected in the heart at 

birth (Lipp & Rudolph 1972). It has also been reported that sympathetic innervation of the 

heart is non functional at birth (Slotkin 1986). Thus, TH activity may appear in the heart prior 

to sympathetic innervation, suggesting that TH, in the same manner as PNMT, could also be 

expressed locally. 

Transcription and translation to gene product take place in cell bodies of sympathetic nerves. 

Therefore, identification of TH mRNA in peripheral tissues would be evidence in favour of 

local production of catecholamines. TH mRNA has been detected in neonatal and adult rat 

heart (Huang et al. 1996), in rat abdominal aorta and lung (Kawamura et al. 1999). Whether 

TH mRNA is expressed in other non-adrenal peripheral tissues has not been investigated. 

In this study, the presence of TH and PNMT mRNA expression in a range of neonatal and 4 

week-old rat tissues was investigated by non-quantitative RT-PCR. 

3.2 - METHODS 

The reverse transcription polymerase chain reaction (RT-PCR) was used to assess the 

presence of TH and PNMT mRNA in several neonatal and 4 week-old rat tissues as 

described in chapter 2, section 2.5. Primers used for PNMT were the same as Andreassi et al. 

(1998a, 1998b), who reported the existence of PNMT mRNA in spleen, thymus, kidney and 

cerebellum with the presence of an additional PGR product in kidney and cerebellum that 

could represent an alternative splicing of the PNMT mRNA. 
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A broad range of tissues was selected for having distinct physiological functions. Tissues 

such as adrenal and brain, expected to express TH and PNMT mRNA, served as positive 

controls. Neonatal tissues analysed were whole brain, heart, lung, liver, kidney and spleen. 

Four week-old tissues investigated were hippocampus, hypothalamus, cerebellum, heart, 

lung, liver, kidney, spleen, white adipose tissue, skeletal muscle and aorta. Tissues were 

collected from the offspring of rat dams fed an 18% protein diet during gestation. Three 

animals from separate litters were employed for the analysis of each tissue at both ages. The 

ubiquitously expressed Na^/K^-ATPase mRNA expression was assayed to verify adequate 

integrity and reverse transcription of RNA. The predicted sizes of the PCR fragments from 

cDNA encoding TH, PNMT and Na'^/K^-ATPase mRNA were 483, 288 and 652 bp 

respectively. 

3.3 - RESULTS 

3.3.1 - Distribution of PNMT mRNA in neonatal and 4 week-old tissues 

PCR product of expected size for PNMT was detected in neonatal adrenal, brain, heart, 

kidney, lung, and spleen but was faint and not consistently expressed in the liver (Figure 3.1). 

No PCR product of expected size for PNMT was detected in samples in which the reverse 

transcriptase was omitted from the reaction (negative control). 

Two additional PCR products were seen in PCR products from PNMT amphfication. One 

product of approximately 250 bp was seen after PCR amplification of the cDNA, but not 

after amplification of the non-reverse transcribed RNA. While not consistently expressed 

among all the animals, this additional PCR product was present (faintly) in all tissues 

investigated with the exception of the adrenal. Such an additional PCR product (246 bp) has 

previously been reported in adult kidney after amplification of PNMT mRNA by RT-PCR 

with the same primers as the ones used in the present study (Andreassi et al. 1998a). The 

other PCR product, of approximately 520 bp, was also present (more strongly) in all tissues 

analysed with the exception of the adrenal. However, since it was also detected in samples in 

which the reverse transcriptase had been omitted, this PCR product may represent an 

amplification of contaminating DNA, even though it is shorter than the 780 bp PCR product 

that would be expected to result from such DNA amplification (Figure 2.1). 
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PGR product of expected size for PNMT (288 bp) was detected in 4 week-old adrenal, 

hippocampus, hypothalamus, cerebellum, heart, kidney, lung, spleen, white adipose tissue, 

skeletal muscle and aorta but was not detectable in liver (Figure 3.3). The additional 250 bp 

PGR product resulting from PNMT amplification could still be seen in several samples but at 

4 weeks of age, seemed to be expressed in a tissue-specific manner. In some tissues, such as 

the adrenal, heart, lung, skeletal muscle, spleen and to a lesser extent hypothalamus and 

hippocampus, PNMT amplification resulted in one bright band corresponding to the expected 

PNMT PGR product (288 bp). In other tissues, such as kidney, white adipose tissue, 

cerebellum and aorta, two faint bands could be amplified, the expected PNMT PGR product 

and a smaller additional PGR product of approximately 250 bp (Figure 3.3). 

Amplification of the ubiquitously expressed Na^/K^-ATPase ai subunit mRNA resulted in a 

bright signal in all neonatal (Figure 3.2) and 4 week-old (Figure 3.5) tissues. It revealed that 

the faint intensity of the PNMT PGR product found in the neonatal liver and the absence of 

PNMT PGR product in the 4 week-old liver were not due to a poor RNA quality, but may 

instead be due to lower levels of PNMT mRNA expression in this tissue compared with other 

tissues. Gonfirmation would however require quantitative mRNA analyses. 

3.3.2 - Distribution of TH mRNA in neonatal and 4 week-old tissues 

PGR product of expected size for TH was detected in neonatal adrenal, brain, heart, kidney, 

lung, spleen and (faintly) in the liver (Figure 3.1). 

TH mRNA was consistently detected as a bright signal by RT-PGR in 4 week-old adrenal, 

hippocampus, hypothalamus and cerebellum and was also more faintly but still consistently 

detected in adipose tissue, lung, kidney, spleen and aorta. TH mRNA was also inconsistently 

detected in heart and skeletal muscle but was undetectable in liver (Figure 3.4). 

Amplification of the ubiquitously expressed NaVK'^-ATPase a j subunit mRNA in neonatal 

and 4 week-old tissues resulted in a bright band in each of the tissue investigated, confirming 

that the RNA was of adequate integrity (Figures 3.2 and 3.5). 
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Figure 3.1 - Detection of TH and PNMT mRNA in neonatal rat tissues. 

Tissues of offspring from dams fed an 18% protein diet throughout gestation were 
collected within a few hours of birth. Total RNA was prepared and analysed for the 
presence of TH and PNMT mRNA by non quantitative RT-PCR. PCR products were 
electrophoresed through a 2% agarose gel stained with ethidium bromide and their size 
compared with a DNA molecular weight marker (M). Gels were photographed using a 
digital camera. Expected product size is 483 bp for TH and 288 bp for PNMT. 
+: PCR amplification of reverse transcribed RNA. 

PCR amplification of RNA solution in which the reverse transcriptase was omitted 
during the reverse transcription step. 
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Figure 3.2 - Detection of TH, PNMT and N a / K - A T P a s e a i subunit mRNA in 
neonatal rat tissues. 

One sample from each of the tissues that had been previously analysed for TH and PNMT 
mRNA expression (Figure 3.1) was analysed for Na^/K^-ATPase a\ subunit mRNA to 
verify for RNA integrity. PCR amplification of reverse transcribed RNA is shown. No 
PGR product resulted from PCR amplification of RNA solutions in which the reverse 
transcriptase had been omitted during the reverse transcription step. 
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Figure 3.3 - Detection of PNMT mRNA in 4 week-old rat tissues. 

Tissues of 4 week-old offspring from dams fed an 18% protein diet throughout gestation 
were collected. Total RNA was prepared and analysed for the presence of PNMT mRNA 
by non quantitative RT-PCR. PGR products were electrophoresed through a 2% agarose 
gel stained with ethidium bromide and their size compared with a DNA molecular weight 
marker (M). Gels were photographed using a digital camera. Expected product size is 288 
bp. 
+: PGR amplification of reverse transcribed RNA. 

PGR amplification of RNA solution in which the reverse transcriptase was omitted 
during the reverse transcription step. 
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Figure 3.4 - Detection of TH mRNA in 4 week-old rat tissues 

Tissues of 4 week-old offspring from dams fed an 18% protein diet throughout gestation 
were collected. Total RNA was prepared and analysed for the presence of TH mRNA by 
non quantitative RT-PCR. PGR products were electrophoresed through a 2% agarose gel 
stained with ethidium bromide and their size compared with a DNA molecular weight 
marker (M). Gels were photographed using a digital camera. Expected product size is 483 
bp. 
+: PGR amplification of reverse transcribed RNA. 

PGR amplification of RNA solution in which the reverse transcriptase was omitted 
during the reverse transcription step. 
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Figure 3.5 - Detection of TH, PNMT and Na/K^ ATPase ai subunit mRNA in 4 
week-old rat tissues 

One sample from each of the 4 week-old tissues that were previously analysed for TH and 
PNMT mRNA expression (Figures 3.3 and 3.4) was analysed for Na^/K^ ATPase ai 
subunit mRNA to verify for RNA integrity. PCR amplification of reverse transcribed RNA 
is shown. No PCR product resulted from PCR amplification of RNA solutions, in which 
the reverse transcriptase had been omitted during the reverse transcription step. 
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3 .4 . DISCUSSION 

3.4.1 - Intrinsic adrenergic system in peripheral tissues 

The detection of PNMT mRNA in young rat hypothalamus, cerebellum, heart, spleen, kidney 

and lung is consistent with previous studies which have reported the expression of PNMT 

mRNA, by RT-PCR, in hypothalamus, cerebellum, kidney (Andreassi et al. 1998a), spleen 

(Andreassi et al. 1998b), cardiac atria and ventricle (Krizanova et al. 2001) and have reported 

the expression of PNMT mRNA, by Northern-blotting, in lung (Kennedy et al. 1993a). 

Previous studies have found PNMT gene expression in limbic structures, such as amygdala 

and stria terminalis (Mezey 1989a). The present study shows that the PNMT gene is also 

expressed in hippocampus. 

This screening of rat tissues also revealed for the first time the presence of PNMT mRNA 

expression in aorta, adipose tissue and skeletal muscle. 

Analysis of neonatal tissues indicated that non-adrenal peripheral PNMT gene is already 

expressed at birth in heart, kidney, lung and spleen. 

The presence of PNMT gene expression in non-adrenal peripheral tissues suggests that 

adrenaline may be produced locally in these tissues and that PNMT may contribute to 

adrenaline found in these tissues. Such evidence has previously been provided by studies 

which have reported the presence of adrenaline remaining in heart and lung after adrenal 

demedullation and destruction of nerve terminals (Torda et al. 1987, Elayan et al. 1990a, 

Kennedy et al. 1990) and by studies which have detected PNMT activity in cardiac atria and 

ventricle (Elayan et al. 1990a, Kennedy & Ziegler 1991, Kennedy et al. 1995), lung 

(Kennedy et al. 1990), kidney (Ziegler et al. 1989b) and skeletal muscle (Kennedy & Ziegler 

1991). 

The nature of the cells expressing PNMT in peripheral tissues is uncertain. 

Immunoperoxidase staining of sections of human kidney, lung and pancreas suggests that 

PNMT expression is widely but not uniformly distributed (Kennedy et al. 1995). In the 

kidney, staining was shown to be most evident in glomeruli, distal tubule and endothelial 

cells. In the lung, it was shown to be most prominent in pulmonary alveolar cells (Kennedy et 

zd. 1995). 
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The present study has also revealed the presence of TH mRNA in all neonatal and 4 week-old 

tissues investigated with the exception of the liver. The existence of TH mRNA in peripheral 

tissues is unlikely to derive from sympathetic nerve endings since TH is transcribed and 

translated in cell bodies of sympathetic nerves before being transported down the axon to the 

sympathetic nerve terminals. This suggests that TH might be expressed in non-sympatho-

neuronal cells in these tissues. 

The presence of TH mRNA in a range of non-adrenal peripheral tissues reported here is at 

variance from a study which reported that TH mRNA was undetectable by RT-PCR in rat 

heart, spleen and kidney, while being detectable in abdominal aorta and lung (Kawamura et 

al. 1999). However, the present finding is in agreement with a study reporting the presence of 

TH mRNA in adult and neonatal rat heart (Huang et al. 1996). These authors have identified, 

in rat and human heart, a type of cardiac cell, not associated with efferent sympathetic axons, 

which express TH mRNA and protein as well as PNMT protein. These cells were also shown 

to contain and release noradrenaline and adrenaline. On electron microscopic analysis, they 

were confirmed not to have neuronal or chromaffin cell ultrastructural morphology. These 

cells have been termed intrinsic cardiac adrenergic (ICA) cells (Huang et al. 1996). They 

were shown to form clusters and also to be diffusely distributed throughout the heart 

including both atria and ventricles. They were shown to be closely associated with the 

coronary micro vasculature (arterioles, venules and capillaries) and also in intimate contact 

with atrial and ventricular myocytes (Huang et al. 1996). 

The present study suggests that intrinsic adrenergic cells such as those found in the heart 

(Huang et al. 1996) might also exist in kidney, lung, white adipose tissue, skeletal muscle and 

spleen but not in the liver. Another possibility for the origin of TH and PNMT mRNA in 

peripheral tissues might be the parasympathetic ganglia. Previous reports have suggested that 

the extra-adrenal, intracardiac source of adrenaline may be neurones within cardiac ganglia 

that relay parasympathetic information from preganglionic neurones to the heart. 

Immunoreactivity toward enzymes involved in the synthesis of catecholamines, including TH 

and PNMT, was found in neurones of adult human cardiac ganglia (Singh et al. 1999). 

However, it is unknown whether TH and PNMT mRNA are also expressed in 

parasympathetic ganglia. 
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Evidence shows that catecholamines produced locally in peripheral tissues may have 

physiological and pathophysiological roles (Huang et al. 1996, Kennedy et al. 1993b, 1993c). 

The spontaneous beating of rat ventricular myocytes cultured in the presence of intrinsic 

cardiac adrenergic cells (ICA) can be dramatically reduced by addition of a ^-adrenergic 

antagonist to the culture, suggesting that the release of catecholamines from ICA cells exerts 

a positive chronotropic effect on spontaneously beating myocyte culture (Huang et al. 1996). 

Immobilization stress was found to significantly increase PNMT mRNA levels in left and 

right atria and ventricles, which, given that immobilization stress activates many 

cardiovascular processes, suggests that the cardiac adrenergic system may participate in some 

physiological processes (Krizanova et al. 2001). Locally produced adrenaline in muscle has 

been suggested to be involved in glucocorticoid-induced insulin resistance in rat (Kennedy et 

al. 1993b). Administration of dexamethasone to adrenalectomized rats has been shown to 

increase muscle PNMT activity and adrenaline levels and to result in elevated plasma insulin 

levels after a glucose load compared with vehicle-treated controls. Administration of a 

PNMT inhibitor was shown to reverse this increase, suggesting that enhanced muscle 

adrenaline synthesis may mediate some of the insulin resistance induced by glucocorticoids 

(Kennedy et al. 1993b). Elevations in non-adrenal peripheral PNMT have been suggested to 

play a role in the pathogenesis of glucocorticoid hypertension (Kennedy et al. 1993c). 

Dexamethasone administration to adrenalectomized rats has been shown to significantly 

increase systolic blood pressure concurrent with a marked increase in PNMT activity in 

cardiac atria and ventricle and also in skeletal muscle, but not in the medulla oblongata or 

hypothalamus. Administration of both a PNMT inhibitor which reduced PNMT activity in 

the brain and peripheral tissues, and of a PNMT inhibitor which reduced PNMT activity in 

peripheral tissues alone were shown to return the blood pressure of the dexamethasone-

treated animals to normal. This indicates that inhibition of peripheral PNMT may mediate the 

antihypertensive action of the PNMT inhibitors, and suggests that elevation of peripheral 

PNMT activity may be implicated in glucocorticoid hypertension (Kennedy et al. 1993c). 

The presence of TH and PNMT mRNA in peripheral tissues of neonatal animals suggests that 

locally produced catecholamines may play a physiological role early in life. Noradrenaline 

has been demonstrated to be essential for fetal development, by the finding that mice with 

targeted disruption of catecholamine-synthesising genes succumb in utero, probably due to 

an inability to maintain sufficient heart rate or contractility (Thomas et al. 1995). 
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3.4.2 - PNMT niRNA splicing and enzyme levels 

In the present study, using primers flanking intron 1, an additional PGR product 

(approximately 250 bp) resulting from PNMT amplification was found in several neonatal 

and 4 week-old tissues but was consistently undetectable in the adrenal. Amphfication of 

such an additional fragment has previously been reported in cerebellum and kidney 

(Andreassi et al. 1998a) and by hybridization with the PNMT cDNA probe was demonstrated 

to be derived from the PNMT transcript. Therefore, the additional small PGR product found 

after RT-PGR amplification of PNMT may represent an alternative splicing of PNMT 

mRNA. Confirmation would require that the fragment be sequenced. 

In the present study, there appeared to be several patterns of expression of PNMT mRNA in 

4 week-old tissues. Some "adrenal-like" tissues only expressed the spliced mRNA (heart, 

skeletal muscle), while some tissues expressed both the spliced and putative additional 

messenger (kidney, adipose tissue) and one tissue expressed none (liver). These different 

patterns of PNMT gene expression may be related to PNMT activity levels. Indeed, PNMT 

activity in non-adrenal peripheral tissues is not homogeneous, being highest in heart and lung 

(Kennedy et al. 1990, Elayan et al. 1990a, Kennedy et al. 1995) but low in kidney (Ziegler et 

al. 1989b) while almost no activity is present in liver (Elayan et al. 1990b). Since post-

translational modifications of PNMT protein are not thought to occur, tissue-specific 

variations in enzyme activity may be reflected at the level of PNMT gene expression. 

The hypothesis that tissue-specific levels of PNMT activity could be linked to an alternative 

splicing of PNMT pre mRNA has previously been proposed (Unsworth et al. 1999). Using 

primers spanning intron 2, authors have shown the presence of two PNMT mRNA species in 

the prenatal brainstem, i.e. the spliced message and another species generated by alternative 

splicing retaining intron 2. However, in the adrenal medulla, only the spliced message was 

found (Unsworth et al. 1999). Moreover, glucocorticoid treatment of pluripotent PG 12 cells, 

expressing both the spliced and unspliced messages at low levels, resulted in an up-regulation 

of the spliced mRNA species and a down-regulation of the unspliced message with a 

concomitant increase in PNMT activity. This suggests that the intron-retained variant might 

code for a protein exerting a negative effect on normal PNMT activity (Unsworth et al. 

1999). 
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A similar mechanism may occur with the putative alternative splicing of intron 1. Indeed, in 

the present study, the non-adrenal peripheral tissues in which the alleged spliced variant was 

found are known to have lower levels of PNMT activity (i.e. kidney) than those in which the 

spliced PNMT mRNA alone was detected (i.e. heart) (Ziegler et al. 1989b, Kennedy et al. 

1990), suggesting that the spliced variant may exert a negative effect on PNMT activity. 

On the other hand, the alternative splicing may be related to tissue-specific regulations of 

PNMT activity. Alternative splicing might also be linked to developmental-specific changes 

in PNMT. Indeed, the additional fragment occurred in almost all non-adrenal neonatal 

peripheral tissues investigated (heart, lung, kidney) but was restricted to a few 4 week-old 

tissues. 

3.4.3 - Summary 

The present study has confirmed the presence of PNMT mRNA in several non-adrenal 

peripheral tissues and shown for the first time its existence in skeletal muscle, adipose tissue 

and aorta. Local PNMT is thought to produce adrenaline from noradrenaline released by the 

sympathetic nerve endings and subsequently taken up inside the post-junctional tissues. The 

present report has also shown the existence of TH mRNA in heart, kidney, lung, skeletal 

muscle, adipose tissue, spleen and aorta. The presence of TH mRNA in non-adrenal 

peripheral tissues suggests that L-DOPA and probably dopamine and noradrenaline may also 

be produced locally. In the same manner as TH and PNMT have been found in intrinsic 

adrenergic cells in the heart (Huang et al. 1996), TH and PNMT may be expressed by 

intrinsic adrenergic cells within other peripheral tissues. Importantly, locally produced 

catecholamines may be implicated in physiological and pathophysiological situations. 
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CHAPTER 4 

CATECHOLAMINE SYNTHESISING ENZYMES, TYROSINE HYDROXYLASE 
(TH) AND PHENYLETHANOLAMINE A^-METHYLTRANSFERASE (PNMT), IN 
THE PROGRAMMING OF HYPERTENSION BY MATERNAL PROTEIN 
RESTRICTION DURING GESTATION 

4.1 - INTRODUCTION 

Feeding pregnant rats a low-protein diet (9% casein) during gestation induces elevated blood 

pressure in their offspring compared with a control (18% casein) maternal protein diet 

(Langley & Jackson 1994). This programmed hypertension is thought to be triggered in utero 

by an overexposure of the fetus to glucocorticoids (Langley-Evans et al. 1996c). Postnatally, 

hypertension is thought to be maintained by glucocorticoids, since the elevated blood 

pressure associated with maternal low-protein feeding during gestation is abolished by 

adrenalectomy and restored by corticosterone administration (Gardner et al. 1997). 

The release of catecholamines from the adrenal medulla is one of the neurohumoral 

mechanisms influencing blood pressure that is known to be sensitive to glucocorticoids. 

Glucocorticoids have been reported to be necessary for the developmental increase in the 

adrenaline-forming enzyme phenylethanolamine A^-methyltransferase (PNMT) (Bohn et al. 

1981) as well as the maintenance of the steady-state level of PNMT mRNA expression in the 

adult adrenal glands (Stachowiak et al. 1988, Jiang et al. 1989). Glucocorticoids can also 

increase both tyrosine hydroxylase (TH), which catalyses the first reaction in catecholamine 

synthesis and PNMT mRNA expression in the adrenal medulla (Stachowiak et al. 1988, Wan 

& Livett 1989). This might increase the amount of the pressor hormone adrenaline released 

in the circulation and thereby raise blood pressure. 

Catecholamine synthesising enzymes are increased in several experimental models of 

hypertension. For instance, adrenal TH mRNA and enzyme activity are increased in 

glucocorticoid hypertensive rats (Kumai et al.2000) and in adult SHR (Grobecker et al. 1982, 

Kumai et al.l995, 1998). Adrenal TH activity is increased in DOCA-salt hypertensive rats 

(Grobecker et al. 1982). Adrenal TH and PNMT activities are both increased in sensitive 
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Dahl rats (Saavedra et al. 1983). Adrenal PNMT activity is also increased in two-kidney 

Goldblatt hypertensive rats (Denoroy et al. 1984). 

Moreover, adrenaline secretion from the adrenal medulla is increased in humans with mild 

essential hypertension (Jacobs et al. 1997). 

Fetal exposure to a low-protein diet is thought (possibly via glucocorticoid action) to result in 

adaptive responses ascribed to the plasticity of the developing organism. This is believed to 

result, possibly through a cascade of abnormal phenotypes as the animal matures (Zicha & 

Kunes 1999), in an altered development of the cardiovascular system and its regulatory 

elements, which manifests in an elevated blood pressure from 4 weeks of age. 

Adrenal PNMT has been shown to be subject to imprinting by nutrient availability (Lau et al. 

1988) and dexamethasone treatment (Parker & Noble 1967, Lau & Slotkin 1981) in neonatal 

life, suggesting that this enzyme might be susceptible to protein restriction during gestation. 

This enzyme may therefore be a potential candidate involved in the mechanisms underlying 

the programming of hypertension by maternal protein restriction. 

In the present study, the possibility that maternal low-protein diet may alter the development 

of TH and PNMT mRNA expression in the adrenal gland of the resulting offspring, which in 

turn may participate in the initiation and/or maintenance of life-long raised blood pressure 

has been investigated. The impact of feeding pregnant rats a low-protein diet during gestation 

on developmental patterns of the glucocorticoid-sensitive catecholamine synthesising 

enzymes TH and PNMT mRNA levels in the adrenal glands of the resulting offspring at 2, 4, 

8, 12 and 16 weeks of age has been studied. 

4.2 - METHODS 

4.2.1 - Animals and molecular analysis 

Two groups of rat offspring, differing only in terms of prenatal nutrition (either 18% or 9% 

maternal protein diet), were generated as described in chapter 2, section 2.2. At 2, 4, 8, 12 

and 16 weeks of age, a proportion of animals from each litter were randomly sacrificed. This 

protocol enabled study, within each dietary group and at each time-point, of offspring from 

different litters rather than simply litter mates from the same pregnancy. Female offspring 
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only were investigated in this study. Systolic blood pressures were recorded before culling by 

the tail cuff plethysmography technique, as described in chapter 2, section 2.2.2. Total RNA 

was isolated from the adrenal glands and analysed for TH and PNMT mRNA expression by 

Northern-blotting and quantitative PGR as described in chapter 2, sections 2.3, 2.6 and 2.7. 

Tissue protein was extracted at the same time as that for RNA using TRI-Reagent (Sigma-

Aldrich Company Ltd., Poole, UK) and analysed for TH and PNMT immunoreactivity by 

Western-blotting as described in chapter 2, sections 2.4 and 2.8. Since cardiac PNMT has 

been suggested to be involved in glucocorticoid-induced hypertension in rats (Kennedy et al. 

1993c), total RNA was also isolated from the heart and expression of PNMT mRNA 

analysed by Northern-blotting using a double-labelled cRNA probe as described in chapter 2, 

section 2.6. 

4.2.2 - Data analysis 

In Northern-blotting analysis, TH mRNA, PNMT mRNA and IBS rRNA levels were 

determined by densitometric scanning of autoradiographic images using Phoretix Gel 

Analysis Software (NonLinear Dynamics, Newcastle upon Tyne, UK). Messenger RNA 

levels were expressed relative to IBS rRNA levels, which were used to correct for variations 

in the amount of sample loaded per well, as well as RNA recovery and/or degradation during 

the blotting process. Ranged mRNA/rRNA ratios obtained from a few samples present in two 

different blots were plotted (blot 1 against blot 2) and the linear regression calculated. The 

slope allowed deduction, from blot 1, of the value that would have been found on blot 2, 

thereby allowing comparison of data from two different blots. 

In Western-blotting analysis, TH and PNMT protein levels were also determined by 

densitometric scanning of autoradiographic images using Phoretix Gel Analysis Software. 

Data derived from two different blots were normalised within each blot to a lane that was 

present in both blots (i.e. a standard). The normalised data from the two different blots, 

expressed as a percentage of the standard, could then be compared. 

All data were presented as means with their standard errors (SEM). Normal distributions 

were confirmed by Kolmogorov-Smimov test. Independent-samples t test was used to allow 

comparison between the low-protein exposed animals and the 18% control pups with respect 

to systolic blood pressure, adrenal TH and PNMT mRNA/IBS rRNA ratios as well as TH and 

PNMT protein expression. Statistical analyses were performed using SPSS software (SPSS, 

Inc., Chicago, IL). A p value < 0.05 was considered statistically significant. 
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4.3-IlESin;TS 

4.3.1 - Systolic blood pressure 

The low protein-exposed offspring exhibited significantly increased systolic blood pressures 

(SBP) compared with the 18% controls both at 8 weeks and 12 weeks postnatally (+24 and 

+37 mmHg respectively) (Figure 4.1). Two-way analysis of variance indicated that while 

SBP was stable with time among the normotensive offspring, SBP tended to be higher at 12 

weeks than at 8 weeks among the hypertensive offspring (+11 mmHg, maternal diet and time 

interaction, p = 0.087). 

4.3.2 - mRNA analysis 

4.3.2.1 - Northern-blotting 

As compared with the position of 18S rRNA, hybridisation of the radiolabelled TH and 

PNMT cRNA probes occurred on the membrane at a location that corresponded to the well-

documented sizes of the corresponding targeted messenger RNA (1.9 and 1.1 kb for TH and 

PNMT mRNA respectively), confirming the specificity of the hybridisation. 

4.3.2.1.1 - PNMT mRNA 

Two week-old offspring from dams that had been exposed to a low-protein diet during 

gestation had significantly lower (-25%) PNMT mRNA levels in their adrenal glands 

compared with PNMT mRNA levels in adrenals of offspring from dams fed an 18% control 

protein diet (Figure 4.2-A and D). At 4 weeks of age, adrenal PNMT mRNA expression was 

however similar between the two dietary groups of offspring (Figure 4.2-C and F). 

Subsequently, there was a tendency for PNMT mRNA expression to be decreased (-18%, p = 

0.06) in the adrenal glands of low-protein exposed offspring aged 8 weeks compared with 

their controls, which was not statistically significant (Figure 4.3-B and D). When 12 week-

old, offspring from dams fed a restricted protein diet appeared to have similar adrenal PNMT 

mRNA concentration (-13%, p - 0.2) compared with pups that had experienced a control 

protein diet in utero (Figure 4.4-B and D). As opposed to earlier time-points when PNMT 

gene expression either tended to be lower or was unchanged in the hypertensive animals, at 
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16 weeks of age adrenal PNMT mRNA tended to be increased (+23%, p = 0.09) in the low-

protein exposed offspring relative to the 18% controls, without reaching statistical 

significance (Figure 4.5-B and D). 

Despite the use of a double-labelled cRNA probe, cardiac PNMT mRNA was found not to be 

detectable by Northern-blotting. It is thought that this is probably due to low levels of 

expression. 

4.3.2.1.2 - TH mRNA 

The maternal protein feeding during gestation had no effect on adrenal TH mRNA levels 

measured in the adrenal glands of offspring aged 4 weeks (Figure 4.2-B and E) and 8 weeks 

(Figure 4.3-A and C). At 12 weeks, TH mRNA expression was slightly lower, yet close to 

significance (-15%, p = 0.07), in the low-protein exposed offspring relative to the controls 

(Figure 4.4-A and C). However, by 16 weeks of age offspring that had been exposed to a 

maternal low-protein diet had significantly higher TH mRNA levels (+16%, p < 0.01) in their 

adrenals relative to the 18% exposed controls (Figure 4.5-A and C). 

Analysis of the effects of the maternal protein diet on the ontogenetic expression of adrenal 

TH and PNMT mRNA was not achievable with Northern-blotting. Indeed, not all samples 

could be loaded on a single gel, therefore the presence of standard samples loaded on each 

gel would have been necessary to compare samples between different gels, therefore compare 

expression between different age-points. 
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Figure 4.1 - Effect of feeding pregnant rats different protein diets during gestation on 
the systolic blood pressure of their female offspring at 8 and 12 weeks of age. 

Systolic blood pressures (SBP) were determined in young adult female offspring from dams 
fed either a control protein (18%, open bars) or low-protein (9%, hatched bars) diet 
throughout pregnancy. Values were expressed as mean ± SEM. The numbers of rats studied 
at 8 weeks of age were, in the 18% protein group: n = 19 offspring (from 5 litters), and in the 
9% group, n = 28 offspring (from 8 litters). At 12 weeks of age, 18% group: n = 16 offspring 
(from 4 litters), and 9% group: n = 17 offspring (from 9 litters). 
Comparison of mean SBP between dietary groups (9% vs. 18%) was assessed statistically at 
each age by independent-samples t test. 
Analysis of SBP over time was performed by two-way ANOVA considering diet (9% vs. 
18%) and time (8 and 12 weeks) as factors. 
*** Indicates significantly different from the age-matched 18% control, p < 0.001. 
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Figure 4.2 - TH and PNMT mRNA expression in adrenal glands of 2 and 4 week-old 
female offspring exposed to maternal low-protein or control protein diets in utero. 

A , B and C represent Northem-blots showing adrenal TH and PNMT mRNA levels. 
Total RNA was isolated from the adrenal glands of 2 and 4 week-old females, which had 
been exposed to either a control (18%) or a low-protein (9%) diet in utero\ 10 jxg were 
analysed for TH and PNMT mRNA by Northern-blotting. Each lane represents RNA from 
a single rat. RNA loading was equal across all lanes as indicated by ethidium bromide 
staining of 18S rRNA (not shown). 
D, E and F represent the densitometric analysis of messenger RNA levels. 
The expression of TH mRNA and PNMT mRNA were determined by densitometric 
scanning of autoradiographic images using Phoretix Gel Analysis Software. Values were 
expressed as mean ± SEM. For PNMT mRNA at 2 weeks of age, the number of rats 
studied were, in the 18% group, n = 5 (from 5 litters) and in the 9% group, n = 6 (from 6 
litters). For TH and PNMT mRNA at 4 weeks of age, the number of rats studied were, 
both in the 18% and 9% groups, n = 8 (from 8 litters). 
*: Indicates a significant effect of the maternal diet,/» < 0.05. 
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Figure 4.3 - TH and PNMT mRNA expression in adrenal glands of 8 week-old female 
offspring exposed to maternal control or low-protein diets in utero. 

A and B represent Northern-blots showing adrenal TH and PNMT mRNA levels. 
Total RNA was isolated from the adrenal glands of 8 week-old females, which had been 
exposed to either a control (18%) or a low-protein (9%) diet in utero; 10 ng were analysed 
for TH and PNMT mRNA by Northern-blotting. Each lane represents RNA from a single 
rat. 
C and D represent the densitometric analysis of messenger RNA levels. 
The expression of TH mRNA, PNMT mRNA and 18S rRNA were determined by 
densitometric scanning of autoradiographic images using Phoretix Gel Analysis Software. 
Messenger RNA levels were expressed relative to 18S rRNA levels. Values were 
expressed as mean ± SEM. For PNMT mRNA, the number of rats studied were, in the 
18% group, n = 6 (from 5 litters) and in the 9% group, n = 10 (from 9 litters). For TH 
mRNA, the number of rats studied were, in the 18% group, n = 7 (from 6 litters) and in the 
9% group n - 6 (from 6 litters). 
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Figure 4.4 - TH and PNMT mRNA expression in adrenal glands of 12 week-old 
female offspring exposed to maternal control or low-protein diets in utero. 

A and B represent Northem-blots showing adrenal TH and PNMT mRNA levels. Total 
RNA was isolated from the adrenal glands of 12 week-old females, which had been 
exposed to either a control (18%) or a low-protein (9%) diet in utero\ 10 |j.g were analysed 
for TH and PNMT mRNA by Northern-blotting. Each lane represents RNA from a single 
rat. 
C and D represent the densitometric analysis of messenger RNA levels. The expression of 
TH mRNA, PNMT mRNA and 18S rRNA were determined by densitometric scanning of 
autoradiographic images using Phoretix Gel Analysis Software. Messenger RNA levels 
were expressed relative to 18S rRNA levels. Values were expressed as mean ± SEM. For 
TH and PNMT mRNA, the number of rats studied were, in the 18% protein group: n = 6 
(from 5 litters) and in the 9% group, n = 8 (from 8 litters). 
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Figure 4.5 - TH and PNMT mRNA expression in adrenal glands of 16 week-old 
female offspring exposed to maternal control or low-protein diets in utero. 

A and B represent Northem-blots showing adrenal TH and PNMT mRNA levels. Total 
RNA was isolated from the adrenal glands of 16 week-old females, which had been 
exposed to either a control (18%) or a low-protein (9%) diet in utero; 10p,g were analysed 
for TH and PNMT mRNA by Northern-blotting. Each lane represents RNA from a single 
rat. 
C and D represent the densitometric analysis of messenger RNA levels. The expression of 
TH mRNA, PNMT mRNA and 18S rRNA were determined by densitometric scanning of 
autoradiographic images using Phoretix Gel Analysis Software. Messenger RNA levels 
were expressed relative to 18S rRNA levels. Values were expressed as mean ± SEM. For 
TH and PNMT mRNA, the number of rats studied were, both in the 18% and 9% protein 
groups: n = 10 (from 7 litters). 
Mean ratios were compared between the two dietary groups using Student's t test. 
**: Indicates a significant effect of the maternal diet, p < 0.01. 
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4.3.2.2 - Quantitative PGR 

Since the Northern-blotting technique may be too crude a method to accurately detect small 

but significant differences in mRNA levels, in order to know whether the tendencies for 

PNMT mRNA levels to be lower at 8 weeks of age and for TH and PNMT mRNA 

expressions to be higher at 16 weeks of age in the low-protein offspring relative to the 

controls were reproducible, messenger RNA levels were also determined by quantitative 

PGR. This method is known to be able to accurately quantify mRNA expression (GiUiland et 

al. 1990). 

Quantitative PGR revealed that, at 16 weeks of age, adrenal TH mRNA expression tended to 

be increased among the low-protein offspring (+48%, p = 0.11) relative to the 18% controls 

(Figure 4.6). At 2 weeks of age, adrenal PNMT mRNA expression was lower in the offspring 

that had been exposed to a maternal low-protein diet, but was not significantly different (-

37%, p = 0.24) to the expression in the offspring from dams fed a control protein diet (Figure 

4.7). At 8 weeks of age, PNMT mRNA levels tended to be lower (-41%, p = 0.12) in the low-

protein offspring relative to the controls while at 16 weeks of age PNMT mRNA expression 

was increased in the low-protein pups but was not statistically different (+57%, p - 0.28) to 

the controls (Figure 4.7). There was a significant correlation between Northern-blotting and 

quantitative PGR results (Figure 4.7a). 

Since PNMT mRNA expression was, at all time-points studied, determined by quantitative 

PGR using the same standard DNA, messenger RNA levels could be compared between the 

different postnatal ages examined. Analysis of variance revealed that, in the 18% exposed 

offspring (but not in the low-protein) adrenal PNMT mRNA expression tended to decrease 

with age {p = 0.11). Two-way analysis of variance indicated that the effect of the prenatal 

diet on later adrenal PNMT mRNA expression tended to be different depending on the age of 

the offspring (Maternal diet and time interaction, p = 0.1). Thus, in 2 and 8 week-old 

offspring, adrenal PNMT tended to be lower among the low-protein-exposed rats relative to 

the controls. Conversely, in 16 week-old animals, PNMT mRNA tended to be increased 

among the low-protein offspring relative to the controls. 
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Figure 4.6 - Effect of an exposure to different maternal protein diets during gestation 
(either 18 or 9%) on adrenal TH mRNA expression at 16 weeks of age, as measured by 
quantitative PCR. 

Pregnant rats were fed either a control (18%) or a low-protein (9%) diet throughout gestation 
only. At 16 weeks of age, a proportion of offspring from each litter were randomly sacrificed. 
Total RNA was isolated from the adrenal glands and analysed for TH mRNA expression by 
quantitative PCR. Results were obtained from 20 offspring (10 in the control and 10 in the 
low-protein group) and expressed as mean ± SEM. 
Messenger RNA levels were compared between the two prenatal dietary groups using 
independent samples t test. 
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Figure 4.7- Effect of an exposure to different maternal protein diets during gestation on 
adrenal PNMT mRNA expression at 2 , 8 and 16 weeks of age, as measured by 
quantitative PCR. 

Pregnant rats were fed either a control (18%) or a low-protein (9%) diet throughout gestation 
only. At 2, 8 and 16 weeks of age, a proportion of offspring from each litter were randomly 
sacrificed. Total RNA was isolated from the adrenal glands and analysed for PNMT mRNA 
expression by quantitative PCR. Results were obtained from 8 offspring at 2 weeks of age (4 
in the control and 4 in the low-protein group) and 20 offspring at 8 and 16 weeks of age (10 
in the control and 10 in the low-protein group). Data were expressed as mean ± SEM. 

At each time-point, PNMT mRNA levels were compared between the two dietary groups 
using independent samples t test. Within each prenatal dietary group, the effect of time was 
analysed by one-way analysis of variance (ANOVA). Two-way ANOVA was also performed 
on the data, considering maternal diet and time as the independent variables. 
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Figure 4.7a - Correlation of results obtained from the same sample when analysed by 
quantitative PCR compared with Northern-Blotting. 

Results were analysed using Pearson correlation analysis. 
For each parameter analysed, correlation coefficient and statistical significance is indicated 
on the graph. 
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Figure 4.8 - Relationships between expressions of TH and PNMT mRNA in adrenal 
glands of 16 week-old female offspring exposed to maternal control or low-protein diets 
in utero. 

As previously described, TH and PNMT mRNA expression were analysed, by quantitative 
PGR, in the adrenal gland of offspring of dams exposed to maternal control or low-protein 
diets during gestation. For each sample, PNMT mRNA expression was plotted against TH 
mRNA expression. Results were obtained from 20 offspring (10 in the 18% control group 
and 10 in the 9% low-protein group). 
Data were analysed using Pearson correlation analysis. Correlation coefficient and statistical 
significance is indicated on the graph. 
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Figure 4.9 - TH levels in adrenal glands of 4 week-old female offspring exposed to 
maternal control or low-protein diets in utero. 

TH expression was evaluated by Western-blotting in the adrenal gland of 4 week-old 
females. The abundance of TH protein was quantified from the autoradiographs using 
Phoretix Gel Analysis Software and expressed as arbitrary unit. Data derived from the two 
Western blots were normalised within each blot to a lane (S or standard) that was present 
in both blots. The normalised data from the two different blots, expressed as a percentage 
of the standard, were then able to be compared. Results were expressed as mean ± SEM. 
Results were obtained from n = 9 females in the 18% control group and n = 9 in the low-
protein exposed group. Independent samples student t test was used to compare the mean 
adrenal TH expression between the two dietary groups. 
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Figure 4.10 - PNMT levels in adrenal glands of 4 week-old female offspring exposed 
to maternal control or low-protein diets in utero. 

PNMT expression was evaluated by Western-blotting in the adrenal gland of 4 week-old 
females. The abundance of PNMT protein was quantified from the autoradiographs using 
Phoretix Gel Analysis Software and expressed as arbitrary unit. Data derived from the two 
Western blots were normalised within each blot to a lane (S or standard) that was present 
in both blots. The normalised data from the two different blots, expressed as a percentage 
of the standard, were then able to be compared. Results were expressed as mean ± SEM. 
Results were obtained from n = 9 females in the 18% control group and n = 9 in the low-
protein exposed group. Independent samples student t test was used to compare the mean 
adrenal PNMT expression between the two dietary groups. 
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n = 1 offspring n = 1 dam 

18% 9% 

P 

18% 9% 

P Mean n Mean n P Mean n Mean n P 

Blood pressure 

8w 11&8 19 142.9 28 <0.001 11&2 5 144.5 8 &001 

12w llfkS 16 153.9 17 <0.001 1174 4 15CL8 8 <0.01 

T H mRNA 

8w(N) 0.81 7 0^9 6 NS 0^2 6 0J9 6 NS 

12w(N) &67 6 0^7 8 0.07 0^5 5 0^7 8 0J4 

16w (N) 1.28 10 1^4 10 <0.01 1^9 7 1.5 7 <0.05 

16w (P) 0.98 10 1.44 10 GUI 042 6 1^2 7 0.1 

P N M T mRNA 

8w (N) 0.93 6 0J6 10 0.06 0.9 5 0J6 9 0U6 

8w(P) 33^ 10 1&5 10 CU2 3Z2 9 1&8 9 &13 

12w(N) 1.57 6 1J8 8 NS IJW 5 137 8 NS 

16w (N) IJJ 10 139 10 0.09 1J4 7 1.45 7 0.09 

16w (P) 2L8 10 34^ 10 NS 224 7 3&9 7 &17 

PNMT protein 

4w(W) 7&8 9 116.1 9 0.2 7&8 9 115.7 8 0.2 

Table 4.0 - Data analysis either in relation to the number of dams or the number 
of pups. 
On the left of the table are reported statistical analyses that were conducted on the 
previous Figures, i.e. by taking each offspring as the unit of experimentation (n = 1 
offspring). 
On the right of the table, results within a litter were first pooled to determine a litter 
mean before being analysed; therefore statistical analyses were conducted by taking 
each dam as the unit of experimentation (n = 1 dam). 
w = week; N = Northern-Blotting; P = Quantitative PGR; W = Western-Blotting. 
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To investigate whether adrenal TH and PNMT mRNA levels at 16 weeks of age may be 

under common regulation, gene expression data were plotted against each other (Figure 4.8). 

Messenger RNA expression of the two catecholamine-synthesising enzymes was found to be 

positively correlated. 

4.3.3 - Protein expression 

Western-blotting analysis revealed that, at 4 weeks of age, adrenal TH and PNMT protein 

expression were comparable between the two dietary groups of offspring (Figures 4.9 and 

4.10). 

Blood pressure and molecular results were found to be similar when analysed in relation to 

the number of dams as compared to the number of pups (Table 4.0). 

4.4 - DISCUSSION 

4.4.1 - Systolic blood pressure 

Offspring from dams fed a low-protein diet during gestation were found to have increased 

SB? during postnatal life compared with offspring from dams fed an 18% protein diet. The 

increase in blood pressure associated with maternal protein restriction tended to be of greater 

magnitude in the 12 week-old compared with the 8 week-old offspring. This is in keeping 

with previous reports that fetal exposure to a 9% protein diet induces increased SB? in 

postnatal life (Langley & Jackson 1994). The magnitude of the blood pressure difference 

between the two maternal dietary groups of offspring has also previously been shown to 

increase with age (Nwagwu et al. 2000, Bertram et al. 2001). 

This rat model provides a parallel to human epidemiological studies, which have suggested 

that hypertension may be initiated in utero and become amplified in later life (Law et al. 

1993, Law & Shiell 1996). 

The mechanisms by which maternal low-protein feeding results in increased blood pressure 

in the offspring are believed to lie, at least in part, in an overexposure of the fetus to maternal 

glucocorticoids, mediated by inhibition of placental 11P-HSD2 activity (Langley-Evans et al. 

1996c). Increased blood pressure associated with maternal low-protein feeding is thought to 
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be maintained postnatally by glucocorticoids (Gardner et al. 1997). Moreover, offspring from 

dams fed a low-protein diet during gestation have been shown to be hypersensitive to 

glucocorticoids (Langley-Evans et al. 1996e). 

Most effects of glucocorticoids are mediated through the binding to glucocorticoid receptors 

(GR) to influence mRNA transcription of glucocorticoid-responsive genes (Walker & 

Williams 1992). GR are transcription factors that translocate to the nucleus of most cells and 

bind to specific sequences of DNA, called glucocorticoid responsive elements (GRE), in the 

promoter region of glucocorticoid-responsive genes, to modulate expression of these genes at 

the transcriptional level. 

In this study, the expression of glucocorticoid-responsive genes encoding components of the 

catecholamine synthetic pathway (TH and PNMT) that have been shown to exert a 

significant impact on blood pressure regulation has been compared with respect to exposure 

to maternal low-protein or control diets during pregnancy. 

4.4.2 - Catecholamine biosynthetic enzyme mRNA expression in the adrenal gland 

The influence of maternal protein restriction on the developmental patterns of TH and PNMT 

mRNA expression in the adrenal gland of the offspring was investigated. The different 

techniques used to analyse gene expression, i.e. Northern-blotting or competitive quantitative 

PGR, resulted in comparable trends in mRNA expression but led to dissimilar statistical 

results. The differences in mRNA levels between the two dietary groups, expressed as a 

percentage of the control group, were more striking when analysed by quantitative PGR, but 

the statistical significance was weaker. 
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Results of mRNA expression analysis 

PNMT 8 weeks 

16 weeks 

-40% 

+639& 

0.1 

0.3 

20 

20 

Power 
calculation 

Mean 
difference 
compared 
with 18% 

p value n 
(total 

number) 

n 
(per group) 

Northern-blotting 

2 weeks -25% 0.04 11 5 

4 weeks -6% 0.6 16 229 

PNMT Siweeks -18% &06 16 16 

12 weeks -13% 0.2 14 28 

16 weeks +2396 (109 20 25 

4 weeks +2% 0.9 16 4755 

TH 8 weeks -3% 0.8 13 822 

12 weeks -15% 0.07 14 13 

16 weeks +16% 0.006 20 8 

Quantitative PGR 

2 weeks -3796 0.2 8 15 

25 

59 

TH 16 weeks +48% 0.1 20 26 

Table 4.1 - Summary of mRNA data and Power calculation. 

The mean difference in mRNA expression between the 9% and 18% exposed groups are 
summarised (difference was expressed as a percentage of the 18% control group). For each 
parameter, the number of animals per group that would have been necessary to analyse in 
order to reach a statistically significant difference between the two groups (9% vs. 18%) was 
estimated. This calculation was based on the mean and standard deviation values obtained, 
according to the following formula: n = 16 * (a / 5) were a is the difference of the mean 
value between the 18% and 9% groups, and 6 is the standard deviation (Campbell & Machin 
1990). 
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4.4.2.1 - Adrenal TH and PNMT mRNA expression in early postnatal life 

Overall, except at 4 weeks of age, PNMT gene expression tended to be decreased in the 

adrenal glands of the young and young adult offspring that had been exposed to a maternal 

low-protein diet as compared with age-matched 18% protein exposed pups, but at most age-

points these effects were not significant (Table 4.1). There was a wide variation in expression 

within each dietary group. Moreover, the number of animals studied was small. This may 

have reduced the power of the study to detect significant differences between the two dietary 

groups. Table 4.1 shows that by doubling the number of animals studied at 8 weeks of age 

using Northern-blotting analysis, the tendency toward decreased adrenal PNMT mRNA 

expression observed in the low-protein offspring may have reached statistical significance. At 

12 weeks of age, the difference between the two groups was smaller, so that the study of 28 

offspring per group would have been necessary to demonstrate a significant lower PNMT 

mRNA expression in the low-protein group compared with the control group. 

TH gene expression was unaltered in the young offspring (at 4 and 8 weeks of age) by the 

maternal protein restriction but tended to be decreased at 12 weeks of age. Again, the 

investigation of a higher number of animals would have probably resulted in this tendency 

becoming statistically significant (Table 4.1). 

The possibility that the maternal low-protein feeding during gestation may impair the 

development of the adrenal gland of the offspring, thus altering the number of chromaffin 

cells and total RNA content has not been investigated. Overexposure of the low-protein 

fetuses to glucocorticoids may have caused morphologic changes in the adrenal medulla, and 

therefore the magnitude of the difference in TH and PNMT mRNA expression between the 

two dietary groups may have been greater had gene expressions been expressed per adrenal 

gland. Indeed, prenatal dexamethasone has been reported to result in decreased number of 

chromaffin cells in the adrenal glands of the offspring at two weeks of age (Manojlovic et al. 

1998). 

The tendency for the maternal low-protein exposure during pregnancy to result in decreased 

PNMT mRNA levels in the adrenal gland of the offspring in early postnatal life does not 

support the hypothesis that increased expression of the genes encoding catecholamine 

biosynthetic enzymes and therefore increased output of adrenaline from the adrenal medulla 
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may be programmed by protein restriction during gestation and be one of the mechanisms by 

which hypertension is initiated. 

The present results are unexpected given the well-documented promotional effect of 

intrauterine glucocorticoids on PNMT mRNA expression in the fetal adrenal gland and the 

long-term influence of intrauterine glucocorticoids. A sharp rise in adrenal and plasma 

corticosterone has been reported to occur around gestational day 17 in the rat (Seidl & 

Unsicker 1989). This surge in endogenous glucocorticoids is thought to induce PNMT 

mRNA expression in the fetal adrenal medulla (Seidl & Unsicker 1989, Schmid et al. 1995) 

and mediate the developmental increase in PNMT activity and immunoreactivity in 

medullary cells (Margolis et al. 1966, Bohn et al. 1981). Moreover, implantation of Cortisol 

pellets in pregnant rats on day 14 of gestation was reported to augment PNMT 

immunoreactivity beyond the normal ontogenetic changes in the fetal adrenal gland, as 

measured five days later (Bohn et al. 1981). Administration of dexamethasone to pregnant 

rats for four days starting on gestational days 15 or 16 was shown to result in an increased 

adrenal PNMT activity in late gestation fetus (Kennedy & Ziegler 2000). Prenatal exposure 

to excess glucocorticoids has also been suggested to result in an enhanced synthesis of 

adrenaline in the adrenal medulla of the offspring beyond the fetal period, due to an 

"imprinting effect" on adrenal PNMT activity. Thus, administration of dexamethasone to 

pregnant rats from day 12 of gestation through to birth was found to result in offspring with 

increased adrenal PNMT activity at 21 days of age and increased adrenal adrenaline content 

at 21 and 45 days of age (Parker & Noble 1967). Therefore, it was expected that putative 

overexposure of the low-protein fetuses to maternal glucocorticoids (Langley-Evans et al. 

1996c) would lead to an enhanced expression of adrenal PNMT mRNA in early postnatal 

life. 

The present results are at variance from studies reporting that low-protein offspring are 

characterised by increased tissue sensitivities to glucocorticoids paralleled by enhanced 

activities of glucocorticoid-sensitive enzymes (Langley-Evans et al. 1996e) and increased 

mRNA expression of glucocorticoid-responsive genes (Bertram et al. 2001). One explanation 

for this may be tissue-specific programming of increased glucocorticoid action. 

The hypersensitivity of the low-protein exposed offspring to glucocorticoids is thought to 

arise from an increased tissue glucocorticoid receptor (GR) expression and/or a decreased 

tissue 11|3-HSD2 expression (Langley-Evans et al. 1996e, Bertram et al. 2001). Greater 
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binding to GR was shown in aorta and hippocampus of the low-protein offspring at 4 weeks 

of age (Langley-Evans et al. 1996e). Pups bom to dams fed a low-protein diet were reported 

to exhibit increased renal GR mRNA and protein expression as well as lower renal 11(3-

HSD2 mRNA levels from gestational day 20 through to 12 weeks of age (Bertram et al. 

2001). Greater abundance of GR protein expression was also found in lung and liver from 

early life into adulthood. Such effects were, however, found to be absent in heart, suggesting 

that increased GR protein may be restricted to some tissues (Bertram et al. 2001). 

Accordingly, GR protein expression in the adrenal glands may not be increased. Adrenal GR 

have, however, not been investigated. 

Up-regulation of GR and down-regulation of 11(3-HSD2 expressions were shown to be 

accompanied by a concomitant altered expression of glucocorticoid-responsive genes. 

Increased levels of NaVK'^-ATPase ai and (3i subunit mRNA expression were reported in 

kidney and lung of low-protein exposed offspring at 12 weeks of age (Bertram et al. 2001). 

Increased protein expression of the angiotensin II type 1 receptor (ATi) was observed in 

kidney from 8 to 16 weeks of age (Trowem et al. 1999). In contrast, protein expression of the 

glucocorticoid-sensitive gene ATi was unaltered in the adrenal glands at 8 weeks of age 

(Trowem et al., unpublished observations). Therefore, this suggests that the adrenal gland 

may be somehow spared from the programming of increased glucocorticoid action. 

There may be mechanisms that overcome increased glucocorticoid hormone action in the 

adrenal gland. The enzyme 11|3-HSD1 that converts 11-dehydrocorticosterone to 

corticosterone may be a good candidate for this tissue-specific protection, and decreased 

adrenal 11(3-HSD1 expression may be a potential mechanism by which PNMT mRNA tended 

to be decreased. The mRNA coding for l iP-HSDl has been localised at the cortico-

medullary junction in the rat adrenal gland, suggesting that l iP-HSDl may regulate the 

delivery of active glucocorticoid from the cortex to medulla (Shimojo et al. 1996). Moreover, 

inhibition of 11(3-HSD has been shown to result in a decrease in PNMT mRNA levels in the 

adrenal gland with no concomitant change in TH mRNA expression (Shimojo et al. 1996). 

The steady-state level of adrenal PNMT mRNA, but not TH mRNA, was shown to be 

dependent on the pituitary-adrenocortical axis (Stachowiak et al. 1988), therefore a decreased 

delivery of active glucocorticoids from the cortex to the medulla would lead to a decrease in 

PNMT mRNA without altering TH mRNA expression. The role of adrenal l iP-HSDl with 
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respect to putative programming effects on adrenal PNMT mRNA requires further 

investigation. 

The hypothesis that tissue sensitivity to glucocorticoids is not increased in the adrenal 

medulla does not seem, however, to be supported by data in the sheep. In the late gestation 

fetal sheep exposed to global maternal nutritional restriction (50%) during early gestation, 

patterns of increased tissue glucocorticoid sensitivity similar to those described in the 

maternal low-protein rat model have been reported, not only in kidney, liver and lung but 

also in adrenal glands (Whorwood et al. 2001). Thus, increased GR mRNA expression and 

decreased 1 Ij3-HSD2 mRNA expression were found in the adrenal glands of late gestation 

fetal sheep from nutritionally restricted ewes, which suggests programming of increased 

sensitivity to glucocorticoid in the adrenals (Whorwood et al. 2001). However, data in fetal 

sheep may not persist in postnatal life. In addition, the effect of low-protein throughout 

gestation in one species may be quite different from those of global malnutrition in early 

gestation in another species. 

The tendency for adrenal PNMT mRNA expression to be decreased in the young low-protein 

exposed offspring is in keeping with studies showing that early glucocorticoid administration 

can exert negative regulatory effects on PNMT levels. Premature elevation of plasma Cortisol 

levels in the fetal sheep was reported to reduce adrenal PNMT mRNA expression without 

affecting adrenal TH mRNA expression (Adams et al. 1999). Treatments of pregnant rats 

with dexamethasone in late gestation were shown to cause a decrease in the content of 

adrenaline in the adrenal gland of the offspring both at 1 day (Kauffman et al. 1994) and 14 

days of age (Manojlovic et al. 1998). Rat neonates given dexamethasone daily beginning the 

day after birth and continuing for up to 9 days were reported to display deficits in adrenal 

PNMT activity, which persisted for 3-4 weeks after cessation of dexamethasone treatment 

(Lau & Slotkin 1981). 

The present results also seem to be consistent with findings reporting that other types of 

adverse intrauterine environment resulted in a decrease in the mRNA expression of 

catecholamine synthesising enzymes in the adrenal gland of the offspring. Restriction of 

placental growth and function in the sheep was shown to be associated with a decrease in 

PNMT mRNA levels in the adrenal gland of the fetus in late gestation (Adams et al. 1998) as 
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well as a decrease in the PNMT-containing region of the fetal adrenal in mid-gestation 

(Coulter et al. 1998). As compared with the controls, adrenal 11P-HSD2 mRNA expression 

was unaltered in the placentally restricted fetal sheep (McMillen et al. 2000). However, 

placental restriction was associated with an increase in fetal plasma Cortisol concentrations 

after day 127 of gestation (Phillips et al. 1996). These results, together with the 

demonstration that glucocorticoids can also exert negative effects on PNMT mRNA 

expression (Adams et al. 1999) suggest that increased plasma Cortisol in the placentally 

restricted fetal sheep may result in a decrease in PNMT mRNA expression. A similar 

scenario may occur in the rat in response to maternal protein restriction. Overexposure of the 

fetus to glucocorticoids may result in a decrease in PNMT mRNA expression, but unchanged 

TH mRNA expression. These adaptations may persist up until 12 weeks postnatally. 

Although global nutritional deprivation or protein restriction, whether experienced during 

fetal or neonatal life, may lead to different outcomes in terms of blood pressure, nutritional 

deprivation during early life was also found to adversely affect the capacity of the adrenal to 

synthesise adrenaline. Nutritional deprivation, by increasing the litter size, has been reported 

to suppress the activities of TH and PNMT in the adrenal gland of the pups throughout 

development, and these deficiencies were found to persist after nutritional rehabilitation 

postweaning (Lau et al. 1988). 

The tendency for adrenal PNMT mRNA expression to be decreased in the low-protein 

exposed offspring may be associated with lower levels of adrenal PNMT enzyme activity and 

adrenaline content leading to an impaired adrenergic responsiveness, thus altering 

cardiovascular regulation in response to stress. Such a mechanism has been shown to occur in 

the offspring of dams administered glucocorticoids during pregnancy and may be particularly 

relevant at birth given the key role of adrenaline release in the initiation and co-ordination of 

cardiovascular and metabolic adaptations of the immature offspring to perinatal stimuli such 

as asphyxia, hypothermia and hypoglycaemia (Slotkin & Seidler 1988). Neonatal rats from 

dams treated with dexamethasone on days 17 to 19 of gestation were found to have a 

decreased adrenal adrenaline content paralleled with an insufficient adrenergic 

responsiveness to hypoxia, which was shown to impair their ability to survive hypoxia 

(Kauffman et al. 1994). Fetal sheep administered hydrocortisone on gestational day 128 for 

60 hours and delivered 2 days later by caesarean section, were shown to have a reduced 
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plasma catecholamine surge after cord cutting (Stein et al. 1993). Altered cardiovascular 

homeostasis at birth may have long-term effects. 

On the other hand, the tendency for PNMT mRNA levels to be decreased in the low-protein 

offspring at 2 and 8 weeks of age may be followed by either unchanged or increased 

adrenaline levels. In the present study similar levels of adrenal PNMT mRNA between the 

low-protein and control offspring at 4 weeks of age were found to be associated with similar 

level of PNMT protein, as assessed by Western-blotting analysis. However, it has been 

reported that the changes in PNMT mRNA, enzyme and activity levels during development 

are not regulated in a co-ordinated fashion (Wong et al. 1992a). Glucocorticoid control of 

PNMT mRNA and protein expression has been shown to be uncoupled (Wong et al. 1995). 

Moreover, glucocorticoids appear to protect PNMT protein against proteolytic degradation 

by sustaining levels of S-adenosylmethionine, the cosubstrate and methyl donor for the 

enzymatic reaction catalysed by PNMT (Wong et al. 1985). Therefore, there is a possibility 

that unchanged PNMT mRNA expression observed in the adrenal glands of offspring 

exposed to protein restriction during gestation may not necessarily be associated with 

unchanged levels of the pressor hormone adrenaline compared with the controls. Hence, a 

role for adrenal catecholamines in the appearance of increased blood pressure cannot be 

excluded in young low-protein offspring. 

4.4.2.2 - Adrenal TH and PNMT mRNA expression in adult life 

The tendency for the gene expression of the catecholamine biosynthetic enzymes to be either 

decreased or unaltered in the adrenal glands of the low-protein offspring from 2 to 12 weeks 

of age compared with the 18% control offspring was reversed later in life toward higher 

levels of TH mRNA and a tendency for PNMT mRNA to be increased in the low-protein 

offspring. The effect of the maternal protein diet on the offspring PNMT mRNA expression 

at 16 weeks of age may have reached statistical significance had 25 offspring per dietary 

group been analysed (Table 4.1). 

The shift from decreased to increased PNMT mRNA expression with increasing age was 

further illustrated by analysing both the effects of the maternal protein diet and the age of the 

offspring on PNMT mRNA expression. The analysis of PNMT mRNA levels with time 

showed an interaction between the maternal protein diet and the age of the offspring which, 

although not significant (p = 0.1) does indicate that, possibly around 12 weeks of age, one or 
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several regulatory mechanisms occur specifically in the low-protein offspring, leading to 

enhanced adrenal TH and PNMT mRNA by 16 weeks of age. 

Such a shift in the expression of catecholamine synthesising enzymes in the course of 

development has been reported in spontaneously hypertensive rats (SHR) based on the 

determination of enzyme activities in adrenal glands. Interestingly, this genetic rat model of 

hypertension presents some evidence of altered fetal growth (Lewis et al. 1997). TH activity 

was reported to be lower in young SHR at 2 and 4 weeks of age and PNMT activity was 

found to be decreased from 2 to 8 weeks of age compared with the normotensive controls 

(WKY). Conversely, adult SHR were found to exhibit a rise in adrenal TH activity at 14 

weeks of age compared with their normotensive age-matched controls while, at that time, 

PNMT activity was found to be comparable between normotensive and hypertensive rats 

(Grobecker et al. 1982). TH activity was also reported to be elevated in the adrenal gland of 

SHR at 15 (Kumai et al. 1998) and 25 (Kumai et al. 1995) weeks of age compared with 

WKY. Therefore, in the SHR there may be an early stage of decreased adrenomedullary 

activity, followed by activation later in the development of hypertension, despite a persistent 

increase in blood pressure with age. A comparable shift in adrenomedullary activity may 

similarly occur in the low-protein offspring. 

The same mechanisms may be responsible for both the increase in TH mRNA expression and 

the tendency for enhanced PNMT mRNA expression in the adrenal glands of the low-protein 

offspring at 16 weeks of age, as indicated by the significant positive correlation between TH 

mRNA and PNMT mRNA levels. Common regulatory mechanisms include the pituitary-

adrenocortical axis (Stachowiak et al. 1988) and neural input to the adrenal medulla 

(Stachowiak et al. 1990a). Therefore, the tendency for TH and PNMT mRNA to be increased 

in the adrenal glands of the low-protein offspring at 16 weeks of age may be related to either 

increased circulating levels of glucocorticoids or increased firing rate of the splanchnic nerve 

to the adrenal medulla. 

In SHR, the increase in TH activity observed at 14 weeks of age does not seem to be 

associated with an increased firing rate of the splanchnic nerve to the adrenal medulla. 

Studies have suggested that the changes in adrenal medullary activity occurring in the SHR in 

the course of development and establishment of hypertension were temporally paralleled by 

opposed changes in sympathetic activity. Sympathetic neuronal activity is believed to be 
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increased in young SHR as indicated by higher plasma levels of noradrenaline than the 

controls at 4 weeks, the age at which the blood pressure begins to rise, and is thought to 

decrease during the development and establishment of hypertension in adult SHR (Grobecker 

et al. 1975). The similarities between SHR and low-protein offspring regarding the 

developmental patterns of adrenal TH and PNMT expression suggest that activity of the 

splanchnic nerve innervating the adrenal medulla may also be comparable between SHR and 

offspring exposed to maternal low-protein diet. 

Evidence suggests that the HP A activity is altered but that circulating corticosterone 

concentrations are not markedly altered in the low-protein offspring compared with the 18% 

control offspring (Langley-Evans et al. 1996e), suggesting that it is the tissue-specific 

changes in glucocorticoid tissue sensitivity, not the circulating corticosterone levels that are 

the crucial mediators of the effects of maternal protein restriction. Therefore, possible 

developmental changes in the enzymes that regulate glucocorticoid hormone action, namely 

adrenal l l p -HSDl and 11P-HSD2 may explain why maternal protein restriction during 

gestation was associated with unaltered adrenal PNMT and TH mRNA expression up to 8 

weeks of age but with increased TH mRNA and trends towards increased PNMT mRNA 

levels at 16 weeks of age. Another potential mechanism may be the possible developmental 

changes in the expression of transcription factors. Additional transcription factors, such as 

Egr-1 and AP-2, have been reported to be required for GR-mediated activation of TH and 

PNMT mRNA transcription (Ebert et al. 1994, Lewis et al. 1987). Therefore the shift toward 

higher expression of TH and PNMT mRNA in the adrenal glands of the low-protein offspring 

at 16 weeks of age may be related to a temporal change in the expression of those 

transcription factors working in concert with GR. 

Glucocorticoids have been shown to mediate co-ordinate, but also selective, regulation of TH 

and PNMT. This may explain why the induction of TH mRNA seemed to be higher than the 

induction of PNMT mRNA in the low-protein offspring at 16 weeks of age. In normal rats, 

the administration of dexamethasone was reported not to produce changes in 

adrenomedullary PNMT mRNA levels as opposed to induce TH mRNA levels (Stachowiak 

et al. 1988). Such differences have been suggested to be due to a different sensitivity to 

glucocorticoid regulation (Stachowiak et al. 1990a). On the other hand, such differences in 

glucocorticoid induction may be related to the level of expression of the abovementioned 
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specific transcription factors working in concert with the bound glucocorticoid receptor 

(Ebert et al. 1994, Lewis et al. 1987). 

Increased TH mRNA expression observed in the adrenal glands of the low-protein exposed 

offspring at 16 weeks of age may participate in the maintenance of hypertension. In support 

of this hypothesis, dexamethasone-induced increases in systolic blood pressure in rats, shown 

to be associated with enhanced adrenal TH mRNA levels and TH activity were found to be 

abolished by administration of a TH inhibitor (Kumai et al. 2000). 

4.4.3 - Summary 

The results show an interesting pattern of responses in TH and PNMT mRNA expression to 

the prenatal maternal diet, which may be biologically important despite the differences 

between diet groups not reaching statistical significance. It may be that offspring from dams 

fed a low-protein diet exhibit a decreased adrenomedullary activity, as indicated by a 

tendency for lower levels of PNMT mRNA, from 2 to 12 weeks of age, and that this is only 

reversed later toward an increased adrenomedullary activity, as indicated by a tendency for 

higher TH and PNMT mRNA levels at 16 weeks of age. 

It is suggested that putative overexposure of the fetus to glucocorticoids that is associated 

with the maternal protein restriction may result in decreased adrenal PNMT mRNA 

expression but unchanged TH mRNA expression during fetal life. This effect may persist 

until 12 weeks of age. The reversal toward increased TH and PNMT mRNA expression by 16 

weeks postnatally is hypothesised to be due to permissive factors, such as the expression of 

transcription factors that allow glucocorticoid mediated gene transcription. 

Increased adrenal TH and PNMT mRNA expression at 16 weeks of age may participate in 

the maintenance of the increased blood pressure that is associated with prenatal exposure to a 

low-protein diet. However, the functional role of the largely unchanged PNMT mRNA and 

protein levels from 2 to 12 weeks of age in the initiation and development of increased blood 

pressure in the low-protein offspring are unknown. 

Given the discrepancies between adrenal PNMT mRNA levels and enzyme activity (Wong et 

al. 1992a, 1993, 1995), the parameters studied have not fully elucidated the possibility that 

exposure to a low-protein diet during gestation may programme increased PNMT activity in 

the adrenal gland of the offspring. This hypothesis will be tested by the administration of a 

PNMT inhibitor. 
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CHAPTER 5 

EFFECT OF PNMT INHIBITOR ADMINISTRATION ON SYSTOLIC BLOOD 
PRESSURE OF OFFSPRING EXPOSED TO MATERNAL CONTROL OR LOW-
PROTEIN DIETS DURING GESTATION 

5.1 - INTRODUCTION 

Protein restriction of the rat mother (9% casein) during gestation programmes increased 

blood pressure in the adult offspring compared with a control (18% casein) maternal protein 

diet (Langley & Jackson 1994). Programming of elevated blood pressure by maternal protein 

restriction appears to be, in part, a consequence of an overexposure of the fetus to maternal 

glucocorticoids (Langley-Evans et al. 1998). Postnatally, maintenance of this increased blood 

pressure programmed in utero is dependent on glucocorticoids (Gardner et al. 1997). 

Glucocorticoids can increase the activity of the adrenaline-forming enzyme 

phenylethanolamine A^-methyltransferase (PNMT) in adrenal glands (Betito et al. 1992, Wan 

& Livett 1989), medulla oblongata (Moore & Phillipson 1975, Evinger et al. 1992, Kennedy 

& Ziegler 1991) and heart (Kennedy & Ziegler 1991). 

There is evidence that central and peripheral PNMT are involved in hypertension. 

PNMT activity is increased in the Ci area of the brainstem in young genetically hypertensive 

(SHE.) and in adult deoxycorticosterone acetate-salt (DOCA-salt) hypertensive rats (Saavedra 

et al. 1976, Saavedra 1979). Adrenal PNMT activity is increased in hypertensive sensitive 

Dahl rats (Saavedra et al. 1983) and in rats made hypertensive by placing a clip on the left 

renal artery (Denoroy et al. 1984). Moreover, humans with mild essential hypertension have 

increased adrenal adrenaline secretion (Jacobs et al. 1997). Increased cardiac PNMT activity 

has been involved in experimental hypertension (Kennedy et al. 1993c). PNMT inhibitors 

lower blood pressure in several animal models of hypertension, including DOCA-salt 

hypertensive rats (Saavedra et al. 1976, Black et al. 1981), adult SHR (Saavedra 1979) and, 

importantly, rats made hypertensive by glucocorticoid treatment (Kennedy et al. 1993c, 

Waeber et al. 1983). 
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The present study hypothesises that one of the mechanisms by which maternal protein 

restriction leads to elevated offspring blood pressure may be the programming of increased 

PNMT activity and hence adrenaline synthesis by excessive exposure of the fetus to 

glucocorticoids. To determine whether PNMT elevations are involved in the increased blood 

pressure associated with maternal low-protein feeding, offspring exposed to maternal control 

or low-protein diets were given a peripherally and centrally active PNMT inhibitor, SKF 

64139. Blood pressure effects of PNMT inhibition were measured not only during and just 

after the treatment, but also a few weeks after its cessation in order to determine whether a 

transient PNMT inhibition could offset the effect of nutritional programming on blood 

pressure. 

5.2 - METHODS 

5.2.1 - Animals 

Two groups of rat offspring, differing only in terms of prenatal nutrition (either 18 or 9% 

maternal protein diet), were generated as described in chapter 2, section 2.2. Thirteen virgin 

female Wistar rats (Harlan UK Ltd., Bicester, UK) were used to generate the offspring 

investigated in this study. Six dams were given the 18% and seven the 9% protein diet. Two 

females on the low-protein diet aborted their pregnancies. 

At birth, the weights of all pups were recorded and the litters were culled to 8 or 9 pups 

except for one dam fed the 9% diet, which had only 6 pups. A total of 91 offspring (50 in the 

18% control group and 41 in the low-protein group) were studied. Pups were weaned at 4 

weeks of age onto the standard laboratory diet. 

A proportion of the offspring (8 in the 18% control and 6 in the low-protein group) were 

randomly selected from different litters (5 litters in the 18% control group and 4 in the low-

protein group) and sacrificed at 56 days (8 weeks) of age following blood pressure 

determination. Remaining animals were included in the treatment procedure, of which a 

proportion (15 in the 18% control and 11 in the low-protein group), randomly selected from 

different litters (5 litters in the 18% control group and 5 in the low-protein group) were 

sacrificed after 1 week of treatment. The other rats that had undergone the procedure (27 in 
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the 18% control and 24 in the low-protein group) were allowed to proceed to 112 days (16 

weeks) of age, at which point they were sacrificed. 

The procedure was as follows. At 56 days (8 weeks) of age, each litter was randomly spUt 

into two groups and treated twice daily for 7 days. The vehicle groups (18V and 9V) received 

intraperitoneal (i.p.) injections of saline solution, NaCl 0.9% (w/v), whilst the treatment 

groups (181 and 91) were injected intraperitoneally with 50 mg/kg body weight of the PNMT 

inhibitor SKF-64139A (SmithKline Beecham Pharmaceuticals, Harlow, UK) freshly 

dissolved in saline (Figure 5.1). Solutions were given in a volume of 0.2 ml per 100 g of 

body weight. The dose chosen has previously been reported to lower blood pressure in rats 

made hypertensive by dexamethasone treatment (Kennedy et al. 1993c). 

Systolic blood pressures (SB?) and heart rates (HR) were measured in conscious offspring 24 

hours before beginning the treatment (at 56 days, i.e. 8 weeks of age), on the third day (59 

days of age), on the day following the end of the injections (63 days, i.e. 9 weeks of age) and 

when the offspring were 84 and 112 (12 and 16 weeks) days of age (i.e. 3 and 7 weeks 

following cessation of injections). 

In parallel, SB? were measured in conscious offspring that had not received any 

intraperitoneal injection (Figure 5.2). This study indicated that repeated measurements did 

not influence the recorded SBP. Overall, during the 8-week period, analysis of variance 

showed that time had no significant effect on SBP (p = 0.17). This was particularly evident 

during the first 4 weeks (until day 32) (p = 0.9). From the fourth week, when the animals 

were aged 12 weeks (day 32), there was a slight tendency for SBP to increase with time (p = 

0.19) (Figure 5.2). 
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Offspring Offspring 
from dams from dams 

fed an 18% casein diet fed a 9 % casein diet 
(50) (41) 

/'C\ 56 days # SBP 
(8 weeks) — — — 

Vehicle PNMT A Vehicle PNMT 
18V (20) Inhibitor 181 T 9V (17) Inhibitor 91 

C % ) ^ _ _ 1 _ _ ^ (1% 

5 9 d a y s * SBP I 
I twice daily 
I for 7 days 

] 
J 

63 days # SBP — — — (20) — — — (22) — — — — — — (17) — — — (18) 
(9 weeks) 

84(%y%i # SEtP (13) (14) (11) (13) 
(12 weeks) 

112 da^;e SEIP (13) (14) (11) (13) 
(16 weeks) 

Figure 5.1 - Diagram describing the protocol followed in the PNMT inhibitor study. 

At 56 days (8 weeks) of age, each litter was randomly split into two groups and treated twice 
daily for 7 days: the vehicle groups received intraperitoneal (i.p.) injections of saline solution, 
NaCl 0.9% (w/v), whilst the treatment groups were injected intraperitoneally with 50 mg/kg 
body weight of the PNMT inhibitor SKF-64139A freshly dissolved in saline. The offspring 
from dams fed an 18% protein diet during pregnancy, which were administered the vehicle 
were called 18V while those given the PNMT inhibitor were called 181. The offspring from 
dams fed a 9% protein diet during gestation, which were injected with the vehicle were called 
9V while those administered the PNMT inhibitor were called 91. The time-points at which 
systolic blood pressures (SBP) were measured are shown by a bullet point. The number of 
offspring whose blood pressure was measured is indicated in brackets. 
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Figure 5.2 - Effect of repeated measurements on systolic blood pressure. 

Eight week-old offspring (day 0) had their systolic blood pressures (SEP) determined by the 
indirect tail-cuff method at intervals for 8 weeks, until they were 16 weeks of age (day 56). 
Results were obtained from n = 5 offspring and expressed as mean ± SEM. 
The effect of time on SEP was analysed using one-way analysis of variance. 
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Adrenal glands were collected, trimmed free of fat, weighed, snap-frozen in liquid nitrogen 

and kept at -80°C. Adrenal protein homogenates were prepared as described in chapter 2, 

section 2.4.2 and the yield of protein extracted determined. PNMT enzyme activity was 

determined as described in chapter 2, section 2.9. To enable comparison of samples assayed 

on different occasions, enzyme activity data derived from different experiments were 

normalised within each experiment to a sample that was analysed on each occasion. The 

normalised data were then analysed. 

5.2.2 - Data analysis 

Distributions of litter size, birth weight, as well as systolic blood pressure (SBP), heart rate 

(HR), body weight (BW), enzyme activity and adrenal protein content at 8 weeks of age were 

determined to be normally distributed by Kolmogorov-Smimov test. Statistical comparisons 

of those parameters between the two dietary groups of offspring (9% vs. 18%) were 

performed using independent samples t test. 

Comparisons of BW, HR and SBP at 56 days (8 weeks) of age (baseline), among low-protein 

and 18% control offspring that were randomly assigned to receive the PNMT inhibitor or 

vehicle were performed by two-way ANOVA with diet (9% vs. 18%) and treatment (PNMT 

inhibitor vs. Vehicle) as factors. 

Statistical analysis of the effects of PNMT inhibitor administration on BW, HR and SBP over 

time in the 9% and 18% groups was conducted by ANOVA with repeated measures, with 

maternal diet (9% vs. 18%), treatment (PNMT inhibitor vs. Vehicle) and gender as between-

sujects factors. To analyse the effects during the treatment period, data at 56, 59 and 63 days 

of age were considered as the within-subjects variables. To analyse the effects up to three 

weeks post-cessation of treatment, data at 56, 59, 63 and 84 days of age were considered. To 

analyse the effects during the whole experiment, data at 56, 59, 63, 84 and 112 days of age 

were considered as the between-subjects variables. 

Adrenal weight at 16 weeks of age as well as adrenal PNMT activity and protein content at 9 

and 16 weeks of age were analysed statistically by a two-way ANOVA with maternal diet 

(9% vs. 18%) and treatment (PNMT inhibitor vs. Vehicle) as the factors. 
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5.3. . RESULTS 

5.3.1 - Outcome of pregnancy 

Pregnant rats were fed either an 18% control or a 9% low-protein diet during gestation. 

The outcome of pregnancies, in terms of htter size and birth weight of the offspring is 

reported in Tables 5.1 and 5.2. 

The litter size of dams fed the 9% protein diet during pregnancy tended to be smaller than 

that of dams fed the 18% control diet (Table 5.1), but was not significantly different {p = 

0.07). There were an equal number of males and females within litters. The proportion of 

males and females per litter was not influenced by the maternal protein diet (Table 5.2). At 

birth, pups that had been exposed to the maternal low-protein diet in utero were significantly 

heavier (+0.5 g) than the 18% controls (Table 5.1). However, the total weight of the offspring 

per litter was lighter (-11.9 g, p = 0.2) in the low-protein group, but not significantly different 

between the two groups of offspring. Males were heavier than females (+0.3 g, p < 0.01) at 

birth, irrespective of whether they experienced an 18% or 9% maternal protein diet. The 

effect of the maternal diet on birth weight was similar in both genders (Table 5.2). 
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18% 99% 

Litter size 12.810.5 10 ±1.4 

Birth weight (g) 5.4 ± 0.05 5.9 ± 0.07 *** 

Total weight/litter (g) 69.4 ± 4.3 57.5 ± 8.9 

Table 5.1 - Effect of feeding pregnant rats different protein diets during gestation 
(either 18 or 9%) on the litter size and the offspring's birth weight. 

Values were expressed as mean ± SEM. The total number of newborn rats was n = 77 in the 
18% control group (from n = 6 litters) and n = 48 in the low-protein group (from n = 5 
litters). However, in the low-protein group, birth weights of pups from only 4 out of 5 litters 
were recorded, so that the number of offspring included in the analysis of birth weight was n 
= 77 in the 18% control group and n = 39 in the low-protein group. 
Mean litter size and birth weight were compared between the two groups using independent 
samples t test. 
*** Indicates a significant effect of low-protein exposure during pregnancy, p < 0.001. 
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18% 99& 

Females Males Females Males 

Number per litter 6 ± 0.5 6.8 ± 0.9 4.6 ±0.8 5 ± 0.7 

Birth weight (g) 5.2 ±0.05 5.6 ±0.07 5.8 ±0.1*** 5.9 ±0.07** 

Total weight/litter (g) 31.4 ±2.4 37.9 ±6.1 28.9 ±4.2 28.5 ±4.9 

Table 5.2 - Effect of feeding pregnant rats different protein diets during gestation 
(either 18 or 9%) on the birth weight of male and female offspring and the proportion 
of males and females within litters. 

Data shown on Table 5.1 were analysed separately in males and females. The number of 
offspring included in the analysis was n = 77 in the 18% control group (36 females and 41 
males, from n = 6 litters) and n = 39 (20 females and 19 males, from n = 4 litters) in the low-
protein group. 
Mean birth weights were compared separately in males and females between the two dietary 
groups using independent samples t test. 
Stars indicate a significant effect of low-protein exposure during pregnancy relative to the 
gender-matched 18% control: **/?< 0.01, ***p < 0.001. 
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5.3.2 - Body weight, pulse rate and systolic blood pressure of the offspring at 8 weeks of 
age 

Both male and female rats from dams fed a low-protein diet during gestation were 

significantly heavier (+23 g in the females, +41 g in the males) at the age of 8 weeks 

compared with the 18% controls (Figure 5.3). 

Offspring exposed to the low-protein (9%) diet throughout gestation had, at 8 weeks of age, 

similar HR to offspring exposed to the control (18%) protein diet (Figure 5.4). 

Males had significantly higher HR than the females (+30 beats/min, p < 0.01) irrespective of 

whether they had been exposed to the maternal low-protein or control diet. 

Analysis of the effect of the maternal diet separately in males and females showed that there 

was a tendency for the maternal protein restriction (9%) to increase later heart rate in the 

females (+22 beats/min, p = 0.095) compared with the 18% control females, yet this effect 

was not significant. There was no such tendency in the males (Figure 5.5). 

Offspring that had experienced a low-protein diet in utero had, at 8 weeks of age, higher SBP 

(+14 mmHg) than offspring that had experienced an 18% control protein diet in utero (Figure 

5.6). 

Females had significantly higher SBP than males (+9 mmHg, p < 0.01) regardless of the 

maternal diet. When the effect of the maternal diet on later SBP was analysed separately in 

males and females, it appeared that both male and female offspring that had experienced a 

low-protein diet in utero had higher SBP (+9 and +18 mmHg in the males and the females 

respectively) than the 18% control offspring (Figure 5.7). The effect of the maternal low-

protein diet on later SBP tended to be greater in the females than in the males (Maternal diet 

and gender interaction, p = 0.071) but was not significantly different. 

Regression analyses (Figure 5.8) showed that SBP tended to be related to BW (r = 0.25, p = 

0.09 in the females; r = 0.27, p = 0.078 in the males). When SBP was corrected for BW, by 

conducting an univariate ANOVA with BW as covariate, the effect of the maternal diet on 

SBP was no longer significant in the males, suggesting that low-protein males exhibited an 

elevated SBP that was very much related to their elevated BW. In contrast, programming of 

hypertension was not dependent on BW in the females. 

Birth weight, BW, HR and SBP results were found to be similar when analysed in relation to 

the number of dams as compared to the number of pups (Table 5.2a). 
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Figure 5.3 - Effect of feeding pregnant rats different protein diets during gestation 
(either 18 or 9%) on the body weight of their offspring at 8 weeks of age. 

Body weights were recorded in 8 week-old offspring from dams that had been fed either an 
18% control or a 9% low-protein diet during pregnancy. Results were obtained from n = 25 
females and n = 25 males in the 18% control group (from 6 litters) and n = 21 females and 20 
males (from 5 litters) in the low-protein group. Body weights were expressed as mean ± 
SEM. 
Independent samples t test was used to compare the mean body weight between the two 
groups of offspring. 
*** Indicates a significant effect of low-protein exposure during pregnancy, p < 0.001. 
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Figure 5.4 - Effect of feeding pregnant rats different protein diets during gestation 
(either 18 or 9%) on the heart rate of their offspring at 8 weeks of age. 

Heart rates (HR) were recorded in 8 week-old offspring from dams fed either an 18% control 
or a 9% low-protein diet during pregnancy. Results were obtained from n = 50 offspring in 
the control group and n = 41 offspring in the low-protein group. Values were expressed as 
mean ± SEM. 
The effect of the maternal diet on HR was analysed using independent samples t test. 
The influence of gender was assessed by ANOVA considering factors of maternal diet and 
gender. 
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Figure 5.5 - Effect of feeding pregnant rats different protein diets during gestation 
(either 18 or 9%) on the heart rate of their female and male offspring at 8 weeks of age. 

Heart rates (HR) were recorded in 8 week-old offspring from dams fed either an 18% control 
or a 9% low-protein diet during pregnancy. Results were obtained from n = 25 females and 
25 males in the 18% control group and n = 21 females and 20 males in the low-protein group. 
Values were expressed as mean ± SEM. 
The effect of the maternal diet on HR was analysed separately in males and females using 
independent samples t test. 
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Figure 5.6 - Effect of feeding pregnant rats different protein diets (18 or 9%) during 
gestation on the systolic blood pressure of their offspring at 8 weeks of age. 

Systolic blood pressures (SBP) were recorded in 8 week-old offspring from dams fed either 
an 18% control or a 9% low-protein diet during pregnancy. Results were obtained from n = 
50 offspring in the 18% control group and n = 41 offspring in the low-protein group. Values 
were expressed as mean ± SEM. 
The effect of the maternal diet on SBP was analysed using independent samples t test. 
The influence of gender was assessed by ANOVA considering factors of maternal diet and 
gender. 
**: Indicates a significant effect of the maternal diet, p < 0.01. 
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Figure 5.7 - Effect of feeding pregnant rats different protein diets (18 or 9%) during 
gestation on the systolic blood pressure of their female and male offspring at 8 weeks of 
age. 

Systolic blood pressures (SBP) were recorded in 8 week-old offspring from dams fed either 
an 18% control or a 9% low-protein diet during pregnancy. Results were obtained from n = 
25 females and 25 males in the control group and n = 21 females and 20 males in the low-
protein group. Values were expressed as mean ± SEM. 
The effect of the maternal diet on SBP was analysed separately in males and females using 
independent samples t test. 
***: Indicates a significant effect of the maternal diet, p < 0.001, */? < 0.05. 
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Figure 5.8 - Regression analyses showing relationships between blood pressure and 
body weight in female and male rats aged 8 weeks. 

Systolic blood pressure was plotted against body weight for 46 females (A) and 45 males (B). 
Littermates are indicated. 
Results were analysed using Pearson correlation analysis. Correlation coefficients and 
statistical significance are indicated on the graphs. 
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n = 1 offspring n = 1 dam 

18% 9% 18% 9% 

Mean n Mean n P Mean n Mean n P 

Birth weight (g) 

f & m 5.4 77 5.9 39 <0.001 5.4 6 6 4 <0.05 

Females 5.2 36 5.8 20 <0.001 5.3 6 5.9 4 0U2 

Males 5.6 41 5.9 19 <0.01 5.5 6 6.1 4 0.05 

Body weight at 8 weeks of age (g) 

Females 151.3 25 174.7 21 <0.001 15L4 6 177.1 5 <0.05 

Males 20&6 25 2494 20 <0.001 206 6 248 5 <0.05 

Heart rate at 8 weeks of age (beat/min) 

F & M 373.5 50 384 41 NS 372J 6 384j 5 NS 

Females 352.4 25 374J 21 &09 35L8 6 3694 5 NS 

Males 3915 25 3943 20 NS 393^ 6 3914 5 NS 

Systolic blood pressure at 8 

F & M 117.3 50 

weeks of age (mmHg) 

131 41 <001 11%2 6 13L3 5 <aoi 

Females 119.5 25 1374 21 <0.001 12&2 6 1373 5 <0.01 

Males 115 25 123^ 20 <0.05 114^ 6 1244 5 0.05 

Table 5.2a - Data analysis either in relation to the number of dams or the number of 
pups. 
On the left of the table are reported statistical analyses that were conducted on previous 
Tables and Figures, i.e. by taking each offspring as the unit of experimentation (n = 1 
offspring). 
On the right of the table, results within a litter were pooled to determine a litter mean before 
being analysed; therefore statistical analyses were conducted by taking each dam as the unit 
of experimentation (n = 1 dam). 
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In order to evaluate whether the activity of the adrenaline-forming enzyme PNMT may 

contribute to the elevated blood pressure of the offspring from dams that had been fed a low-

protein diet during gestation, the effects of chronic administration of the PNMT inhibitor 

SKF 64139 were measured. Starting on the day following baseline blood pressure 

measurements, 8 week-old rats were intraperitoneally injected twice daily for 7 days with 

either the PNMT inhibitor or its vehicle (NaCl 0.9%). 

The 18% control and low-protein offspring that received the vehicle were called 18V and 9V 

respectively while those receiving the PNMT inhibitor were called 181 and 91. 

The effects of the PNMT inhibitor on systolic blood pressures (SEP) were measured both at 

short-term (on the third day of the treatment and on the day following the end of the 

injections, i.e. 59 and 63 days of age) and at long-term (3 and 7 weeks post-cessation of 

treatment, i.e 84 and 112 days of age). 

Heart rates were monitored at the same time as SEP to evaluate the effects of the PNMT 

inhibitor on a proxy measurement of sympatho-adrenal activity. 

Body weights were recorded to monitor the well being of the animals during the treatment 

and to analyse the effect of the maternal diet on the postnatal growth of the offspring. 

Short-term effects were analysed among all the offspring that were included in the treatment 

procedure (n = 77), but also separately among those that were sacrificed at the end of the 

treatment (n = 26) and those that were followed up after the end of the treatment (n = 51). 

Data from males and females were analysed together but also separately, given some gender 

effects. 
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5.3.3 - Effects of the treatment on body weight 

5.3.3.1 - Short-term effects of the treatment on body weight 

Body weights (BW) were recorded after 1 week of treatment in approximately 50% of 

offspring. Changes in BW during the treatment are shown in Table 5.3. Body weight gain 

during the 1 week-treatment period was similar, among the females, in all treatment or 

dietary groups. In contrast, BW gain during the treatment period was significantly lower (-10 

g) among the males receiving the PNMT inhibitor compared with the males receiving the 

vehicle, both in the 18% and low-protein (9%) groups (Table 5.3). 

5.3.3.2 - Long-term effects of the treatment on body weight 

Body weight recordings at 3 and 7 weeks post-cessation of treatment (i.e. at 84 and 112 days 

of age) in the offspring (n = 51) that were followed-up beyond the treatment period (Figure 

5.9) revealed that, between 56 and 112 days of age, low-protein females (9V and 91) tended 

to gain more weight than the control females (18V and 181) (effect of maternal diet, p = 0.11) 

while low-protein males (9V and 91) showed a significantly increased rate of growth 

compared with the 18% control males (18V and 181) (effect of maternal diet, p < 0.05). 

Transient PNMT inhibitor administration tended to have a prolonged effect at reducing body 

weight gain, specifically in the low-protein males, but this effet did not reach statistical 

significance (maternal diet x treatment interaction, p = 0.15). 
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18% 9% 

VeWck PN&rr PNAfT 
inhibitor inhibitor 

Body weight gain (g) 

Females 6.4 ±1.9 10.0 ±2.7 5.2 ±1.9 6.2 ±1.8 

n 5 5 6 5 

Males'^ 13.2 ±2.9 6.4 ±3.3 17.7 ±0.8 4.5 ±1.2 

n 4 5 4 4 

Table 5.3 - Effect of a chronic one week-treatment with a PNMT inhibitor on body 
weight gain during the treatment period. 

Eight week-old offspring from dams fed 18% or 9% casein diets during gestation were 
injected i.p. twice daily with the PNMT inhibitor SKF 64139 at 50 mg/kg. Controls received 
injections of saline solution NaCl 0.9% (Vehicle). Body weights were recorded one day 
before the beginning of the injections and on the day following the end of the injections. 
Body weight gains were calculated and expressed as mean ± SEM. 
Statistical analysis was conducted separately in males and females using two-way ANOVA, 
considering maternal diet and treatment as factors. 
##: Significant effect of the treatment, p < 0.01. 
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Figure 5.9 - Effect of transient PNMT inhibitor administration on long-term body 
weight of female and male offspring exposed to maternal control or low-protein diets in 
utero. 

Offspring from dams fed 18% or 9% protein diets during gestation were injected i.p. twice 
daily, for 7 days, with the PNMT inhibitor SKF 64139 at 50 mg/kg (181 and 91). Controls 
received injections of saline solution NaCl 0.9% (18V and 9V). Body weights (BW) were 
recorded before the beginning of the injections (56 days of age), and then 3 and 7 weeks post-
cessation of treatment (84 and 112 days of age, respectively). 
Statistical analysis was conducted using ANOVA with repeated measures, where time (BW 
at days 56, 84 and 112 days of age) was the within-subjects variable, maternal diet, and 
treatment were the between-subjects factors. 
The number of pups analysed is given in Table 5.4a. 
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Males 

18% 9% 

PNAfT 
inhibitor inhibitor 

Females 

Adrenal weight 
(mg/pair) ** 

Adrenal/body (%) 

68.8 ± 1.8 72.3 + 5.3 

0.0313 ± 
0.0008 

0 . 0 3 ^ ± 
0IW2 

83.7 ±4.8 88.8 ±5.5 

0.0319 ± 
0.00015 

0.0346 ± 
0.002 

Adrenal weight 
(mg/pair) 

Adrenal/body (%) * 

59.7 ±5.2 58.9 ±4.0 

0.0168 ± 
0.0014 

0.0164 ± 
0.0008 

61.3 ±4.9 57.9 ±2.8 

0.0143 ± 
0.0014 

0.0142 ± 
0.0008 

7 

Table 5.4 - Adrenal weight in 16 week-old female and male offspring. 

Adrenal glands were excised and weighed after removal of surrounding fat. Values were 
expressed either as mg per pair of adrenal glands or as a percentage of body weight. Results 

were expressed as mean ± SEM. 
Data were analysed using 2-way analysis of variance. 
Stars indicate a significant effect of the maternal diet: * p < 0,05, ** p <0.01. 
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5.3.4 - Effects of the treatment on adrenal weight 

Female offspring that had been exposed to the low-protein diet during gestation had, by 16 

weeks (112 days) of age, significantly heavier adrenal glands than female offspring exposed 

to the 18% protein diet in utero, whereas adrenal weight was not different between the two 

dietary groups among the male offspring at 16 weeks of age. However, adrenal weight in 

proportion to body weight was similar between the two dietary groups among the females 

and was significantly lower in the low-protein male offspring than in the 18% controls. The 

treatment administered from 8 to 9 weeks of age exerted no influence on the adrenal weight 

at 16 weeks of age in either dietary groups or genders (Table 5.4). 

5.3.5 - Effects of the treatment on heart rate 

5.3.5.1 - Short-term effects of the treatment on heart rate 

Univariate analysis of variance indicated that among all the animals that were included in the 

treatment procedure (n = 77), low-protein offspring had similar baseline HR (at 56 days of 

age) to the 18% control offspring. Within both dietary groups baseline HR were homogenous 

between animals assigned the PNMT inhibitor and those assigned the vehicle (Figure 5.10). 

Analysis of variance with repeated measures revealed that as well as changing over time, HR 

differed in time subject to the maternal diet experienced during gestation and subject to the 

treatment administered. Thus, HR was found to significantly increase in time, compared with 

baseline (56 days of age), in response to repeated intraperitoneal injections (effect of time, p 

= 0.001). This effect was not as great among the low-protein as among the 18% control 

offspring (effect of maternal diet, p < 0.05). PNMT inhibitor administration was found to 

markedly lower heart rate over time compared with the effect of the vehicle (effect of 

treatment, p < 0.01). The effectiveness of the PNMT inhibitor on lowering heart rate over 

time was not significantly different between the two dietary groups (no significant maternal 

diet X treatment interaction) (Figure 5.10). 

Since HR differed in time between genders (effect of gender, p < 0.05), HR data were 

subsequently analysed separately in males and females (Figure 5.11). Whilst HR was found 

to significantly increase over time in the females (effect of time, p < 0.001), HR did not 
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change significantly over time in the males. The injection-induced increase in HR over time 

was significantly attenuated in the low-protein females compared with the 18% control 

female offspring (effect of maternal diet, p < 0.05). This effect of the maternal diet on the 

magnitude of the HR response to repeated intraperitoneal injections was not observed in the 

males. Administration of the PNMT inhibitor significantly lower HR in time in the females, 

but only tended to do so in the males (effect of treatment, p < 0.05 and p = 0.07 in females 

and males, respectively). 

Since a proportion of the rats (n = 26) were sacrificed at the end of the one-week treatment 

for later analysis of PNMT activity, while the remaining animals (n = 51) had their HR and 

SBP followed up until 7 weeks after the end of the treatment, HR readings during the 

treatment period were retrospectively analysed separately in those two groups to see whether 

both followed the same pattern (Figure 5.12). The patterns of HR among the group of 51 

offspring were very much identical to that among the whole group of 77 offspring (Figures 

5.12 vs. 5.10). However, patterns were quite dissimilar between the 26 offspring, which were 

sacrificed at the end of the treatment and the remaining 51 offspring, in that the PNMT 

inhibitor had no significant effect on HR among the 26 offspring (Figure 5.12). 

Even though the effects of the treatment and the maternal diet on HR were similar during the 

treatment period between the groups of 77 and 51 offspring, there were disparities among the 

females between the two groups (Figures 5.11 vs. 5.14). Whereas the increase in HR over 

time in response to the injections was lower in the low-protein females than the 18% control 

females among the 77 offspring (effect of maternal diet, p < 0.05, Figure 5.11), the 

magnitude of the injection-induced increase in HR was not significantly different between the 

low-protein and the 18% control females among the group of 51 offspring (non significant 

effect of maternal diet. Figure 5.14). Whilst the PNMT inhibitor was effective in reducing 

HR over time in the females (181 and 91) among the 77 offspring (effect of treatment, p < 

0.05, Figure 5.11), it only tended to attenuate the time-related increase in HR in the females 

(181 and 91) among the 51 offspring (effect of treatment, p = 0.13, Figure 5.14). Therefore, 

separate analysis revealed that there was no longer a significant effect of either the treatment 

or the maternal diet on HR in the females among the group of 51 offspring as opposed to the 

females among the 77 offspring. 

In contrast, similar effects of the maternal diet (non significant) and treatment (p = 0.07) were 

found in the males among the 77 and 51 offspring (Figure 5.11 vs. 5.14). 
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Figure 5.10 - Effect of PNMT inhibitor administration on heart rate of offspring (n = 
77) exposed to maternal control or low-protein diets in utero. 

After baseline heart rate recording at 56 days (8 weeks) of age, treatment began and 
continued for 7 days. Offspring from dams fed 18% or 9% protein diets during gestation were 
injected i.p. twice daily, for 7 days, with the PNMT inhibitor SKF 64139 at 50 mg/kg (181 
and 91). Controls received injections of saline solution NaCl 0.9% (18V and 9V). Heart rates 
were recorded on the third day of the treatment and on the day following the end of the 
injections (i.e. 59 and 63 days of age, respectively). 
Statistical analysis was conducted using ANOVA with repeated measures, where time (HR 
readings at days 56, 59 and 63) was the within-subjects variable, maternal diet, treatment and 
gender were the between-subjects factors. 
The number of pups analysed is given in Table 5.4a. 
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Figure 5.11 - Effect of PNMT inhibitor administration on heart rate of female and male 
offspring exposed to maternal control or low-protein diets in utero. 

After baseline heart rate recording at 56 days (8 weeks) of age, treatment began and 
continued for 7 days. Offspring from dams fed 18% or 9% protein diets during gestation were 
injected i.p. twice daily, for 7 days, with the PNMT inhibitor SKF 64139 at 50 mg/kg (181 
and 91). Controls received injections of saline solution NaCl 0.9% (18V and 9V). Heart rates 
were recorded on the third day of the treatment and on the day following the end of the 
injections (i.e. 59 and 63 days of age, respectively). 
Statistical analysis was conducted separately in males and females using ANOVA with 
repeated measures, where time (HR readings at days 56, 59 and 63) was the within-subjects 
variable, maternal diet and treatment were the between-subjects factors. 
The number of pups analysed is given in Table 5.4a. 
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Figure 5.12 - Separate analysis of the effects of the PNMT inhibitor on heart rate of the 
51 offspring, which were followed up after the end of the treatment and on the 26 
offspring, which were sacrificed at the end of the treatment. 

Statistical analysis was conducted separately in the groups of 51 and 26 offspring using 
ANOVA with repeated measures, where time (HR readings at 56, 59 and 63 days of age) was 
the wi thin-subjects variable, maternal diet and treatment were the between-subjects factors. 
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Figure 5.13 - Effect of transient PNMT inhibitor administration on long-term heart 
rate of offspring (n = 51) exposed to maternal control or low-protein diets in utero. 

After baseline heart rate recording at 56 days (8 weeks) of age, offspring from dams fed 18% 
or 9% protein diets during gestation were injected i.p. twice daily, for 7 days, with either the 
PNMT inhibitor SKF 64139 at 50 mg/kg (181 and 91) or the vehicle NaCl 0.9% (18V and 
9V). Heart rates were recorded on the third day of the treatment, on the day following the end 
of the injections, then 3 and 7 weeks later (59, 63, 84 and 112 days of age, respectively). 
Statistical analysis was conducted using ANOVA with repeated measures, where time (either 
HR readings at days 56, 59 and 63 or HR readings at days 56, 59, 63, 84 and 112) was the 
within-subjects variable, maternal diet, treatment and gender were the between-subjects 
factors. The number of pups analysed is given in Table 5.4a. 
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Figure 5.14 - Effect of transient PNMT inhibitor administration on long-term heart rate 
of female and male offspring exposed to maternal control or low-protein diets in utero. 

Results shown on Figure 5.13 were plotted separately in males and females. 
Statistical analysis was conducted separately in males and females using ANOVA with 
repeated measures, where time (either HR readings at days 56, 59 and 63 or HR readings at 
days 56, 59, 63, 84 and 112) was the within-subjects variable, maternal diet and treatment 
were the between-subjects factors. 
The number of pups analysed is given in Table 5.4a. 
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5.3.5.2 - Long-term effects of the treatment on heart rate 

Heart rates were also recorded several weeks post-cessation of treatment to see whether a 

transient PNMT inhibition could have long-term effects on heart rate (Figure 5.13). Analysis 

of the effects of maternal diet and PNMT inhibition on HR over time during the whole 

experiment revealed that the HR lowering effect of the PNMT inhibitor was confined to the 

treatment period, suggesting that transient PNMT inhibition had no persistent effect on heart 

rate. The influence of maternal diet on HR differed in time. Post-cessation of treatment, HR 

increased over time in the low-protein offspring while HR decreased in the 18% control 

offspring, so that, by 16 weeks (112 days) of age, HR was significantly higher in the low-

protein offspring (9V and 91) relative to the controls (18V and 181). 

Separate analysis of males and females revealed that this effect was driven by the females 

(Figure 5.14). 

5.3.6 - Effects of the treatment on systolic blood pressure 

5.3.6.1 - Short-term effects of the treatment on systolic blood pressure 

Univariate analysis of variance indicated that among all the animals that were included in the 

treatment procedure (n = 77), offspring from dams fed the low-protein diet during pregnancy 

had significantly higher (+15 mmHg) baseline SBP (at 56 days of age) compared with the 

18% control offspring (Figure 5.15). Within each dietary group, baseline SBP was found to 

be similar between animals assigned the PNMT inhibitor and those assigned the vehicle. 

Analysis of variance with repeated measures revealed that SBP differed over time. Thus, as 

compared with baseline (56 days of age), SBP significantly increased in time, in response to 

repeated intraperitoneal injections (effect of time, p < 0.001). The magnitude of this effect 

was similar between the low-protein and 18% control offspring (non significant effect of 

maternal diet). Administration of the PNMT inhibitor tended to lower SBP over time 

compared with the effect of the vehicle, but this effect did not reach statistical significance 

(effect of treatment, p = 0.16). Therefore, the time-related increase in SBP was similar 

between the two dietary groups of offspring irrespective of whether they received the PNMT 

inhibitor or the vehicle (Figure 5.15). 
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When males and females were analysed separately, it appeared that SEP increased 

significantly over time in both genders. However, the tendency for the PNMT inhibitor to 

lower SEP over time disappeared, probably due to the lower number of offspring investigated 

(Figure 5.16). 

SEP during the treatment period (56 to 63 days of age) were also analysed separately in the 

groups of 51 and 26 offspring to see whether both followed the same pattern (Figure 5.17). In 

the group of 51 offspring that were not sacrificed immediately after cessation of treatment, 

administration of the PNMT inhibitor tended to attenuate the time-related increase in SEP 

(effect of treatment, p = 0.17) with the same effectiveness in both dietary groups (non 

significant effect of maternal diet). Among the group of 26 offspring that were sacrificed at 

the end of the treatment, PNMT inhibitor treatment exerted no significant effect on SEP. 

Therefore, separate analysis of the two subgroups revealed that SEP of the 51 rats (Figure 

5.17), which were followed up until 7 weeks post-cessation of treatment showed the same 

patterns as described previously for the whole group of the 77 animals (Figure 5.15) whereas 

the patterns of SEP for the 26 offspring sacrificed at cessation of treatment (Figure 5.17) did 

not. 

SEP during the treatment period (56 to 63 days of age) were also analysed separately in 

males and females among the 51 offspring (Figure 5.19) to determine whether patterns were 

comparable to that seen in males and females among the 77 offspring (Figure 5.16). 

Administration of the PNMT inhibitor tended to attenuate the time-related increase in SEP in 

the females among the 51 offspring (effect of treatment, p = Q.l3) (Figure 5.19) whilst it 

exerted no effect in the females among the 77 offspring (Figure 5.16). Therefore, PNMT 

inhibitor treatment appeared to be more effective at reducing SEP in the females among the 

51 than among the 77 offspring. 

5.3.6.2 - Long-term effects of the treatment on systolic blood pressure 

In order to determine whether a transient (one-week) treatment with the PNMT inhibitor 

could have more prolonged effects on SEP in the low-protein relative to the 18% control 

offspring, SEP measurements were performed 3 and 7 weeks after cessation of the treatment 

(84 and 112 days of age, respectively) (Figure 5.18). 
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ANOVA with repeated measures including SBP recordings at 56, 59, 63 and 84 days of age 

suggested that transient PNMT inhibitor administration might have a prolonged SBP 

lowering effect up to 3 weeks post-cessation of treatment (84 days of age) (effect of 

treatment, p = 0,17). Importantly, this effect tended to be more marked in the low-protein 

than in the 18% control offspring (maternal diet x treatment interaction, p = 0.18). Neither 

effect, however, reached statistical significance. 

ANOVA with repeated measures including SBP values recorded during the whole 

experiment (at 56, 59, 63, 84 and 112 days of age) indicated that administration of the PNMT 

inhibitor exerted no significant effect on SBP over time, suggesting that the slight SBP 

lowering effects observed both at the end of the treatment period and 3 weeks post-cessation 

of treatment were not prolonged thereafter (Figure 5.18). 

Separate analysis of SBP over time in males and females suggested that the tendency for 

transient PNMT inhibitor administration to exert a prolonged SBP lowering effect up to 3 

weeks post-cessation of treatment might be more marked in the females, but this was not 

significant (univariate ANOVA with repated measures including SBP recordings at 56, 59, 

63 and 84 days of age among the female offspring; effect of treatment, p = 0.18) (Figure 

5.19). 

The females from the group of 51 offspring (Figure 5.19) had unfortunately not been equally 

distributed into the different treatment groups so that, at baseline, the ones assigned to receive 

the PNMT inhibitor had significantly higher SBP relative to those assigned the vehicle 

(univariate ANOVA; effect of treatment, p < 0.05). When baseline SBP was included as a 

covariate in the statistical analysis, the tendency for PNMT inhibitor administration to lower 

SBP over time in the females was no longer apparent, suggesting that it might have been due 

to the difference in baseline SBP. 
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Figure 5.15 - Effect of PNMT inhibitor administration on systolic blood pressure of 
offspring (n = 77) exposed to maternal control or low-protein diets in utero. 

After baseline systolic blood pressure (SEP) recording at 56 days (8 weeks) of age, treatment 
began and continued for 7 days. Offspring from dams fed 18% or 9% protein diets during 
gestation were injected i.p. twice daily for 7 days with the PNMT inhibitor SKF 64139 at 50 
mg/kg (181 and 91). Controls received injections of saline solution NaCl 0.9% (18V and 9V). 
Systolic blood pressures were recorded on the third day of the treatment and on the day 
following the end of the injections (59 and 63 days of age, respectively). 
Statistical analysis was conducted using ANOVA with repeated measures, where time (SEP 
readings at days 56, 59 and 63) was the wi thin-subjects variable, maternal diet, treatment and 
gender were the between-subjects factors. 
The number of pups analysed is given in Table 5.4a. 
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Figure 5.16 - Effect of PNMT inhibitor administration on systolic blood pressure of 
female and male offspring exposed to maternal control or low-protein diets in utero. 

Results shown on Figure 5.15 were plotted separately in males and females. 
Statistical analysis was conducted separately in males and females using ANOVA with 
repeated measures, where time (SEP readings at days 56, 59 and 63) was the within-subjects 
variable, maternal diet and treatment were the between-subjects factors. 
The number of pups analysed is given in Table 5.4a. 
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Figure 5.17 - Separate analysis of the effects of the PNMT inhibitor on systolic blood 
pressure of the 51 offspring, which were followed up after the end of the treatment and 
of the 26 offspring, which were sacrificed at the end of the treatment. 

Statistical analysis was conducted separately in the groups of 51 and 26 offspring using 
ANOVA with repeated measures, where time (SEP readings at 56, 59 and 63 days of age) 
was the within-subjects variable, maternal diet and treatment were the between-subjects 
factors. 
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Figure 5.18 - Effect of transient PNMT inhibitor administration on long-term systolic 
blood pressure of offspring (n = 51) exposed to maternal control or low-protein diets in 
utero. 

SEP were recorded 3 and 7 weeks post-cessation of treatment (84 and 112 days of age). 
Statistical analysis was conducted using ANOVA with repeated measures, where time (either 
HR readings at days 56, 59 and 63, HR readings at 56, 59, 63 and 84 or HR readings at 56, 
59, 63, 84 and 112 days of age) was the within-subjects variable, maternal diet, treatment and 
gender were the between-subjects factors. The number of cases is given in Table 5.4a. 
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Figure 5.19 - Effect of transient PNMT inhibitor administration on long-term systolic 
blood pressure of female and male offspring exposed to maternal control or low-protein 
diets in utero. 

Results shown on Figure 5.18 were plotted separately in males and females. 
Statistical analysis was conducted separately in males and females using ANOVA with 
repeated measures, where time (either HR readings at days 56, 59 and 63, HR readings at 56, 
59, 63 and 84 or HR readings at 56, 59, 63, 84 and 112 days of age) was the within-subjects 
variable, maternal diet and treatment were the between-subjects factors. 
The number of offspring analysed is given in table 5.4a. 
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Males 10 6 11 6 8 5 9 5 

Figure 5.12 
51 offspring 
26 offspring 

13 
7 

6 
5 

14 
8 

6 
4 

11 
6 

5 
4 

13 
5 

5 
3 

Figure 5.13 13 6 14 6 11 5 13 5 

Figure 5.14 
Females 7 6 7 6 6 5 6 5 
Males 6 6 7 6 5 5 7 5 

Figure 5.15 20 6 22 6 17 5 18 5 

Figure 5.16 
Females 10 6 11 6 9 5 9 5 
Males 10 6 11 6 8 5 9 5 

Figure 5.17 
51 offspring 
26 offspring 

13 
7 

6 
5 

14 
8 

6 
4 

11 
6 

5 
4 

13 
5 

5 
3 

Figure 5.18 13 6 14 6 11 5 13 5 

Figure 5.19 
Females 7 6 7 6 6 5 6 5 
Males 6 6 7 6 5 5 7 5 

Table 5.4a - Number of offspring (n), and the litters they were taken from, that were 
involved in the different Figures. 
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5.3.7 - Adrenal PNMT activity in 8 week-old offspring 

Retrospectively, in order to evaluate baseline PNMT activity, adrenal PNMT enzyme activity 

was measured in the offspring (n = 14) that were sacrificed after SBP determination at 8 

weeks of age, when the other offspring (n = 77) started the treatment with the PNMT 

inhibitor. Adrenal PNMT specific activity, expressed as picomoles of product generated per 

milligram of protein incubated per hour (pmol/mg/h), was similar in males and females at 8 

weeks of age (Figure 5.20-B). As opposed to what was expected, PNMT activity 

(pmol/mg/h) was not increased in adrenal glands of low-protein offspring compared with the 

18% controls but was rather comparable in the two dietary groups, both in males and females 

(Figures 5.20-A and B). 

Enzyme levels were also expressed as picomoles of product formed per adrenal gland per 

unit of time (pmol/gland/h) to reflect the total capacity of the adrenal gland to synthesise 

adrenaline. This was achieved by multiplying the specific activity by the total adrenal protein 

content, presuming that adrenal medulla size is proportional to whole adrenal mass. Although 

adrenal protein content did not differ considerably between dietary groups or genders (Table 

5.5), PNMT activity expressed as picomoles of product formed per adrenal gland per hour 

(pmol/gland/h) was markedly lower (-29%) in the low-protein males than in the 18% control 

males but was not significantly different between the two dietary groups in the females 

(Figure 5.20-D). 

Retrospective analysis of SBP in this subgroup of offspring that were sacrificed at 8 weeks of 

age revealed that the effect of the maternal diet on SBP did not reach statistical significance 

(18%: 115.6 ±6.8 vs. 9%: 128.7 ± 3.9 mmHg,p = 0.14). 
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Figure 5.20 - PNMT activity in adrenal glands of 8 week-old male and female offspring 
exposed to maternal control or low-protein diets in utero. 

Baseline adrenal PNMT activity was measured in a proportion of offspring that were 
sacrificed at 8 weeks of age. Enzyme activity was expressed either as picomoles of product 
formed per milligram of protein in an hour (A and B) or as picomoles of product formed per 
adrenal gland in an hour (C and D). Results were expressed as mean ± SEM. Results were 
obtained from 8 animals in the 18% control group (4 males and 4 females) and 6 in the low-
protein group (3 males and 3 females). 
The effect of the maternal diet on adrenal PNMT activity was analysed in all offspring but 
also separately in males and females using independent samples t test. 
*: Significant effect of the maternal diet, p < 0.05. 
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18% 99& 

Protein content (mg) 

A&des 2222 ± 125 2481 ±529 

Fenwdes 2317 ± 175 1935 ±358 

Table 5.5 - Adrenal protein content in 8 week-old offspring. 

One adrenal gland was homogenised. Following centrifugation, volume and protein 
concentration of the supernatant were measured, then timed to determine the total adrenal 
protein content. Results were expressed as mean ± SEM. Results were obtained from 8 
animals in the 18% control group (4 males and 4 females) and 6 in the low-protein group (3 
males and 3 females). 
Statistical analysis was conducted separately in males and females using independent 
samples t test. 
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Figure 5.21 - TH levels in adrenal glands of 8 week-old male and female offspring 
exposed to maternal control or low-protein diets in utero. 

Baseline adrenal TH expression was evaluated by Western-blotting in a proportion of 
offspring that were sacrificed at 8 weeks of age. The abundance of TH protein was 
quantified from the autoradiographs using Phoretix Gel Analysis Software and expressed 
as arbitrary unit. Data derived from the two Western blots were normalised within each 
blot to a lane (S or standard) that was present in both blots. The normalised data from the 
two different blots, expressed as a percentage of the standard, were then able to be 
compared. Results were expressed as mean ± SEM. Results were obtained from 8 animals 
in the control group (4 males and 4 females) and 6 in the low-protein group (3 males and 
3 females). Two-way analysis of variance was used to evaluate the effects of the maternal 
diet and gender on adrenal TH expression. 
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5.3.8 - Adrenal TH protein expression in 8 week-old offspring 

Adrenal TH protein levels, evaluated by Western-blotting (Figure 5.21) in the 8 week-old 

offspring (n = 14), were found not to be significantly influenced by the maternal nutrition. 

There was, however, a tendency for TH to be increased among the males in the low-protein 

exposed animals compared with the 18% control males but not among the females (Maternal 

diet and gender interaction, p = 0.14). TH protein expression tended to be higher in the males 

relative to the females {p = 0.08). 

5.3.9 - Effects of the treatment on adrenal PNMT activity 

5.3.9.1 - Short-term effects of the treatment on adrenal PNMT activity 

The effects of both the maternal protein diet and the PNMT inhibitor administration on 

adrenal PNMT activity were determined in the proportion of offspring (n = 26) that were 

sacrificed at the end of the treatment period. Adrenal PNMT activity was still similar at the 

end of the treatment period (i.e. 9 weeks of age) between the low-protein offspring and the 

18% control offspring. Both in the low-protein and 18% control offspring, PNMT activity 

measured in vitro was increased in the adrenal glands of offspring that had received the 

PNMT inhibitor compared with enzyme activity levels in the adrenals of offspring that had 

received the vehicle (Figure 5.22). This effect was significant whether PNMT activity was 

expressed as pmol/mg/h (Figure 5.22-A) or pmol/gland/h (Figure 5.22-B) but was more 

striking when enzyme activity was expressed per total adrenal gland than per amount of 

protein. This probably reflected the tendency for the PNMT inhibitor administration to 

increase (p = 0.094) the total adrenal protein content, determined two days after the end of 

the treatment, in males and females from both dietary groups, relative to the effect of the 

vehicle (Table 5.6). 
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Figure 5.22 - PNMT activity in adrenal glands of 9 week-old offspring, 2 days after the 
end of the treatment with the PNMT inhibitor. 

Rats aged 8 weeks were treated twice daily for one week with either the PNMT inhibitor SKF 
64139 (at 50 mg/kg) or its vehicle, after which they were sacrificed. PNMT activity was 
measured in adrenal glands and expressed either as picomoles of product formed per 
milligram of protein in an hour (A) or as picomoles of product formed per adrenal gland in an 
hour (B). Results were expressed as mean ± SEM. Results were obtained from 15 animals in 
the 18% control group (7 vehicle and 8 PNMT inhibitor-treated) and 11 animals in the low-
protein group (6 vehicle and 5 PNMT inhibitor-treated). 
Statistical analysis was conducted using two-way ANOVA, considering maternal diet (9% 
vs. 18%) and treatment (PNMT inhibitor vs. Vehicle) as factors. 
XXX: Indicates a significant effect of the treatment, p < 0.001, x: p < 0.05. 
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18% 9% 

Vehicle PNMT Vehicle PNMT 
inhibitor inhibitor 

Protein content (mg) 

Females 3121 ±491 3835 ± 3302 ± 3657 ± 
270 336 288 

Males 3026 ± 3047 ± 3239 ± 3987 
101 530 216 

Table 5.6 - Effect of the treatment on adrenal protein content in 9 week-old offspring. 

One adrenal gland was homogenised. Following centrifugation, volume and protein 
concentration of the supernatant were measured, then timed to determine the total adrenal 
protein content. Results were expressed as mean ± SEM. 
Statistical analysis was conducted using two-way ANOVA, considering maternal diet (9% 
vs. 18%) and treatment (PNMT inhibitor vs. Vehicle) as factors. 
Administration of the PNMT inhibitor for one week tended to increase (p = 0.094) the total 
adrenal protein content, determined two days after the end of the treatment, in both genders 
and dietary groups. 
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Adrenal PNMT activity was still similar after the treatment period between males and 

females (Figure 5.23-A and B). However, the effect of the PNMT inhibitor administration on 

adrenal PNMT activity was different between genders. When males and females were 

analysed separately, it appeared that the 18% control females that had received the PNMT 

inhibitor (181) tended to have increased adrenal PNMT specific activity (pmol/mg/h) after the 

end of the treatment relative to the 18% control females that had received the vehicle (18V) 

whilst low-protein females had similar PNMT activity levels irrespective of whether they had 

received the PNMT inhibitor or the vehicle (Maternal diet and treatment interaction, p = 

0.090; Figure 5.23-B). Both low-protein and 18% control males that had been administered 

the PNMT inhibitor tended to have higher adrenal PNMT (pmol/mg/h) enzyme activity (p = 

0.080) than males that had received the vehicle (Figure 5.23-A). 

When activities were expressed as picomoles of product formed per adrenal gland per unit 

time (Figure 5.23-C and D), the trends described above became statistically significant, in 

that the intraperitoneal administration of the PNMT inhibitor for one week significantly 

increased adrenal PNMT activity, measured two days after the end of the treatment, in the 

18% control females (181) but not in the low-protein (91) females (Figure 5.23-D) and in both 

dietary groups (181 and 91) in the males (Figure 5.23-C), relative to the effects of 

administration of the vehicle. 
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Figure 5.23 - PNMT activity in adrenal glands of 9 week-old male and female offspring, 
2 days after the end of the treatment with the PNMT inhibitor. 

Rats aged 8 weeks were treated twice a day for one week with either the PNMT inhibitor 
SKF 64139 (at 50 mg/kg) or its vehicle, after which they were sacrificed. PNMT activity was 
measured in adrenal glands and expressed either as picomoles of product formed per 
milligram of protein in an hour (A and B) or as picomoles of product formed per adrenal 
gland in an hour (C and D). Results were expressed as mean ± SEM. In the females (B and 
D), results were obtained from 7 animals in the 18% control group (3 vehicle and 4 PNMT 
inhibitor-treated) and 6 animals in the low-protein group (3 vehicle and 3 PNMT-inhibitor-
treated). In the males (A and C), results were obtained f^rom 8 animals in the 18% control 
group (4 vehicle and 4 PNMT inhibitor-treated) and 5 animals in the low-protein group (3 
vehicle and 2 PNMT inhibitor-treated). 
Statistical analysis was conducted separately in males and females using two-way ANOVA, 
considering maternal diet (9% vs. 18%) and treatment (PNMT inhibitor vs. Vehicle) as 
factors. 
x; Indicates a significant effect of the treatment, p < 0.05. 
•: Significant maternal diet and treatment interaction, p < 0.05. 
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5.3.9.2 - Long-term effects of the treatment on adrenal PNMT activity 

The effect of the transient one-week treatment with the PNMT inhibitor (from 8 to 9 weeks 

of age) on adrenal PNMT activity several weeks post-cessation of treatment, when the 

animals were aged 16 weeks, was determined. When data from males and females were 

analysed together and enzyme activity expressed in pmol/mg/h (Figure 5.24-A), it appeared 

that the exposure to different protein diets during gestation had little effect on PNMT activity 

measured in the adrenal gland of the offspring at 16 weeks of age {p = 0.18). Importantly, 

transient administration of the PNMT inhibitor tended to have a long-term effect on lowering 

PNMT activity (p = 0.08), which tended to be more marked in the offspring that had been 

exposed to a maternal low-protein diet than in 18% control offspring (Maternal diet and 

treatment interaction, p = 0.1). 

When enzyme activity was expressed in pmol/gland/h (Figure 5.24-B), adrenal PNMT 

activity was found to be significantly increased in the low-protein offspring relative to the 

controls. Importantly, offspring that had received the PNMT inhibitor earlier in life had 

significantly reduced adrenal PNMT activity at 16 weeks of age compared with offspring that 

had received the vehicle. Crucially, this effect was even more striking in the low-protein 

offspring relative to control offspring (Significant maternal diet and treatment interaction), 

suggesting that transient PNMT inhibitor administration from 8 to 9 weeks of age may have 

prevented the putative programmed increase in PNMT activity occurring between 8 and 16 

weeks in the low-protein offspring. One-way analysis of variance followed by Tukey's post 

Hoc test revealed that adrenal PNMT activity was significantly higher (+35%, p < 0.05) in 

the low-protein offspring that had been administered the vehicle (9V) than in any other group 

at this time (Figure 5.24-B). 

Adrenal PNMT specific activity (pmol/mg/h) was found to be significantly higher in the 

males than in the females at 16 weeks of age (p < 0.001), irrespective of whether animals had 

been exposed to a low-protein or 18% control protein diet in utero (Figure 5.25-A and B). 

The gender effect disappeared when PNMT activity was expressed in pmol/gland/h (Figure 

5.25-C and D), which probably reflected the difference in adrenal protein content between 16 

week-old males and females. Indeed, adrenal protein content was significantly higher among 

16 week-old females compared with age-matched males {p = 0.011) (Table 5.7). 

The tendency for the PNMT inhibitor to prevent the maternal protein diet-induced increase in 

adrenal PNMT activity from 8 to 16 weeks of age was present in both males and females but 

was no longer significant when separate analysis was performed (Figure 5.25). 
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Figure 5.24 - PNMT activity in adrenal glands of 16 week-old offspring, 7 weeks after 
the end of the treatment with the PNMT inhibitor. 

Rats exposed to maternal low-protein or control protein diets in utero were, at 8 weeks of 
age, treated twice daily for 1 week with either the PNMT inhibitor SKF 64139 (at 50 mg/kg) 
or its vehicle. Seven weeks after the end of the treatment, PNMT activity was measured in 
adrenal glands and expressed either as picomoles of product formed per milligram of protein 
in an hour (A) or as picomoles of product formed per adrenal gland in an hour (B). Results 
were expressed as mean ± SEM. Results were obtained from 27 animals in the 18% control 
group (13 vehicle and 14 PNMT inhibitor-treated) and 22 animals in the low-protein group 
(10 vehicle and 12 PNMT inhibitor-treated). 
Statistical analysis was conducted using two-way ANOVA, considering maternal diet (9% 
vs. 18%) and treatment (PNMT inhibitor vs. Vehicle) as factors. 
*: Significant effect of the maternal diet, p < 0.05. 
x: Significant effect of the treatment, p < 0.05. 
•: Significant maternal diet and treatment interaction, p < 0.05. 
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Figure 5.25 - PNMT activity in adrenal glands of 16 week-old male and female 
offspring, 7 weeks after the end of the treatment with the PNMT inhibitor. 

Rats exposed to maternal low-protein or control protein diets in utero were, at 8 weeks of 
age, treated twice daily for 1 week with either the PNMT inhibitor SKF 64139 (at 50 mg/kg) 
or its vehicle. Seven weeks after the end of the treatment, PNMT activity was measured in 
adrenal glands and expressed either as picomoles of product formed per milligram of protein 
in an hour (A and B) or as picomoles of product formed per adrenal gland in an hour (C and 
D). Results were expressed as mean ± SEM. In the females (B and D), results were obtained 
from 14 animals in the 18% control group (7 vehicle and 7 PNMT inhibitor-treated) and 10 
animals in the low-protein group (5 vehicle and 5 PNMT inhibitor-treated). In the males (A 
and C), results were obtained from 13 animals in the 18% control group (6 vehicle and 7 
PNMT inhibitor-treated) and 12 animals in the low-protein group (5 vehicle and 7 PNMT 
inhibitor-treated). 
Statistical analysis was conducted separately in males and females using two-way ANOVA, 
considering maternal diet (9% vs. 18%) and treatment (PNMT inhibitor vs. Vehicle) as 
factors. 
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18% 9% 

Vehicle PNMT Vehicle PNMT 
(18 V) inhibitor (9V) inhibitor 

(180 (9D 

Protein content (mg) 

Fenudes 3115 ± 3240 ± 3628 ± 3695 + 
225 282 223 330 

n 7 7 5 7 

2965 ± 2942 ± 3120 ± 2873 ± 
115 291 324 191 

n 6 7 5 7 

Table 5.7 - Effect of the treatment on adrenal protein content in 16 week-old offspring. 

One adrenal gland was homogenised. Following centrifugation, volume and protein 
concentration of the supernatant were measured, then timed to determine the total adrenal 
protein content. Results were expressed as mean ± SEM. 
Statistical analysis was conducted separately in males and females using two-way ANOVA, 
considering maternal diet (9% vs. 18%) and treatment (PNMT inhibitor vs. Vehicle) as 
factors. 
Adrenal protein content was significantly higher in the females than the males {p < 0.05). 
Low-protein females (9V and 91) tended to have increased {p = 0.08) adrenal protein content 
relative to the control females (18V and 181) whereas there was no difference between the 
two dietary groups among the males. The transient administration of the PNMT inhibitor had 
no effect on the total adrenal protein content measured 7 weeks after the end of the treatment. 
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5 .4 . DISCUSSION 

5.4.1 - Outcome of pregnancy 

Dams fed either 18 or 9% protein diets throughout gestation produced litters of similar 

number, but that tended to be smaller in the 9% low-protein group compared with the 18% 

control group. Pups from dams fed a low-protein diet were heavier at birth compared with 

pups from dams fed an 18% control protein diet. Previous studies using this maternal low-

protein diet rat model have found litter size to be similarly unaffected by maternal protein 

restriction (Langley & Jackson 1994; Langley-Evans et al. 1996a; Langley-Evans et al. 

1996b; Langley-Evans & Nwagwu 1998; Nwagwu et al. 2000). However, these studies have 

reported that pups exposed to the maternal low-protein diets throughout gestation were of 

lower (Langley-Evans et al. 1996a; Langley-Evans & Nwagwu 1998) to normal weight at 

birth (Langley-Evans et al. 1996b; Langley-Evans et al. 1996e; Sherman & Langley-Evans 

1998; Nwagwu et al. 2000). One study, however, described that offspring from dams fed the 

low-protein diet during the second week of gestation only were of greater birth weight than 

control offspring (Langley-Evans et al. 1996b). In the present study, maternal weight gain 

and food intake during pregnancy have not been recorded. They have previously been shown 

either not to be impaired by the maternal protein restriction (Langley-Evans et al. 1996b, 

Langley-Evans & Nwagwu 1998) or to be lower in the low-protein group (Langley & 

Jackson 1994, Sherman & Langley-Evans 1998), suggesting that maternal weight gain during 

pregnancy might not explain the observation of heavier low-protein offspring. Here, the fact 

that litter size tended to be smaller in the low-protein group may explain why pups were 

heavier at birth, since litter size is a major determinant of birth weight. 

5.4.2 - Effects of feeding pregnant rats different protein diets on the body weight, heart 
rate and systolic blood pressure of their offspring at 8 weeks of age 

Eight week-old male and female offspring from dams fed a low-protein diet during gestation 

were heavier than age-matched 18% controls. This is in keeping with previous studies in 

which offspring from dams fed a low-protein diet were reported to be significantly heavier, at 

4 weeks of age, than the 18% protein exposed controls (Langley-Evans et al. 1996a, Sherman 

& Langley-Evans 2000). These observations suggest that maternal nutritional status during 

pregnancy may influence postnatal growth of the offspring. Conversely, other studies have 

reported that low-protein offspring were of similar weight to the controls from 4 to 19 weeks 
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postnatally (Sherman & Langley-Evans 1998, Gardner et al. 1997, Langley-Evans et al. 

1999aX 

Heart rates (HR) were similar between the two groups of offspring at 8 weeks of age, but 

tended to be higher in the low-protein females compared with the 18% control females, 

suggesting that a proportion of the females that had been exposed to maternal protein 

restriction may have an increased sympathetic drive to the heart and/or a decreased vagal 

tone. Previous studies have shown that, at 4 weeks of age, low-protein and 18% control 

offspring had similar HR (Langley-Evans & Nwagwu 1998). However, these authors also 

found that, in a different study, low-protein pups had significantly lower HR at 4 and 12 

weeks of age relative to the age-matched 18% controls but similar HR at 20 weeks of age 

(Nwagwu et al. 2000). 

The influence of global maternal dietary restriction on the HR of the resulting offspring has 

also been reported. Offspring from rat dams fed 30% of the ad libitum intake throughout 

pregnancy were found to have significantly higher HR at 48 weeks of age (Woodall et al. 

1996a). Female offspring from dams fed 70% of the ad libitum intake from day 1 to day 18 

of gestation were reported to have increased HR at 200 days of age compared with offspring 

of the same age and gender, whereas male offspring had unchanged HR (Ozaki et al. 2001). 

Animals exposed to the maternal low-protein diet had, at 8 weeks of age, SBP that were 

significantly elevated (+14 mmHg) above those of 18% control rats, which is consistent with 

data previously reported. Indeed, several investigators who have measured blood pressure 

both in conscious animals using the tail-cuff method (Gardner et al. 1997, Sherman & 

Langley-Evans 1998, Nwagwu et al. 2000) and in anaesthetised animals via a carotid arterial 

cannula (Garder et al. 1998) have found that the SBP of offspring exposed to maternal low-

protein (9%) diets were significantly higher than those of 18% protein-exposed pups, by 

between 10 and 35 mmHg. However, these observations contrast with a study, which, using 

the telemetric method, has reported no elevation in SBP in resting conditions in offspring of 

rat dams fed a 6% protein diet (Tonkiss et al. 1998). 

The present results suggest that maternal protein restriction during gestation programmes 

significant changes in cardiovascular physiology independently of a reduction in birth 

weight. 
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The effect of the maternal low-protein diet upon later blood pressure tended to be more 

important (+9 mmHg) in the females. Few studies have previously reported gender-specific 

sensitivities to maternal dietary restriction, and have found, in contrast to the present report, 

that females were more protected. Thus, it has been reported that maternal low-protein 

feeding (9%) throughout gestation programmed elevated blood pressure by 35 mmHg in the 

7 week-old male offspring but by only 18 mmHg in the 7 week-old females (Langley-Evans 

et al. 1996b). It was also shown that the feeding of the low-protein (9%) diet during the first 4 

days of pregnancy programmed increased blood pressure in the weanling and 11 week-old 

male offspring but not in the females (Kwong et al. 2000). Finally, the appearance of elevated 

blood pressure following exposure to maternal dietary restriction (70% of ad libitum) during 

day 1 to day 18 of gestation was reported to be delayed in the female offspring (Ozaki et al. 

2001). 

5.4.3 - Effects of the maternal diet on body weight at 12 and 16 weeks of age 

Both male and female offspring that had been exposed to the low-protein diet during 

gestation had, when aged 12 and 16 weeks, heavier body weights than males and females that 

had been exposed to the 18% maternal protein diet. The growth of the low-protein male 

offspring was accelerated from 8 to 16 weeks of age compared with the growth of the 18% 

control male offspring. This interesting finding is consistent with previous cross-fostering 

studies showing that offspring bom to dams fed a restricted protein diet (8%) during gestation 

and nursed by protein-unrestricted mothers (20%) had a faster postnatal growth rate than 

offspring from dams fed a control protein diet (20%) during gestation and lactation (Hales et 

al. 1996). The male offspring, whose growth was retarded during pregnancy, but was then 

accelerated as a result of good postnatal nutrition, were shown to have a striking reduced life 

span, indicating that this overgrowth is detrimental to long-term survival (Hales et al. 1996). 

Human studies have also found that postnatal catch-up growth may be associated with 

adverse outcomes. A study of men bom in Finland during 1924-1933 reported that those who 

had been thin at birth, but by the age of 7 years had a BMI above average had the highest 

death rates from coronary heart disease (Eriksson et al. 1999). 

Accelerated postnatal weight gain may reflect persisting changes in the secretion of 

hormones, such as growth hormone, which may be programmed in utero in response to 

maternal low-protein feeding. 
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5.4.4 - Effects of the maternal diet on adrenal weight at 16 weeks of age 

At 16 weeks of age, female offspring from dams fed the low-protein diet had heavier adrenal 

glands, but that remained in proportion to body weight compared with the 18% control 

females. The adrenal glands of the low-protein males were of similar weight but lighter in 

proportion to body weight compared with the 18% male offspring. 

The increased adrenal weight could be due to an increased volume of the adrenal cortex 

and/or medulla. There is evidence that the pattern of ACTH release is altered in the 4 week-

old low-protein offspring, plasma ACTH concentrations being lower than that of the controls 

in the middle of the dark phase (Langley-Evans et al. 1996e). Conversely, 8 week-old 

offspring from dams fed the low-protein diet have been reported to exhibit lower expression 

of the GR mRNA in the hypothalamus, which may lead to a reduced glucocorticoid feedback 

control and an increased release of ACTH (Bertram et al. 2001). In turn, ACTH may exert 

trophic actions on the adrenal cortex and medulla. It is not known, however, why the 

increased adrenal weight was apparent in the low-protein females but not in the males. 

5.4.5 - Effects of the treatment on body weight 

Body weights were not originally planned to be recorded at the end of the treatment. As 

offspring were weighed every day to determine the volume of solution they should be 

injected, it was envisaged that the PNMT inhibitor might have an influence on BW gain. 

Therefore, in the following experiments BW were recorded at the end of the one week-

treatment. Although data were collected for only approximately half of the offspring, they 

showed that, in both dietary groups, the male offspring receiving the PNMT inhibitor had a 

lower BW gain compared with the male offspring receiving the vehicle. Similar observations 

have previously been made in rats that were orally administered the PNMT inhibitor SKF 

64139 (at 100 mg/kg/day), and were found to be accompanied by a reduction in food 

consumption (Pendleton et al. 1976a). 

5.4.6 - Reactivity to the intraperitoneal injections 

Among the animals receiving the vehicle, within both dietary groups, HR and SBP were 

significantly increased (by 15-53 beats/min and 10-12 mmHg) at 3 days and 1 week (Figures 

5.10 and 5.15) relative to measurements performed before the beginning of the treatment. 

This effect is probably due to possible stress incurred by the injection, since repeated 
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measurements of SBP without concomitant injection did not significantly increase SEP 

(Figure 5.2). A pressure rise associated with an increased HR is a characteristic feature of the 

defence reaction. Indeed, when challenging environmental situations occur, suprabulbar 

influence overrules bulbar reflex activity, which ordinarily induces reflex bradycardia when 

pressure is increased (Folkow 1994). Suprabulbar influence not only suppresses vagal 

activity but also increases sympathetic activity to the heart, kidneys and adrenal medulla, 

resulting in both blood pressure and HR increases. At the same time, several hormonal 

systems are activated, which do not exert any significant acute circulatory function but are of 

long-term importance. Thus, renal sympathetic activation induces renin release and thereby 

engages the angiotensin-aldosterone axis. The ACTH-glucocorticoid and antidiuretic 

hormone systems are also involved via hypophyseal links (Folkow 1994). 

The injection-induced increase in SBP was comparable between low-protein exposed 

offspring and 18% control offspring and did not differ between genders, suggesting that both 

dietary groups were equally reactive to this kind of stress. 

However, the injection-induced increase in HR was significantly lower in the low-protein 

offspring relative to the 18% control offspring. This effect differed between genders, in that it 

was only present in the female offspring. The lower HR seen in the low-protein female 

offspring in response to the stress of the injections, in conjunction with a normal increase in 

SBP, may be explained by an impaired vagal influence on the heart. This hypothesis is 

supported by the fact that low-protein females tended to have an increased HR at baseline 

relative to the 18% control females. 

This observed impaired HR response to the pain and/or fear of the injections shares some 

similarities with the weaker bradycardic reflex response to baroreceptor stimulation that has 

been described in SHR (Ricksten & Thoren 1981) and human hypertensive subjects 

(Goldstein 1983b, Grassi et al. 1998). It has been shown that the number of barosensitive 

cholinergic neurones in the dorsal motor nucleus of the vagus (from which efferent inhibitory 

fibres to the heart originate), which were activated upon baroreceptor stimulation, was 

smaller in SHR than in WKY and may cause the weaker baroreceptor-cardiac vagal reflex in 

SHR (Xiong et al. 1998). It is therefore tempting to speculate that low-protein females may 

have a reduced number of cardio inhibitory fibres compared with the 18% control females. 

This would result in a decreased resting vagal tone to the heart, explaining the tendency 
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toward increased HR at baseline, and would explain why the suppression of vagal tone to the 

heart in response to intraperitoneal injections resulted in a lower HR increase. Alternatively, 

the lower HR seen in the low-protein females in response to intraperitoneal injections could 

arise from an altered central control of the vagal tone to the heart. Centrally mediated reduced 

vagal tonic activity would similarly explain the mild tachycardia noted in the low-protein 

females at baseline, and result in a diminished tachycardia during alerting situations that 

suppress vagal activity (Folkow 1994). 

The reduced tachycardia seen in the low-protein female offspring in response to the 

injections may, on the other hand, be due to a lower sympathetic drive to the heart. 

Alternatively, a reduced number of cardiac Pi-adrenoreceptor and/or a deficient cardiac 

adrenergic second messenger system in the low-protein females may explain why they 

responded with less of an increase in HR to sympathetic activation of the heart as compared 

with the 18% control females. However, these possibilities appear unlikely as, at baseline, 

low-protein females tended to have higher HR than 18% control females. 
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PNMT mediates the synthesis of adrenaline from noradrenaline, essentially in the adrenal 

glands and the rostral ventrolateral medulla (RVLM) region of the medulla oblongata, also 

termed Ci area or vasopressor centre, in the brainstem. Excess adrenaline synthesis, both in 

the adrenal and the brain may cause hypertension. Enhanced adrenaline in the brainstem may 

increase the activity of sympathetic preganglionic neurones and consequently increase 

sympathetic tone, leading to a rise in blood pressure. Elevated adrenaline secretion from the 

adrenal medulla may exert a positive feedback on the release of the vasoconstrictor 

noradrenaline from the sympathetic nerve endings, resulting in increased sympathetic activity 

and increased blood pressure (Brown & Macquin 1981). 

To determine whether excess adrenaline synthesis could be responsible for the higher SBP 

seen in the low-protein offspring as compared with the 18% controls, the effects of 

adrenaline synthesis blockade on SBP and HR were measured in both dietary groups of 

offspring. 

SKF 64139 has been shown to be a potent and reversible inhibitor of PNMT both in vitro and 

in vivo (Pendleton et al. 1976a). Changes in PNMT activity in the adrenal gland and medulla 

oblongata following a single i.p. injection of SKF 64139 at the same dose as used in the 

present experiment (50 mg/kg) have previously been monitored (Park et al. 1988). Both 

peripheral and central PNMT activities were demonstrated to be almost completely inhibited 

within 1 hour after SKF 64139 administration, while enzyme activity levels were restored by 

18 hours after treatment (Park et al. 1988). Thus, two injections a day should have resulted in 

a sustained inhibition of PNMT enzyme activity during the treatment period. 

5.4.7 - Short-term effects of the PNMT inhibitor on SBP and HR 

Treatment of offspring that had been exposed to maternal low-protein or 18% protein diets 

with the PNMT inhibitor, between 8 and 9 weeks (i.e. 57 and 62 days ) of age, significantly 

lowered their HR as measured during or just after the treatment period (59 and 63 days of 

age) and tended, towards the end of the treatment period, to reduce blood pressure increase 

over time compared with the effect of the vehicle on SBP. 

The attenuation of the injection-induced increase in HR by the PNMT inhibitor may be 

explained by the role of the rostral ventrolateral medulla (RVLM) in mediating the 

cardiovascular responses of the defence reaction. The periaqueductal gray matter is one of the 
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key sites involved in the defence response. This region receives inputs from emotional 

processing areas in the cerebral cortex and amygdala and is believed to modulate, via indirect 

pathways, sympathetic preganglionic neurones activity, leading to the modulation of 

cardiovascular responses. Recently, efferent projections from the periaqueductal gray have 

been identified in the medulla oblongata, predominantly in the ventral medulla, including the 

serotoninergic neurones of the ventromedial medulla (VMM) and the adrenergic (PNMT-

containing) neurones of the RVLM (also termed Ci region) (Parkas et al. 1998). Neurones of 

the RVLM and VMM in turn, project to the sympathetic preganglionic neurones in the 

intermediolateral column of the spinal cord. Sympathetic preganglionic neurones, in turn, 

synapse, in the stellate ganglion, with the postganglionic neurones involved in cardiac 

function (Parkas et al. 1998). Therefore these anatomical findings suggest that the projection 

from the periaqueductal gray to the RVLM may provide an important link between emotional 

processing areas of the brain and cardiac function. Moreover, electrophysiological recordings 

have shown that neurones in the vasopressor area of the RVLM are excited by hypothalamic 

stimulation, further suggesting that neurones of the RVLM may mediate cardiovascular 

responses of the defence reaction (Brown & Guyenet 1985). It is thus reasonable to think that 

the significant effect of the PNMT inhibitor in attenuating the increase in HR in response to 

the fear and/or pain caused by the intraperitoneal injections may be mediated by inhibition of 

PNMT in the RVLM, resulting in a decreased sympathetic tone to the heart. 

In addition to lowering the injection-related increase in HR, the PNMT inhibitor also reduced 

HR per se, which is consistent with the tonic activity exerted by the neurones of the RVLM 

on HR (Ross et al. 1983). 

The fact that the PNMT inhibitor was as effective in the low-protein offspring as in the 18% 

controls in reducing HR suggests that the sympathetic drive to the heart may not be different 

between the two dietary groups of offspring. However, adrenaline is not the only 

neurotransmitter present in adrenergic neurones of the RVLM, and the other 

neurotransmitters found in these neurones, namely glutamate, neuropeptide Y and substance 

P, are also believed to participate in modulating the activity of the cardiovascular 

preganglionic neurones (Gilbert & Spyer 1993, Chalmers et al. 1994). Moreover, brain 

regions other than the RVLM also influence the sympathetic tone to the heart. Therefore, the 

possibility of an impaired sympathetic drive to the heart in the low-protein offspring 

compared with the 18% control offspring cannot be ruled out. 
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In contrast, different patterns of HR response have been observed between normotensive and 

hypertensive rats after treatment with the PNMT inhibitor SKF 64139 in animal models of 

hypertension that are believed to exhibit an increased sympathetic activity. Oral 

administration of the PNMT inhibitor to glucocorticoid hypertensive rats was found to 

significantly slow their HR while inducing no significant HR change in normotensive rats 

(Waeber et al. 1983). Intravenous administration of the PNMT inhibitor to DOCA-salt 

hypertensive rats was reported to significantly decrease their HR while inducing only a minor 

HR reduction in normotensive rats (Black et al. 1981). 

Despite the effectiveness of the PNMT inhibitor in reducing HR, the PNMT inhibitor did not 

significantly lower SEP over time in any group. 

Experimental conditions in which SEP were recorded may not have allowed detection of 

SEP lowering effects. At 59 days of age, animals were placed at 27°C after the morning 

injection and SEP were measured between 2 and 8 hours later. Since it was shown that, 

starting from 4 hours after PNMT inhibitor administration, enzyme activity markedly 

recovers from inhibition (Park et al. 1988), a rapid effect of the PNMT inhibitor may have 

been missed. Indeed, studies have investigated the effect of SKP 64139 on SEP for only a 

few hours after an acute administration and have shown a rapid onset of the antihypertensive 

effect. In these experiments, SEP were monitored directly in conscious rats using an arterial 

catheter previously placed under anaesthesia. Thus, measurements of SEP in normotensive 

and glucocorticoid-hypertensive rats for 4 hours after an oral administration of SKF 64139 

(50 mg/kg) showed that the PNMT inhibitor progressively lowered the SEP of the 

hypertensive animals, reaching significance within 2 hours of PNMT administration, while 

inducing only a minor SEP decrease in normotensive rats (Waeber et al. 1983). Oral 

administration of SKF 64139 to DOCA-salt hypertensive rats (25 mg/kg) was reported to 

produce an antihypertensive effect but to have no significant effect on the blood pressure of 

normotensive rats. The antihypertensive effect in the DOCA-salt rats had a rapid onset, the 

maximal effect being attained 30 minutes after oral dosing, and duration of action of 

approximately 3 hours (Hieble et al. 1983). Also, observation for 3 hours of the effects on 

SEP of two i.v. injections at 1 hour interval of SKF 64139 (5 mg), in normotensive and 

DOCA-salt hypertensive rats, showed that the PNMT inhibitor caused a significant reduction 

in SEP in normotensive rats (with a maximal drop of 12 mmHg after 15-20 minutes) and a 

dramatic SEP decrease in DOCA-salt rats, which was already important within the first 15 

minutes of PNMT inhibition and progressed toward SEP normalisation (Black et al. 1981). 
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Evidence has indicated that these acute effects of the PNMT inhibitor SKF 64139 on HR and 

SEP were due to inhibition of central rather than peripheral PNMT. Indeed, although SKF 

64139 was shown to produce complete inhibition of the conversion of noradrenaline to 

adrenaline in the rat adrenal gland (Pendleton et al. 1976a), the half-life of adrenaline in the 

rat adrenal gland was reported to be approximately 5 days (Pendleton et al. 1973), suggesting 

that the catecholamine content of this tissue may not be altered after only a very short period 

of PNMT inhibition. In contrast, PNMT inhibition in the Ci and C2 regions of the brain 

elicited by a single intraperitoneal injection of the PNMT inhibitor SKF 64139 at 40 mg/kg 

was shown to be paralleled with the lowering of adrenaline levels. Adrenaline levels were 

found to be already significantly reduced 90 minutes after the administration of the PNMT 

inhibitor, to be still significantly reduced 6 hours after and, by 16 hours to have returned to 

basal levels (Sauter et al. 1977). Therefore, the rapid onset of the hypertensive effect of SKF 

64139, which was reported in glucocorticoid and DOCA-salt hypertensive rats (Waeber et al. 

1983, Black et al. 1981) is more likely to have been due to inhibition of adrenaline formation 

in the brain. Moreover, whilst an acute administration of the peripherally-only acting PNMT 

inhibitor SKF 29661 was reported not to decrease SEP and HR in DOCA-salt animals, the 

peripherally and centrally acting PNMT inhibitor SKP 64139 was shown to produce a fall in 

blood pressure and HR, confirming the role of central blockade of adrenaline in its acute 

antihypertensive effect (Black et al. 1981). Finally, the PNMT inhibitor SKF 64139 was 

shown to slow cardiac noradrenaline turnover in DOCA-salt hypertensive rats, indicating that 

the firing rate of cardiac sympathetic nerves had been lowered, and suggesting that the 

PNMT inhibitor acted within the central nervous system to reduce sympathetic outflow to the 

periphery (Hieble et al. 1983). 

However, SKF 64139 has been found to have aa-adrenoceptor antagonist and monoamine 

oxidase inhibiting properties, and it has been suggested that its a-adrenergic effect rather 

than its ability to inhibit adrenaline synthesis may account for its acute lowering of blood 

pressure. Thus, comparison of the blood pressure effects of SKF 64139 and its analogue, 

SKF 72223, which is devoid of PNMT inhibitory activity showed that, following i.p. 

administration of both compounds, blood pressure was decreased in DOCA-salt hypertensive 

rats, suggesting that PNMT inhibition is not responsible for their acute antihypertensive 

action (Goldstein et al. 1982). Moreover, comparison of the blood pressure effects of the 
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PNMT inhibitor SKF 64139 and another PNMT inhibitor, LY 134046, which is nowhere 

near as potent for blocking a-adrenoreceptors showed that although both compound 

effectively suppressed the PNMT activity in the Ci and C2 brainstem regions, only SKF 

64139 induced a fall in blood pressure (Biollaz et al. 1984). Therefore, it has been proposed 

that blockade of peripheral vascular a2-adrenoreceptors or blockade of central a i-

adrenoreceptors might in part explain the acute antihypertensive efficacy of SKF 64139 

(Goldstein et al. 1982, Biollaz et al. 1984). 

In the present experiment, mechanisms opposing the acute SBP lowering effect of the PNMT 

inhibitor may be triggered and explain the lack of SBP reduction seen. Indeed, despite the 

fact that SKF 64139 (40 mg/kg) was shown to decrease PNMT activity and adrenaline in 

brainstem for nearly as long as 16 hours (Sauter et al. 1977), its antihypertensive effect was 

reported to last for only approximately 3 hours (Hieble et al. 1983). 

Studies using comparable experimental conditions to the ones used in the present report have, 

however, been able to detect an antihypertensive effect of a 3-day or 1-week treatment with a 

PNMT inhibitor (Saavedra 1979). Administration of a PNMT inhibitor (DCMB) to adult 

SHR and WKY, i.p. once daily (50 mg/kg) for 3 consecutive days, was shown to result in a 

significant reduction of the SBP in SHR. On each day, SBP were recorded by tail 

plethysmography immediately before and 2 hours after the injection. SBP were shown to be 

reduced in PNMT inhibitor-treated SHR on the second day, after the PNMT inhibitor 

administration, as compared with non-treated SHR, and without affecting WKY control rats. 

The PNMT inhibitor was demonstrated to have a prolonged antihypertensive effect, since 

SBP were still decreased on the third day, before the PNMT inhibitor administration, and 

were even further reduced after (Saavedra 1979). In another study, administration of the 

PNMT inhibitor SKF-64139, i.p. twice daily (50 mg/kg) for 7 consecutive days, was shown 

to bring the SBP of adrenalectomized rats made hypertensive by dexamethasone treatment 

back to normal (Kennedy et al. 1993c). These results obtained in SHR and glucocorticoid 

hypertensive rats using comparable experimental conditions to the ones in the present study 

may indicate that had the PNMT inhibitor exerted any antihypertensive effects after 3 days 

and 1 week in the low-protein rats, these effects would have been detected. Moreover, the 

fact that, in the present study, the PNMT inhibitor was effective in reducing HR suggests that 

it was still working when SBP were recorded. 
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Neither central nor peripheral tissue adrenaline levels were measured, therefore the extent to 

which central and peripheral PNMT inhibition contributed to the SB? measured during the 

treatment period is uncertain. The time-course of PNMT inhibition in the Ci and C2 regions 

of the brain elicited by a single intraperitoneal injection of the PNMT inhibitor SKF 64139 at 

40 mg/kg was shown to be paralleled with the lowering of adrenaline levels in these regions 

(Sauter et al. 1977), suggesting that central adrenaline levels were indeed depleted after 3 and 

7 days of PNMT administration. However, the half-life of adrenaline in the rat adrenal gland 

was reported to be approximately 5 days (Pendleton et al. 1973), suggesting that the adrenal 

adrenaline levels may only be slightly decreased after 3 days of PNMT inhibition. Studies 

reporting on the adrenaline content of the adrenal gland after different oral administrations of 

the PNMT inhibitor SKF 64139 are difficult to compare with the present study, in which rats 

were administered intraperitoneal injections of SKF 64139 at 100 mg/kg/day. An 

investigation of the effect of chronic oral administration of SKF 64139, twice daily at 200 

mg/kg/day for up to 29 consecutive days, reported that adrenal adrenaline was maximally 

reduced after 3 days of treatment (Pendleton et al. 1976b). However, it was shown that the 

effect of chronic administration of SKF 64139 on the endogenous adrenaline pool might be 

related to the dosing of the PNMT inhibitor (Pendleton et al. 1976a). Moreover, three oral 

doses of 100 mg/kg of SKF 64139 over a 24-hour period were shown to produce essentially 

complete inhibition of the conversion of noradrenaline to adrenaline, yet this treatment was 

found not to alter substantially the endogenous adrenaline content of the adrenal gland 

(Pendleton et al. 1976a). Furthermore, in response to 2-deoxyglucose-induced adrenal 

adrenaline secretion, 24-hour urine adrenaline excretion was shown not to be reduced by pre-

treatment of rats for 3 days with SKF 64139 given orally at 50 and 200 mg/kg/day (Pendleton 

et al. 1977). These studies suggest that after 3 days, results may principally reflect inhibition 

of central PNMT and only partially inhibition of peripheral PNMT. This may be supported 

by the study reported earlier, in which intraperitoneal injections of a PNMT inhibitor at 50 

mg/kg/day for 3 consecutive days resulted in a significant reduction of SBP in SHR. The 

determination of PNMT activity and adrenaline levels immediately after the last SBP 

recording showed that although similar decreases in PNMT activity were found in adrenal 

and brain, adrenaline levels were reduced to a lesser extent in adrenal (Saavedra 1979). 

A study of the effect of chronic oral administration of various doses of SKF 64139 showed 

that the endogenous adrenaline pool decreased significantly when doses of 100 to 200 

mg/kg/day were administered for 7 days (Pendleton et al. 1976a, Pendleton et al. 1980). 
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Moreover, chronic treatment of rats with SKF 64139 given orally at 50 and 200 mg/kg/day 

for 7 days was shown to result in reduced 24-hour urine adrenaline excretion under 

circumstances where adrenaline release from the adrenal medulla was being stimulated 

(Pendleton et al. 1977). These data suggest that, in the present study, after 1 week of PNMT 

inhibition, less adrenaline may be released from the adrenal medulla in response to the stress 

incurred by the intraperitoneal injections. Therefore, the tendency for PNMT inhibitor 

administration to attenuate, toward the end of the one-week treatment period, the injection-

induced increase in SEP, that was not observed within 3 days of PNMT inhibition, is 

probably due to the long-term depletion of adrenal adrenaline. 

The fact that comparable patterns of HR and SEP responses were observed in low-protein 

and 18% control offspring after 3 and 7 days of treatment with the PNMT inhibitor SKF 

64139 therefore suggests that the central adrenergic neurones involved in cardiovascular 

control may not be hyperactive in offspring that had been exposed to a maternal low-protein 

diet compared with offspring exposed to an 18% control protein diet. Similar observations 

have been made in the two-kidney renal hypertensive rats, in which intravenous 

administration of the centrally and peripherally acting PNMT inhibitor SKF 64139 did not 

lower the blood pressure below that of control animals, suggesting that overactivity of the 

central adrenergic system is not of major importance in this model of hypertension (Black et 

al. 1981). 

The fact that comparable patterns of HR and SEP responses were observed in low-protein 

and 18% control offspring after 7 days of treatment with the PNMT inhibitor SKF 64139 also 

suggests that adrenal PNMT enzyme may not be hyperactive in offspring that had been 

exposed to a maternal low-protein diet compared with offspring exposed to an 18% control 

protein diet. 

These results do not support the hypothesis suggesting that maternal low-protein feeding 

during gestation may programme raised PNMT, leading to increased blood pressure in the 

resulting offspring. 

In the preceding chapter, adrenal PNMT mRNA levels tended to be lower in the 8 week-old 

female offspring that had been exposed to a low-protein diet in utero compared with the 18% 

control female offspring. There are several pieces of evidence showing that adrenal PNMT 

mRNA, PNMT protein and enzyme activity are not co-ordinately regulated (Wong et al. 

1992a, 1993, 1995), suggesting that levels of adrenal PNMT mRNA may not be followed by 
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similar levels of enzyme activity. The present study found a slight dissociation between 

PNMT mRNA expression and enzyme activity levels. Retrospective analysis revealed that 

adrenal PNMT activity was similar between the low-protein and the 18% control offspring at 

8 weeks of age, when the treatment was initiated. A similar level of adrenal PNMT activity 

between the two dietary groups is consistent with the equal effectiveness of the PNMT 

inhibitor on SEP in the low-protein and the control groups. 

Although PNMT activity has not been measured in the brainstem, it would appear, on the 

basis of the equal effectiveness of the PNMT inhibitor at lowering HR and SEP in both 

dietary groups, that central PNMT-containing adrenergic neurones that are involved in 

cardiovascular control might not be influenced by prenatal exposure to the low-protein diet. 

Similarly, non-adrenal peripheral PNMT does not seem to be involved in the programming of 

increased SEP by maternal protein restriction as PNMT inhibition did not result in a greater 

fall in SEP in the low-protein offspring compared with the 18% control offspring. Elevated 

non-adrenal peripheral PNMT activities have been shown to be involved in glucocorticoid-

induced hypertension. Indeed, PNMT inhibitors given i.p. for one week (twice daily at 50 

mg/kg) were shown to return the SEP of adrenalectomized rats with glucocorticoid-induced 

hypertension to normal levels. Since both the centrally and peripherally acting PNMT 

inhibitor SKF 64139 and the peripherally only acting PNMT inhibitor SKF 29661 were 

shown to exert an antihypertensive action, it was suggested that the inhibition of non-adrenal 

peripheral PNMT played a role in the antihypertensive action of the PNMT inhibitors 

(Kennedy et al. 1993c). 

Although PNMT may not contribute to the elevated SEP of fetal origin in 8 week-old 

offspring, this enzyme may be imphcated at other stages of postnatal life. In SHR, central and 

peripheral PNMT activity levels vary with age, even after 4 weeks of age when their blood 

pressure begins to rise. In the adrenal medulla of the SHR, adrenaline synthesis may be 

decreased rather than increased at early stages in the development of hypertension, and 

changes in adulthood. Thus, adrenal PNMT activity was reported to be decreased in SHR 

aged 2, 4 and 8 weeks compared with their age-matched WKY controls, while adrenal PNMT 

activity was found to be similar between SHR and WKY at 14 weeks of age (Grobecker et al. 

1975, Grobecker et al. 1982). In contrast, central PNMT activity was found to be increased in 

young, but not in adult SHR. Indeed, PNMT activity in the Ci and Ci regions of 4 week-old 

SHR was reported to be markedly elevated as compared with WKY, while activity was 

comparable between SHR and WKY at 14 weeks and 4 months of age (Saavedra et al. 1976, 
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Saavedra 1979, Chalmers et al. 1984). These observations suggest that the programming 

effect of prenatal exposure to the low-protein diet on PNMT may be related to the age of the 

offspring, and that although PNMT may apparently not be involved in the increased blood 

pressure of the low-protein offspring at 8 weeks of age, PNMT may be implicated at earlier 

or later stages. 

The slight lowering of blood pressure increase from baseline to 1 week elicited by PNMT 

inhibition was found in the female but not in the male (among the group of 51 offspring). The 

PNMT inhibitor may have been more efficient in the females because at baseline females 

assigned the PNMT inhibitor displayed higher SBP than females assigned the vehicle, as 

opposed to the males whose SBP was comparable in both treatment groups. The gender 

specificity in the blood pressure lowering effect of the PNMT inhibitor is unlikely to be 

explained by gender differences in adrenal PNMT activity levels since adrenal PNMT 

activity was similar between male and female offspring at 8 weeks of age. 

There is evidence for gender differences in sympatho-adrenal function. The adrenal 

medullary content of adrenaline is less in female than in male rats (Lange et al. 1998). 

Sympathetic activation of the adrenal medulla results in attenuated adrenaline release in 

females compared with males (Hinojosa-Laborde et al. 1999). Despite these differences, SBP 

increase in response to the stress of the injections was comparable between males and 

females. Therefore, the SBP response to a given amount of adrenaline released from the 

adrenal medulla may be greater in females than males. This would explain why PNMT 

inhibition resulted in a greater attenuation of SBP in the females. The gender difference in the 

response to PNMT inhibition may occur in the post-junctional response to adrenaline or to 

differences in vascular receptor number. Previous studies have reported a greater ccz-

adrenoceptor-mediated vasoconstriction in male rat arteries as compared with females (Chen 

et al. 1999), which is, however, not in agreement with the hypothesis of a greater vascular 

reactivity in the females. 

5.4.8 - Long-term effects of the PNMT inhibitor on SBP and HR 

Not only did the current experiment aim at determining whether chronic PNMT inhibition 

could result in more marked SBP reduction in the low-protein offspring compared with the 

18% controls during the treatment period, it also aimed at investigating whether depletion of 
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adrenaline stores could have more pronounced prolonged effects on SEP in the low-protein 

than in the 18% offspring after cessation of the treatment. 

5.4.8.1 - Effects of the PNMT inhibitor on SBP and HR 3 weeks post-cessation of the 
treatment 

The administration of the PNMT inhibitor for 1 week to the two dietary groups of offspring, 

between 8 and 9 weeks of age, tended to exert a prolonged SBP lowering effect specifically 

in the offspring that had been exposed to the maternal low-protein diet, and more markedly 

so in the low-protein female offspring. The PNMT inhibitor, however, exerted no effect on 

HR beyond the treatment period. Thus, 3 weeks post-cessation of treatment, low-protein 

female offspring had similar SBP to the 18% control females, suggesting that the maternal 

diet effect on SBP had been abolished by earlier PNMT inhibition. 

The long-lasting effect of the PNMT inhibitor may reflect either direct or indirect 

consequences of the depletion of adrenaline. 

The slight long-term blood pressure lowering effect of the PNMT inhibitor observed in the 

low-protein female offspring may be related to adrenal PNMT activity levels measured at the 

end of the treatment. The purpose of measuring PNMT activity at the end of the treatment 

period was originally to determine the extent to which PNMT enzyme activity had been 

reduced. However, due to the purpose of the experiment, animals were not sacrificed 

immediately after the last administration of the PNMT inhibitor. Blood pressures were 

recorded on the morning following the last injection, and animals were sacrificed on the 

morning after. Measures of PNMT enzyme activity showed that a tolerance to the adrenaline 

lowering effect of the PNMT inhibitor might have occurred. Thus, PNMT activity was 

increased in the adrenal glands of offspring that had been administered the PNMT inhibitor 

for 1 week. This is consistent with previous findings reporting that adrenal PNMT specific 

activity was increased after 8 days of chronic oral administration of the PNMT inhibitor SKF 

64139 at 200 mg/kg/day (Pendleton et al. 1976b). This up-regulation of PNMT activity may 

have been triggered by low adrenal adrenaline content, in order to compensate for PNMT 

inhibition and allow adrenaline synthesis in sufficient amount. Indeed, both granular and 

extra granular levels of adrenaline were reported to be decreased after 8 days of oral 

administration of the PNMT inhibitor SKF 64139 at 200 mg/kg/day (Pendleton et al. 1976b), 
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and cytosolic levels of adrenaline have been suggested to modulate PNMT activity (Burke et 

al. 1983) and PNMT mRNA (Stachowiak et al. 1990a). 

Both PNMT specific activity and total enzyme activity per adrenal gland were elevated. The 

effect was more striking when enzyme activity was expressed as adrenaline formation per 

adrenal gland, suggesting that chronic administration of the PNMT inhibitor may have led to 

compensatory increase in PNMT enzyme. 

Interestingly, the low-protein female offspring did not display the putative "tolerance 

phenomenon". The administration of the PNMT inhibitor for 1 week significantly increased 

adrenal PNMT activity in the 18% control female offspring, as well as in both dietary groups 

in the males, but not in the low-protein females. This putative inability of the low-protein 

female offspring to up-regulate adrenal PNMT activity compared with the 18% control 

female offspring may be related to their tendency to express lower adrenal PNMT mRNA 

levels, which was discussed in the preceding chapter. 

The long-term blood pressure lowering effect of the PNMT inhibitor observed in the low-

protein females may be related to their failure to up-regulate PNMT activity in the manner 

described above. Studies have shown that the compensatory increase in adrenal PNMT 

activity following chronic administration of the PNMT inhibitor SKF 64139 was, after an 

initial decrease in adrenaline content, temporally correlated with the return of adrenaline 

levels toward control levels during the PNMT inhibitor administration period (Pendleton et 

al. 1976b), suggesting that, due to their putative "non tolerance" to PNMT inhibition, low-

protein female offspring may replenish their adrenaline pool more slowly than the 18% 

female offspring, leading to a more sustained depletion of the adrenal adrenaline pool. 

Therefore, the low-protein females that received the PNMT inhibitor may, beyond the 

treatment period, release less adrenaline from the adrenal medulla, both in the basal state and 

in response to stimulation of the splanchnic nerve, which may impact on their SBP. 

It has been suggested that transient increases in adrenaline secretion from the adrenal medulla 

could lead to a prolonged enhanced sympathetic activity (Brown & Macquin 1981). A 

fraction of adrenaline released from the adrenal medulla is thought to be taken up in the 

sympathetic nerve endings and subsequently stored in the noradrenaline-containing secreting 

vesicles. When sympathetic nerve stimulation occurs, adrenaline may thus be released 

together with noradrenaline in the synaptic cleft and act on presynaptic Pi-adrenoreceptors to 
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facilitate noradrenaline release from the sympathetic nerve endings, resulting in an elevation 

of sympathetic activity (Brown & Macquin 1981). It is believed that even when plasma 

adrenaline concentrations are no longer high, co-released adrenaline may still be able to 

cause activation of prejunctional (32-adrenoceptors, leading to a sustained elevation of 

sympathetic activity (Blankestijn et al. 1988). 

This mechanism may explain the prolonged blood pressure lowering effect of transient 

PNMT inhibition. It is tempting to speculate that, in the low-protein female offspring, 

putative decreased adrenaline release from the adrenal medulla may lower the amount of 

adrenaline taken up and stored in the sympathetic nerve endings, resulting in an attenuation 

of the facilitatory effect of adrenaline on noradrenaline release, thus in a sustained attenuation 

of sympathetic activity. 

However, the proportion of offspring (n = 26) culled at the end of the treatment period, 

among which adrenal PNMT activity was determined, may not be representative of the whole 

group of offspring. In this subgroup of 26 offspring, the patterns of SEP and HR observed 

during the treatment period were dissimilar to that observed in the offspring (n = 51) that 

were followed up after cessation of the treatment. Thus, the PNMT inhibitor was not 

significantly effective at lowering either HR or SEP in the 26 offspring, in contrast to its 

marked effect on HR and slight effect on SEP in the 51 offspring. This difference could be 

assigned to the lower number of offspring. However, it suggests that enzyme activity may not 

reflect what happened in the 51 offspring, in that the long-term blood pressure lowering 

effect of the PNMT inhibitor may not be related to the patterns of adrenal PNMT activity 

observed at the end of the treatment. 

The slight prolonged blood pressure lowering effect of the PNMT inhibitor may, on the other 

hand, reflect an indirect consequence of central PNMT inhibition. It has been demonstrated 

that, in the Ci area of the RVLM, a population of PNMT-containing neurones projecting to 

the hypothalamus is mixed in with the PNMT-containing neurones projecting to the spinal 

cord (Tucker et al. 1987), suggesting that neurophysiological changes within the RVLM may 

not only affect sympathetic activity via sympathetic preganglionic neurones, but may also 

affect the secretion of glucocorticoids via the release of corticotropin-releasing hormone 

(CRH). In support of this hypothesis, conscious, unrestrained dogs were shown to display, 

10-15 days after partial, unilateral lesion of the RVLM, reduced plasma adrenaline. 
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noradrenaline and Cortisol levels compared with prelesion levels, concomitantly with the 

reduction of resting arterial pressure and total peripheral resistance (Stith & Dormer 1994). 

Administration of the PNMT inhibitor SKF 64139 (100 mg/kg, i.p.) to male rats decreased 

hypothalamic levels of adrenaline and CRH, lowered plasma levels of ACTH and attenuated 

the ether stress-induced increase in plasma ACTH. All of these effects were not observed 

with a peripherally only active PNMT inhibitor (Spinedi et al. 1988). Therefore, central 

PNMT inhibition may attenuate basal and intraperitoneal injection-induced secretion of 

glucocorticoids, which may exert long-term effects on SEP. 

Moreover, using a combination of transneuronal viral tracing method and neurotransmitter 

immunohistochemistry, authors have found virally infected PNMT neurones in the RVLM 

after injection of pseudorabies virus into the left kidney (Huang & Weiss 1999), suggesting 

that adrenergic neurones of the RVLM may regulate the sympathetic outflow to the kidney 

and thus contribute to regulation of renal functions. Therefore, central PNMT inhibition may 

decrease sodium reabsorption from the renal tubules and renin secretion from the 

juxtaglomerular cells, both of which may have a long-term effect on SEP. 

The regulatory pathways originating in the RVLM and innervating the kidneys may be 

hyperactive specifically in the low-protein female offspring, resulting in an increased renin 

release and, therefore, angiotensin II and aldosterone formation. Inhibition of this pathway 

may explain the slight long-term SEP reducing effect of the PNMT inhibitor. 

Consistent with this hypothesis is the fact that inhibition of the renin-angiotensin system has 

previously been shown to abolish the increase in blood pressure that is associated with the 

maternal low-protein feeding. Thus, treatment of female offspring from dams fed a low-

protein diet (9%) throughout gestation with an ACE inhibitor from 10 to 12 weeks of age was 

shown to bring their SEP back to normal (Sherman & Langley-Evans 1998). Administration 

of an ACE inhibitor to low-protein exposed female offspring for 18 days beginning at 23 

weeks of age was found to lower their SEP to the level of 18%-exposed female offspring 

after 3 days of treatment. This antihypertensive effect was reported to last for 3 weeks after 

the withdrawal of the drug, while elevated SEP was regained 7-8 weeks after the cessation of 

the treatment (Langley-Evans & Jackson 1995). 
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5.4.8.2 - Effects of the PNMT inhibitor on SBP and HR 7 weeks post-cessation of the 
treatment 

The long-lasting effect of the PNMT inhibitor on SBP was not permanent since 7 weeks after 

the end of the treatment, female offspring from dams fed a low-protein diet during gestation 

had again increased SBP compared with female offspring from dams fed an 18% maternal 

protein diet. 

In contrast to the lack of effect of the maternal protein diet on the offspring adrenal PNMT 

activity at 8 weeks of age, prenatal exposure to different maternal protein diets was found to 

influence adrenal PNMT activity at 16 weeks of age. Male and female offspring from dams 

fed a low-protein diet during gestation administered the vehicle from 8 to 9 weeks of age 

displayed higher adrenal PNMT activity at 16 weeks of age than offspring from dams fed an 

18% protein diet during gestation given the similar treatment. However, caution must be 

taken when interpreting this result as PNMT activity was significantly increased only when 

expressed per total adrenal gland, which probably reflects the tendency for the total adrenal 

protein content to be greater in the low-protein female offspring at 16 weeks of age. 

Increased total adrenal protein content may have been due to an increase in the adrenal cortex 

rather than medulla size. 

Contrary to levels of PNMT activity determined two days following the end of the treatment, 

those measured 7 weeks post-cessation of treatment were similar among the 18% control 

offspring irrespective of whether they had been administered the PNMT inhibitor or the 

vehicle. However, among the low-protein offspring, adrenal PNMT activity at 16 weeks of 

age (i.e. 7 weeks post-cessation of treatment) was found to be dependent on the treatment 

experienced between 8 and 9 weeks of age. Interestingly, low-protein offspring that had been 

administered the PNMT inhibitor did not demonstrate the increase in PNMT activity 

observed in the low-protein offspring that had been given the vehicle and had, by 16 weeks 

of age, similar adrenal PNMT activity to the 18% control offspring. This suggests that the 

transient PNMT inhibition may have prevented a putative increase in adrenal PNMT activity 

occurring from 8 to 16 weeks of age in response to fetal exposure to maternal protein 

restriction during pregnancy. 
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This long-term effect of PNMT inhibition on adrenal PNMT activity was, however, not 

followed by a long-term effect on SBP 7 weeks post-cessation of treatment. Therefore, the 

proposed mechanism described earlier, by which the long-term SBP lowering effect of the 

PNMT inhibitor observed in the low-protein females 3 weeks after the withdrawal of the 

treatment was suggested to be related to their non-compensatory increase in adrenal PNMT 

activity, may not persist. Otherwise, lower adrenal PNMT activity observed in the 16 week-

old low-protein offspring that had been administered the PNMT inhibitor would still be 

linked to attenuated SBP increase. On the other hand, it could well be that, by the time the 

PNMT inhibitor was administered (8 weeks of age), secondary structural changes, including 

cardiovascular hypertrophy, had occurred, which had rendered the increase in SBP associated 

with exposure to maternal low-protein diet irreversible. The slight SBP lowering effect of the 

PNMT inhibitor observed 3 weeks post-cessation of treatment in the low-protein female 

offspring, possibly linked to their inabihty to up-regulate adrenal PNMT activity in response 

to adrenaline depletion, was not sustained thereafter despite prolonged attenuation of PNMT 

activity, which may indicate that other regulatory mechanisms are activated to bring their 

SBP back to their set higher level. 

Previous studies have suggested that elevated SBP programmed by maternal low-protein 

feeding during gestation could be permanently reversed by pharmacological and nutritional 

interventions in early postnatal life, whereas interventions in later life only resulted in 

transient SBP reduction. Thus, offspring from dams fed a low-protein diet (9%) during 

gestation treated with an ACE inhibitor or an angiotensin II receptor antagonist between 2 

and 4 weeks of age were shown to have, by 12 weeks of age, reduced SBP compared with 

non treated low-protein exposed offspring and similar SBP to 18% protein-exposed offspring, 

suggesting that inhibition of angiotensin II action in early life prevented the SBP elevation 

associated with fetal exposure to a maternal low-protein diet (Sherman & Langley-Evans 

1998, 2000). The raised SBP of 4 week-old offspring from dams fed a low-protein diet (9%) 

for 2 weeks prior to and throughout pregnancy was shown to disappear when animals were 

weaned onto either high-fat or high-protein diets, while it was maintained when offspring 

were given either a standard laboratory chow or high-carbohydrate diet (Pickard et al. 1996). 

Conversely, as described above, low-protein exposed female offspring administered an ACE 

inhibitor at 23 weeks of age were found to lower their SBP up until 3 weeks after the 

withdrawal of the drug, while by 7-8 weeks post-cessation of treatment, elevated SBP had 

returned (Langley-Evans & Jackson 1995). It would thus appear that by 8 weeks of age 
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increased SEP is firmly established in the low-protein offspring and that drug treatments 

would only have temporary reversible effects. Critical windows in which a transient 

treatment would permanently attenuate the SEP increase associated with exposure to 

maternal low-protein diet may be restricted to early life (Harraps 1998). 

5.4.9 - Summary 

Administration of the PNMT inhibitor SKF 64139 to 8 week-old rats lowered HR with the 

same efficiency in offspring that had been exposed to a low-protein diet during pregnancy 

compared with the effects exerted in the 18% protein exposed offspring, suggesting that 

central adrenergic neurones involved in cardiac control may not be hyperactive in the low-

protein offspring. Administration of the PNMT inhibitor to 8 week-old rats tended to 

attenuate, after 1 week of treatment, the time-related increase in SEP compared with the 

effects of the vehicle. The SEP lowering effect of the PNMT inhibitor after 1 week of 

treatment was of the same magnitude in the low-protein as in the control group, suggesting 

that adrenal PNMT activity may not play a role in the programmed increase in SEP 

associated with maternal low-protein feeding, in offspring at this age. 

The PNMT inhibitor also tended to exert a long-lasting effect post-cessation of treatment, 

specifically in the low-protein offspring. This suggests that the sympatho-adrenal system may 

play a functional role in bringing about persistent hypertension seen in later life in offspring, 

particularly the females that had been exposed to mild protein restriction during gestation. 

This effect may be mediated by indirect mechanisms and may reflect the connections 

between central adrenergic neurones and other cardiovascular control systems, such as the 

renin-angiotensin system (RAS). It is hypothesised that maternal protein restriction may 

programme increased activity of the adrenergic neurones innervating the kidney, specifically 

in the females. 

This study also revealed that offspring exposed to a low-protein diet during gestation might 

have an impaired ability to up-regulate adrenal PNMT activity in situations when adrenal 

adrenaline levels are depleted. 

Finally, this study revealed that maternal protein restriction appears to programme altered 

vagal control of the heart. Altered vagal control of the heart has been documented in human 

hypertension. The consequences of this are unknown. 
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The study presented some limitations. First, the method of blood pressure measurement used 

did not allow a continuous monitoring, therefore a possible difference in the SBP lowering 

effect of the PNMT inhibitor between the two dietary groups may have been missed. Second, 

the experiment did not allow distinguishing the SBP lowering effects due to central PNMT 

inhibition from those due to peripheral inhibition, because the PNMT inhibitor was not 

specific. Moreover, measurements of adrenal PNMT activity in vitro may not accurately 

represent levels of PNMT activity in vivo. Central and non-adrenal PNMT activities were not 

determined, neither were tissue adrenaline levels. Therefore, the sites of action were deduced 

from the reported effects of chronic PNMT inhibition on tissue adrenaline content, and 

cannot be considered to be firm or conclusive. Finally, the random allocation of the females 

to the different treatments did not result in equivalent blood pressure in the different groups. 

At baseline, females assigned the PNMT inhibitor had higher SBP than females assigned the 

vehicle, and this may have resulted in a greater SBP lowering effect of the PNMT inhibitor in 

the females. 
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CHAPTER 6 

GENERAL DISCUSSION AND FUTURE DIRECTIONS 

6.1 - ANIMAL MODELS AND PROGRAMMING OF HYPERTENSION 

The "fetal origins of adult disease" hypothesis suggests that undernutrition during gestation, 

manifest in slow growth and consequent low birth weight, programmes the fetus for high 

blood pressure, insulin resistance and coronary heart disease in later life. The associations 

found in different human populations between low weight and/or disproportionate body 

measurements at birth and increased incidence of diseases in adulthood constitute the basis of 

this hypothesis 

Animal models, in which maternal dietary restriction replicates the features observed in 

epidemiological studies, i.e. hypertension and reduced birth weight, have confirmed the 

biological plausibihty of the hypothesis. Varying degrees of global reduction in maternal 

nutrition and isocaloric low-protein manipulation have been used in different species such as 

the rat and sheep. Animal models allow elucidation of the mechanisms by which 

programming may occur, in particular the biochemical and molecular biological mechanisms, 

aspects that cannot ethically be considered in the patient (Bertram & Hanson 2001). Animal 

models also allow test of potential treatments that could reverse the programming effect. 

They present, however, some limitations. 

6.1.1 - Role of the sympatho adrenal system in the programming of hypertension by 
mild protein restriction during gestation 

Studies using animal models of fetal programming to elucidate the mechanisms that link 

maternal nutrition with later hypertension have focused on the hypothalamic-pituitary-

adrenal axis (HPA) and renin-angiotensin system (RAS). They have found evidence that 

programming of altered HP A axis and RAS activities contribute to the elevation of adult 

offspring SEP that is associated with maternal low-protein feeding in the rat and global 

maternal undernutrition in the sheep (Langley-Evans et al. 1998, 1999, Hoet & Hanson 

1999). There may be other potential mechanisms. 

In the human population, hypertension is a multifactorial disease. Sympathetic nervous and 

sympatho-adrenomedullary activities are elevated in a proportion of hypertensive patients 
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(Esler 1993). Increased sympathetic activity may be programmed in utero, possibly as a 

result of a poor maternal nutrition during gestation, as suggested by an inverse correlation 

found in humans between birth weight and pulse rate in adulthood (Phillips & Barker 1997). 

The impact of fetal growth restriction on the development of the SAS has been investigated 

in the placental restriction model of intrauterine growth retardation in the sheep, which 

involves the removal of placental implantation sites in non-pregnant ewes before mating. 

Thus, sheep fetuses may adapt to placental growth restriction by increasing sympathetic 

innervation of specific fetal tissues in late gestation, as indicated by increased plasma 

concentration of noradrenaline (Simonetta et al. 1997), and by decreasing the potential 

capacity of the fetal adrenal medulla to synthesise and secrete adrenaline from at least mid-

gestation, as indicated by suppression of the adrenaline-synthesising enzyme PNMT 

immunoreactivity and mRNA expression (Coulter et al. 1998, Adams et al. 1998). 

This model may not mimic the specific effects of maternal undernutrition as placental 

restriction results in both fetal hypoglycaemia and hypoxemia. For instance, expression of 

PNMT mRNA in the adrenal medulla of placentally restricted fetuses was directly correlated 

with the mean gestational fetal arterial pOz (Adams et al. 1998). In addition, whether the 

changes in the SAS may participate in fetal cardiovascular adaptations to growth restriction 

and whether they may persist postnatally remain unclear. 

The present study is the first to investigate the impact of maternal protein restriction during 

gestation on the offspring's SAS and the potential role of the SAS in the programming of 

hypertension. 

6.1.1.1 - Conclusions drawn from the present study and suggested further work 

The results did not support the hypothesis suggesting that the putative excess glucocorticoids 

reaching the fetuses when mothers are fed the low-protein diet may up-regulate the gene 

expression of glucocoiticoid-sensitive catecholamine synthesising enzymes and initiate 

hypertension. Indeed, analysis of mRNA levels coding for adrenal TH and PNMT revealed 

no statistical differences between the two dietary groups in early life. 

While gene expression was investigated as a putative programming event, protein expression 

was examined as a putative indicator of adrenergic physiological function. Adrenal PNMT 
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activity was unaltered in 8 week-old offspring. PNMT protein expression was unchanged in 4 

week-old offspring. Adrenal TH protein levels were similarly unaltered in 4 and 8 week-old 

offspring. This suggested that the potential capacity for adrenal catecholamine synthesis in 

early postnatal life may be unaffected by the prenatal diet. However, given the non-

correlation between PNMT mRNA, protein levels and enzyme activity, this conclusion 

remains uncertain. 

Further studies would be required to determine the impact of feeding pregnant rats a low-

protein diet on the ability of their offspring's adrenal gland to synthesise and release 

adrenaline at different postnatal ages. This would not only include analysis of adrenal PNMT 

activity, but also analysis of adrenal adrenaline synthesis and release as well as plasma 

adrenaline levels. The rate of adrenal noradrenaline and adrenaline synthesis can be 

determined by measurement of the rate of ^"^C-labelled catecholamines after administration of 

the precursor '"'C-tyrosine. Adrenal catecholamine release can be evaluated by measurement 

of the decline in adrenal catecholamine content following pre-treatment with an inhibitor of 

tyrosine hydroxylase. Alternatively, adrenal adrenaline release can be measured by the 

isotope dilution technique. 

Whether one of the mechanisms responsible for the increased SBP that is associated with 

maternal low-protein feeding may involve an excess synthesis and/or effect of 

catecholamines was investigated further by administrating an inhibitor of adrenaline 

synthesis to 8 week-old offspring. The experimental protocol had some limitations. The 

effect on blood pressure and heart rate of handling, injecting the drug and monitoring blood 

pressure was quite dramatic. The cardiovascular effects of the PNMT inhibitor thus observed 

may not be representative of its effects in resting conditions. In addition, the tail-cuff 

procedure allowed only single point measurements, therefore differences in SBP between the 

two groups of offspring at time-points other than those when SBP were recorded, either 

during the course of the treatment or after, may have been missed. Telemetry (small implants 

capable of measuring SBP directly and relaying this information by radio waves), by 

eliminating the stress inherent in the tail-cuff method of monitoring blood pressure and 

allowing the continuous long-term monitoring of cardiovascular parameters would have been 

a better approach. Another limitation resided in the fact that the PNMT inhibitor was not 

selective, which rendered the interpretation as to whether the effects were peripherally or 

centrally-mediated uncertain. 
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The PNMT inhibitor attenuated the injection-related increase in blood pressure and heart rate 

after 1 week of administration, with the same efficiency in the prenatally restricted and 

control offspring. It was concluded that the mother's protein intake might have no significant 

impact on the SB? modulatory effect of adrenaline, either in the adrenal medulla or 

adrenergic neurones involved in cardiovascular control, in offspring aged 8 weeks. 

Based on the hypothesis that offspring exposed to prenatal protein restriction may exhibit 

higher levels of PNMT activity, the use of the PNMT inhibitor was aimed at evaluating the 

role of PNMT activity in the maintenance of elevated SBP. The timing for its administration 

(8 weeks postnatally) was determined by chance. It would have been more judicious to 

measure levels of adrenal and central PNMT activity beforehand and administer the PNMT 

inhibitor at a developmental stage when low-protein offspring displayed an increased PNMT 

activity compared with the controls. Instead, adrenal PNMT activity was measured 

retrospectively and, due to a lack of skills for dissecting out the medulla oblongata, PNMT 

activity in the brainstem region implicated in cardiovascular and blood pressure regulation 

was not determined in this study. 

The SBP effects of the PNMT inhibitor were also measured several weeks after withdrawal 

of the treatment to evaluate whether a transient administration of the drug could have more 

prolonged effects in the low-protein offspring compared with the control offspring. 

Interestingly, offspring bom to dams fed a low-protein diet throughout gestation displayed, 

up to 3 weeks following cessation of the PNMT inhibitor administration, a prolonged 

attenuation in the time-related increase in SBP, which was not observed in offspring from 

dams fed an 18% control protein diet. Possible explanations for this effect involve 

hyperactivity, in the 8 week-old low-protein offspring, of adrenergic neurones that originate 

in the RVLM and innervate the hypothalamus and/or the kidneys. Inhibition of adrenaline 

synthesis in these neurones may have resulted in a greater inhibition of CRH secretion and/or 

reduction in renal sodium reabsorption in the low-protein offspring compared with the 

controls, both of which could account, in part, for the long-term effect of the PNMT inhibitor 

on blood pressure. 

Whether low-protein offspring may exhibit an altered PNMT activity specifically in central 

adrenergic neurones projecting to the kidneys, which may modify the reabsorption of sodium 

or renin secretion, requires further investigations. Similarly, whether low-protein offspring 

may exhibit an altered PNMT activity specifically in central adrenergic neurones projecting 
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to the hypothalamus, which may modify CRH secretion, also requires further investigations 

and could be tested by evaluating the effects of a more specific (centrally-acting) PNMT 

inhibitor on SEP with concomitant measurements of hypothalamic adrenaline and CRH 

levels. 

Later in life (16 weeks of age), the potential capacity for adrenal catecholamine synthesis 

may, in contrast to early postnatal life, be greater in the low-protein offspring, as indicated by 

elevated TH mRNA expression. PNMT activity was also elevated at 16 weeks of age, when 

expressed relative to the total adrenal protein content, and further studies would be required 

to determine whether or not it reflected an increased volume of the adrenal medulla. 

The putative greater adrenal catecholamine synthesis and release may participate in the 

maintenance of elevated offspring SEP. This hypothesis could be tested by evaluating the 

SEP effects of peripherally acting TH or PNMT inhibitor administration at this age. 

This study has highlighted some potential functional alterations that would require further 

investigations. There was in fact a tendency toward decreased adrenal PNMT gene 

expression in early postnatal life following exposure to low-protein diet in utero, which, due 

to the large variability of PNMT mRNA expression between animals and the relatively small 

number of animals studied, did not reach statistical significance. Further studies using a 

greater number of animals would be required to determine whether the tendency for adrenal 

PNMT mRNA to be decreased in early postnatal life in the low-protein offspring is 

reproducible. 

This potential defect may not necessarily affect plasma adrenaline concentrations under basal 

conditions, but may limit the release of adrenaline in response to stressors. The present study 

may have illustrated the existence of such a dysfunction. Exposure to stressors is documented 

to trigger the release of adrenaline from the adrenal medulla with concomitant augmentation 

of PNMT enzyme activity and mRNA expression levels to replenish the stores. Whilst 

PNMT activity was up regulated in the 18% control offspring after chronic adrenaline 

depletion caused by PNMT inhibition, the phenomenon did not occur in the low-protein 

offspring. This suggests that less adrenaline may be available for release in the face of 

subsequent stimuli. 

Whether exposure to maternal low-protein diet may impair the capacity of the offspring's 

adrenal gland to synthesise and release adrenaline in response to stressors requires further 

investigations and could be tested by exposing the animals to stimuli such as cold or hypoxia 
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with concomitant measurements of plasma adrenaline, adrenal catecholamine synthesis and 

release, PNMT activity and gene expression. 

Altered release of adrenaline from the adrenal medulla in situations created by external or 

internal stimuli would be detrimental, as it would alter the maintenance of cardiovascular and 

metabolic homeostasis. This may be particularly important at birth, when the release of 

adrenaline by the adrenal medulla provides a variety of physiological signals that contribute 

to the adaptation of the organism to extrauterine life. Increased perinatal mortality has not 

been reported in the low-protein offspring. However, it could be speculated that a modest 

decrease in adrenal adrenaline release at birth following exposure to maternal protein 

restriction may have long-term consequences on the cardiovascular system. 

The present study has suggested that, in response to maternal protein restriction during 

gestation, offspring may display a decreased adrenomedullary activity in early postnatal life, 

possibly up to 12 weeks of age, and that this may be reversed later toward an increased 

adrenomedullary activity, possibly from 16 weeks of age. It would be interesting to find out 

what could be the triggering mechanism for such a reversal. 

Elevated TH mRNA and increased PNMT activity at 16 weeks of age could be the 

consequences of an increased splanchnic nerve-firing rate to the adrenal medulla and/or 

increased glucocorticoid hormone action. The heavier adrenal weight observed in the low-

protein female offspring suggests that increased ACTH action may occur at that stage of 

development. 

6.1.1.2 - Further investigations 

The present study has only investigated one aspect of the SAS activity. The physiological 

functions of catecholamines depend not only on their rate of synthesis and release from the 

adrenal medulla and sympathetic nerve terminals but also on their metabolism, number and 

type of adrenergic receptors on specific target tissues and post-receptor signal transduction 

pathways. 

There is evidence that intrauterine growth retardation induced by uterine artery ligation in the 

rat is associated with an impaired sympathetic nervous system activity at birth and in 

adulthood (Shaul et al. 1989, Jansson & Lambert 1999), and that maternal dietary restriction 

in the rat may programme altered vascular sensitivity to adrenergic stimulation (Ozaki et al. 

2001). 
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It would particularly be interesting to study whether prenatal protein restriction may 

influence the offspring's sympathetic activity and whether programming of increased 

sympathetic activity may be a mechanism by which increased offspring SEP may occur. 

Overall sympathetic nervous system activity can be assessed by a method based on 

noradrenaline isotope dilution to plasma, which measures the rate of spillover of NA from 

sympathetic nerves to plasma (Esler et al. 1988). Regional sympathetic activity can be 

evaluated in animals by measurement of noradrenaline turnover in the neurones innervating 

the different tissues. This can be achieved by either following the fall in tissue NA specific 

activity after prior administration of [^H]-NA, or by following the decline in unlabelled NA 

tissue content after prior administration of an inhibitor of tyrosine hydroxylase (Esler et al. 

1988). 

SBP responses to pharmacological ganglionic blockade could be used to evaluate whether 

sympathetic nervous activity contributes to a greater extent to SBP levels in the low-protein 

offspring as compared with the controls. 

6.1.2 - Blood pressure measurement 

The validity of the large elevations in blood pressure observed, using the tail-cuff procedure, 

in offspring of dams fed the low-protein diet (9% casein) compared with offspring of dams 

fed a control (18%) protein diet during pregnancy has been questioned, on the basis that 

blood pressure measurements were obtained while the rats were under restraint and heat 

stress conditions (Tonkiss et al. 1998). 

The restraint procedure has been shown to cause an increase in pressure. Thus, measurement 

of SBP using telemetry while rats were both restrained in the plastic tubes and heated in the 

normal manner for tail-cuff SBP recordings, and unrestrained, in their home-cage 

environment, indicated that when the animals were restrained, the resulting figures were 

significantly higher (Irvine et al. 1998). 

It has been suggested that the magnitude of the elevation in SBP caused by the restraint 

procedure may be different between the two dietary groups. Using telemetry to measure 

blood pressure under non-stress conditions, significant elevations in diastolic blood pressure 

(DBP) levels during the dark (wakeful) phase were revealed in offspring of rat dams exposed 

to a low-protein diet (6% casein) during gestation as compared with offspring from dams fed 

a control protein diet, but no significant differences in SBP were found. During the light 

(sleep) phase, the prenatally protein deprived rats exhibited a greater elevation of SBP and 
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DBP than control offspring in response to an olfactory stress (exposure to ammonia) (Tonkiss 

et al. 1998). It was concluded that the large SBP differences observed between offspring of 

protein-restricted and offspring of control dams using the tail-cuff procedure may reflect an 

exaggerated hypertensive response to exogenous stress rather than a change in baseline SBP 

(Tonkiss et al. 1998). 

Although important to consider, this criticism may not seriously challenge the maternal low-

protein (9%) rat model of fetal programming used in the present study. The effect of low-

protein (9%) exposure during pregnancy on SBP has been reproduced by different 

laboratories. Importantly, higher SBP is found by direct methods in low-protein exposed rats 

under anaesthesia (Gardner et al. 1998). It has been argued that the work of Tonkiss et al. 

may not strictly test the validity of the low-protein (9%) rat model of fetal programming of 

hypertension. The protocol was somewhat different in terms of both diet supplied (not only in 

protein content, but also in fat source, mineral balance and methionine levels) and type of 

stress imposed (ammonia stress vs. restraint stress), and may have produced different SBP 

responses (Bertram & Hanson 2001). Validation of the maternal low-protein (9%) rat model 

of fetal programming of hypertension is being undertaken using the telemetric method, to 

clarify the situation (Bertram & Hanson 2001). 

6.1.3 - Nature of the nutrients that may play a role in the programming of hypertension 
by maternal protein restriction 

The specific signals that are sensed by the mother and fetus when the mother is protein 

restricted are not completely understood. The SBP effects of the maternal low-protein diet 

used in the present study have long been interpreted as being primarily the consequence of 

protein restriction (Sherman & Langley-Evans 1998). However, differing low-protein diet 

manipulations in rat pregnancy have been found to elicit different programming effects upon 

the offspring SBP, which suggested that the balance and the nature of other nutrients within 

the maternal diet, rather than the low-protein in itself, may be the important factors that 

programme increased offspring SBP (Langley-Evans 2000). Thus, fetal rat exposure 

throughout gestation to a 9% casein diet providing carbohydrates as starch (48.5%) and 

sucrose (24.3%), fat as com oil (10%) and supplemented with 0.5% methionine induced 

hypertension in postnatal life (hypertension-promoting low-protein diet), while fetal rat 

exposure throughout gestation to a 9% casein diet providing glucose (66.7%) and starch (8%) 
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as carbohydrates, Soya oil (4.3%) as fat and supplemented with 0.08% methionine did not 

elicit any SBP change in the offspring (hypertension non-promoting low-protein diet) 

(Langley-Evans 2000, Lucas et al. 1996). The balance of protein, carbohydrate and fat in the 

maternal diet as well as the type of fat (rich in linoleic acid vs. linolenic acid) and the 

composition of the carbohydrate content were therefore concluded to be determinant of the 

long-term effects on the offspring SBP (Langley-Evans 2000). 

Interestingly, these findings seem to mirror the human data. Thus, the proportions of protein 

and carbohydrate in women's diet during pregnancy, in a relatively well-nourished human 

population in Aberdeen, have been suggested to influence the blood pressure of their adult 

offspring (Campbell et al. 1996). The study of adult men and women bom in Amsterdam 

around the time of the Dutch famine also found that blood pressure was higher in people 

whose mothers had a low-protein intake in relation to carbohydrate during the third trimester, 

independently of whether they had been exposed to maternal malnutrition during gestation 

(Roseboom et al. 2001a). These data suggest that the balance of protein and carbohydrate in 

the diet may be important in determining the effects on later cardiovascular physiology. 

It has also been suggested that an excess methionine in the hypertension-promoting low-

protein diet may be responsible for the development of high SBP observed in the offspring 

(Langley-Evans 2000, Rees et al. 1999). A similar methionine supplement (0.5%) was used 

in the control and low-protein diets; therefore in the low-protein diet the supply of 

methionine formed a higher proportion of the total amino acid supply. Methionine may exert 

toxic effects in part through competing for available glycine as excess methionine beyond 

that can be used in metabolism is removed through conversion to cysteine, which may 

necessitate the presence of glycine (Figure 6.1). 
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Figure 6.1 - Diagram illustrating the utilisation of glycine during the metabolism of 
methionine. 

S-adenosylation of methionine by methionine adenosyltransferase forms S-
adenosylmethionine (SAM). SAM is the methyl donor in most methylation reactions 
catalysed by methyltransferases. The resultant S-adenosylhomocysteine (SAH) is 
deadenylated to homocysteine. Homocysteine can be remethylated to methionine, in a single 
carbon (methyl-) donor (such as folate or vitamin B12) dependent reaction, or be metabolized 
by way of cystathionine to cysteine, depending on the relative tissue contents of methionine 
and cysteine (Bender 1985). 
Cystathionine is synthesised from homocysteine and serine. Serine can be synthesised from 
glycine by the action of the glycine cleavage system and serine hydroxylmethyltransferase. 
Thus, glycine can undergo a direct enzymic cleavage, whereby the carboxyl carbone is 
release as CO2 and the methylene carbone as methylenetetrahydrofolate. The methylene 
tetrahydrofolate may condense with another molecule of glycine, in a reaction catalysed by 
serine hydroxymethyltransferase, to yield serine. 
Therefore, the metabolism of one molecule of methionine may require two molecules of 
glycine. 
SAM: S-adenosylmethionine; SAH: S-adenosylhomocysteine; THF: Tetrahydrofolates. 
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The study of maternal and fetal amino acids concentrations showed that feeding pregnant rats 

on the hypertension-promoting low-protein diet (for 2 weeks prior to and during pregnancy) 

was not followed by corresponding increases in circulating methionine concentrations, but 

produced a decrease in free threonine in both mother and fetuses at days 19 and 21 of 

gestation, in association with an increased concentration of glycine in the maternal serum 

(Rees et al. 1999). It was therefore hypothesised that the fall in circulating threonine 

concentrations may be a consequence of its metabolism into glycine, induced by excess 

methionine, in order to remove this excess (Rees et al. 1999). Changes in the threonine-

methionine-homocysteine group of amino acids during pregnancy have been suggested to be 

the nutritional trigger leading to the adverse effects of protein deficiency (Rees et al. 1999). 

Feeding pregnant rats the hypertension-promoting low-protein diet supplemented with 

threonine increased the free threonine and decreased the free methionine concentrations in 

the fetuses, but failed to restore fetal growth (Rees et al. 2000). Interestingly, the addition of 

glycine to the maternal low-protein diet abolished the programming effect on adult offspring 

hypertension (Dunn et al. 2001). 

6.1.4 - Maternal protein restriction versus global undernutrition 

It appears that not only the nature, but also the timing, duration and severity of the maternal 

nutrient restriction may be important in programming offspring blood pressure. Thus, in the 

rat, severe dietary restriction (70%) throughout gestation and modest dietary restriction 

(30%) from day 1 to day 18 of gestation programmed increased offspring blood pressure 

(Woodall et al. 1996a, Ozaki et al. 2001), whereas no hypertension was found in offspring 

bom to dams that were food restricted (50%) during the second half of pregnancy (Holemans 

et al. 1999). On the other hand, isocaloric protein restriction both throughout gestation and 

for a single week, either during the first, second or third week of gestation, all resulted in 

increased offspring blood pressure (Langley-Evans et al. 1996b). Therefore, in the rat, global 

dietary restriction may be an important determinant of the offspring SBP provided it is 

experienced in early pregnancy (Holemans et al. 1999) while maternal protein restriction may 

programme increased offspring SBP at any time during pregnancy (Langley-Evans et al. 

1996b). 
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Feeding pregnant rats low-protein diets with unrestricted caloric intake, where protein is 

substituted by carbohydrate, also seems to affect the offspring's blood pressure more strongly 

than a severe reduction of maternal caloric intake, where the balance of macronutrients is 

unaffected. Indeed, a mild restriction of protein within the maternal diet elicits 15-30 mmHg 

elevations of SBP in the 4 week-old offspring (Sherman & Langley-Evans 1998), whereas 

severe maternal dietary restriction (70%) produces only a moderate increase in blood 

pressure (by 5-6 mmHg) that manifests later in life (30 weeks of age) (Woodall et al. 1996a). 

On the other hand, a modest maternal dietary restriction (30%) produced an elevation in 

offspring SBP that was comparable to that in offspring of protein-restricted (9%) dams, but 

the effect was delayed in the female offspring (Ozaki et al. 2001). 

In a long-gestational species such as the sheep, a 15% restriction of maternal nutrition during 

the first 70 days of pregnancy resulted in lower blood pressure during later gestation 

(Hawkins et al. 2000) and increased blood pressure in postnatal life (Hawkins et al. 1997). 

Conversely, a 50% reduction in maternal nutrient intake during the last 30 days of gestation 

resulted in an increase in mean arterial blood pressure in the sheep fetus within a few days 

after the start of the feeding regimen until near-term (Edwards & McMillen 2001). 

Differences between the effects of maternal undernutrition during the first half of gestation 

and late gestation on the fetal cardiovascular system have been proposed to be explained by 

the impact of undernutrition on the umbilical-placental vasculature at these different stages of 

gestation (Edwards & McMillen 2001). Maternal undernutrition in early gestation is 

suggested to be associated with an increase in fetal placental villous density, which could, in 

turn, result in a decrease in placental vascular resistance and in fetal arterial pressure 

(Edwards et al. 2001). 

Despite different types, timing and durations of maternal dietary restriction exerting different 

programming effects on the offspring SBP, fetal cardiovascular adaptations to the different 

insults may share a common mechanism. A change in the maternal nutritional intake is 

indeed believed to affect the fetal cardiovascular physiology both by direct alteration of 

substrate or specific nutrient availability for growth and development of the cardiovascular 

system, and indirectly through hormonal mechanisms (Green 2001). Glucocorticoids may be 

a common hormonal mechanism by which fetal cardiovascular adaptations to both maternal 

protein restriction and global maternal nutrient restriction are mediated. There is extensive 

evidence suggesting that SBP in the offspring of rat dams fed the low-protein (9%) diet is 
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increased as a result of exposure to excess maternal glucocorticoids during fetal life 

(Langley-Evans 1997a). It is less clear whether the fetal responses to nutritional deprivation 

are similarly mediated through changes in fetal glucocorticoid exposure (Symonds et al. 

2001b, Edwards et al. 2001). Maternal dietary restriction (15%) in early to mid-gestation in 

the sheep results in fetuses with lower basal Cortisol concentration and suppressed HP A axis 

responses, and it is unknown whether this might be due to prior exposure of the fetus to 

elevated corticosteroids (Hoet & Hanson 1999). Maternal nutrient restriction from gestational 

days 28 to 77 in the sheep resulted in a decline in placental 11P-HSD2 mRNA expression at 

77 days gestation, suggesting that an increased Cortisol transfer across the placenta may occur 

during the restriction period (Whorwood et al. 2001). A 50% reduction in maternal 

nutritional intake during the last 30 days of gestation in the sheep may also result in increased 

exposure of the fetus to Cortisol (Edwards & McMillen 2001). Thus, maternal Cortisol 

concentrations were increased in the first 10 days after the start of the feeding regime, and 

during this period fetal arterial blood pressure was inversely correlated with fetal plasma 

ACTH concentrations, such that fetal blood pressure was high when fetal ACTH was low. As 

low fetal ACTH concentrations may reflect a negative feedback action of Cortisol, it was 

suggested that an increased transplacental transfer of Cortisol might occur, which may result 

in increased fetal arterial blood pressure (Edwards & McMillen 2001). 

Thus, in addition to specific effects on the fetal cardiovascular physiology probably related to 

the composition of the maternal diet as well as timing and duration of exposure, there might 

be unspecific mechanisms probably related to the stress that the dietary restriction might 

create to the mother. 

6.1.5 - Limitations of animal models used to examine the influence of nutrition during 
pregnancy on adult disease 

There are important species differences that may necessitate cautious interpretation of animal 

experiments in their appUcation to human situations (Harding 2001). For instance, the effect 

of a change in maternal nutrition on the growth of the fetus is likely to vary between species 

according to the maternal metabolism, placental structure and function and growth rate of the 

offspring (Harding 2001). Thus, in ruminants such as the sheep, reduced maternal dietary 

intake leads to reduced production of gluconeogenic substrates from the rumen, and results in 

a fall in maternal blood glucose concentrations. Since fetal glucose supply is directly related 

to uterine glucose supply from the mother, and glucose is the major fetal substrate, maternal 
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undernutrition in sheep leads directly to fetal undernutrition. This is less likely in human 

pregnancy as maternal blood glucose is much better maintained during undernutrition than in 

ruminants. In women, maternal undernutrition leads to relatively smaller changes in 

circulating maternal blood glucose concentrations and hence fetal glucose supply (Harding 

2001). In small animals, such as the guinea pig and rat, fetuses have a relatively high growth 

rate in late gestation. Therefore, limitations on nutrient supply will have a much bigger effect 

on growth rate than they would in a larger species with a smaller relative growth rate 

(Harding 2001). The very slow rate of human fetal growth generates a lower nutritional stress 

per unit time than in any other mammalian species, which protects fetal growth (Prentice & 

Goldberg 2000). In human pregnancy, adaptive changes in metabolism, such as a decrease in 

metabolic rate and in the amount of fat stored during gestation, can have a highly significant 

effect on protecting fetal growth under conditions of sub-optimal maternal nutrition (Prentice 

& Goldberg 2000). Nutritional deprivation that exceeds these adaptive limits is, however, 

potentially detrimental to fetal growth. In other species, in which such metabolic plasticity is 

not seen and costs of pregnancy are large, even small nutritional restriction may affect fetal 

growth (Prentice & Goldberg 2000). 

Therefore, in terms of fetal growth, animals may be more vulnerable than humans to a sub-

optimal maternal diet during gestation. It is not clear whether they might be more susceptible 

to programming. 

Evidence indicates that nutritional programming of adult disease can occur independently of 

birth weight changes. Therefore, it would appear that the compensatory mechanisms initiated 

in response to an inadequate maternal diet might have, irrespective of whether they are 

accompanied by changes in birth measurements, persisting effect on the cardiovascular 

physiology of the fetus. It is unclear whether the underlying mechanisms remain the same 

whether birth size is affected or not. 

As tissue growth and maturation occur at different times in different species, the tissues 

affected by maternal dietary restriction at a particular stage of gestation are likely to vary 

from one species to another. Therefore, caution must be taken in extrapolating animal 

findings to human diseases. 

Finally, it is not clear whether and to what extent the different maternal diets used to establish 

animal models of fetal programming relate to human nutrition. For instance, a 50% reduction 
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in the protein intake of pregnant women may be uncommon in developed countries, where 

most of the epidemiological data come from. 

6.2 - CRITICISM OF THE "FETAL ORIGINS" HYPOTHESIS 

The "fetal origin" hypothesis, which suggests that maternal undernutrition during pregnancy 

predisposes the fetus to cardiovascular diseases in later life, has been criticised (Rasmussen 

2001). It has been argued that the inverse correlation between specific birth measurements 

and later outcomes was small (Jones & Nyenraad 1998) and inconsistently found, being 

present in some studies and population subgroups (such as men and women) but not others 

(Joseph & Kramer 1996, Paneth & Susser 1995). General difficulties with epidemiological 

studies have also been discussed. They include the likelihood of selection bias due to losses 

to follow-up suffered by the original cohort, introducing the possibility that the sample of the 

cohort that was studied was not representative of the original cohort. The absence or 

inadequate confounding by life-style and socio-economic factors are believed not to have 

totally excluded the possibility that the relationship between birth weight and later outcome 

may be dependent on such factors (Joseph & Kramer 1996, Paneth & Susser 1995). Thus, in 

the studies, the relationships between birth weight and later outcome have been found to be 

independent of social class (current or at birth), which was, when available, the only measure 

of socio-economic status used. But in order to adequately assess the possibility of residual 

confounding, it has been argued that unadjusted and social class adjusted estimates of effects 

should have been compared (Joseph & Kramer 1996). Social class is also thought to be an 

imprecise measure of socio-economic status, and to be inadequate for capturing the coronary 

effects of material wealth (Joseph & Kramer 1996). 

Studies have documented that birth weight is associated with socio-economic factors. Socio-

economic disadvantage is thought to lead to adverse psychological, behavioural, or other 

environmental exposures that restrict fetal growth, in particular low gestational weight gain 

and, in developed countries, cigarette smoking (Kramer 1998). People with low birth weight 

are more likely to experience subsequent socio-economic disadvantage, and socio-economic 

status is associated with factors that affect coronary heart disease, including cigarette 

smoking, hypertension, serum cholesterol, BMI, dietary factors, alcohol intake, among others 

(Joseph & Kramer 1996). Therefore, it has been suggested that a coronary heart disease-

promoting life-style induced by childhood and subsequent poverty may explain the 
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observations linking childhood deprivation with coronary heart disease (Joseph & Kramer 

1996). 

It is also believed that the significant associations with birth weight are suspect because in 

some studies they emerged after adjustment for BMI (Paneth & Susser 1995, Lucas et al. 

1999). Current BMI is positively correlated to birth weight and associated with outcomes 

such as blood pressure. Early size adjusted for later size is thought to be a measure of change 

in size over time, and in fact, adult blood pressure could be positively related to the 

magnitude of the weight gain, suggesting the importance of postnatal growth (Lucas et al. 

1999). 

Therefore, it remains uncertain whether the associations between low birth weight and 

cardiovascular disease in adulthood are causal, i.e. whether variation in fetal growth is, in 

itself sufficient to cause adult-onset chronic disease or whether it induces 

a susceptibility to developing such disease that requires adult life-style factors such as obesity 

for its manifestation (Grivetti et al. 1998). 

Moreover, whether the associations between size at birth and later diseases are really driven 

by maternal nutrition remains controversial. Fetal growth and fetal proportionality have been 

suggested to be related to maternal supply of nutrients during pregnancy (Barker 1995). 

However, many different factors, such as pregnancy-related hypertension, prior history of 

low birth weight, maternal smoking, low gestational weight gain, low prepregnancy weight, 

primiparity and short stature, can affect fetal growth (Kramer et al. 1990). Similarly, the 

proposition that maternal nutritional status is an important determinant of fetal 

proportionality was not supported. Indeed, fetal growth, pregnancy-related hypertension, fetal 

sex and maternal height were found to be the main factors that independently affect 

proportionality, in a well-nourished population (Kramer et al. 1990). 

Maternal nutrition is distinct to fetal nutrition, which is the net supply of metabolic substrates 

to the fetus. Fetal nutrient supply depends not only on the maternal diet during pregnancy, 

but also on maternal metabolism, endocrine milieu and nutritional reserves, uterine and 

umbilical blood flow and placental nutrient transfer and metabolism (Harding 2001). For 

instance, a study of pregnant women in Hampshire, illustrating the importance of the 

mother's metabolism, found that in mid pregnancy mothers with a greater lean body mass had 
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higher rates of protein turnover. Importantly, mothers who had greater protein turnover in 

mid pregnancy were found to have babies that were longer at birth. No association was 

found, however, between the mother's protein intake and the baby's length, suggesting that a 

higher rate of synthesis and breakdown of protein, independently of dietary protein intake, 

could increase the availability of amino acids to the fetus at any time and drive fetal growth 

(Duggleby & Jackson 2001). It has been argued that relatively large changes in maternal diet 

may have little impact on fetal nutrition and conversely, reduced uterine blood flow or 

reduced placental transfer capacity may severely limit fetal nutrient supply without a 

corresponding change in maternal nutrition (Harding 2001). 

The impact of the mother's nutrient intake on the birth weight of her offspring remains poorly 

documented, and the data available are inconclusive. In developed countries, some studies 

have identified associations between maternal dietary intake and birth size (Godfrey et al. 

1996, Godfrey et al.l997, Campbell et al. 1996) whereas another study has found no 

important effect of intake of any macronutrient in early or late pregnancy on birth weight 

(Mathews et al. 1999). The latter study has suggested that maternal intakes of micronutrients, 

rather than macronutrients, may influence fetal growth. Thus, in well-nourished pregnant 

women in Portsmouth, birth weight was found to be positively associated with maternal 

intakes of vitamin C (Mathews et al. 1999). In developing countries, one study has similarly 

underlined the importance of micronutrient intake during pregnancy on birth measurements 

(Rao et al. 2001). Thus, a study of rural Indian mothers whose intakes of energy and protein 

are low, around 70-75% of recommended intakes, reported that birth size was not related to 

either total maternal energy intakes, maternal protein or carbohydrate intakes in early or late 

gestation (Rao et al. 2001). Birth size, however, was found to be strongly related to intakes of 

green leafy vegetables and fruits in late gestation and of fat and milk in early gestation. 

Higher intakes of green leafy vegetables and fruits in late gestation were respectively 

associated with higher maternal red cell folate and serum vitamin C concentrations, which in 

turn were related to birth size, suggesting that micronutrient-rich food may be essential for 

fetal growth (Rao et al. 2001). 

Studies do provide causal evidence that maternal supplementation increases birth weight, in 

chronically undernourished populations with a high prevalence of low birth weight babies 

(Prentice 1991, Ceesay et al. 1997). For instance, in rural Gambia, daily supplementation 

with high energy groundnut biscuits from around 20 weeks of gestation until delivery 
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increased birth weight (by 136g), with a greater effect in the hungry (wet) season when birth 

weights are usually lowest due to seasonal deprivation (Ceesay et al. 1997). 

The data from exposure to famine during pregnancy have been used to test the effects of 

undernutrition during gestation in humans. They provide only occasional support for the 

hypothesis that programming of adult metabolism is consequent on intrauterine exposure to 

maternal malnutrition. People exposed to severe intrauterine starvation during the Leningrad 

siege had no increased incidence of cardiovascular disease, hypertension or impaired glucose 

tolerance in adulthood compared with those not exposed to the famine. There was, however, 

a stronger relation between BMI and blood pressure in the female subjects who were exposed 

to the siege in utero, suggesting an increased susceptibility to hypertension with obesity 

(Stanner et al. 1997). Babies exposed to the Dutch famine of 1944-1945 in mid and late 

gestation were lighter and shorter (Roseboom et al. 2001b). Exposure to famine in mid or late 

gestation was associated with impaired glucose tolerance (Ravelli et al. 1998). People 

exposed to famine in early gestation appeared to have a higher risk of coronary heart disease 

in later life. Blood pressure of the offspring was, however, not associated with prenatal 

exposure to famine (Roseboom et al. 2001b). 

Studies in twins suggest that maternal nutrition may not be a cause of the association between 

birth weight and adult blood pressure. Studies of infant and adult twins have shown an 

inverse relationship between within pair differences in birth weight and differences in adult 

blood pressure, with similar trends in monozygotic and dizygotic twins (Poulter et al. 1999, 

Dwyer et al. 1999). These studies suggested therefore that the association between birth 

weight and adult blood pressure is independent of maternal and genetic confounders, and 

since both heavier and lighter twins were exposed to the same maternal diet, that placental 

dysfunction, rather than inadequate maternal nutrition, may be the cause of the retarded 

intrauterine growth that is linked with adult blood pressure (Poulter et al. 1999, Dwyer et al. 

1999). 

Thus, mixed support has been provided for the hypothesis that maternal nutrition is key to 

programming of hypertension in humans. 
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6.3 - FUTURE RESEARCH 

More research is needed to define the role of maternal nutrient intake during gestation on 

fetal growth and adult disease. It would be interesting to follow-up individuals involved in 

trials of nutritional interventions during pregnancy that produced an increase in birth weight, 

to evaluate their relative risk of developing diseases in adulthood. New supplementation trials 

or surveys of diet during pregnancy could include measures of fetal growth by ultrasound, 

follow-up of the offspring in adolescence and adulthood and adequate adjustment for 

confounding factors. Follow-up studies of offspring from both vegetarian and non-vegetarian 

pregnant women may lead to interesting findings. 

It would be interesting to investigate whether the associations between birth weight and 

cardiovascular disease occur to a greater or lesser extent in developing-country settings 

where a larger proportion of babies are growth-retarded at birth and where the causes of 

variability in fetal growth differ from those characteristic of developed-country settings, in 

that they are most frequently related to conditions of poverty, and chronic malnutrition of 

economically disadvantaged mothers (Grivetti et al. 1998, Prada & Tsang 1998). 

The fetal programming hypothesis has led to the hope that the risk of hypertension in future 

generations might be reduced through improvements in maternal nutrition during pregnancy. 

At the moment, there is not sufficient evidence to make any recommendations about the 

nutrition of pregnant women, and there is the need to know more about what an adequate diet 

for pregnant women might be. Yet, it is important that women be aware of the long-term 

effects on the baby's well being of both their weight at conception and their nutritional intake, 

weight gain and smoking during pregnancy. 

It is also important that people in developing countries, where a high proportion of births 

occur in the range of birth weight with the highest risk of developing adult disease, be aware 

that transition to sedentary lifestyle with high energy and fat intakes in adulthood will highly 

potentiate the risks. 

The investigation of the mechanisms that may underlie the fetal programming of 

hypertension has led to the hope that programmed hypertension might be prevented by 

pharmacological or nutritional treatments in postnatal life. As yet there is not sufficient 

information to identify what might be the appropriate nature and timing of such treatments, 

which are likely to differ between individuals. 
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Animal models will be helpful to define more specifically the nature of the programming 

mechanisms. They may also be useful to clarify the nature and balance of nutrients that may 

play a role in the fetal programming of adult diseases. 
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a p p e n d i c e s 

APPENDIX 1 - Composition of the maternal diets 

Control Low-protein 
(189&) (9%) 

g/100 g diet 

Casein 18 9 

Cornstarch 4 2 5 4&5 

Cellulose fiber 5 5 

Sucrose 2L3 243 

Choline chloride 0.2 0.2 

Methionine 0.5 0.5 

AIN-76 mineral mix 2 2 

AIN-76 vitamin mix 0.5 0.5 

Magnesium 0.05 &05 

Com oil 10 10 

The dough made by adding water to all the ingredients was formed into spheres, dried at 
50°C for 24-48 hours and stored at -20°C. Approximately 80 g of diet was provided to each 
pregnant female and freshly replaced every other day. 
AIN-76 mineral and vitamin mixes were supplied by Special Diet Services (Cambridge, UK). 
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APPENDIX 2 - Composition of the standard laboratory chow 

Nutrient Composition 
(g/lOOg) 

Protein 1&8 

Total starch 44.8 

Total fibre 123 

Sucrose 4.7 

Choline 0.95 

Major minerals 3.63 

Major vitamins 2 8 4 

Com oil 3.4 

Trace elements 8.6 

The standard laboratory chow diet (CRME) was provided by Special Diet Services 
(Cambridge, UK). 
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