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CHAPTER 1

INTRODUCTION

The founder of medicine, who developed a more rational concept of health and

disease, is to be Hippocraks. Pnor W Ins phdosophy of AeohA as a qf

equilibrium between man and his environment, disease or sickness was thought to be divine in 

origin, ascribed to the Gods of the time. The abstract, Hippocratic concept of disease as a 

AgHvee/z mon a/R/ Au environ/Mg/zt pervaded until late in the nineteenth centuiy. 

]Lx)ms Ihasteiir arud Rol^ert Koch aachtlesigpued eirpcjirnents iUiistnatuig tlie spNBcific cmisaition 

cd'ifpieaai^tlrnoiigfiiribx^diictioriiifiqiecafic micro-org^misms intotliel)CNj}\ TTluit diseatse could 

be ascribed to a single factor apparently dispelled any Hippocratic notion of health.

IHlowerver, lArorking i^dtlihi PiksteuT aiid fCotlis' era, Claaidk; IBeanard luid (Zlmrles 

Darwin made discoveries that married the two previous concepts of health and disease i.e. 

Mans inclusive ability to resist infection by micro-organisms” (specific causation of 

disease), and “the equilibrium of man with the environment” {Hippocrates view of health). 

IXarvviniAras rnteiTxstediiitlpeiiatiu'e of ei/olutio]iar)r(dharigei. He liypiotbesised Uiat irwlivichials 

tiest aclaptxxi to tin; (nTviroiinnetitivtyuldliaveiilietter chaiice ofsairvivail. Thejproliatnlity (if 

passing beneficial characteristics, what we now know as genes, into the next generation would 

therefore be increased. Bernard suggested that the survival of the fittest was a constant 

iirharplar/ lietweeai thie inteinal eiivirorunent (finely) tuid eidenial ivorhl. TThie tiest iidtqptecl 

individual was the one best able to maintain a constant milieu interieur in the face of 

eirvirormiental (liangge. flie chial hiqpotlieses of inclusii/e fitness to tlie (adernal emviremment 

and fixity of the internal environment provided a modem outlook on Hippocratic philosophy 

of “Mans sympathy with the environment”.



Life therefore, is as much dependent upon the physiological and biochemical 

processes that enable growth and reproduction to take place, as on the control mechanisms

tliatenat)h: die frxin/ of the internal en\dix)nrrn:nt.]:aw:h coiitrolLed i/arhible huas a p,]i)n;i()logp(:al 

range of accommodation which allows the organism to cope with environment change. If the 

range of accommodation is narrowed and subsequently challenged, or the control mechanisms 

fail, then the controlled physiological processes are disturbed and disease supervenes, as in 

hypertension. - in Greek meaning beyond, and kny/on - in mechanics meaning

stretched or pulled when part of a system. In hypertension the cardiovascular system is

stretched beyond its physiological range of accommodation, thus increasing the risk of 

disease.

LITERATURE REVIEW

1.1. THE CARDIOVASCULAR SYSTEM AND BLOOD PRESSURE

1.1,1. Blood pressure control and high blood pressure

Each cell in the body requires sufficient nutrients for either growth or maintenance and 

oxygen for oxidation of substrate, yielding energy to fuel these processes. The circulatory

system transports these essential nutrients to the cells. The rapidity of nutrient delivery is 

due to pressure within the closed circulatory system of vertebrates. The pumping of the heart 

agamst the resistance of blood vessels generates pressure. Thus the pressure of the arterial 

circulation is a relationship between cardiac output and total peripheral resistance: 

pressure = total peripheral resistance x cardiac output

Many mechanisms tightly regulate mean arterial pressure in the short and long term 

(Levick 1991). The short term control of blood pressure is primarily achieved through 

neurogenic mechanisms which protect against acute variations in blood pressure. 

Chemoreceptors respond to variations in arterial P02, whereas baroreceptors respond to 

alterations in pressure. Increased complexity of arterial pressure control in the short term is 

achieved through the action of many hormones and local metabolites acting on vascular



smooth muscle causing either vasodilatation or constriction. Neurogenic mechanisms become

desensitised to chnamcaHy ehy^ded bhxxl {nossuK aaW play a nnnor in krm 

regrulation(Sleig]it(^ 197fi). Ijong term control wtluaug^ht to tte pniirrarib/ ac:hiev^:d try ixanal 

- t)ody iduhi rntxihaanisms tliat art; responsii/e to arid rmuntain t)k)0(l i/oluirw; (tdnar^; a/

1992). Blood volume is a function of the osmolality of extracellular fluid, with Na+ being the 

major extracellular ion. Thus it is believed that the long term regulation of blood pressure is 

related to the control ofNa^ concentration (Huang et al 1992).

ICkefuiing elevtakxi l)locHi pMnessiure is prol)lematic. I'kdkerin;; (19()1) adkiressod this 

difficulty and described hypertension as a quantitative deviation from the mean as with “tall” 

or overweight (Pickering 1961). Such a definition may apply to animals also thus, 

trrp<nikmsioii,inarai: for instaiice,iaiayl)e de^wnidredaatheirressirnsiAdiichis a cleariyrcieflnexi 

deviation from the mean blood pressure established in a given population of controls. 

l^eryertbiGLess, vvlien hi an hi(hid(iual lilocxi p,nessime is eleryatecl, tlie idsJc (if (xirdioryascailar 

disease is increased (Thom et al 1992), and thus categorisation of people as hypertensive or 

rwirmohensii/elias ai/aluefrirthierapMButic dk^aishin-rnajchig. The ILIS Jcihit bfaiioiial (Zoimnihee 

for Detection, Evaluation and Treatment of High Blood Pressure recommends ‘optimal’ adult 

blood pressure be defined as SBP <120 mmHg and diastolic blood pressure <80 mmHg JNCV 

(1993). Blood pressure was further classified in adults over the age of 18 years as:

Classification of Blood Pressure 
Slystolic EfP (iiHiLHj;) IDiastolitc BP (iiunlljg)

<120 <80

12()-12i9 180-84

130-139 85-89

Category 
Optimal 

Normal 

High normal 

Hypertension

Stage 1 

Stage 2 

Stage 3 

Staged

140-159

160479

180-209

>210

90-99

100-109

110-119

>120



1.1.2. Forms of hypertension

The many factors that contribute to the regulation of blood pressure may be involved

at s()me stage in th(: ziehiologry ()f jprimaiyr ,)r essenlial hyrpadension (bjfpeil^msicMn of 

imkncrwn ongrbi) whicli accxoimts IRor up tc) of the, elev^ited Iblocxi firessure hi hunnms 

(Pickenng 1961). Hypertension is therefore described as being a multi-factorial disease. For 

1)1()0(1 p,ressure hi iianain elevated, it is like,l)r that more tham one fac:tor is altered. In 

riormotensh/es a pertiirbaticm c)f air/ cximpionent (if caidhu: output cir perijpheral resisbmce: 

sets iitinotioriai series ofliomexistatic resfioiLses that restore llie pr-essure; to its oiifpiial h:vel. 

In liyiierteiisives (ntlier tlu; Immexistatic i-esptinstis aune altered, or the siistainexi elev^athm 

represents an operational fault in the central pressure regulatory centre.

Genetic hypertension

Fhgh bhxdpresMue cluskrs in hunhuM 1990). CHven dud famihes knd to

stumeaielativ(;b^ shrular errvhxinrneaitllieiirecise ccmtniliution (if specific genes or thie sharexi 

errviroiinaerd is (hjdicidt to (ietermine. Hcrw^yver, in a min(irh)r of cauMis b^^peatemsioii (xtn Ixe 

tiscrtbecl ki a sih^gle g^ne ckifect sucld aus in llie S)mdr(inie (if v\p,]pafent IVIuieralcxcorticoid 

Ibtcess (lA^bite et o/15^97) or gdiKxocrnliccncfrerruxdiable ald(isk;nonisin(IJ[fkin et a/ 19(X2). It 

may be that in the majority of cases of hypertension, an interaction between a genetic 

siisceiiblihity tog^dlier vdlli]iredisfM)shigerrviroruiientaIj&ictors increaussllie smuieptibllity to 

hypertension. With the application of molecular biological techniques the strength of the 

contribution of specific genes to the rise in blood pressure may be evaluated together with the 

role of polymorphisms in candidate genes involved in blood pressure regulation.

Adult lifestyle factors and hypertension

Between-population studies of blood pressure enable the idmtification of 

eaivircnirneriUilfauzkirs diat niayr corihilmte to aniiicrease in SiBHP. Dahl (19721) first ol)serv<;d 

the association between (iietary salt intalce and higlitihiod firessure, follovvedlr/ (jlieberman 

(1973), who analysed data from 27 different populations and noted a positive relationship 

betwexm dietsjr/ intake: ()f salt and bl(iod {messure. /dthtiugli dietaur/ intake of s()dium anil 

potassium may play a role in the pathogenesis of hypertension, the precise nature of the



Certainly defects of insulin metabolism associate with obesity and hypertension and 

thus It basbieen sugg^xMkxi Uiat clumges in insidin rne:talx)hsmirniy miderlisiiie h^rpertensive 

state ^Rxxiven 6k IHhiffhian 1987). TTbe co-ausi&ociatKm (of insiihri resistance, hy^pertension, 

obesity, glucose intolerance and alterations in lipid metabolism, has been called 'Syndrome 

)C', txecaiux: rio sinjgk: factor can be attnlmted to tlie (ievehrpment of eidier (Dbeshyr <)r 

irypeinkmsioit in this syndrcmie (Plea\4%n 6k Hoffrnari 1987). B[o\ve\rer, liyp,ersecretion of tlie 

glucocorticoid cortisol, as occurs in Cushings syndrome, promotes both elevated SBP, central 

aidiposhyr arid insrdirirexsisbnice. (Zoriseqnently, (Dusliings jpatients are fnerpientby diagpacwwxi 

with hypertension and characteristics of the metabolic syndrome or “Syndrome X” (Ross & 

Linch 1982; Bujalska et al 1997). Physical inactivity is associated with elevated blood 

firessnre anclinisJc ofClHL). I^byrsical activity, ehlier hidiretdly tbroug^i eifexik irn tiociy iveig^kt 

regulation or direct effects on the sympathetic nervous system, insulin sensitivity, electrolyte 

balance, vascular structure or neural mechanisms reduces this risk (Kannel et al 1986). 

v\rlditionalfy, .excessrve consumption of alcoliol is l^ehevtxi U) tx; camwiUyr related tc 

hypertension (MacMahon 1987), perhaps through a direct pressor effect of alcohol itself or

through an effect on the activity of 11-HSD, since alcohol inhibits 11-HSD in vivo (Stewart et

aZ1993).

amd nx^dm compkx mW

controversial. Similarly obesity and hypertension co-aggregate (Tuck 1994). However,

v/bedier ol)esity pa-ecipitates Iryptniension or the tv/o iueirwsrehy mark,:R j^nr an imdeilying

metabolic or hormonal abnormality is not known.

1.1.3. Secondary hypertension

The above factors have an established involvement in the aetiology of essential

lr/px:rtensi()n. ISortu; ()f thie l^ictors, iriay bx; rerrxxilable l)ut, even (correcdo]^

hypertension may remain. Identifying the primary cause at a late stage of the process is 

cltxurl:/ difficidt tlie cornp)lexity ()f the interaicdcms. TTwo factoid have Ibeeit cdtxurh/ 

iclentifiedfcurtlie proniotion ofprirnar/ hyrpePtension and ccrntribidir^; to tlie naaintaiarice of 

secondary hypertension: renal mechanisms and steroid hormones.



Renal mechanisms

Renal function determines fluid and electrolyte balance and exerts a major impact on

dbeconb^dofbloodpresMmeinthelongtenn. Padenk vdArand(U&&wie mvanabbrdevek^

seczondatyrliyriertension e.g. the occurrence of renal disease in hyiperteitsives is approximateb, 

<1^6, \vliereaa u;) to 9()94 (of piatients v/ifh rtaial clisease dervelojp liy^pertaision i[V/ilk]itson 

19()4). /Although the ccminaoii eudpoint ()f hyrpertensiori is an iricrease in tcrUiI periplieral 

i-esistatKx; (TTPlRJl, (Gfuykm ef nZ saigg^est that hjypenkansioti iiiay ckrvelc^) iii the of a 

rechrcexl TlPIl ]pro\nded a ladner/ clefect is jpresent (Timing et 19^)2). fhie ervoImicMi ()f 

hyTpeitetisiori()f]renail (yn^rhi is assotaakxi with pierturbadons in sotiium liome<)stasis (Hall jk 

Granger 1994). Renal mamtamance of blood volume is primarily through a cycle involving 

control of sodium concentration although other factors such as production of renal nitric oxide 

S)mthase iriay pla^r ti role. Increased plaarmr [Na+] ineneases blcKid volimie, leacUrig tc) aon 

ioicreased renal pfnrfusiori ftressmne ivliich sdrniilatss pressuun: ruitniirresis to rethrce blcxad 

vohrme arid thus SEHP (Hall &: Crnmg;er 1994). Renal (FLeniri-iingjcihensin sr/stem) and (cardiac 

(Atrial Natriuretic Peptide) hormones and other factors such as adrenomellin and endothelin 

also respond to clianjges in plaimia [Na+] and blcod pressure (via baroreceptors), to reiadjuat 

die scidium .excredon apipropriatelyr (ilall (Irariger 1994). Fiirtherrnore, decrearxed 

Iirodirctiori of renal iirostafglandhis e,g. PGE;,, I>(ll2 arid 6-ked)P(]HE, vdiich hicreau&e rerial

blcxidflow and scwlium and podtssium eiucnsthin are assotaadxi v/ith Irypiertenaicn ((^uillcgr 

h4cCdffl994).

Steroid mechanisms

The major secretions of the adrenal cortex, mineralocordcoids and glucocorticoids, are 

integpal ki rnanidunuig riormal ctuxliovauscular and rruedtbolic luimeostasis. TThe 

niineralcxzorticoids of the auirerud c()m%x are chiefly the steroids aihiosterorie an(l 18- 

hydroxycorticosterone (180HB), both secreted from the zona glomerulosa (ZG) and 

deoxycorticosterone (DOC) and 18 hydroxy-deoxycorticosterone (180H-D0C), which are 

secreted from the zona fasiculata (ZF). Mineralocordcoids, having a direct acdon on the 

kidney, primarily influence the pathogenesis of hypertension through effects on sodium



homeosu.^; (Mankro ef l^U). m die ZG re^o^ ^Uier mbom or

adnM»x:orduU ^^^^^^,pronK,tei^t^mn^akk^U^^n^ma(ekvakd pkismaaldo^cKmie), and 

h)T)eite:nsioii (fvfantero ]9<)l). fj^Tpersocretion of die fgluccxcorticoid cortiscd, j&om die 

2:F, aa (icciirs fa C^usliingTs syndrome, prornotes (devated SE(P. (Zonsecpiend:/, paiHents with 

Cushing's frequently present with hypertension (Ross & Linch 1982). Glucocordcoids have 

both direct and indirect effects on blood pressure control as discussed later in this chapter.

/I IcKcal excess of grluccxcorticoick; rnay iicsult fixioi clefect hi tbie auctivity of the 

eiiz)Toae 1 ip^iyiiroi(ysh:roicl(leliyclrogenase T'yp.e :Z (I l-HSDZ) (duare are two isoforms II- 

HSD2 and 11-HSDl which differ in dssue distribution, characteristics, ontogeny and between 

species and are described in secdon 1.7). This enzyme metabolises bioacdve cortisol to its 

mactive 11-0X0 metabolite cortisone. Hypertension is a feature of AME, in which there is a 

reduced activity of 11-HSD2 (Stewart et g/ 1988). The high concentradon of glucocordcoid 

freely stimulates the unprotected mineralocorticoid receptor (MR) leading to increased blood 

pressure. Similarly, a reducdon in the activity of 11-HSD2 mediates elevated systolic blood 

pressure m people who excessively consume licorice, which contains glycyrrhizic acid and its 

product glycyrrhetinic acid, since both inhibit 11-HSD2 (Stewart et a/1987).

1.1.4. Maintenance of secondary hypertension

Whilst renal mechanisms and steroid homiones are clearly involved in the producdon 

of secondary hypertension, other additional factors may facilitate maintenance of the 

hypertensive state. Thus when a known primary cause of hypertension e.g. an adrenal 

adenoma has been removed, hypertension may sdll remain. Thus mechanisms secondary to 

the inidal insult maintain the elevated SBP. Folkow has suggested a mechanism which has 

been widely accepted as the explanation (Folkow 1978). An elevation in SBP leads to a 

structural change in resistance vessels leading to a further elevation of blood pressure, a 

positive feedback cycle (Figure 1.1). The critical change was hypertrophy of vascular smooth 

muscle in response to chronically elevated pressure. The finding of a slow progressive rise of 

SBP in essential hypertension lends support to this view (Lever 1986).



7.7. A diagrammatic representation of Folkows Hypothesis

Pressor Activity

Folkows* Hypothesis

D

Lettars represent 
luminal size -

t PR= t BP

Vasoconstriction
A normal lumen size
B, Pressor overactivity.
C, B plus ^normal response to pressor
D, fector causing direct hypertrophy

Conirovcrsy remaim over the nature of the initial imult promoting vascular hypertrophy 

although, most agree, that it occurs early in development (Berry 1978; Folkow 1978; Lever & 

Harrap 1992). Short term over-activity of a trophin or mitogen coupled with an abnormal 

vascular respome to that agent could initially raise blood pressure, initiating vessel 

hypertrophy. Both may be genetically or environmentally determined (Folkow 1978). 

Increased SBP m early cardiovascular experience and comequently the altered haemodynamic

load that may follow was proposed by Berry (1978) to either constitute or amplify the initial 

stimulus.

The vascular action of angiotensin II, cortisol and insulin-like growth factors in early

cardiovascular development may initiate changes in vascular cell structure and were suggested 

as initial stimuli in cardiovascular structural adaptation (Folkow 1978; Lever & Harrap 1992). 

SBP rises with age (Lever & Harrap 1992) and the d%ree of age-related increase may be 

partially determined by the genetic background but amplified by environmental factors acting 

early m life (Lever & Harrap 1992). The relative importance of each of these factors is 

uncertain, although recent evidence suggests that the early environment profoundly influences 

future metabolic competence, in terms of physiological control (Barker 1994).
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Chronic elevaiion of SBP represents a major risk factor for CHD, the main cause of 

death in industrialised societies {Thom et al 1992). Projections for the future indicate an 

epidemic of CHD in developing countries (WHO 1991). The most important appraoch to the 

management of CHD is prevention. Prevention has primarily been directed towards changes 

m adult -lifestyle- such as increasing physical activity and reducing obesity. However 

research conducted by Barker et al suggests that prevention of CHD in an individual may 

require consideration of factors which operate in the womb (Barter 1995).

1.2. THE FETAL AND INFANT ORIGINS OF CARDIOVASCULAR 

DISEASE

1.2.1, Epidemiological studies

Geographical studies of the incidence of CHD amongst different locations in FnglanU 

and Wales formed the basis of the -early origin of adult disease hypothesis’ (Banker 1994). 

Adult -lifestyle- factors alone can not explain the difference in CHD between different areas 

of England and Wales, the highest rate of CHD being recorded in northern industrial towns 

and South Wales (Barker & Osmond 1986). Furthemrore there is a close regional relationship 

between the incidence of CHD and infant mortality (Barker & Osmond 1986; Barker & 

Osmond 1987). Areas that had past high neonatal mortality are characterised by a higher 

proportion of mothers with poor physique and health, who give birth to lower birthweight 

babies (Barker & Osmond 1989). In addition, both stroke and CHD in adult life correlate with 

past maternal mortality (Barker & Osmond 1987). Adverse environmental conditions acting 

in early life which influence birthweight and neonatal and maternal mortality may, therefore,

determine later risk of CHD.

To further pursue the hypothesis, cohorts of middle aged people were found, for 

whom detailed birth records were available. In Hertfordshire a collection of records (1911-30) 

detailed brrthweight and weight a. one year. Analyses of these data showed a striking inverse 

relationship between birthweight or weight at one year and the development of cardiovascular 

disease in later life (Barker et al 1989b). Lower weight at birth and at one year of age was



I3irdiweig;ht is a relativeh^ cruwie for gp-owth, and ler^gtb of {gestaticm (riot 

recorded in the Hertfordshire records) is obviously important in determining weight at birth, 

fliereftire furth(:rcoh()rts(TPrest()n (1935.^13) arid Slieffield (1907_:23)) were studieclfcir^vltich 

length of gestation and specific body proportions had been recorded. The standardised 

mortality ratios for CHD in the Sheffield cohort were more strongly related to small head 

(dicaiinfertaice arid Icrwr poncleral hide,! (iveifditdeaigplf') at Ibirfh dian to bhtlrwreiglit alone 

(Barker et al 1992a). Importantly, these measurements were associated with small for 

gestational age babies rather than babies who were simply premature, as CHD was not related 

to gestation length. Thus from the Sheffield data it was inferred that adult CHD was related

to a pattern of intrauterine growth leading to babies who were thin at birth with a small head 

circumference.

Data from the Preston cohort reaffirmed the inverse relationship between birthweight 

and adult CHD risk and also suggested that babies who were short at birth, with a reduced 

abdominal circumference in relation to head size, were as much at risk of CHD as the thin 

liabicxs (Ilarlcer ea" a/ 1990). I^mtliermon: thiere tihw) pipsitfve relatioiEsbip l)etv/een 

I)lacental weig^it and tidiUt litocKi pnressm-e (IBaricer af a/ 1990). IBalnes \vlio v/ere of haw 

birthrwAaigk with a c{Mnn)sp<)n(iuiglargpe]alac<aita reccirdeddielhigjiest SHBIP. Tlieae ix;sults Avene 

subsequently duplicated in 4-year old children in a separate study (Law et al 1991). Elevated 

SBP is therefore more strongly related to disproportionate intrauterine growth than 

birthweight per fe, and is evident from childhood into adult life.

TThie inv(Brse asixaciation betwexan birthiwtiqght and ai(iult sysirilk: arid diastolic lilooci 

pressure was a consistent feature of aU the data obtained from the Hertfordshire, Sheffield 

and Preston cohorts. Further data indicated relationships between birthweight and impaired 

jghicose tolerance (Ilales iz/ 1991), dialretes (IJidiell 6^ iz/ 19!)6), phumia dotting; factors 

(Barlcere/aY 19^)21^ arid serurn (diolesterol (Barker et a/ 1993b) i^diich are allconsickmad risk 

factors for CHD. The relationships found with adult disease are giaded with Wnh weight and

alugh^bkxxipreMure mchndhoodzuW aduk k&and uKTe^^d risk of

cardiovascular mortality in men. The relationship was subsequently shown for women also

(Law et a/1991; Osmond et al 1993). No measurements other than birthweight were recorded

for the Hertfordshire cohort.
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rnoit; sbnonigh^ jgnidect widi s])ecific biith dispropoiiioris, suid are observed, importantly,

within the normal range of birthweight.

1.2.2. The early origin of adult hypertension

In rdl of tlie (:ohork; (ShiefGelcL I'restoii arid Ilcatfonishire) tlie im/erse relrdioiiship 

between systolic blood pressirre hiaidult life arid lo\v bhtb\veig;ht v/as apparerit CEhidcer ef n/

Ilarker et nZ 1989b; Ijiv/ er 1993) fhe icmarse relatioriship had betni ol^setved 

previously in a nadcxnal sample in the IJB: (lA^rckworth et a/ 1985) ajid a Sweclisli cohort 

()GhmrnM:r 1988) and haa siiiice bexai ol)servt)d in cr/er tvyenh/ studies (TLatv 19193) 

incliuikig rnamy (huHeanent pc^pulatioiis arid ciihimss (Fcmnester et oZ 1996; ILaiuier err nZ 19()3; 

Y^nik er aZ 1995). The nature of the association between low birthweight and adult systolic 

l)l(>o<i]]ressiu-e m eawdh stucfy )vaa jgrackxL ()ccmnMxl widiua the normal bnrthweig;ht raryge aaui 

\vtis ru)t relates! to jgestation hmgfh. ]31o(xi jpressiux; is loacrwm to 'trade" gpnrwth (during 

clul(UiocKl:an(l:uiulth()od ije. araiik orchKr()f blorxi pmgssure inieaaimaments is maijihaniw>d in 

iwankd rne*unrrerneirk()f;iiibjects, from an (xrrh^i^ge into acluldiocMd (Larwe^ aZ 1993; l^^ver 6k 

liarraii) 1SK92; \\niiacirp er aZ 19195). Hence, it is snyggeated that audult h^rperterision niay^ be 

pMM^granniied m earl)r|ife anri becrmie am])hfied later try envirorunental factemt Ihor otample, 

liyirertensmn is most promuient arnongrthwose wtio yrere ofloiv trutlrwreight arid sitbseximantly 

become obese as adults (Frankel er aZ 1996; Leon er aZ 1996).

TThe nsile of adidt (hrxxrse and Iryperkmsion is related ho eaud)r erivinommant aond hi 

jparticulair, factors tliat influence gyovdli in eaudyr hfe leadhy; to ri drspnopoitioiiate, lo\v (ir 

riormal birthweig^itliabyrrit term.H()v/ev(;r, viuious factors that mary()oid{)uinl die asscxciadrin 

between birthweight and adult disease should be addressed.

1.2.3. Confounding variables

The fetal origins of adult disease hypothesis has been criticised in the literature, 

predominantly in relation to the methodology used to determine the relationships seen with 

adult disease (Paneth & Susser 1995; Paneth 1996). Socio^nomic disadvantage influences 

intrauterme growth and postnatal growth (Bartley er aZ 1994). Thus it has been suggested that 

the postnatal environment determines the association with adult disease. However,
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(issocuidcHis l)utlrwre^ght aiid a(iult disease are fcainci for all social classes (Barker

1994), in varied populations such as Sweden (Gennser er a/1988), America (Yiu et a/ 1994), 

Jamaica (Fomestsre/ u/1996) ancilridia (Ylajnik er u/ 1995) and in arurnal mcxiels (l^mgie;/ 

Jaclcson 1994). hdrgpnant stuclies han/e bexm used k) (iebemiiiie tlie relative conuibiidon ()f 

erndrcmmenL JThe relatrve rude for h)Tpertemu()n is carried from birth reg^uxihxis ()f niigratkm 

ipatterru: niiadidt hie (Osmond er u/ 1SI90). IFiuthLcnnore the relatiomdi^p bedwexm (:H[) arui 

birth proportions appears to be speciAc, since in none of the studies has the relationship been 

observed with death from all non-cardiovascular causes (Barker 1994).

The oflh^bhx^ pn^aue whh bhAvM^^^ w^ imt m

adokscahs O^hMhes ^ uZ 1994X Fbwei^r adokacems unda-go a hormonahy hKhxed 

indxrhdfpo\Wh vduchinay ondbundthe nauhs, amcethe ^^^ndakd of

blood pressure is also disturbed during adolescence (Lever & Harrap 1992). Twins are 

relatively smaller at birth than singletons. Consequently, it has been suggested that the 

hicidence (if (ZFID imiy, theoretically, be higlier in adult twins. Hov/eva- no relatioiisbifis 

between birthweight and adult cardiovascular disease have been noted in twins (Christensen er 

a/ 1995; Vagem & Leon 1994). Twins exhibit an early proportionate growth pattern. Thus 

growth of dizygotic and monozygotic twins is restricted early in gestation partly by 

mtrauterme space and partly by placental factors, as opposed to the disproportionate growth 

retardation mduced m singletons in late gestation where adequate intrauterine space is 

available. However, often one twin is bom slightly lower in birthweight than the other twin, 

and thus the potential risk of hypertension and CHD in the smaUer twin is of interest. One 

study proposing to counter the Barker hypothesis, analysed pre-term infants, infant nutrition 

and later blood pressure and found no relationship (Lucas & Morley 1994). Despite preterm 

infants being entirely different, in terms of early postnatal experience, to SGA infants, all of 

Barkers studies emphasize that the effects on the developing fetus are exerted m wfero and 

only amplified postnatally.
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1.3.1. Maternal nutrition

BiMhv/mghi ^ dekrnnned by geneHcfuWenvinnnnenbd faUArs nududn^ inakanal 

size and body composition, maternal nutrition, hormones and growth factors. The 

predominant influence on fetal growth is the maternal environment rather than the genotype 

()f flie fetua. (Zross-brexxihig egqperinients beitiveeai SbieflaiKi pcmies ami Slure horses (Wtdton 

6: Hainmomi ISfSS) ancltlie Irqgh ctiinozhiflcm be;h&i}enl)utlivyeiglih; ()f sibluigp; attest to this. 

Furthermore birthweights of siblings with a common mother rather than father tend to be 

naoi%: higiih^ ctHnnshibed indicatuig tlie jpredkmiinaiit influence ()f thie rruUeamal eaiviroirment 

(TVfihaer (jluckimm 19961). TThus ia stuiiies relatiog; birthweigdif to iidiih (iisease, it is tire 

factors that constitute the intrauterine environment and which influence fetal growth that are 

important.

The fetus in late gestation develops m an essentially constrained environment, as is 

suggested by the reduced birthweights of multiple pregnancies (Gluckman et al 1990). The 

fl:hil g;eno*ru: tmr/ (ietermine the genetu: pwatential l^)r gpnowth, l)ut jgrowdi is ipoteaitially 

constrained by energy, nutrients and the quantity and quality of nutrients and oxygen that are 

delivered and made available to the fetus within the confines of the uterus (Gluckman et al 

199C0- ]\iarrq)uiaticMa <)f the; sid)strate supiply i.e. naaterruU nuhition, can theanefbre harve 

pirofoumi eiffects (m die feims (IVlcCZance "W/idclowson IST^l). Tlie precise (directs ()f 

maternal undemutrition on the fetus, however, may be modulated by many factors such as 

maternal metabolism, the placenta and the nature of the undemutrition itself ie. the severity, 

duration and timing (Dobbing 1981; Widdowson & McCance 1963; Winick & Rosso 1974).

Tlie earlier die undeniutritioii occairs, thie niore likely tliat penmment (iverall 

reductions in growth and form will be apparent (Widdowson & McCance 1963). McCance & 

Widdowson (1974) suggested this to be related to the particular stage in the growth process 

(McCance & Widdowson 1974). Early fetal growth, not being constrained by the maternal 

environment, is defined by genetically determined limits. The genetic potential can only be 

realised ifthe environment encountered is optimal. Nutrient restriction thereAre precipitates 

an adaptive down-regulation of fetal growth in order to closely match demand with substrate

ijk cn^owTia
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Mid-gestational undemutrition is thought to induce placental enlargement and reduce 

fetal growth (Pond at rtf 1991). The placenta, having a considerable reserve capac,^ for 

adaptive growth, exhibits compensator, hypertrophy in order to facilitate nutrient supply to 

the fetus (Pond etal 1991). In mid gestation the nutrient demands of the fetus per unit weight 

are relatively high, due to the large proportion of metabolically active organ tissue. The 

placenta therefore maintains a priority of growth in mid-gestation which the fetus may 

partially facilitate by mobilising endogenous stores following a nutritional insult (Owens et al 

1994). The mid-gestationally undernourished fetus is therefore characteristically long and thin 

reflecting peripheral wasting (Barker 1995). Peripheral muscle loss may incmase the

susceptibility towards non-insulin dependent diabetes (NIDDM) given that muscle is the 

major site of insulin action (Hales etal\99l).

Dunng late gestation in sheep, when fetal weight as a proportion of maternal weight is 

relatively high, undemutrition results in a prompt reduction in fetal growth (Harding & 

Johnston 1995). Blood supply is redistributed to organs that are essential for survival under 

conditions of intrauterine stress, such as the brain, heart and adrenal glands and to those 

organs that have completed a large proportion of their growth (Rudolph 1984). These 

adaptive responses produce a disproportionate pattern of fetal growth. The phenotype of the 

late gestational undernourished fetus is relatively shorter than would be expected from its 

head size (Baiker 1994) reflecting, perhaps, the hierarchical nature of intrauterine growth in

human fetuses he maintenance of the brain > heart > adrenal > other peripheral organs such 

as the liver and lungs.

The long term impact of maternal undemutrition he. whether the organism is able to 

recover from the nutritional insult or not, may relate to the concept of cellular growth as 

proposed by Winick and Noble (Winick & Noble 1966). They suggest growth proceeds in 

three steps, a period of cellular hyperplasia early in development followed by a period of

supply (McCance & Widdowson 1974). In early gestation, maternal undemutritton results in

an adaptive reduction of fetal growth which is then able to be maintained in late gestation thus

avoiding disproportion. Characteristically, babies undernourished in early development are

symmetrically small (Barker 1995). These babies are, however, unable to catch-up tn growth

m postnatal life (Barker 1995; Widdowson 1971).
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hyperplasia and hypertrophy i.e. an increase in cell size, followed by a period of 

hypertrophy only (W,mck & Noble 1966). Undemutrit.on is likely to exert a permanent 

effect, manifest as peimanen.ly reduced organ weights as a proper,ion of bodyweigh, or an 

mability to display postnaW .catch-up' growth, if encountered during periods of cellular 

hypcTilasia. TTie actual number of cells may be rWuced and if the undemutrition continues 

beyond the point at which cell division would normally enck then the insult is irmvemible If 

the insult occurs during periods of cellular hypertrophy then the actual size of existing cells 

may be reduced which is potentially reversible with ^feeding OVinick & Noble 1966).

1.3.2. Maternal nutrition and later outcome

Human studies

Many studies have highlighted the importance of maternal nutrition in determining 

birth outcome and in mlation to later cardiovascular anomalies. Thus an inveme relationship 

exists between maternal haemoglobin concentradon and the systolic blood pressure of the 

subsequent children aged 10-12 years (Godfrey ct al 1994). Moreover mothers with low 

haemoglobin had lower skinfold thickness', which were inversely related to placental weigh, 

(Godfrey a al 1991) and the child's systolic blood pressure (Godfrey et al 1994) Lower 

skinfold thicknesses and reduced haemoglobin are generally indicative of nutritional 

inadequacy. Mothers who demonstrated lower weight gains in pregnancy gave birth to 

children who were more susceptible to higher blood pmssure (Godfrey c al 1994). However, 

reduced haemoglobin concentration is a cmde marker for nutritional state. More accumte 

mdlces of maternal nutrition may be established through analysis of nutrient intake. A 

complex interaction between protein, carbohydrate, birthweight and adult SBP has been 

observed. In a cohort of 538 Southampton women, mothers consmning low intakes of daily 

protein in late gestation gave birth to smaller babies (Godfrey e, al 1996). However a higi, 

intake of carbohydrate in early gestation was also associated with lower birthweight A 

follow-up study of 43-47 yr old men in Aberdeen indicated that higher SBP wem recorded in
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those men whose mothers consumed a low intake of protein coupled with a high intake of

Dieuro' supplementation of Gambian women, who generally give birth to low 

bnthweigh, babies relative to the UK, increased birthweight during the wet season, when the 

women would have been expected to be in negative energy balance without the supplement, 

but not during the d^ season (Prentice era/ 1987). It is suggested that a threshold may exisi 

whereby supplementation is only effective when the mothers are at the limits of their ability 

to maintain a positive energy balance (Prentice er cl 1987). In the Dutch Hunger Winter 

famine, which lasted seven months, babies who were exposed to the famine conditions in 

early gestation, and bom after the famine ended, were of nonnal birthweighh but those that 

were exposed m mid-gestation were bom of lower birthweight (Smith 1947).

Animal studies

The data in the human population finds much support in the literature from studies in 

animals of different species. The pig gives birth to multiple young who naturally vary 

considerably in size in relation to different positions within the uterine horns and the nature 

of the uterine blood supply. It was found that the most undernourished or ‘runf pig 

displayed huge differences in body composition and postnatal growth compared to its 

littermates (Widdowson 1971). Restriction of dietaty protein during gestation also has many 

effects on the resultant offspring. Reduced fetal growth, in association with increased 

placental size has been observed in pigs (Pond eta/ 1991) and rats (Langley & Jackson 1994; 

Levy & Jackson 1993). Studies in the rat illustrate how a maternal low protein diet influences 

aspects of physiology and cellular biochemistry in the adult offspring. The manifestations ate 

pnmanly related to the effect of a late gestational nutritional insult i.e. on organs that exhibit a 

large proportion of growth in late gestation, such as the kidney, and the liver, whose growth 

is compromised to maintain growth of the brain in the face of a nutritional challenge. Hepatic 

function IS altered in terms of glucose metabolism (Desai a al 1997; Desai a al 1995) and 

pancreatic fiinction is altered in tenns of insulin secretion (Swenne e, al 1987). Pancreatic 

vaseularisation is also reduced by a low protein diet (Dahri el al 1993) therefore influencing 

function (Dahri et cl 1991; Snoeck « al 1990) that may lead to an insulin resistance syndrome
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In Immari ipoimlatioiis, degpnees of .obesib^ are ass()ciated \vith Icrwr l)irdiweiglit 

(Fnmlcel af nZ 1996; l eon er nZ 199(5) and are olbsen/ed folkywing a nutritional insult durnig 

gostation (Ila^relb e/ nZ 197(5; Sinaitb 1947). Snnilarly, in anirrurl sbtdies, a maternal Imv protein 

(ite^ 'w/bilst rechicing; birdiweij^kt, bsads to otiesib/ (^Ajigpiiui gf aZ 19!)3; Ilai/elU aZ 197(5), 

dt:eree« of jglueose intolerariee (L,ang;kqr er aZ 1994) and an altered! nisuiin seoretotyr resjpoitse 

to glucose (Pickard et al 1996) that then may predispose to obesity.

1.3.3. Hormonal regulation of growth

riie niajcM"liorrn<)ne^tluitawns(:hissicaIIy im/olvfxl ui pK)stnahtl gtov/fh, suoh aa jgrcrwHi 

liormcme, lutve litdeirtOueoce hi fetal Ufe (Karlbeii; eZ cd 1994). Ihetal gtovhji is essendajlyr 

\vitlihi El eoiistrainod enviroiimerit (Clhickiiian eZ izZ 1S)90) and thus tlie niajor irdliiencx: (if 

h()rmone*;is to rnodiate fhefxarthicMiinigELncliitihaEdicHi cd-siibsikak: hr/ the fetus, \\zhilst fetal 

fproivtli IS (aaaiihxi I5y sulistrate, die coiihol is rriore (xirnfilex tlian a direct relatioiishuf) 

lietweeii substrate supply and clemand. Reduced fetal Euid oigEui gprowth nites inay be a 

riesponse ki inatemal uiideniutridoii biit often rtxiucxed oig,an weiglits a,e rioted jprior to anyr 

(ibvious Ihrutatiorirm subshute supply, sucli asiri&arh/jgestation when fetal (lemarids are loiv 

CPcmd ez aZ 19)91). Tlie hidirect effects ofniihitiomil restriction (in fetal enckicrhie status am 

fherefrire miporhmt in determirur^, the relatiortdiip b(;hv(x;n inidemutrithin arid fetal gtwwHi 

rates (Harding & Johnston 1995).

In early gestation fetal growth proceeds autonomously without obvious maternal 

ccinstraint. IZhihiig (mibryogenesis the sornatcmiediris or hisulin-like growtii factcirs (1(31%), 

aK^rr^giriaiixinacrioeVhiitcxirhieiriodk;, influeruce celhihu-fpnwdi and differeiitiatiori(THhui 6k Hill 

1994). Glucocorticoids exert an influence on cellular differentiation (Meyer 1985) and in early 

grestathin materiuil grhicocxiflicoick enter die fetal cornfiartment (f/hirpliy nJ 1974), thus a 

role far glucocorticoids should be considered in early developmental events. In later gestation 

when die feto-placental unit has becorneivell established!, the lalacerUa iiroduces arid secretes 

steroKl h()rmones irito the fetal cnmiiartnient. ISterohl hcmnoiies of rruitemal (infrhi such as

zincl (^Dahri 6% 19)93). TThe fpxywth ()f the kicbiegr is comfMnomiscxi l)y rnaleirial

jproteui nestrictkm in terms ofriepIirori(x)rni)l,=nierit (Zlerntm 1968) (md fiuictioii(l^/elliam ef n/
1996).
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cortisol are, however, largely prevented access to the fetus at this time due to placental 

metabolism (Murphy e, al 1974). Thyroxine is able to pemteate the placental bamer and 

appears essential to normal fetal development, especially that of the brain (Tanner 1989). 
The tissue specific action of thyroxine in fetal development is most likely permissive and in 

some cases, synergistic with glucocorticoid (Smith & Sabry 1983).

TThe eviclencx: to elate sujggesk diat fetal gprov/th in late grestatioii is regulated try tire 

D3FS (Gludomm 1995; Han & HiH 199^ aMako by immlm 1989} hnmlin

shnnd^esvdKtlebody ^^neaeoedonandincrnaM^thetn^inabm^^of mdnenk kr 

growth andmulhphcahon CFowden 1989), vdhlst febd K3Fs detannne the nhhsahon of 

tnnrKadaatthe(xdkdarh^^d{»xidn:pardhoning()fnundenk between diefeh>plaeenklinnt 

ui hivcuir()fthieletiK((31ncla]ian 1995). I)isso(nading;aat(Hrto/paiae:dtu:ix)h:feMrtheI(3]Fs from 

an endocrine role is, however, difficult.

Suao^feklgTovdhiequh^^iKhxpuitesubshakUnmtheinime n^pdakwr offackns dun 

inllnence fetal growlli may be: nutrierit availalnhty, Tims the action of IClprs is influearcerd by 

rtiaternail irnclerniihition (Haiier 1995; (Zbwens et 1994). TOhe clenshy erf dssue receptors 

for the IClFs, die IGlF-binchrig prerteins and the regaihidon ()f cuch by nutrhioiial factors 

prnvideai farther complerdbr drrouj^h whicli die scrniatornerlins influence fetal gpowdi in late 

gestation (liaun FfiH 1994). IVfaternal niidernutridon in late jgestatioii may cliang;e the 

htimioiial envirnnment froin art anatxilic to a cxitabohc state thns resuldng hi elevateei 

cc»i(>entrations ofcataliolic homiones aucli as gluoocetrdcoid ((loland at 1993) and ledutxed 

concentrations of IGF-l (Bauer et a/1995; Lassarre et aZ 1991) and insulin (Fowden 1989).

Tliere are marry interacdons bHetwreen die nutrhional and endcxcrhie reqgulatiori of fetal 

gterwth. TThe: physhdogietd chtmgci hi the: endocrhie envirmirnent hi respemse to maihniial 

uriderriutritiorianddie resultarit effexzts on fetal gprowth mrry beirnjportant in determining later 

(mtenme. TThe ability of exirby life:e:vents to ]iermanentby alter fifrysiologyr, bio(:he:niishry arid 

behaviomhas beeniecognked An sonKthne()Ynu &Gmaki 1968; IHorn 1985) and has 

reexently be^coinelcmiwm as 'progpramming;' (ILncxis 195)1). flie vulrierability ofcleveloptnent to 

tiutrithinady-hidueed ^irograimnhig' of aduh-oiiset iiathnphysiohigy such aus hiypeffiension 

and obesity rejiresents a no\rel]iersiiective on die derveloimieiitcif chronic disuse.
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1.4.1. Vulnerabmty in development and the concept of programming

Impnn^ngv^aata^icmmWby]Cm^^iLonmz.He(^,sen^dhow ago^mgfbUows 

thei^-stnK,vL%ob^cth ^^saAer hatching mid dien mibs^pienUy Aillov^ h 

vdKtherd^c^yect v^is hsmodna%ahunum,(^ a(k,g(Lona^ 1952). Ackveh^nnenhU^ 

sensitive penod existed in which the image of the first moving object was 'imprinted'. For the 

^roimgrgrosihiErdiis ,vaa atncilogjcid impNarative, shice the first nioviiig ot,ject it saw was Hlcely 

to be its rncither. Impniidiig therefore iniphes a iih^rskdogicsLl jprocess mid a iiotion of dme. 

\\A[dd<)wson &: NfcC^aice (1975) stated thiit, "the wliole dei/eloimiental HA: (if tlie aanirud imiy 

tx; proAiuiidly alhaned b;/ ei/ents dnniig a viary short peiioti in it imd tlms liave lieentenned 

die critical ipencwis of dkyyeloiioierrf',[9/id(loivs(Mi 6k h/h:C:an(x; 197f^t^ /I VTihieral)le]ierio(l is 

therefore a cLsfuied vyinckiw (if time iii aii airuruals (hivelojprnemt ivliere tlie iih)rsiolofpcal 

systems of the body are receptive or sensitive to particular set of stimuli.

TThieie coiiceiik imderpin the liypKithesis ofviihieralile periods in develoiinient:

1. Vulnerability occurs during growth of the organism.

Tfhe lirain can survive arid funcdon ncninaliy after (puite sev^ere bouts of 

stiu-vaticm ivlierixis imld imderniihitioii (hiring biaiii is siufficient to ])ro<luce

marked changes in its physiology (Bobbing 1981).

2. Vulnerability depends on stage and velocity of growth.

(Zells are iimre viihieralile during; jpericwis cifii;l!id\rely rajiid jgrowtli. IPiogpimmiing; of 

furictioru/iixirpliolofry is moi-elik(d)r to lie fiemiaruent (luring jpeiiotis of liypenplastic rather 

thaii liyiiertropliic growtli (Winicli 6k IShible 1966). In shexep a rmtritional insiilt hi late 

!^estatuoninnp^Lcts]nre(hxaiinarid^iqioii]aiore rapied^r growing fetitses. Tliose Ahnses gtmving; 

at a slower rate are able to maintain their rate of growth (Harding et al 1992).

3. Vulnerability implies a chronological aspect to development.

Genetic potential can only be fulfilled if the environment encountered is optimal 

(l^/idchywsoii 6k IVfcCaiice 1975). fSpecific (irgam;/ tissues an(l ei/en cells are esfiecially 

susceptible to a particular stimulus at a given point in the development of that structure. The 

genetic background of an animal determines the timing and duration of the vulnemble period.
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of pienods rn^ rdak W sk^:e of le. hyp^pli^dc

hypertrophic, but also represents a period whereby physiological processes are able to

respond to the surrounding environment, ultimately for the survival benefit of the fetus.

1.4,2. Programming stimuli

It is well established that outside the field of nutrition, many agents are able to 

p(:nmaiieriU)f pr()grarmne a set ofliotm^ostatic et/erds. Ii;yp()fiialamic orgranisafioti in tin: rat 

tmd sex:retioii()f]goiia(lotroi)hins ctm bejpeirntmently sv/ifdh&d froinzi fianiale cyrclitxil ipatteni 

to the male acyclical pattern by a single androgen injection at day 5 of postnatal life (Harris & 

Levine 1962). Rats subsequently develop as genetic females but do not ovulate or show 

tnomial feaitak: seocual Iwehae/iouT (lBarra<d()ug)i 1961). labar injeelioii (clay 10-15) Ims iio 

effect. Smularly, neonatal androgen exposure permanently alters hepatic androgen 

responsiveness (Gustafsson & Stenberg 1974) and properties of oestrogen-binding proteins 

(ISloc^p <2/ 1983). IixpHosim: of rtUa fi) levels ()f tbymnxiru: dtunhig tlie first )An:ek of 

postnatal life permanently alters the subsequent function and ability of the hypothalamus to 

secrete fhyinKi sfimuhtfing hcmnone(Besa 6k Pauacual-Ijeone 1984). Ejqposaire to Iiormones, hi 

particular steroid hormones, may therefore programme physiological functions and 

bicMdherrucai jpathivays at lioth file (xantral (hyipotluthmuic) aaid fKerqpiKamI (hejiath:) level. 

v\si)ects cd'neural funcficm niay also txsjirogpiuiunied try leveiik in eaufiyr life. Ihi kithms, diuinf; 

the first month of life brain neuronal connections are highly plastic, and the response 

properties of these neurones can be manipulated by altering the visual sensory input (Horn 

1985). A similar protocol has no effect in adult cats.

Thus “programming”, is the process whereby natural stimuli or environmental insults 

acting during sensitive periods of development may have lifelong or permanent consequences 

(Ijucaa 19!)1). Eht^gramming is ti natural pixxcess fiufilibifin^; survival of fiuit orgpanisni, for 

example; sexual orientation, the following response of goslings and the persistence of an 

immunological memory (antibodies) after exposure to a single antigen (Abbas eta/ 1991). The 

relationship between cardiovascular anomalies in adult life and disproportionate intrauterine 

growth are not fully understood but are thought to represent part of a programming 

phenomenon that may be nutritional in origin (Barker 1994).
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1.4.3. The programming of adult disease

Maternal nutrition and the hormonal environment may influence fetal growth and 

programme homeostatic functions and body structure in later life. Permanent alterations in 

the form and function of the body may be a consequence of programming at the cellular or 

sifbceUiihur level e.g. rmrkmnal pix)tein i-estricthm jperrmmeaitly rexiuces cell mimlxar and alters 

the size ()f rrumi^ ()qgaLns uicluehiig the liver (2:ernain Staribemoujgh 1969), brain (yran 

hfarihens & Slhmmnaye 1978), plaoada (Hasrings-Roberis Zeman 1977) and khhi^r 

(Zeman 1968). This may be a later consequence of nutritional insults during periods of rapid 

cell growth i.e. during cell division (Winick & Noble 1966)

vkherarionsin enzynae iKlhrihes dud have beMiruded fbUovring nudenud prohrin 

restriction (Desai et al 1995) may reflect programming of gene expression. Indeed a 

permanent elevation of mRNA for phosphoenolpyruvate carboxykinase (PEPCK) has been 

noted Rdhywiqg nudenud protrin reshiction (Desai nf 1997). furiber exanqde of 

enzymatic programming is temperature dependant sex determination in crocodiles, where at a 

specific temperature (33°C), a hypothalamic isomerase, that influences sex-specific 

organisational events in the hypothalamus and thus gonadotrophin secretion, is switched on 

resulting in all male offspring (Deeming & Ferguson 1989).

\VhdstpTogndnnnngof]g3K expoMisumis miadhacfive proposhuM^ an alkmafive 

hypothesis may be through programming or clonal selection of specific cell lines such as 

occurs in the immune system (Abbas etal 1991). Undemutrition during specific periods may 

ahertheckdudsehxdkmofceUtypes losuhu^mantdkdedidoporfion ofcehsvrithmghen 

organs that influences the later function of that organ (Lucas 1991). Maternal protein 

restriction alters hepatic enzyme activities that are specifically located to particular regions of 

th(: liver lotmle C[k:sai(efnZ 19^)5). Desai ef nf atfrilmte the aheanxi activities to chffertmces in 

the proportion of cells in periportal and perivenous lobules of the liver leading to changes in 

hepatic function (Desai & Hales 1997).

For steroid hormones, programmed alterations in either receptor populations 

(Meaney et al 1988) or secretion (Besa & Pascual-Leone 1984) due to early life events may 

permanently programme the activity of steroid dependent enzymes. Indeed maternal protein 

deficiency in rats alters glucocorticoid receptor numbers in both the mother, which may be an
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adrenal-dependant function, since maternal glucocorticoid levels may rise following protein 

restriction (Lunn & Austin 1983), and the fetus (Mulay gf a/ 1982), which may thus have 

important consequences for the fetus and the range over which the fetal HPA responds in 

adult life. Changes in adult hormonal axes determined by prenatal nutritional insults may 

indirectly account for altered fetal physiology through effects upon all of the above 

programming mechanisms, or directly through hormonally induced mechanisms.

Through the use of animal models in hypertension research, many preliminary 

insights into mechanisms that may potentially operate in hypertension have been discovered. 

Animal models carry many experimental advantages over human research. Experiments can be 

conducted that are invasive and could not be carried out in humans. Experimental control can 

be exerted so that single factors can be manipulated to elucidate the disturbed physiological 

processes in hypertension models. The hypertensive state can be monitored longitudinally 

over the animals lifetime or over generations within a relatively short time. Research using 

animal models allows the biochemical and physiological mechanisms involved in the control 

of blood pressure to be investigated. The evidence can then be used to design suitably 

focussed studies within the human population.

1,5.1. Genetic models of hypertension

A number of genetic models of hypertension are available as shown in Table 1.1. 

Perhaps the most widely used genetic model in hypertension research is the 

Spontaneously Hypertensive Rat (SHR). Okamoto and Aoki (1963) developed the SHR 

through selective in-bred matings of rats with the highest blood pressures (Okamoto & 

Aoki 1963). However, despite considerable success in elucidating mechanisms of 

physiological control in hypertension, use of genetically inbred strains of rats has yielded 

scant information on the genes involved. It is thought that eventually the candidate genes 

will be isolated and then investigated in human hypertension.
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Table 1,1. Animal Models of Hypertension

Model of

Hypertension

Type of

Hypertension

F

Generation

SBP (mmHg)

above control

SHR Genetic 20 50-80

DSS Genetic 20 50-70

MHR Genetic 70 30-50

LHR Genetic nd 40-50

NZHR Genetic 20 20-30

SaHR Genetic nd 20-30

SHM Genetic nd nd
Goldblatts 1 Renovascular 0 50

Goldblatts 2 Renovascular 0 50

SAC Renovascular 0 40-50

RCP Renovascular 0 30

DOCA Steroid 0 *50

DEX Steroid 0 *40-50

ARH Steroid 0 50

MDEX Steroid 1 10-30

lUGR Nutritional 1 <10

MLP Nutritional 1 10-20

Anaemic Nutritional 1 10

SHR, spontaneously hypertensive rat; DSS, Dahl salt-sensitive; MHR, Milan hypertensive rat; LHR, Lyon 

hypertensive rat; NZHR, New Zealand hypertensive rat; SaHR, Sabre hypertensive rat; SHM, spontaneously 

hypertensive mouse; Goldblatts 1, 1 kidney-2 clip, 2, 2 kidney-1 clip; SAC, suprarenal aortic coarctation; RCP, 

renal compression ‘Page’ hypertension; DOC A, deoxycorticosterone-acetate; DEX, dexamethasone induced; 

ARH, adrenal regeneration hypertension; MDEX, maternal dexamethasone exposure; lUGR, uterine arterial 
ligation induced intrauterine growth retardation; MLP, maternal low protein induced. Anaemic, maternal 
anaemia. SBP, systolic blood pressure (adult); * dependent upon dose; nd, no data available.Sourcesif^Genr^i/c, 

/bEMOvrueidkT et a/
1993; (lUGR) - Persson & Janson 1992; (MLP) Langley & Jackson 1994; (Anaemia) - Crowe et al 1995
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However, in the process of identifying a colony of rats which were susceptible to the

deveh^Mnent of high tdoodin%SMn%,fad:ors other thma'hypeMensh^ games'n^^^d also

been isolated. For example, the SHR is bom of lower birthweight with a corresponding large 

placenta than Wistar-Kyoto (WKY) controls (Johnston 1995), an association identified for 

hif^i S13]) hi (lie hmnnan]po]pulaiticm (Barker 1990). Fnrdiermore the liiglil)loc,d pnsssure 

in the SHR can be modified experimentally by either embryo transfer (Azar et al 1991), or 

postnaUil cross-fosterinf; to dimis (Clharpal ]VIc(:art)r IPS'?) inclusathig a tmitamal 

factor in the aetiology of genetic hypertension in the SHR.

1.5.2. Experimentally-induced hypertension

A number of animal models exist in which hypertension is produced through 

physiological manipulation (Table 1.1). The primary systems targeted by interventions are 

tltelkhjitey and athxanal glantl. )\in()ng;t)ie mcxlels are reriovtuwcular-iaclucxxi ((rolclblatts, aorfic 

coarctation) and steroid-induced (deoxycorticosterone-acetate, dexamethasone, adrenal 

regeneration). Renovascular hypertension is produced through clipping, with an adjustable 

silver clip, either one or both of the renal arteries, combined with/without unilateral 

nephrectomy, or through coarctation of the renal arteries. Hypertension is usually apparent a 

few days after the procedure (Wilkinson 1994). Renovascular models of hypertension lend 

insights into renal mechanisms involved in the control of blood pressure and maintenance of 

high blood pressure.

Steroid-induced hypertension is produced by excess administration of either 

mineralocorticoid (deoxycorticosterone-acetate) or glucocorticoid (dexamethasone) (Kenyon 

& Morton 1994). Through the use of these models the mechanisms by which either 

mineralocorticoids or glucocorticoids raise blood pressure have been partially elucidated. 

Therapeutic strategies can therefore be implemented in cases of primary/secondary 

hyperaldosteronism or hypercortisolism (Cushings syndrome). Experimentally-induced 

models of hypertension have been developed for use in adults and therefore fail to account of 

any early origin of hypertension. However, steroid-induced hypertension can be reproduced 

by dexamethasone injections throughout pregnancy in the rat (Benediktsson et al 1993), 

which also reduces the birthweight of the pups.
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inaknw] sk^oWs (ut rnelaWlis^d by pWcmital en^^nes amd 

glucocorticoids are no exception. The enzyme 11 P-hydroxysteroid dehydrogenase Type 2 

(11-HSD2) breaks down bioactive cortisol (corticosterone in the rat) to its inactive metabolite 

cortisone (11-dehydrocorticosterone) (Seckl 1997a). Dexamethasone, however, is only 

partially metabolised by placental 11-HSD2 and crosses the placenta into the fetal 

compartment. Fetal exposure to excess glucocorticoid permanently elevates SBP in the 

resultant offspring (Benediktsson et al 1993). Fetal exposure to excess endogenous maternal 

glucocorticoid (xm also Ibe rc^irochictxl bgr ctutxsncKxolom; uijections )%dtich itdiibits plauzental 

ll-ii;SD2. ()arb(nio)[oloru:irykxdic»is, indkases dtat(lo n()t afh)ctmah:mal 8131% rechice 

the birthweight and render the resultant offspring hypertensive (Lindsay et al 1996, Langley- 

Evans et al 1997b). This is a phenomenon that requires a product of the maternal adrenal 

gland, since carbenoxolone injections to adrenalectomized dams had no effect on offspring 

birthweight or blood pressure (Lindsay et al 1996).

TThe of placental Il-HSIDI is p()siht/ely (ximehtkxi with Inithweig^ht in rats

(Benediktsson et al 1993) and humans (Stewart et al 1995) and negatively correlated with 

placxental TAreqght in rats (Bemxhktsstm et a/ 1993). IFiutlwamioie tlu; activity cdFfihicenhd 11- 

Iig>D2 in liuimm plaucentas lat hanm pi-cdicts Iriitlrw^ng^ht (Ilemxiiktssoii at 1995). TThus 

Edwards et al contend that underlying the fetal origins of adult disease hypothesis is maternal 

glucocorticoid exposure, mediated by the variable activity of placental 11-HSD2 (Edwards et 

al 1993). However 11-HSD2 in Edward’s model was not measured under favourable 

conditions (utilising first order kinetics) and therefore caution should be exercised in the 

interpretations of the correlations between 11-HSD2, birthweight and placental weight. 

However, neither the genetic, nor the experimental animal models of hypertension directly 

address the role for nutritional factors in the early origin of adult hypertension, as proposed 

by Barker (Barker et al 1993a; Barker & Osmond 1986).

1.5.3. Nutritional models of hypertension

In the SHR, hypertension can be modulated by nutritional means. Cross-fostering of 

SHR pups with WKY controls prevents the development of hypertension (McCarty & 

Fields-Okotcha 1994). The effect of cross-fostering is nutritionally-mediated rather than
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thnx^^iefRx^scmmakmal behavmur(f^k<^»iy Lee 1996). InWresHnglythemHk of the 

SIHBL IS cliaractaistically I()v/ hi prrotein (NicCarb^ (z/ 1992) \\ith ari altered fatty auakl 

pin)fih:(TV[ills et a/19^)0) relative to WIKTY".

Unilateral uterine arterial ligation throughout pregnancy in guinea-pigs produces litters

with a split of pups between those that are growth retarded, from the ligated horn, and those 

that are of normal weight from the contralateral horn (Persson & Jansson 1992). The pups 

with most severe growth retardation, i.e. >47% reduction in birth weight relative to controls 

suliseciuenthr develc^iecla nieantmtaiail piressure (MVVF*) ai ivtxmin*; fhat tviu; incrtXLsed li)r 

1:1^6, coniparod to fheir rxirmal sizexi lh:te:r niates (112.7 j:2.4minlH:]g v^ 65.:Z :kl.6 tnrnflg) 

(f*ersson <&: Janssoii 1992). THhus a sulistantial iiutritiomil deficit ih wtevi, <dervate<l blcxid 

pressure in the resultant offspring. However, a severe surgical intervention was necessary to 

produce only a mild increase in MAP.

Manipulations of maternal nutrition have been shown to elevate SBP of the offspring

ui rata. IRjediiction of fatal fiaoti iirhike hi iiregpnaiit rats fa fiaod intalce (if (:orrhials 

larochiced havverlahdlivveiglitjpuias diat ckavelop lryp(:nkmsicHi (SIBP, 5-8rrmiP[g alxai^a control 

vzihies) froni 3t) wcxdka of ayge (VVloociall et of l()9()b). Shirularly, rats nandaned anruamh: try 

feechiig a lo\v iron diet punhar to tuicl dirottgtwaut pm;ginmc)f gan/e birth to lower lahHiweiglit 

offspring which develop hypertension (SBP, lOmmHg above control values) from 6 weeks of 

age (Crowe et al 1995). However, SBP was increased in the above interventions by only 5- 

]IkaiDnflgtbitMig^ifex)diof;<:hlier a 7()^6 rechiction taf fotxl hitake, wtucli repniasents tm almost 

pahliolofgicaliaihritharutl irwniltcMrlay niaterrtaliinaeniiiai^diich, \vhilst beh^g a rnilder rmtrhional

insult (rats were maintained on an adequate protein and energy diet) is only an indirect marker 

for nutritional state.

In contrast, a rat model of hypertension has been developed that involves mild 

maternal undemutrition and avoids any surgical interventions (Langley & Jackson 1994). 

riius nmgre of rnafamal piotein (liets (60-12J) g cau&ehi/kg;) rendenad tlie resuhinjg offqiring; 

hypertensive, with SBP ranging from 15-22 mmHg above that of the 180 g casein/kg exposed 

controls (Langley & Jackson 1994). Indeed a restriction of dietary protein from 180 g 

casein/kg to 120g casein/kg, the recommended protein requirement of a pregnant rat (National 

Research Council 1978), elevated SBP in the offspring at 9 weeks of age by approximately
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THie prognunnung of Ir^xntMislon m the nnhen^U hrw protein exposed ^VILP) 

offspring IS apparent as early as 4 weeks of age, is independent of maternal blood pressure 

clnmgiismid ^imAarseb^nekdxxl to rnaLtermU pix)tehi intake (TLang^k^^-Ei/ans er a/ 1S^)4). hdlLP 

()ffsprTng aretiorn (]f lower Ibirtbweagght with a(:oiT(Mi]porhdint]g larger fiLacenta wlienineasnred 

at (hiy 20 geshition (L;anghrr 6k Jaelcsoii 1994), ami haw; birth proportions simihir to tliose 

identified as confering high risk of cardiovascular disease in human studies (Barker et al 1990). 

Intaxxihngly, pIiarmacoLogicai tdcxdkade of g;lin)ocoriic<n(i syrhliesis tbroug^ioiit tiie first two 

i^^^eks ()f rat pregpiarucy preivenk tlie deyvelopinient ofliyperkaisioii ia b()di male arud female 

()ffsprin]g froni b/lLJP nit ckmis (Ijatygley-Iivans 1(19721). In adciitioii, ruatrihoiially-iniiucexi 
hypertension is associated with a reduction in the activity of placental 11-HSD2 in late 

gestation (Langley-Evans et al 1996e).

Siraze die barrier kiiruibsmaljgluccxiorticoid is rechicedliy ainaternal low proteia cUe^ 

exposme tii excess rnatenial gluoocorUcciid in igestatiori naa), therefore leqpresent a cornoiort 

fiictor between niihitioiially-iaclucrxl iidiih h)rperteasioii arud glocxiccMdiccikl-iadirceri

hypertension, as produced through either dexamethasone or carbenoxolone injections (Seckl 

1997b). Injections of carbenoxolone to protein replete rat dams, either throughout or during 

specific periods of gestation, reduces the birthweight and elevates the SBP of the resultant 

offspring as effectively as maternal protein restriction (Langley-Evans 1997b).

1 (5. TTIdOE

GLUCOCORTICOmS

1.6.1. Glucocorticoid hormones

(31uc()corticoick ((!(:) are a class of shmaid Imrnioris syridiesisecl arid seciiekid from 

the adrenal cortex and represent the end-product of hypothalamic-pituitary-adrenal (HPA) 

axis stimulation (Ballard 1979). GC bioactivity is exerted predominantly by cortisol

15mmHg. The dials were isoenergetic, therefore primarily reflecting protein restriction, and

were replaced by laboratory chow at birth. The resultant offspring therefore differed only in

prenatal nutritional experience.
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(humans), cortisol and corticosterone equally (guinea-pigs) and corticosterone solely (rats),

cLepende:nt()n spexzies differences hi die adrencwcorttcal ex])ressionof ll'-diyxiroxrylase ((Dilfi af 

a/ IS>92). ()orticostercHie/c(MiLisol is piixicMiihiantly syrhliesisecl aiwi setiiskxi ffcm die zxona 

fasciciiIaLdi()f die adrenal codka: 0^;^ Figure 1.2). In temis of dieir syndiesis, structure and 

nieclumism of akhion (j(: shark: nian^r siniihuities with cither stcnnid luirmones incihiding;, in 

mammalian systems, mineralocorticoids, oestrogens, progestagens and androgens. Figure 1.2 

illustrates the synthetic pathways involved in steroid biosynthesis.

Gluco-corticoids are so-called because they are products of the adrenal cortex and 

influence glucose metabolism. Many metabolic functions are attributed to GC and, in fact, 

virtually ei/ery cell hi die btidy liears a (](: reccqitor tbroiigh wlih:h their actiom; are almost 

eitclusively exerted (IBunisdhn (Cidlowski 1989), iridicathig the niultiplicity of (j(: 

influenced functions.

1.6,2. The functions of glucocorticoids

Glucocorticoids have numerous functions in peripheral tissues and generally mobilise 

energy substrates and increase plasma glucose concentration. Thus GC stimulate hepatic 

gluconeogenesis and import of gluconeogenic substrates such as amino acids into the liver 

(CkiUrmm et a/ 1989). /Issochded incretux*; hi the actrvih^ (if gluccmeogpenic ertzyinex; arid 

mobilisation of amino acids from muscle facilitate gluconeogenesis. During starvation the 

increased utilisation of fatty acids as energy substrates, rather than glucose, promotes a 

'glucoae spauring' effect. In niuscle, ()(: caii hidtice prcitehi (xidibolism and hihibit firotein 

synthesis (Dallman et al 1993). The action of insulin, which promotes peripheral glucose 

iqitake, is gpenerally aihaijgoruscxl (Cladman ef a/ 1989). TThe diurnal i/arhidcns hi HF/i axis 

function to maintain the constant provision of energy from endogenous sources, in the face of 

variations in food intake and thus external nutrient supply (Dallman et al 1993). During 

'stress' (as diefhieclsis arr/ sthnulus tliat mar/ thrcxiten cir challen{;e the internal em/hnomnent) 

glucocorticoid actions are directed towards suppressing the defence mechanisms (immune and 

inflammatory systems) that are activated. This prevents these systems from threatening the 

homeostatic environment (Munck et al 1984).
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Figure 1.2. Steriod hormone biosynthesis in the human adrenal cortex

Steroid Hormone Biosynthesis

The Adrenal Cortex

Cholesterol Deh yd roep ia n d rosteron e( ' / I

Pregnenolone"^ 17-OH-pregnenolone f

1 i Androstenedione
Progesterone —^ 17-OH-progesterone

I
11-deoxycorticosterone

I
Testes

Cortiiosterone 11-deoxycortisol

1

Aldosterone Cortjsol

Cortisone

OyarY

Figure 1.2.
A schematic representation of the human adrenal cortex and steroid biosynthesis. 
Adapted from Orth et al (1992).
2G, zona glomerusa; ZF, zona fasciculata; ZR, zona reticularis; Medulla, adrenal 
medulla
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Dunng developmenl GC, in addition to potentiation of the fetal response to stress i.e. 

ui tarns of (xhedKdanune and m^pokmsin II acdon, pronwte the tnahnatkm and 

digeMnthdion of n^nr^ tissues. In bram, (IC ixnentiate the ckvelopnnmt and 

(hAnn^hhdkmofadnmergk%md nemalsyskms, andimveixdnntsthnulatmyefkck on 

ceUs CVkl^wen a/ 1986). In Wgh concenhadons (IC inhdnt bnun gpovWh 

C)n()differentiation. TTiisimr^.liowe^n-, be time and (lose clependenL I^exmatal high ch)se (}(: 

suppresses naaroiial difk:rentiati()n (Me;/er 1985), densit)r;md tnoonal spr()uting (1VlcE:v/en 

a/ 1986), v/hilst aditaialectomyrinciucetl permanent cellular liyperhropliy (I)e^renp()rt 1979). 

Clurtng tlie neoiialal periotl the ururuhnre rat Iniaui is rxdtidvelyr iniresptmsive to stress. 

SapolskyandlVleaney kn^hnniaidi^fxriod the "Straps non-reqpomnve paiod"(8apohdc^ 

^kAdeaney 1986^ Thuseidierlnghtn hnv(3C concenhadons, vdnchrnay havedelekrious 

consexpuamca, upon iieuronal rnaturadcm aore a\roided by achiptive clianjges hi (](: receptor 

cmK:emnhhms\Wn^opaak ^ dusdh^ m rrndmarn alow a^rd^n^^skib^ GC 

concentration (Sapolsky & Meaney 1986).

Idamnhmn ofdK: adnWk dhdna qxwha The lak

g;cstational effects cd'tjC ufioritlie fetus havelxeenliest cluiracterisad hi the Ixabd idiec^p. TThiis 

(iunrq; late jgestaitmn in die sliec:]p, a iitarked inanease hi fetal adrerud CMC: stxaredon 0(>curs 

v/Iih:h stioiulatestlie on:aet()f]paituritiori(T.ig^;his lS)6!))tuicl|irepaures die fetus for an 

eidsdmce. (!(: hidnce acadenhed niaturadon of fetal dssues, espiecially the lung, wliere the 

in(m:asecl])roduction of surfactant aaid :md()xi(hmt enzyines fmotect (igainst mi oirygpau rich 

erivirormienL Ttie incn&ase in fetal plasma (3(: in hde gesdidon is (if fetal origin shice die 

passage of bioactive GC from mother to fetus in humans is prevented in late gestation by the 

aedvrtir of ll-HSl)! (Beidns et nf 1979). I^urthemiore, ailrenaLlexitornizecl rat dmis eschibit 

riormal plaumia (IC coriceridndnns in late gestadoii (Oiatelain nZ ISNSCO ivlihdi ccmrelate v/ith 

tile mimtxer of live fetiaes being; (tarried (I)u]poiiy e/nZ ISTTS). TThe OA/eraclivity of the fetal 

HPA in late gestation following maternal adrenalectomy maybe a response to inhibit the high 

rnaitanal /uCTH secredon. flie conconmiidmt hicr(%ise in tlu: fetal cxincxentrathin (if y\GTII 

atwi (lorticostemm: rrur^ therefore hirve im^iortant (levelkiprnaital ainsexiuaices given die 

effects ofhigli ClCiipon die fetus (Reiniscli et^zZ 1978). Pmverithm oftmdenial bioactive ()(: 

fhix aciross the placxenta in late g^estadcm allows imreased fetal /iCTH pmidhicthm and thiis
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incMas(^coAk^^^Mme S(X^;tion, and momased a^nnmny of Ae Akd H?A (KK in 

preparation for an external existence (Bourdouresqne ef of 1988; van Dyk & Challis 1989).

1.6.3, The Hypothalamic-Pituitary-Adrenal axis

TbefnncAmis ofGCdnm^sAeM mdy d^cnhw Aen p^dondmunj^^^kd^^ad 

e0^dsafAradmnou^dcAn^An:hom^me(A^:n^sAnukAon. «XMdion md mdy

rises significantly aAer stress but also on a circadian basis regardless of stressful stimuli (Orth 

ef 1992). During Ae physically active period (day m humans, mght m rodents) ACTH and 

consequently GC levels may rise 2-3 Aid above basal concentrations and Aen fall thereafter 

to basal levels (Martin at nf 1978). The production of ACTH and secretion 6om Ae anterior

piAitary is under Ae dual control of corticoAophic hormone (CRH) and arginine vasopressin

(Orth et al 1992) {see Figure 1.3).

Stress (meAbohc; signalled via glossopharyngeal and vagal nerves A Ae brainstem, or 

emoAonal; from corticolimbic paAways) or influences from Ae ciieadian pacemaker 

(suprachiasmatic nuclei m ventral hypothalamus) initiate the secretion of CRH from the 

parvocellular region of Ae paraventricular nucleus (PVN) mto Ae hypophysial-portal 

circulation (see Figure 1.3). CRH then, alone or togeAer wiA the co-secreAgogues arginine- 

vasopressm (AVP) and to some extent oxytocm and encaphelins, sAnulaks Ae production 

and secretion of pro-opiomelanocortin (POMC) derived peptides, mcluding ACTH (Orth cr

W 1992). ACTH Aen enters Ae systemic circulation and promo As Ae synthesis and

secretion of GC from the adrenal cortex.

Prolonged exposure to a chrome GC excess has potentially deleArious consequences 

mcluding; muscle atrophy, msulm insensitivity, diabetes, reduced immune competence, 

hypertension and arterial disease (Munck cr 1984). A biological imperative Aerefore is the 

ability to effectively 'turn ofT activation of Ae HPA axis. Thus negative feedback loops exist 

at the level of the pituitary (short-loop), the hypothalamus (long-loop) (Widmaier 1992) and 

the hippocampus (Sapolsky et al 1986) where inhibitory neurons project into the PVN, 

reducing CRH and consequently ACTH secretion (Figure 1.3). The feedback sensitivity and 

responsiveness of Ae HPA axis exhibits a distinct diurnal variation (Dallman er o/ 1978).
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Figure 1.3. A schema illustrating the Hypothalamic-Pituitary-Adrenal
(HPA) axis
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Sensitivity to stress may therefore be low during peak corticosterone secretion and high

the dmnMd hoq^u Sensihn^ to nq^^ive hxdbiKk ^ Inkiest chmhg pe^ 

l^hcocoM^xnd se^ehon. The rhydnns openhe to hitegnhe, in associahon vdfh hisidm 

seen:hon,!ui optimal metabolic state dtroujghotttpieriock offeediitg anti fastuig (I)alhrLan at a/

1993; Devenport et al 1989).

1.6.4. The cellular action of glucocorticoids

In cotmnon \vith other steroids, (](: exert tlteir effects thiougii bintiuig to 

cytoplasmic/intranuclear receptors and initiating gene transcription (Figure 1.4) (Bumstein & 

Cidlowski 1989). The resultant synthesised protein then mediates the action of GC. The 

litghiyrlipc^phaltc steroid Ireel}^ crosses meaiibranes tmd bunds to a sohible, cylo&olhv'iiucdeaa; 

itncMDCufued rtxieptor. jfhe ensuiiig clissticiation ()f hexat shook iiroteins arid conibMnitatkmal 

cliauge in the tertiary structinretiftlie proteiri'acrdi/ates' die rectqator ie. uirniaalcuig the IDbl/i 

bindiojg site, \viiich tlien chrneiases arid binds to specific se^iuerices or hoitnone

resfiorum/e ekmients. TTie liormoiie^rectqitor (xiniplex,, ontx: txourid (c) ICMNLA,, altars (](:- 

sfiecifictrariscriptinn factors, suctiiis ^JPl, that inchice either u]p or d()vm regtihihori()f gene 

expression dependent upon the particular transcription factor bound to DNA (Bumstein & 

Cidlowski 1989). The relative distribution of GC receptors between the cytosolic and nuclear 

(xrtniiarhiients buuiiiscently bxaen pro,]posed to inHueaice (}(: action and tissue sensitivity to 

GC (Jenson et al 1996) which may be of significance in terms of GC programming of adult

drsexkseiiithepiD&sent nit rno(ielsitKx:!)inding;to (JR is incretuxxi uilVIUP CLarigley-Iivanser 

1996cy

1.6.5. Glucocorticoid receptors

There are two functionally distinct glucocorticoid receptor types which were

elucichikxi using; s)mthetic shemid ligtmds (Reul /k deKJoet 1985). CJne lias a higli affhiib/ for 

corticosterone but also binds aldosterone and so was called the mineralocorticoid (MR) or 

Type I receptor. The MR is located in mineralocorticoid target areas such as the colon, 

kidney and parotid gland (McEwen et a/ 1986). The second glucocorticoid receptor has a
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Figure 1.4. The cellular action of steroid hormones

Steroid Hormone Action

plasma

cytoplasm

o
CD

Hsp70 and 90

Hormone-receptor complex

Dimerised receptor

0
 Steroid hormone e.g. 

corticosterone

Figure 1.4.
A schematic representation of steroid hormone action. Free steroid (1) crosses the plasma
membrane, binds to its receptor causing heat shock proteins 70 and 90 to dissociate (2), 
thus allowing the now dimerised hormone-receptor complex to cross nuclear membrane (3) 
and initiate transcription. (4). The resultant mRNA is translated (5) thus forming a new
protein that effects the response (6) of the hormone. Steroid binding to DNA can either 
positively (+ve) or negatively (-ve) regulate transcription
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widespread central distribution, being found in both glial cells and neurones (Meyer & 

McEwen 1982). It has an equal affinity for corticosterone and aldosterone yet only binds 

aldosterone at high concentrations and so was called the glucocorticoid or Type II (GR) 

receptor. The highest central densities of GR are found in the hypothalamus (Reul & deKloet

1985), but GR are present throughout the peripheral tissues (Bumstein & Cidlowsld 1989). 

In addition, splice variants of GR have been isolated in the human that differ only at their 

carboxyl terminal. hGRcx is believed to influence target tissue patterns of gene expression and 

hGRP is thought to inhibit the activity ofhGRoi (Oakley etal 1996).

The existence of distinct corticosterone receptors with differing affinities reflects the 

(hial meta.l)olic actioiis ofcxarthxasterone ([)e\ren{)ort gf of 198Sf). txisal coiicenhmfinns up 

to 90% of the higher affinity MR, located in non-classical mineralocorticoid target regions e.g. 

fhe lu])p()cam]put^ arecxcciqpied l)y steaxhid (Reul gf of 19871)), ftrovitluig atrmic rnflueruce oii 

hippocampal related functions such as mood or cognition. As GC concentrations rise to 

mobilise fuel reserves when the gut is most empty (i.e. prior to dark-onset in rats), MR 

become saturated and thus the lower affinity GR become increasingly occupied (Reul et al 

1987b). Occupation of GR promotes a catabolic metabolic response, releasing fuel substrates, 

which prevails until the ingestion of food (Devenport et al 1989).

Following food ingestion, the catabolic effects of GR stimulation gradually remit and 

the MR become increasingly occupied promoting energy storage (Devenport et al 1989). At 

basal levels only 10-15% of GR are occupied and consequently GR are extremely sensitive to 

(laify jfiiictuaiticMis iti c()rfi(X)steroiie concentratiori. Ehtring stress aiwl jpealc ]ghic<x:orth:oid 

secretion, occupation of GR rises to 70-80%. GR therefore mediates the glucocorticoid 

txMijponse to stresaajidn[<^gaLtivefl^3dl)ack\vitbintlu;IdlP/L (R^;ul gt a/ 19871)). IHkrvvei/er, la role 

for MR in potentiating GR mediated negative feedback has recently been proposed that 

involves potentiation of GC negative feedback during peroids of high GC concentrations, 

such as occur during the diurnal peak in GC secretion (Bradbury et al 1994).
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1.6.6. Ontogeny of glucocorticoid receptors

IClurinj; dei/elo]pmeiittlie CiFLjpojpulatioii sh()v/s:i distinct oiitogrenicaund tissue sp,eciflc 

paitPsm of repression thait rei1e<:ts the: cldferinf; tissue specific (](: fu^ictions ait a give, 

titnep()int e.g. luiig retxcptor ntnnbers are higii in kde gexstadon v/hen giiiicocotticoki incluces 

surfackint prcxiuction (I.igg;nis 1969). C:enPal (III naHN/i lias hK>en ()bs<arve(l ni mid-jgestatiori 

ni rodents atid ctincentratioris increause towiirds kite {gestation to afipioximate adult leryels 

03mvmcta/199^: Kkn^i eta/ 1996; Nkl^^m^n/ 1986y .AAerbut^ kvek ^^ndly 

decrease, producing a stress unresponsive period (Sapolsky & Meaney 1986). GR expression 

then progressively increases to adult levels around the third postnatal week of life (Meaney et 

al 1993). In adult, and perhaps fetal, life GC auto-regulate the GR population (deKloet & 

Reul 1987). Thus adrenalectomy produces a marked up-regulation of receptors (McEwen et 

al 1974) and stress down-regulates GR (Sapolsky et al 1984).

MR are present in fetal rat brain (Rosenfeld et al 1988) and in contrast to GR, 

densities at postnatal day 2-4 are similar to levels observed in the adult (Meaney et al 1993).

ThefdTlpopuhuimiisn^^dvebrsWbh^cndylxangiegukdedtbnn^^iendochnestahK due to 

nn^omsuchais ^Bang(SkoM&t()kson 1995). MR appear mnespomnve Wthe dnxdadng 

corticosterone concentrations. Up to 80% are proposed to be bound by steroid at basal 

cxrrticostCKrone c()n(x;ntratiotis (Imwei/er this rruay lye tissue specific dtqyendent U]p(»i len/el ol" 

ccyHCxjyresston lAudi 11-HSIIXZ) iincl ocxcufyatiori v/as iiot deqpleted fblltnviiig iiiaxinial 

su]pp,nessi(m of cculicostercHie b)r (lextmiethauMyne (Ileid at gd" 198:hi). uitrattkaniie

devdopmcntmd^nKms^(xmhul\Ol(mBnotco4o«^^^vMA 114HSD2 

1996) and thus may be bound by the higher circulating concentrations of corticosterone. This 

intrylian/e uryyoilatittxyntxxiucaices with respect to (](: action zn ute,Y),re|gardinjg die rat mtxiel 

used m the present studies, since circulating corticosterone concentrations rise in the rat in 

late gestation (Chatelain etal 1980) and GC stimulation of central GR promotes increases in

SBP (van den Berg 1990). It is not known whether the corticosterone measured in these early 

studies reflects bioactive corticosterone.

Whilst steroid hormones predominantly exert effects through nuclear receptors, recent 

evidence suggests that membrane steroid receptors may exist. The rapidity of effect i.e. 

changes in ion permeability or neurotransmitters release in response to steroid stimulation is
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too fast to involve protein synthesis (Chen gf aZ 1991; McEwen 1991; Oiehinik g/ aZ 1991).

GC may modulate neuronal action potentials through membrane receptors (Chen et al 1991). 

This effect may be brought about by altering the intracellular concentration of calcium ions, or 

by a synergistic interaction between genomic and non-genomic effects i.e. the action of 

steroids at the cell surface might be able to trigger changes in gene expression indirectly 

(McEwen 1991).

1.6.7. Modulation of tissue glucocorticoid action 

Corticosterone binding globulin

GC circulate at up to 100 fold greater concentrations than aldosterone, yet the MR 

remains selective for aldosterone as its principal agonist in aldosterone target sites, despite 

having a similar affinity for corticosterone (Krozowski & Funder 1983). Initially, 

corticosterone binding globulin (CBG) was thought to confer the specificity. CBG binds 

approximately 90% of circulating plasma corticosterone (Smith & Hammond 1991), but not 

aldosterone. Once bound, corticosterone cannot cross plasma membranes, therefore restricting 

its biological activity. CBG therefore probably acts as a circulating reservoir for 

corticosterone, enabling flexibility in the stress response.

The hwek of (:BG chm^e ov^ devdppme^ in Ae nd. (CBG is pmsaR at 

approximately 50% of maternal levels during fetal life, reduces dramatically in the peripartum 

period and rises again after 1-2 weeks, in concert with rising corticosterone levels, up to 

mature adult levels at postnatal week 6 (Smith & Hammond 1991). Hepatic CBG synthesis 

is stimulated by oestrogen and in general females tend to have higher circulating 

concentrations (Smith & Hammond 1991). However where concentrations of extravascular 

(CBCjareveryhyw, sudhasiatheaduhintbntin(hidEwen efaZ 1986)or(hnh^;fln;n^onatid 

period (Meaney et al 1993), the MR is able to remain selective for aldosterone. Thus CBG is 

unlikely to confer specificity upon the MR.

11/3-hydroxysteroid dehydrogenase (11-HSD)

As previously stated, MR has equal binding affinity for corticosterone as aldosterone 

yet in mineralocorticoid target sites such as the colon and kidney aldosterone exclusively
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binds to MR despite the higher circulating concentration of corticosterone. Thus the MR in 

d&Micd rmnanlocmt^^W Mks ^ s&^ w be 'p^hekd' Aom the «^ion of

corticosterone. The protection of MR is conferred at the pre-receptor level. 11-HSD, which 

oo-IocaJises with the IVlPt in classical IvfR hLqget sibss (Exlwards af 1988), protects IVlIl 

through conversion of corticosterone (B) to dehydrocorticosterone (A), which does not bind 

MR (Figure 1.5) (Funder et al 1988). In Apparent Mineralocorticoid excess (AME), a 

congenital deficiency of 11-HSD, hypertension, hypokalaemia and suppression of plasma 

iihiosterone and rerun zicth/ifi^ oecmr (Steivart er a/ 1988) wtucli repa-eserd manifestaitioiis of 

cortisol binding to MR. 11-HSD is also expressed in the ovine liver, which is not a 

niineralcK>orti(X)id target site (Ylmg 6b Ifu 994) anci fiie higlilKjM ()f hiqiatic 11-FISlD for ()(: 

sug^gestedtbis iscdcmniA^ts gerwedcally distinct from the Ichlntq^ isofbim. TTv/o sweparaite 11- 

HSD isoforms have thus been demonstrated, one predominantly expressed in the ovine liver 

(11-HSDl) and the other in the mineralocorticoid target sites as mentioned previously (11- 

HSD2).

1.7.1. Gene and kinetics

TTlw; tv/o i^u)forms ()f lldbTSI), llTHSI)! iind 11-HS;D2 (ue the puModuct ()f two 

separate genes and differ in tissue localisation and physiological function. 11-HSDl has an 

apparent molecular weight of 34K and in tissue homogenates in vitro is bi-directional 

expressing co-factor preference for NADPH (reductase) (predominantly?) and NADP 

(debrydhojgemise activity) (Seek! 1997a). Tlie 6:ni for lldHCSI)! buis a pmiolar affinity fiar its 

substrate (cortisol/corticosterone) as oppose to the much higher affinity 11-HSD2 isoform 

which has a Km for substrate in the nmolar range (50nM) and shows exclusively NAD- 

dependent dehydrogenase activity (Brown et al 1993) (Figure 1.5).

1.7.2. Tissue localisation and physiological role of lip-hydroxysteroid dehydrogenase

11-HSDl shows a widespread distribution but is predominantly concentrated in the

liver (Monder & White 1993). The physiological role of 11-HSDl is thought to be in
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regulating ligand access to GR and thus to modulate glucocorticoid hormone action

(\\nioiiwx)0(l era/ In thie liiAsr tlie regieneration of tuctr/e (IC: maL]/ facilitate mcyhibolic 

edlcxzk mclucinig antag;()nisuig rnsulrnacticmand facHiuahh^gighicorreog^niesis. I3ioacdive(j(: has

proposed h) incnxwe acthd^rgnd thus would Anth^ incMxwe CK: acAon

widnn hqxdic tissue, hi contest I1-HSI)2 is only present in lugh (imundes in 

nnnenUocoMiand taq;<^ sites (oion, s^ivmy j^iands, Iddney). To inhud surpnse and 

confusion, the MR has an equal affinity for corticosterone and aldosterone in vivo yet is able 

to e:Kclii5r/el)r l)ind alcioster()n(;(]3chv:ards ef aZ 1988). It tvats established that the i)hyrsiolo]gical 

role of 1 l.IiS;D2, winch c(>-h)calises with tlie IVIR, v/as to 'pnotect' IVIR in Ikidneyr, coloii 

from the much higher circulating concentrations of glucoccorticoid (Edwards et al 1988). The 

higher affinity of 11-HSD2 for substrate enables it to fulfil this role more adequately than 11- 

HSDl. Whorwood et al have shown that MR which is not co-localised with 11-HSD2 is 

hlcely to 1)e impiroteefed ajgainst (If: birwiing (IZ/hcirvyocwi er a/ 1994). IDiuliig p]-eg?iancy, the 

fetal placenta predominantly expresses an identical isoform to renal 11-HSD2 as has been 

determined in the mouse (Brown et al 1993) and other species such as the sheep (Yang 1995) 

and human (Seckl 1997)a. 11-HSDl has been noted in ovine maternal decidua (Yang 1995). 

The 11-HSD complex in placental tissue is proposed to regulate the transport of maternal 

glucocorticoid into the fetal compartment (Murphy ct a/1974). Thus in early gestation when 

fetal GC concentrations are low then decidual ll-HSDl may facUitate fetal GC exposure 

whilst m late gestation when the fetal HPA axis is maturing bioactive GC from the maternal 

circulation may be metabolised by 11-HSD2 in fetal membranes allowing independence of the 

fetal HPA (Burton & Waddell 1994; Pepe et al 1990; Stewart et al 1995)

1.7.3. Regulation of lip-hydroxysteroid dehydrogenase

11-HSD is regulated in a species, tissue and sex-specific fashion which is consistent 

with the presence of two distinct isoforms of 11-HSD. In rats ll-HSDl expression is

stimulated by glucocorticoids in the brain (hippocampus), liver (Seckl 1997a) and fat 

(Bujalska et al 1997).
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Figure 1.5. The action of llp-hydroxysteroid dehydrogenase

Corticosterone

CH20H
Ic=o

1 1-HSDl

OCRT

NACf

1

GCRT

NADPH

MR

NAD

EEHYCROCORT

NAI^

Figure 1.5. A schema illustrating the action ofl 1 beta-hydroxysteroid dehydrogenase (11-HSD).AIJ>0, 
aldosterone; CORT,corticosterone; Dehydrocort, 1 l-ddiydrocorticosterone; GR, glucocorticoid 
receptor, MR,mineralocorticoid receptor

11-HSDl, predominant location in adult liver, lung, pituitary, cerebellum 

11-HSD2,predominant location in adult colon, kidney, (placenta)
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In addition growth hormone, thyroid hormones and insulin have been reported to regulate 11-

iri penplieral tissues (hlammami ZShteri 15^)1; Ix)w gr g,/ T^^hcMrw()0(l 

IS^PS). Ill temis of tlie seii-speeific regidation (if ll-Iig;:)! then fblhivrhig gKioadectoin)^ hi 

iiiu;, theactrvi^/ cif Il-Iig;:)! (lecretuMxl hi male Ih/er, )fet incnxtsed inlenuik:livei\ aii effect 

\vlm:h was reven;h)le with (lestroggen re:]placem(mt (Ixiw ei nZ 1993). In contrast, iruareaseil 

ttctivify was noted in bcith iruile anti female Idtinegr following ]goriadt>ch)my vdtli oeshtigen 

itqiiacanerit (^Lnv/ ez (zZ ]993) intlhxidiig tlie tissiie sjpecific ixigulation of 1 l-HSiC)!. TThi; 

(%K;)h»iatiorilt)rst:x-S])ecific differences hi ll-HSl)! aucth/ib^ mar/ be explairied by tihlenences 

in pituitary growth hormone secretion (Low et al 1994).

Tlie sx;x sterohis also le^gulate the activity (if ll.H:SI)2, as idendlietlliy i^rork hi the 

baboon placenta (Baggia et al 1990). Whether the sex steroids regulate 11-HSD2 in the rat 

]plac(mta is miknowii. Clestrogren is fmoixised to inensase the activity of iihicental 114HS1D:2 

ivlnlst iimgpesterone is postulattxl to decnxise its activity, thiis providing; fetal antonorrry in 

late gestation, in preparation for an ex utero environment (Baggia et al 1990). Progesterone 

inhibits the activity of 11-HSD2 in human kidney homogenates (Stewart et al 1995). In 

addition, corticosterone, cortisone, 11-dehydrocorticosterone and thyroid hormone are 

proposecl to regpilate ll.HSI)2 (Stewart at aZ 1995). However the&e studies v/ere crindiicted 

on kidney homogenates in unphysiological conditions and consequently the precise 

characteristics of the regulation of 11-HSD2 in vivo as yet are unclear.

1.7.4. Ontogeny of llp-hydroxysteroid dehydrogenase

Glucocorticoids have potent effects on neural and glial cell differentiation and in high 

concentrations can inhibit brain growth (Devenport & Devenport 1983; Meyer 1985). Free 

glucocorticoid levels in the first few weeks of life approximate adult levels since CBG 

concentrations are low and brain MR approximate adult concentrations. GC may thus have 

potent developmental effects acting through MR, if unprotected (Seckl et al 1993). 11-HSDl 

activity has been demonstrated in primate, mouse and rat brain (Seckl et al 1993). In rat 

hippocampus it has been demonstrated that 11-HSDl activity was moderately high at birth, 

subsequently declining to a nadir around postnatal day 10 and then gradually increasing to
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reac^iaudultauctn/it^ i/alues (Nicnsan gf a/ 1992). Tlius, aroiaid the rKeonthal peaicxl, 11-]H[SI)1 

may influence glucocorticoid hormone action within the brain in the rodent. In contrast whilst 

tlie (%(pressiCMi (if ll-IilSDl hi the hi/er v/as found to be simihud)^ high at birfli, 

oqpressiotidid n()t decluie but liirtlier hicreaaedtcrwnards awiuldiocxi (Kjro2xywrski ef a/ 1990). 

flmvei/er it sliould lie noted that v/hilst it is hlcely that b()di activity and exfiressiori of 11- 

FISI)! were Ixang nieasimed in the latter tivo shidies the iwhualnKikxmlar chartLCkaistics hmi

yet to be determined which yielded two genetically distinct isoforms, 11-HSDl and 11-

HSD2.

The expression of 11-HSD2 is high in fetal brain from day 11.5 in the mouse (Brown

6Y (Z/ 1996). Ii()v/ever, foni late-geshdion (dl5) the ividesfiread exjpressiott of ll.H:Sr)2 

(Lecluies siuch tluit at term it is oii^^ diehxzhtble in specific ti^rhms, such as tbie thrdmmis 

(Brown gr a/1996). High concentrations of mRNA for GR are also observed in mid-gestation 

rat brain (Brown et al 1996; Kitraki et al 1996). Therefore in the developing, early rat brain 

the high ccmcentrahcms of 1 l-flSlOIZ niay ii^^ulate CMC acr:ess to <3It. In laiter (gestation, tlm 

ckxdininjg expresshm of 1 l.HSI)2 may ahow (3(: sthmilated developmental evaits to (iccm, 

that is ifcieclining exjiression translates hito acleclhie hi 11-11802 protein tmd activity (ISecki 

1997ah

1.8. GLUCOCORTICOID 

HYPERTENSION
I^^CKaRAJ^ATCXG (OF v^DtHUT

There are many features of intrauterine glucoeorticoid excess that suggest fetal 

overrgxyiAMirg to nnitemal ()(: ma;/ uriderlie the fetal arid infaritiiriighis ofaudult disease, (it: 

tnflueiice many (levedciprncaataljprcKxesses in the fimis arui tnodidate l^locxi pnassure hi adult 

hfe arid, f)erhai]ps, hi die fetus (TTar^galakis gt a/ 1992). Clhicotxirhcoids inchice lioth 

(ryminetncal (BCatz g/ of 19»!)0) and dispniporticmate (Ivhisier gt nZ 1982) intrauterine (growth 

retardation (lUGR), depending on timing, length of exposure and administered dose. lUGR is 

also associated with high CRF levels (Goland gr nZ 1993). SHR rats rendered diabetic through 

neonatal streptozotocin treatment produce offspring of low birthweight, and the degree of 

hypertension exhibited by the resultant offspring is inversely related to birthweight (Iwase et
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1995^ Inkrwtmgly, sU^ptozoWcin-tre^^d rak cucWak^;

c(MtK:ostaK»^ levek and the akivity of ph^ental 11-H8D2 hi these rak is nnhnhuned 

dimi^;lK)ih pregnancy at a h^^KT hywd tkm conhols, perhaps W prohxh the

(ieleterioiis effects ciflbigh iruitemal ctirheesterone on die fetus Q^BeUeff^ 6^ 1988). l^/tuedier 

pilacenhil IIHISI): iictivity (ieelines jRoUovyhig iruikmial atirenalectoirr/ aiid correlates 

positively with birthweight in streptozotocin-treated rats, as in untreated rats (Benediktsson 

et al 1993), is not clear at present. However maintenance of an elevated placental 11-HSD2 

throughout gestation and the altered hormonal environment produced by streptozotocin 

treatment, may mask such correlations with birthweight in this experimental model.

lEiqpeiirmnitall/ nidiicedt^halexpcKsure to exicess niaterruilIihiactivetjK:, (:hlier throiigli 

glucocorticoid injections to pregnant rats or inhibition of placental 11-HSD2 reduces 

birthweight and elevates adult SBP (Benediktsson et al 1993; Lindsay et al 1996). Similar 

aasKiciatioiis v/ith Ihitliv/eiglit, 1 l-HSIDl actr/ihr arid blonod piressiire ane oliserved v/heii rat 

(iains art; IGad a low pirotein diet .hick:son 19<)4; I,anj;k;y.Evaris 1997^i; Lruigilec/-

Evans 1997b). The mechanism for the down-regulation of placental 11-HSD2 following 

protein restriction is unclear. 11-HSD2 activity is positively related to birthweight in rats and 

hrimaru; su;;gestmg diat tin; plarientad enzyime lias a itih: hi the reppikuicMi (if fetal jgrowth 

(Benediktsson et al 1993; Benediktsson etal 1995; Stewart etal 1995).

The mechanisms through which intrauterine GC excess programme later hypertension 

are unknown. In the adult, GC interact with the sympathetic nervous system and renin- 

aniigiotemmi syihrim (Tt/Vf!) hi the regpihidcMi (if blood pinessiui; (VV^iUrer wmiame i()92;)_ 

Increaised piressKir resjponsiveness t(i glurxiccrticoicl haa been oliserved in hidivi(iuals i^itli 

esserhral Irypertensioii (W/alker er of 1996). Tlius (3(: hrcreaae i/ascirlaur rcxactivity to 

vasoconstrictors such as angiotensin II (All) and noradrenaline (Griinfeld & Eloy 1987; 

\VTiifwordi gf a/ I9I95). Iiicreaacxl varxmhir reactivity ma)rlie merhaTexi diroujgh alterations iii 

membrane potential, since GC increase the transmembrane transport of Na+ and Ca^^ (Komel 

etal 1995) or increased receptor densities. The potent vasoconstriction elicited by All is 

Iiotentnitedliy (3(3 in thelSHIl througji aniip-re^gidaiticm of/tll (/iTT-l) reeephirs (Ihroweneher 

ef ^ 1995). IWomover (3C hird^r inknuh whh mnm-a^pmensin ^rskni Arrn^^
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inducion of hepatic angiotensinogen transcription and increasing the activity of angiotensin 

converting enzyme (Mendelsohn etal 1982).

An interaction between GC, the sympathetic nervous system and the RAS may exist 

in mere and thus may irreversibly alter organ and/or vascular structure, predisposing the 

individual to later hypertension. Cortisol infiisions in feml sheep directly raise SBP through 

effects on the RAS (Tangalakis etal 1992) and furthermore influence renal function (Hill et al 

1988) and sensitivity to adrenergic stimuli in later life (Bian et al 1992). All regulates renal 

development (Tufro-McReddie et al 1995) and alterations in the activity of the RAS may 

influence renal development and later function. A programmed deficit in renal nephrons has 

been proposed to underlie the fetal origins of adult disease (Mackenzie & Brenner 1995).

Smce GC effects are largely mediated through OR. then prenatal stress (high GC 

levels), which is known to programme later increased hippocampal GR density (Meaney et al

1993) may influence the regulation of SBP. In specific regions of the fetal brain where the 

high densities of MR are unprotected, and in mid-late gestation when the activity of 11- 

HSD2 declines (Brown et al 1996), glucocorticoid stimulation of MR wiU promote increases 

m SBP (Gomez Sanchez 1995; van den Beig et al 1990). Furtheimore increased central GC 

exposure may influence the development of cardiovascular control areas i.e. metabolism of 

amino acid neurotransmitters, sympathetic activity, resulting in a higher ‘setting* of SBP 

(Talman et al 1984). In the periphery, transient elevations in SBP and increased 

vasoconstrictor activity as a result of OC excess may influence the development of blood

vessels (Berry 1978) and initiate cardiovascular responses leading to structural hypertrophy 

and permanent hypertension (Folkow 1978).

Thus increased bioactive glucocorticoid exposure in utero, enabled through a reduction 

in the activiq, of placental 11-HSD2, secondary to a maternal low protein diet, may influence 

a plethora of functions integral to cardiovascular development and control. The evidence to 

date suggests that maternal glucocorticoid exposure may programme vital functions and 

structures within the fetus that predispose, or increase the propensity of the individual to 

adult disease and espeeially hypertension.
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AIMS OF THE THESIS

Epidemiological data in human populations around the world has highlighted a role for 

maternal nutrition in the fetal origin of adult hypertension. In order for the mechanisms 

underlying this association to be investigated an animal model of nutritionally-induced 

hypertension has been developed.

The aim of the present thesis is to explore the hypothesis of a role for maternal 

glucocorticoids, secondary to maternal undernutrition, in the programming and development 

of hypertension of early origin.

Firstly, the relationship between adult cardiovascular disease and intrauterine growth, although 

clearly defined in epidemiological studies has not been considered in animals. Initial experiments 

will investigate the effects of prenatal protein restriction in rats upon fetal, placental and neonatal 

growth. Undemutrition and its effects upon maternal growth and energy balance will additionally 

be evaluated. Fetal growth responses to a low protein diet will be considered in terms of systolic 

blood pressure in later life.

Since prenatal exposure to maternal glucocorticoids has been shown to programme later 

honxTknnnon OSemxfiktMxm gfad 1993^ Tte n^le of j^hcocmtkonk as iKMHKmad

mediators of nutritionally-induced hypertension will be determined through;

1. Assessment of placental 11-HSD2 activity and measurements of fetal and maternal 

glucxxzortKioid. This v/dl, {dlx:h inchreetly, test the liypothesis that mmitiorud (krwmreguhuioiiof 

11-HSD2 may increase bioactive GC transfer from mother to fetus.

2. Assay of biochemical markers of glucocorticoid action in fetal and neonatal tissues.

3. Ablation of maternal glucocorticoid production in order to assess the glucocorticoid- 

dependence of the hypertensive state in the offspring

4. Measurements of indirect HPA axis function in the offspring and;

5. Adrenalectomy of the offspring in postnatal life to assess the role of 

glucocorticoids in maintaining the hypertensive state.
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(ZULAJPTTILIl 2

]vi]ETrH()i)()U()(;ir

(ziETEiPknci/iis:

Standard chemicals and reagents were purchased from Sigma (Poole, UK). All

radkxtiemiicals pmthased fmrn /unendiairn (Lhtle (:kdfbn^ IfrC), inUess ofru^vdse

stated in the text.

2.2. /LMOWLAJUS

/Jll e3qp€iirneiital{uihTial\vr)rk v/as carried oirtiuaderlicerwx: frrrm die Hcxme ()fTk:e arwi 

in accordance with the Home Office Animals Act (1986). Rats of the Wistar strain bred in the 

University of Southampton animal facility were used in all experiments. The animals were 

housed in either wire mesh or perspex cages at an ambient temperature of 24°C on a 12hr 

light/dark cycle. All rats were offered food ad libitum either standard non-purified laboratory 

chow diet (CRMX, Special Diet Services, Cambridge, UK) or a semi-synthetic control 

(ISOg/kg casein) or low protein (90g/kg casein) diet. Dietary composition of synthetic diets 

and cltow zune sliown in v\j)pendix 1 aund 2 respecti\^:f/. TThe serni-syiidiGtic (iieh; \vere 

balanced in terms of energy, fibre (cellulose), fat (com oil), minerals, vitamins and were 

supplemented with D,L-methionine to avoid sulphur deficiency. The shortfall in energy from 

protein in the low-protein diet (50% reduction) was balanced by an increased availability of 

(aierfry fremstaundh (1/1^{, increxase) ami suemase (1/19^ immease).

2.2.1. Nutritional regimen for generation of animals

]hi initial (5C[xanments, virgin femtdenik w^aijghing; betwexm 2()0-250;; w^ere luibituatexl

to the semi-synthetic diets for 14d prior to mating and maintained on the diet throughout the 

mating period (l-7d) and gestation (21-22d). Where possible only 1-2 males were used for
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mating to limit paternal genetic variability in studies. However, between studies over a period 

of 3 yearn, diOennn maks wem usWbutw^^: d^tvW fmmahonu^enousstnnn Aerdbre 

limiting genetic variability. The maternal weight range selected was the weight at which female 

rats are repindiictively mature arid haive ahnost ruchieved full growth. Flor all eiqperimenhU 

firotocols lit least ii=K5 (lams/dietai}r gp-oup \vere inated gerierahng tipproxirnateb: n=5/6 

htters/dhekLr/ gtnup Axini whicli the ri for postnatal expeninenital groiips ivere denved. If 

offspimg; were Imrvestecl at different trmepoints tlum a (greater raunber (if rat (tarns 

rnatedl. Recent eiqperhnents OLangley-lSvans ef n/ 1996f) ha\'e(letemihied rio effect ofthejpre- 

rrradr^g luibituation period ori atr^ irattdiolic parameter iri the offspttr^g irKdiaioig bloo(i 

Iiressure arid com;eqiK:ntl]raU anirnals v/ere niaintainedrin die semi-synthwedc diet orihr diinmijg 

pi^;gruuiC)r((LSstate:<i iiiteict). Day 0 (if gestation was diebemihieclliy the iireseruee of a i^^grnal 

plug cm the fkior (if the cage. Irnmediately iipcm (ghdry; lihtli the chet v/as iiqilaccxi ivith 

staridardclkow chet ((ZllhilC, iSpcchd I)iet Services, C^rnibridg^:, UIC; /tpiieralrx 2) euid liters 

cuHed hi 8 piips penr litter (4 male, 4 female). Tlie offspruig differed, therefore, only hi dieir 

prematal dietai}r expHenerice arid the period (l-Sd) of imihmial postnatal recovery from tlie 

diet. At 3-4 wks old the pups were weaned onto the chow diet.

2.3.1. Corticosterone and Aldosterone

Ckirdeosteroiie was adrnhhstered to tiie rats try siibciitaneius hyixithio (O.CtS-O.lrnl 

vtihione) ait a dcMwige (if between l().20m(g1cg biidhyweigth/chiy, susjperKlecl hn arauchis cid (ir 

piilyettrylene glycxil. ylldkishmine was givem try tlie saarn; roiih: at ii dkisage (if l()0p^g4cg

tmdywe^^it/dhysuqxudedinimlydhyknegdy^h. Cdn^ol amnuds nxewedam e^uwdeh 

volume of vehicle, by the same route.
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2.3.2. Mifepristone (RU486)

RU486 was adminislered subcutaneously suspended in polyethylene glycol (0.05ml) 

vehicle at a dosage of 30mgdcg/day. Injections were given daily at 9.00am and 5.00pm. 

Control animals received an equivalent volume of vehicle only, by the same route.

2.4. TISSUE COLLECTION

2.4.1, Fetuses and Neonates

Pregnant rat dams were rapidly killed by decapitation and the uterus excised. All day 

14 gestation fetuses were either killed by decapitation or snap frozen in liquid nitrogen whilst 

all 20 day old fetuses were killed by concussion. All fetal membnmes and maternal tissues 

were carefully removed to allow accurate measurements of body length and weight of both 

placentas and fetuses. The day 20 fetuses were killed in a mndom order and dissected to 

obtain whole brain, lung and liver tissue which was frozen immediately in liquid nitrogen and 

stored at -70% for up to a maximum of 3 months until required for biochemical analysis. 

TTerm neonates v/ere killed and dissected as atxou/e.

2.4.2, Visceral organs

flats ofv/ejmluig ag;e or older were eidier decaputated or Icdlerl by cxan/ical dislocati()n. 

L/n/er.lcidneys, beaiM:, spleen, adrenals and lury; v/ere rapiklly occised and weiglied, Tlie twain 

v/as rernoverlimd skired on kx: for dissexcdcm. Illocxl was oollected ink) hispariniserl tut)es 

either ttuDug^i decapitation ()f die aruiruil within 30 secimds of remcr/al fhom its cayge or l)y 

cardhacjpniicture under temiinal picntoliarbitoiie auoaesdiesia, Blooci tuties wens inimeelhitety 

shaikenandpdiicerl on ice prior to separation of tlie plasnia ccmipcment. .Ail tissues collected 

AArere frozen inrrnecliakd;/ in liqiiicl nitrof;en zind stored at -70^(: Irnr up, to 3 inontlis iintil 

required for biochemical analysis.
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2.4.3. Brain dissection

The cerebellum was immediately obtained by making a vertical cut at the back of the
Imidtiram and corhcaLl tissm; remoi/ed. For removal of tin; hipipoctmiptis, the ctacdbral ccirkat 

v/as mihadly sliced lateralfy av/ay frorn thernidlineatid eas(xi<:h%irto iiyveal the li^pfKictnnpns 

and related limbic structures. Sufficient hypothalamic tissue was obtained by cutting through 

die Coptic clhaaimiand then O.fkmiproximal to the lirain stem. TTie resulting; blocdc of tissue 

\viis clearexl of cxirhc^d tissinx fhie pituitary v/as riot cdytanied as in srrudl tuiioials it Avas 

(hfficnlt to identify and remove with pnx:isi()n. ykll regrkins olitainecl wrere rapiidly jplaced in 

liquid nitrogen and stored at -70°C for up to 3 months until required for biochemical analysis.

2.4.4. Preparation of blood

Blood samples were removed from the heparinised collection tubes into microfuge 

tulies and cenhifug;ed for 5 nhiis hi sepuirate reel blocKl cells from tlie pltumia fraction. Tire

supernatant plasma was then aspirated and stored at -70°C.

2.4.5. Bilateral adrenalectomy

Ilats Avere aruiesthetisecl ivith either peiitobarbitol /,p. at ti (iosagge of 7:Zntg/kg 

b()d)rMAsqght, ordiazeiiam fp. (l(hng/kg;l)0(lyweigIiQ with the riemoheptic fentanyl fluarii&one 

z.n:. (^hrig/kggtxod^rv^eight^.TrhLeriglidrig response was lost vdthnri 5 niinutes, arid ahiaik i^tere 

identified as being; imclercleep anaesthesia wlien the^rjinleclto resgioiKi kiphiclung of the sole 

of the foot. Two dorsal incisions were made with minimal damage to the abdominal capsule. 

The adrenal glands, with associated fat pads, were located and carefully withdrawn from the 

arurmiL TThe cagisule \vas sutured and the skiri was held k)getlu;r with Mirgical chps arid 

sutures. The animals were then placed in a room maintained at 27°C with free access to chow,

water and saline (0.9% NaCl). Animals recovered within 2-5 hrs after surgery. The mortality 

rate after surgery was established to be approximately 1-3%.
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2.5. ARTERIAL AND VENOUS CANNULATION

Flats aiLaesthetisecI with TZrngylqg bodyrwreight sodiiuii paitotxirbital TThe 

(utenal anci veiioiw (zaniiulation zmd irdiisions ()f(Lagph)kaisia II v/ere txased an thie niethod of 

SktglOces a/ (gSag^hkes ,ef a/ 1()85). aLiiaestliethwsd, the i/en(ial sloui ()f the newsk \v^is 

removed. Fatty, muscular and membranous tissue were cleared and a tracheotomy performed, 

file rigid carotid ;nnk:ry wiis loc(U:ed, cleared to (dlow riccess, (md clampexi with tivo \vire 

anenal clamps placexd Icinaijpart. I>rior to ammihithm, tlie cannidae and jpressiire tnmsducing 

dome ivere clieclced for lealcs (ir air liubbles. /t small uicision v/as niade:, uito vdiich a 

liertarhiised, sahne filled cariniihi(()/lairn/0.8rnir; I'ortex, UB:) v/as iustankxi aikl secimed with 

stonle surfprxall)niid.irhe arterial carmula was attactted to a saline lihed, cumrlarjplastic dcxme 

containing a distensible membrane. The dome was attached to a pressure transducer which, 

tliroi^gh aipressrme amplifier reconlediiressiu-e chariges ivludi were tiariscribrxl onto a ]pre- 

cadibndexl (lllhainillg-ltiOtninllg^ (liart recemier. Tlie arterial chmip (lishil h) the lieari v/as 

theri rernoverl to ailloiv blood fkiv, iiit() tlie caniuihu It is acexepted that pliysiolojgical 

rrieasimaments urider ariaestlux;ui iriay riot nerzessarily reflect nr vrvo itaqporises siiice 

pientclbarbitone ricts au: rniW caundiovau&cular (lepressor, liowei/er tin: terdinoktg^r \vas riot 

avauhible attlietime ciferrperiments kiineasarxetiie SIIP of rats ui fhee hidrig conditions. TThus 

tlie anmials v/ere left fcHr 3(kmuis leHcrwiry; ariaestlietic adoirnistratum after vdbicli a stalile,

direct bloorijpressure reaehr^g coidclberietermhiedL /dl measurenients ivere rnar&e by the same

operator.

The right femoral vein was cannulated using a similar procedure. The ventral skin of 

tlie right hind leg v/as remolded arid fat arid rniiscular tissue teased asicle to itryeal the ri|ght 

ferrioral veiriand arter}\ The veiriaindarterTrw^are sepaimbed andasiectkm offerncmil i/ein waus 

hkolated. hKqiarirnsed carmula ((l/hnom/O.Srrm; I'orters, IJK) was hisertecl andtlie proxinial 

clarnip rernovexi. he^iarinised syririge wiig attaclied to tlie cannula arid a small arnourit of 

bl()o<l 1,/as dravm hito the syiiiige to ehrninate airlmtibles. /t rectal themiorneter v/as inserted 

ami tlie rat was mairitahied at 37.5°C \vith the aid of an ()verh,ead hmip. Tlirougb the cannida 

closes ()fangi()tcmsin II (AJd) (1,5, 10, Tilaind dOrijgliolus injectmns ui 0.Irnl NaClat 37°(:) or 

v(:hicle (O.lrnl Na(:l at 37°(:) were adininistererl in raridoin ord(:r TThe eiuict protocol \vas
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developed in 7 chow-fed rats (Appendix 4). Intravenous doses of All ranging between l-80ng 

v/ere injected! to ctuanicterise tin: (lose respwansecun/e.I^^gure 711 (Tlppwsndix ^Oifhistrates that

the vascular response to All injection reached a maximum (asymptotic plateau) at a bolus 

dose of All greater than 40ng. Doses of All at or below 40ng were therefore used. Figure A2 

CA.]3pendix 4) (diaracterises tlie rec()ver)r rate after .AJI iiifusion at any gjveaa close and 

demonstrates that by 3mins blood pressure had returned to baseline values. The vascular 

response was therefore not followed beyond this point. However, an interval of at least 

Smins was maintained between injections to allow for any vascular overcompensation and 

consequent oscillation of pressure. The variation in maximal vascular response between 

animals was 8.1%, 9.3%, 9.3%, 10.5%, 8.9% and 17.4% for doses of 1.25, 2.5, 5, 10, 20 and 

50ng All respectively. The individual variation in maximal vascular response at a given dose

was 6.5%, 9.2%, 5.8%, 6.7% and 5.2% for doses of 1.25, 2.5, 5, 10 and 20ng AH

respectively.

2.6. MEASUREMENT OF SYSTOLIC BLOOD PRESSURE

Blood pressure was measured non-invasively in consious rats. Prior to measurement

rats were habituated for two hours in the test laboratory maintained at 27°C. This 

temperature avoids heat stress which, in rats, occurs at 30°C and above. Tail vein pulses can 

be detected at 27''C but are undetectable below 27°C using the indirect tail-cuff method 

(Model 229 Blood Pressure Monitor; Linton Instrumentation, Diss, Norfolk, UK; Figure 

2.1). The tail-cuff method has been validated against direct methods used to determine SBP 

in conscious, unrestrained rats (Pfeffer et al 1971).

Rats were initially placed into an appropriately sized perspex restraint tube and

aUowed to settle. Preliminary studies indicated that a settling period of 4-5 minutes was 

optimum for reproducible recording of blood pressure (Appendix 5, Figure Al). An 

appropriately sized tail cuff was placed around the tail and inflated to 300mmHg. Pulses 

were recorded during deflation at a rate of 3mmHg/sec. Measurements (see Figure 2.1) were 

made in either triplicate or quadruplicate and the average values for systolic blood pressure 

and heart rate were recorded. Preliminary studies indicated that pre-training the animals to the 

apparatus did not significantly affect the measurement of blood pressure (Appendix 5, Figure
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2.7. A typical blood pressure trace using tail-cuff

sphygmomanometry

B^d pressure was determined following the methodology described in section 2.5.

3. Blockade of blood flow
4. The onset of blood flow, equivalent to systolic blood pressure
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A2). Intra and mter-assay variations were determined through 6 consecutive readings of 6 

animals and through twice daily readings of 6 animals over a 3-day period. Intra and inter­

assay variations of 4.7% and 7.9% respectively were recorded. An IITC model 229 blood 

pressure monitor linked to a computer software package reduced observer bias and the

operator (of which there was only one doing all measurements) was blinded to the dietaiy 

origin of the animals.

2.7. BIOCHEMICAL ASSAYS

2.7.1. Malate dehydrogenase (MD)

MD (EC 1.1.1.37) was assayed using the method of Langley and York (Langley & 

York 1990). Bram samples were homogenised in 10 volumes of homogenising buffer 

(Appendix 3) and stored on ice. IS^il of homogenate was then incubated with 1ml reaction 

buffer (Appendix 3) for 10 mins at room temperature. The reaction was terminated by the 

addition of 40p.l lOM NaOH. The activity was measured in the direction of malate oxidation 

and read against a protein &ee blank at A340nm to determine the reduced state of NAD (.;gg 

Figure 2.2). Enzymic activity was linear at protein concentrations between 50-300 jig protein

at pH 9.5. The mtra-assay variation was assessed by measuring 6 repeats of the same sample 

and was 2.7%.

2.7.2. Glycerol phosphate Dehydrogenase (GPDH)

GPDH (EC 1.1.1.8) is a glucocorticoid-sensitive enzyme (Kitraki et al 1996) which 

was assayed following the method of Langley and York (Langley & York 1990). Brain

samples were homogenised in 10 volumes homogenising buffer (Appendix 3) and 

subsequently centrifuged at 20 OOOg for 40 mins at 4°C. lOOp.! of supernatant was incubated 

with 0.8ml reaction bufTer (Appendix 3) at 37T. The reaction was started by adding lOOjil 

of dihydroxyacetone phosphate (8.33jimoIes). The decrease in absorbance at 340nm was 

measured over one minute (.,gg Figure 2.3). Beyond one minute, activity was at Vmax and 

thus measurement would not reflect first order kinetics. Analysis of enzyme activity against
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Figure 2.2. A schema of the malate dehydrogenase (MD) reaction

MD

Aspartate

Mato dehydrogenase IS a glucocorticoid-insensitive reversible enzyme. It is located both 
on the inner mitochondrial membrane, where it converts malate to oxaloacetate which in 
combmahon with acetyl coenzyme A enters the tricarboxylic acid cycle (TCA) as citrate
and within the cytoplasm where its role is the exact reverse, i.e. to reduce oxaloacetate to 
ni2.l3.tc.

Key:

GOT, glutamate-oxaloacetate transaminase 

MD, malate dehydrogenase

A340, absorbance is read at a wavelength of 340nm
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Figure 2.3. A schema of the glycerol-3 phosphate dehydrogenase (GPDH)
reaction

GPDH

DHAP ^

A340nm

Key:
DHAP, dihydroxyacetone phosphate
GPDH, Glycerol phosphate dehydrogenase
A340, the decrease in absorbance is read at a wavelength of 340nm
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protein concentration revealed a linear relationship between 50-750 |jg protein at pH 7.15.

vanadon of:^^ nxxxded AoniineaMueowad: ofSrqwwds of the «Kne

sample.

2.7.3. Glutamine Synthetase (GS)

GS (EC 6.3.1.2) is a glucocorticoid-sensitive enzyme (Patel et al 1983) which was 

aussayt)d f(dlo\vin{;tlie methwad ofljatygLsy ami 15otk (I^angleyr &: ITcMlc 19*90). Elraui sainqples 

\vianelioTrK)geiihN)d in 10 ^/oltaruss]loTrK)geinsiag;l)ufler (/ippienclhc 3) atal soineabed six tuires 

at 26kHz for 10 seconds with a 5 second interval. The samples were then centrifuged at 

3000rpm for 5 mins. lOOjil sample protein was incubated with 0.9 ml reaction mixture at pH 

8.0 (Appendix 3) for 20 mins at 37 °C. The reaction was terminated by the addition of 1.5mls 

colour reagent (Appendix 3). Absorbance at 500nm was measured and the quantity of 

product formed was determined from a standard curve of 0-2 jiimoles glutamyl-hydroxamic 

acid (Figure 2.4). The intra-assay coefficient of variation for this assay was determined as 

br/ iruxisuring 6 repeated naadingp: of tlie saorw; sanqple. Frg^rre :L5 oiiUines the (jS 

enzymic reaction that determines the quantity of product formed.

2.7.4. Tyrosine aminotransferase (TAT)

TAT (EC 2.6.1.5.) is a glucocorticoid-sensitive enzyme (Shargill et al 1983) which 

was assayed following the method of Shargill ef a/ (Shargill ei a/ 1983). The liver cytosol was 

prepared by homogenisation in 20 volumes buffer (Appendix 3) and centrifuged at 105 OOOg 

for Ihr at 4°C. 25jrl sample (75-175pg protein) was added to 200)11 reagent (Appendix 3) and 

incubated for 15min at 37°C. 20)il lOM KOH was added and samples further incubated for 

30min at 37 C. The reaction was terminated with the addition of 1ml ice-cold water. Samples 

were read at 331nm against a zero-time blank. Data are expressed as moles p- 

hydroxybenzaldehyde formed/min/mg protein (see Figure 2.6). The intra-assay variation for 

this assay was established to be 3.2% by measuring 8 repeats of the same sample.
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2.4^ /V standard curve of ^LSOOnm against ^nioks
glutamylhydroxamic acid for the determination of glutamine synthetase 

activity.

A500nm

)xm glutamyl-hydroxamate
Data points reflect the mean of duplicate readings.
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2 J. A schema of the glutamine synthetase (GS) reaction

Glutamate (jhibmu^5r^dro)Kuiuc acid

Hydroxyalanine 
+ ATP

ADP+Pi

Pyruvate

A500nm

Glutamine syntheta^ is a glucocorticoid-sensitive enzyme which, within the CNS is 
predommantly localised in astrocytes mitochondria, where it plays an important role in’the
inx)ce^^unjg ofanimo acicirwiurotraruunitters (Patel gr of 1983). Tims aAet glma:mue lelettx;

Key:

GS, Glutamine synthetase 
PK, Pyruvate kinase
A500, the absorbance is read at a wavelength of 500nm and activity determined against a 
standard curve of 0-2 pmoles glutamylhydroxamic acid
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26. A schema of the tyrosine aminotransferase (TAT) reaction

TAT

Tyrosine

(X:- l<L(jr jgliitEinisite;

37°C

t
IjOLcn

Tyrosine aminotransferase is a glucocorticoid-sensitive enzyme (Shargill et al 1983) It is
lo^d within the cytoplasm where it functions as the rate limiting enzyme in tyrosine 
CEtHuolism.

Key:

KOH, potassium hydroxide 
TAT, tyrosine aminotransferase
a-KG, alpha-ketoglutarate
A331, the increase in absorbance is read at a wavelength of 33 Inm

59



2.7.5. Pyruvate Kinase ( PK)

PK (EC 2.7.1.40.) was assayed by the method of Langley and York (Langley & York 

1990). Tissues were homogenised in 10 volumes homogenising buffer (Appendix 3), and 

cen^Uuged ^ 25 OOOg 20 nuns tu 4°C. id ^)(L250 g pmt^h^ \vas

incubated with 800 ill reaction mixture (Appendix 3). The reaction began with the addition of 

lOOiil ImM phosphoenolpyruvate. The decrease in absorbance was followed at 340nm for 

one minute {see Figure 2.7). Intra-assay variation was established as 2.1% for 9 replicates.

2.7.6. lip hydroxysteroid dehydrogenase (11HSD2)

Tissue 11HSD2 activity was assayed according to the method of Benediktsson et aZ 

(Benediktsson et al 1993). Briefly, fresh placenta (including both maternal decidua and fetal 

placenta) was excised and immediately washed in Krebs-Ringer buffer (KRB, pH7.4) 

(Appendix 3) to remove excess blood. The washed placenta was homogenised in 10 volumes 

KRB and centrifuged at 2000 rpm for 1 min to remove large tissue fragments. Conditions for 

the assay were optimised using homogenate containing 500iig/ml protein was added to 2.5iiCi 

H-corticosterone (12.5 nmoles/L) in KRB, 2g/l glucose, 2g/l BSA and 200iiM NAD in a total 

reaction volume of 250iil. After 10 min incubation at 37°C the reaction was terminated with 

2.5ml ice-eold ethyl acetate. At 10 min the initial velocity of enzymic reaction had reached 

Vmax {see Figure 2.8) and therefore data should be treated with caution. Tubes were 

centrifuged at 2200 rpm for 10 min and the organic phase was aspirated and dried under 

nitrogen. Samples were reconstituted in a mixed dehydrocorticosterone/corticosterone 

solution (lOOpl methanol) and steroids separated using high performance liquid 

chromatography (HPLC), using an isocratic Gilson system with a reverse-phase Cig column 

utilising a 65% methanol:35% water (v/v) running buffer. A UV detector at 240nm linked to 

Gilson software determined peaks of activity and fractions were collected into scintillation 

vials and radioactivity (disintegrations per minute) measured in a liquid scintillation counter. 

Variation between 8 repeats of the same sample within this assay was established to be 3.5%. 

Utilising the present methodology the proportions of B metabolised to other reduced 

metabolites could not be determined. Typical % conversions for placental 11-HSD2 were
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beiv^xm 20.35^6 at day 20 geskition. The as&r/ vaHcbhxl m placadal dssue 6)r

incubation time (Figure 2.8).'

2.7.7. Glucose assay

Plasma glucose was determined according to the method of Langley cm/ (Langley er a/ 

19!)4). I'lasma w:as iriitially ijefrroteiniseci b;/ cliluticHi (w\0 v/illi 1()9^, nicliharoaucetic aucuL 

vortexed and spun in a niicrocentrifuge 6)r 5 niins. The resulting stqpermthmt v/as then ddunxl 

furthierA&nthim eqiial /olimie ofscxlrurn btrffsr]pH 7.0, to r(M!t()re thejpfl to iwdtliui thenmge 

rieeded for grliicosx: cocidase to ofxsrate effuntantly (jpH <L5_7.5). 10()p.l of ighicose reaigeiit 

(Appendix 3) was added to 40pl of diluted plasma in a microplate and incubated for 5 mins at 

37 C in the dark. Glucose concentration was determined on a spectrophotometer at 620nm

against a glucose standard curve (0-0.5 g/1). Inter and intra-assay variations of 4% and 9% 

were recorded respectively for this assay.

.8. r)ISTrjE]BLPk[IISU!LTri(:M\f oir nHK)][iE][pf

.AJIl spkecifu: enzyim: ac:dvities tvtae exjmessed as mnoles cxxnv^alewjAnui^ng protein. 

Trhc;i)roteiri(X)tu>entrattoii of eaudh sanqph: v/as deknnuned l)y luniy; the bicinrhnntntr 

rru;dio{l()Stnitheta/ 1985i). hi one ofthie emryme assarts ((3S:) (lie buffer interferod vvith thie 

cc)pper basedl pndein assary ((Smith eif aZ 1985) anti hi this case prchein (xineendahon tviig

determined using the method of Lowry et al (Lowry et al 1951).

2.8.1. Bicinchoninic acid method

/t staiidaiii pmtein stoclc (Irry^ird l)oviiie senmi albimihi (I3S.A.) iiiadd up, in (l.llvl

NaOH) was prepared and diluted to give a range from 0.2mg/ml to Img/ml. 10 pi of standard

' It is clear that under the conditions of the assay placental I l-HSDZ activity at lOmin was not measured 
under conditions of substrate excess. Therefore this data must be treated with caution. However any 
differences between dietary groups for placental 11-HSD2 activity am themfore likely to be undemstimated.
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Z Z A schema of the pyruvate kinase (PK) reaction

LDH
]Plic^^pIicM3rK)Ipr/rirv2rk3 ----- ]^)nnui/ate—^ JL^ictaMk;

iHTXf,

ADP+Pi

NADH NAD

ATP I A340nm

Key:

PK, pyruvate kinase 

LDH, lactate dehydrogenase

/I2kl0, die dlecreauae hiabsorbajiceis reacltita wai/eler^gth of S^tOrum
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Figure 2.8. Assay of 11-HSD2 against incubation time at 37°C.

Conversion 
of B to A 

(units)
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or sample were assayed in duplieate. 200 pi of bicinehoninic solution (Appendix 3) was

added to each sample and incubated for 30mins at 37«C. The absorbance was then measured

at 550nm on a spectrophotometer. Infra and inter-assay variations of 4.4% and 5.5% 

recorded respectively.
were

2.8.2. Method of Lowry

Iml of working reagent (Appendix 3) was added to 20 pi of sample or BSA standard

(0-50 pg) and vortexed. After 10 minutes incubation at room temperature, 0.1ml Folin and

Ctocalteu’s phenol reagent (1:3 dilution) was added and tubes were immediately voitexed

again. They were then incubated at 37"C for 10 minutes and absorbance at 750mn was 

determined.

Staxnd lioimon<%s ivens amalyrsed usiry; raxiioiaimiuiotissayr teclmicpies \vith

tritium (’H) as the radioactive tracer, and a dextran-coated charcoal suspension (DCC) as the 

precipitation factor. Insulin and adrenocorticopophic hormone utilised a double antibody 

radioimmunoassay protocol that employed '“l as the mdioaetive tracer. Hormones 

(corticosterone) measured repeatedly within this laboratory were validated in our own hands. 

Hormones measured on only one occasion (ACTH, insulin, progesterone, 17B-oestradtol, 

androstendione) were not validated in-house and thus the manufacturers validations were 

accepted. Appendix 3 lists all reagents used in the RIA including; standards, dilution buffers, 

dextran coated charcoal suspension and radio-active tracers.

2.9.1. Corticosterone

Corticosterone was assayed in rat plasma by competitive binding radioimmunoassay 

techmciues IriUcrwHig the rriethod of I,ang;ley ancl -yiork (fjarijgley Ylork 199()). TTie 

C()rtic()sterone aiithbocly was provicled as a\rial()f hyofihilised pov/der. TTo (fbtain die v/cirking; 

solution (If anybody 50mls ()f 0.05M TTris-HCI buffer, ]pH 8.0 ccintaininjg 13S;i and
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sodium aadew^eadd^Wt^ vblofl^^,hnu^d]X^^kr. Pksma &mn mk 

diluted m ethanol to achieve a final concentration within the range of the standard curve (1:24, 

1:12, or 1:6 (v/v)). The dilution varied depending upon the time of the day when the plasma 

cohered. The mixmrewK vodexedfbrlnnn andcenbthiged k,r lOnnnsait SOOOnnn.

The supernatant (containing sample hormone) was decanted and subsequently used within

the assay.

Ethanohc plasma extracts were assayed in triplicate. Briefly, 0.1ml unknown plasma 

sample or standard (0-2ng corticosterone) and 0.5ml diluted antiserum were vortexed and 

incubated for 30 min at room temperature. The 0 ng corticosterone standard represented the 

"zero" binding tube as no corticosterone could bind to antiserum. In addition triplicate tubes 

containing either plasma and buffer (i.e. no antiserum representing "Blank" tubes) or buffer 

only were prepared to account for non-specific binding within tubes and total radioactivity 

respectively. After 30 min, 0.2ml of diluted ^H-corticosterone was added to all tubes. . All 

tubes were then vortexed and incubated at 37T for Ih. The tubes were then cooled for 15 

min at 4 C. 0.2ml dextran coated charcoal was rapidly added to each tube (excluding tubes 

designated as total radioactivity) to separate bound and free steroid, vortexed for 30 sec and 

incubated for 10 mm in ice cold water. The total volume in each tube was made upto 1ml with 

buffer. AH tubes were then centrifuged at 2000g for 15 min at 4°C. Finally 0.6ml of the 

resultant supernatant was taken &om each tube and placed into a scintillation vial with 4ml 

hquid scmtiUation cocktail (Appendix 3). The radioactivity present within tubes was then 

determined on a scmtiHation counter. The above system has been found to be sensitive to

30pg/tube with <0.3% cross reactivity with progesterone, cortisol and other sex steroids 

(data fi-om Sigma datasheet).

Radioactivity (from ^H-corticosterone) was inversely proportional to the 

concentration of unlabelled corticosterone and plasma concentrations were determined as 

follows. The average measured radioactivity (disintegrations per minute, dpm) of triplicate 

tubes designated non-specific binding (Blank tubes) was subtracted from the averaged 

measured radioactivity in all tubes containing either sample or standard, yielding the 

radioactivity due to binding of ^^H-corticosterone alone. This value was then divided by the 

proportion of unbound steroid (i.e. average counts for Ong corticosterone standard (zero) tube
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mmus average counts for bkmk tubes). The sample plasma corticosterone concentration was 

detennined from a curve of standard corticosterone concentration against the "/.bound (B)/ 

unbound (Bo) of standards (0-2ng/ml corticosterone). The intra-assay variation for this assay 

was 12% as determined in our own laboratory.

2.9.2. 17(3 Estradiol

np Estradiol was assayed in ethanolic plasma extracts using an antibody raised 

against 17P estradiol in whole rabbit antiserum (Sigma). The antiserum was provided as a vial 

of pre-diluted lyophilised powder. To obtain the woiking solution SOmls of 0.05M Tris-HCl 

buffer, pH 8.0 containing 0.1% gelatin, O.lMNaCl and 0.1% sodium azide was added to one 

vial of lyophilised powder. Plasma was diluted 1:5 in ethanol. The mixture was vortexed hard 

for Irnin and centrifuged for lOmin at 3000ipm. The supernatant was decanted and 

subsequently used within the assay.

0.1ml sample or standard and 0.5ml diluted antiserum (except BLANK & TOTAL) 

ivcK added to ghw,; hibes, vortexed amid hicidiatedforSO mhiatroomtompendure. OJkd of 

diluted H- 17P estradiol was then added to all tubes, vortexed and incubated at 37°C for Ih. 

Itie hdxMi wreretbencxxdedfbrlS minat/TC: Olnd DCXZwasnqiWlyaddkd to eaditube 

():xc(q)t TXZiTvML), vorksxed for 3() &ec and rncnbatedifor 1() nihi hi ice colri vMifsr. ,Adl tubes 

v/ere then cerihifugedat 2(X)()g for 15 min at 4«(:. Finally 0.6iid of the sujiermrbmt was kdcen

from eawdh tiibe arid jplaced iiho ai scinlilhithin ^/ial whOh 4ml liquicl schitdlation (Xicldad

(Appendix 3) to determine the amount of radioactivity present.

The above system has been found to be sensitive to 5pg/tube with <0.1% cross 

reluctivity with otlier sxKx stemhis (Siginuidataslieet). Phunna ll^P estmdiol conrxzntraition wais

deWrmiried by eidrajpolation from a curve of standard 17p estradiol coiicenhation afgainst tlie

%bound (B) / %unbound (Bo).

2.9.3. Androstenedione

/Lnchostenechone was assayi&d in ethanolic jplasma eixhacts using lan (uiUlioci/ raised 

agrainst amlrostenedione in whole rabbit antiseruni (Sigma). Tire anhsenim wasiirovidecl as a 

vial of pre<liluted lyophilised powder. To obtain the working solution 50mls of 0.05M Tris-
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HCl buffer, pH 8.0 containing 0.1% gelatin, O.IM NaCl and 0.1% sodium azide was added to 

()ne )n!il()fl]roi)hilisecli)o\v(ler. IPlasma v/as diluted 1:5 in efhanol. riie rnixlim: v/as A/orte«:ed 

hard Inim and cenbdh^^d for Khnhiait SOOO^pnL The supenudant )vaa decankd and

subsequently used within the assay.

O.lml sample or standard and 0.5ml diluted antiserum (except BLANK & TOTAL) 

were added to glass tubes, vortexed and incubated for 30 min at room temperature. 0.2ml of 

diluted H- androstenedione was then added to all tubes, vortexed and incubated at 37°C for

Ihu Tlie tubes'wrere dienc()oledfbr 15 min at 4^0. ().:2mlD(:(: v/asnipidly addeclto exich tul)e 

(;exc(q)t TtDTvM.), vnrtExecl for 3() sec and incubated for 10 nun in ice (xold water, /til tubes 

were then centrifuged at 2000g for 15 min at 4'»C. Finally 0.6ml of the supernatant was taken

from each tube and placed into a scintillation vial with 4mls liquid scintillation cocktail 

(Appendix 3) to determine the amount of radioactivity present.

The above system has been found to be sensitive to lOpg/tube with <2% cross 

reactivity with other sex steroids (Sigma datasheet). Plasma androstenedione concentration 

was detemuned by extrapolation from a curve of standard androstenedione concentration 

against the %bound (B) / %unbound (Bo).

2.9.4. Progesterone

Progesterone was assayed in ethanolic/ether plasma extracts using an antibody raised 

against progesterone in whole rabbit antiserum (Sigma). The antiserum was provided as a vial 

of pre-diluted lyophilised powder. To obtain the working solution 50ml of 0.05M Tris-HCl 

buffer, pH 8.0 containing 0.1% gelatin, O.IM NaCl and 0.1% sodium azide was added to one 

vial of lyophilised powder. lOOpl plasma was diluted 1:1 in ethanol, vortexed and 2mls 

petroleum ether added. The mixture was vortexed hard for Imin and the supernatant removed 

by freezing the organic (aqueous) layer in dry ice and placed in glass tubes. The tubes were 

then dried down overnight in a fume cupboard.

0.5ml diluted antiserum (except BLANK & TOTAL) was added to glass tubes,

i/ortex()d and inciibatcxi for 3() nihi at ronm temperature. OJhnl of (hluted ^H- pingesfarone 

was then aidded to ail tulies, vorhsxeci aiuf incubated at 37°(: for Ih. TThie tufxBS tviane then

cooled for 15 min at 4°C. 0.2ml DCC was rapidly added to each tube (except TOTAL),
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vortexed for 30 sec and mcubated for 10 min in ice cold water. All tubes were then centrifuged 

at 2000g for 15 nun at 4°C. Finally 0.6ml of the supernatant was taken from each tube and

lfku:eclird()tisx^nitdlatioii\rhtlTAdth 4rrU liquJrisx:uithlatiori(X)ck:hul (/kfipaidix 3) to (letermine

the amount of radioactivity present.

The above system has been found to be sensitive to 5pg/tube. The antibody shows 

little (<1%) cross-reactivity with progesterone metabolites and with other steroids (Sigma 

dataalieet). Plaairui]prof;esteroiie coiicenhadnn v/as detemiiiied l)y extrapiilatkm froin a ctm/e 

of standard progesterone concentration against the %bound (B) / %unbound (Bo).

2.9.5. Insulin

Insulin was assayed using a double-antibody binding radioimmunoassay kit 

(I)iagnostic Systems I^ibs, Texas, UfLAi). IfXlpi standarci (0 - l:>ng/ml) or sainjple, l()0pd 

iiunilui andsenmi (except BI^/USTK: jk HOTTAJL) ancl 10()pl \vere lidded to jglass tulles, 

vortexed and incubated at 4°C for 16 hrs. 1ml precipitating reagent was then added to all 

tubes (except TOTAL), vortexed and tubes incubated for a further 15min at room 

teinperature. )\11 tubes v/ere tbeii cenfrifug;(xl at SOOOnmi frir 2froiui arid tits su])eriiatant 

aspirated off. The resultant pellet was then counted on a gamma counter to determine the 

amount of radioactivity present.

The above system has been found to be sensitive to 5pg/tube with <0.01% cross 

reactivity with other peptides (glucagon, somatostatin, pancreatic polypeptide and insulin­

like growth factor-1). Plasma insulin concentration was determined by extrapolation from a 

curve of standard insulin concentration against the log transformation of %bound (B) / 

/ounbound (Bo). Plasma insulin was determined on only one occasion and therefore the 

validations for the assay were accepted according to the manufacturers specifications. The kit 

has an inter and intra-assay variation of 8% and 6% respectively as determined by Diagnostic 

Systems Laboratories.
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2.9.6. Adrenocorticotrophic hormone (ACTH)

axnnKfcwJ(xnnpeddve1^ndu^IUVV]dt(T^mnuMada
Laboratories, Belmont, California, USA) within one month of purchase. All buffers and 

m Aus am deMznx^uiyVppaKhx 3. FlaKnaivaschhded LI (vA) m 

IBudfer yV and cenhifug;ed at 600(^; for 20 ruin ad .A Si;p.C()I,UNfr4 (Th:nnisiula) v/as 

equilibrated by washing with Buffer B (1ml) once followed by Buffer A (3.0ml) three times. 

Tlhe fihumia solution v/as loadled ontc) die pre-treaitcxl (:ig :SIiP.(:C)lJUlVfN ami v/ash(xi with 

Bluffer /I (S.Ond) tvdice arwi die p,eptide ehited with Iluffer B (3.0ml) otKxe. flie fnial eluant 

was collected into a polypropylene tube and evaporated to dryness in a rotary evaporator.

Prior to assay, the residue was dissolved in 250pl RJA buffer, vortexed and 

centrifuged at 6 OOOg for 20 min at 4T. RIA buffer was diluted to 200ml with distilled water. 

Standard peptide was reconstituted in 1ml of buffer and anti-peptide serum in 13ml buffer. A 

laoigp of y^CjTH coiicerididicns Ixetv/eeri Iqig/tube - 128^ig/tut)e ivm; pHMqiarod i^ith fll/V 

buffer. lOOpl of standard or sample and lOOpl of anti-peptide serum was added to tubes, 

vortexed and incubated for 16-24h at 4°C. The ^^^I-peptide was reconstituted with 1.0ml RIA 

buffer and mixed. lOOpl of ^^^I-peptide tracer was added to each tube, vortexed and incubated 

fcn afiuUier 16-:241i:it 4r°C:. l(XOiil(j^)at)\iid.lR;d)bit Ig(j (I/LROG and IDOpillSlormal Rabliit 

Serum NRS was added to each tube and contents vortexed and incubated for 90mins at room 

temperature. SOOpl RIA buffer was then added to each tube and contents vortexed. All tubes 

were fhencxsntrifugexi h)r:Z0 niui at 3 OOOrim^ flie resultuig sujpermihmt waa aspiratetl 

off and the amount of radioactivity present was counted on a gamma counter.

The above system has a sensitivity of 13pg/tube and shows no cross-reactivity with 

either ACTH 7-38 (Human), a-MSH, LH-RH or p-endoiphin (Peninsula datasheet). Plasma 

ACTH concentration was calculated by extrapolation from the curve of standard ACTH 

concentration against the log transformation of %bound (B) / %unbound (Bo).
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2.10. STATISTICAL ANALYSIS

IDiita are (depressed {is tnexms dbSJEIVl luiless ()diei\vise stated. ]R.esults ^A^are initial^/ 

ccHoiparexi t)y aruib/sis ()f ^^inaaice fdUowerl t)y siutatxk; jpost tioc statistical

methods (Bonferroni on Statview for Macintosh) for individual comparisons where 

differences were indicated. Differences were accepted as statistically significant at P <0.05.
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CHAPTER 3

the acute and chronic metabolic and

PHYSIOLOGICAL CONSEQUENCES OF MATERNAL 

PROTEIN RESTRICTION

3.1.

Pregnancy, second only to lactation, represents the most pronounced anabolic process 

e,qperienc(xi b]^ any liealUiy, aclult Ganale anunal. Iki order to Giel the dernamKihig gprov/th 

process, a constant suppl)r of substrate is mquirtxl. Ivlateroal fbrid intak:etliereb)r forms the 

basis of thie mihrtion tliat the fetus ie<ruin:s ui order to gpovA IVIamiiiulatuig tlie imrkanal 

ruitriticmal sufiply lias the iiotential to chsnqit the uitnauterinegpnov/th process (Ilotiuisori ^ 

izZ 1994),iMdietheT sei/ere, mich as 70^6 enerfry n%;tnc:tioii(l^^o<)dall(^ gj 1996(^CT sulbth:, surah 

as slight deficits in protein content (Langley & Jackson 1994).

In hanTis()frei,rodiicfi\re ourccnrietliejpregriantriit is said hiitxpuire a diet conhnrunjg a 

rrururnimi oiF 129^ ]protein (blaticinal Ilesemah (Zoimcil 1978). In inan)r studies of matermil 

irndienauintmn m the nU, ord;/ extremes (ifrhiehuTr probehi intake:, either hig^iOZ4(t/h)0 jgdqg) 

(Hastmgs-Roberts & Zeman 1977; Zeman & Stanborough 1969) or low (0.7%) (Pond et al 

1991) or e\ren protein free (Hastiagrs-Roberts 2:emaii IST/T) liave tieen iisedL whicli do riot 

rerireserit die iuibitual intake (if die rat. Tfhe diet user! in the present smdies (9^6 protein) 

dierefore reflects only ii marginal (ieficit (:259<,) hi protein imd hi terms of reproducth/e 

success is not limiting (Langley & Jackson 1994).

Recent epidemiological evidence suggests a relationship between maternal 

undemutntion, compromised intrauterine growth and adult disease (Barker et al 1993a). 

Babies bom within the normal birthweight range but disproportionate i.e. relatively long and 

thin or short in relation to head circumference are more disposed to cardiovascular disease 

(Barker 1994). This introduces a more subtle outcome by which to assess the adequacy of 

maternal nutrition. The concept that alterations to adult homeostatic systems refiect a
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metabolic memory of prenatal nutrition is supported by animal studies (Dahri et al 1991;

I)esaii ef a/19!95; 6k JaeJcson 1994; Slv/erme er a/ 198/r). tuormoiral (gluccycoiticoicO

rnx>chruiismlkas alsobieenfcMnvruniedto eatplain the 'I3ariosr]^^^p(nliesis'(T3dhwirrds er a/ 19)93). 

rius iTkodei b{)v/ev(T ecdbibits Ikatures ccMimion to nidiitKrnally-inclucexi hypertennsion

(Langley-Evans et al 1996d) and thus a similarity may exist between the two apparently 

distinct models.

jfhe gaUcrwintjg cluipter (diaracterises tire eucute efkxzts of a low jprotein diet iipcm

maternal and fetal growth patterns and explores the more chronic consequences of the diet in 

terms of blood pressure and glucocorticoid axis control.

:3.2. i*ROTro(:oi.

The animals (n=I2 dams/dietary group, unless otherwise stated in text) were fed diets 

containing either 18% casein (control) or 9% casein (maternal low protein; MLP) during 

I)regpiaiic)r as (kxscribexi in Diets Avene sul)stimte(l for sHbrnckird lalhconihory chnv/ at

birth such that offspring differed only in their prenatal dietary experience. Enzymes and 

hormones were assayed according to previously described methodology, as presented in the 

relevant sections of Methods.
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sicc: [(Ofsf 1

TTFiE: EiFiTExcTr i)iE:i)LFr&^ piRwoTTicir^ ]R]EsrrRi(:iri()rv iJTPor^ 

lyLArnEIlPi/Ll. ]F()()I) ir4T^4J(]E, C^RCKWITH yllSl) IIO]R]VI()ISIC 

STATUS

3 J.l. RESULTS

3.3.1.1. Maternal growth and food intake during gestation

ItiidaiU^rtlie anirrudsiArere habituaitexl to the seiiu-sryntlietic chek for I^l dhiys jprior to 

rrutdng. Durinig this ]pre])reg?iancy jperiod thie aaiunals from bcrdi clietary gpxmps aeliievexl a 

steady increase in weight and, after the two week period, animals on the control (18% casein) 

(iiet baud ginned 37 zhSg;, ri=ll, conapared to 318 d:3g, ir=l 1 for anhnals on the maternal Icrw 

pTOtem(994(XKeu^ henxdh^rekrnxlto ashdLI\ Makmalljow Prohnn)(ikt(l^=]MSQLykt 

the; lime of matinjg, llie ai/erage Ixatlyweig^bt of animals frorn exach (lietary jgroaip vyen; Rirniw 

(266 ±2g V5 264 ±3g for control and MLP groups respectively). The mating period (l-7d) did 

iiot inflence the gradkial v/eigld gpaui, so tliat at (X)n(}eplioii (d() f^sstation) die aaiimals from 

eauzh dietaryr gpxm;) weigiied 279 dblOjg :278 dbSg (hlS) for ctintrol anti IVILI? groups 

naspexzdi/ely. I)ininjg firegiianc:^ (Table 3.1) llie ive^^bt gpnii of bodi (hehinr Igroujps i^ras 

::^gmflcardl)rlhi]gber in weedk 3 thauu in weelt 2 or \v(xdc 1 (1»< ().05). Iii v/eelc 3, ccmtml rats 

gained significantly more weight than MLP rats (P= 0.01).

Weight gain of pregnant rats fed laboratory chow at the Southampton University 

(uaioial faeilih/^ v/as fbimd to be;t)Tpically less fhaneitluarlik; 1*1^6^ or 9^6 case:ai {groups inthie 

first hvo iwreelo5()f]pregrian(ry. Ihithie second \v<x;k this differentx: v/as statistkxalfir significant 

(P 0.02) relative to 18% casein control rats. Food intake was not measured in chow-fed rats 

and thus decreased food intake could explain the decreased weight gain relative to rats fed the 

SK;nii4rynilu:fic(he4. TThLes^mthetic diet is mcur:energ)r(lense (cal(g) dian rait cdiov/ coiibunhig 

10% fat as opposed to 2.9% fat in laboratory chow (see Appendices 1 and 2). The relatively 

lower weight gain of chow-fed animals may therefore reflect dietary differences. Similar to the
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rats j&xi the serru-s^Tithetic (iie^ \vei]ght g^un ()f rats fed shindard chcrv/ \vas significariU)^ 

increased in week 3 relative to weeks 1 and 2 (P= 0.0003).

During the first week of pregnancy the average food intake of both controls and MLP 

fed animals increased relative to the food intake during the habituation period (Table 3.1), 

ahhioujgh this wa^ iiot staitisticailly s^gnifieard. F\)r the ranaincfsr of pai^griamzy tlw: hilLJ* rats 

maintained a steady intake of diet that did not differ significantly between week 1, 2 or 3. 

Rats fed control diet increased food intake significantly in mid-gestation (P= 0.01) when 

compared to day 0 and to week 1 (Table 3.1).

3 3.1.2. Maternal growth and food intake during lactation

Following delivery of the litters all dams were significantly heavier than at conception 

(P <0.05). During early lactation, despite similar food intakes in the two dietary groups 

(Table 3.2), MLP dams exhibited a greater gain in body weight than controls (P >0.05). Thus, 

tr/ die tune ofivcaming (3-4 i^dcs piist puirtum), the slig;ht deficit in weig^it gain eicbibited try 

MLP dams during gestation, was effectively compensated for (weight gain from postnatal d 

1-21: control 89 ±6g; MLP 93 ±10g, P= NS).

3 3.1.3. Lactational performance of dams fed either a low protein or control diet during 

gestation

Pup weight gain represents a simple proxy for lactational performance, since all 

nutrition obtained by the pups during the first two weeks of lactation is from the dam’s milk 

During the first week of lactation the weight gain of low protein exposed pups was markedly 

reduced compared to controls (P <0.05) (Table 3.2). Weight gain was subsequently greater 

(NS) in the low protein group during week 2. MLP dams sequestered more of the total food 

intake than did control dams during early lactation as reflected in the relative efficiency of 

food utilisation for weight gain (see Figure 3.1 legend) between the two groups (Figure 3.1).
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j.A Maternal weight gain and food intake of rats fed either a
control, low protein (MLP) or standard chow diet throughout gestation

Weight Gain and Food Intake during Pregnancy (g/d)
Weight Gain Gestation

Group Day 0 Week 1 n Week 2 n Week 3 n
Control - 5.4:k 0.4 11 6.5± 0.5 10 10.7± 0.5: 8

MLP - 5.0± 0.4 11 5.7± 0.5 12 7.910.9* 8
Chow - 4.3 ±0.8 7 5.010.3 7 9.311.2* 7

Food Intake
Control 25.2± 1.2 27.8± 1.5 9 32.5± 1.5 9 28.211.5 9

MLP 24.6± 1.7 26.8± 0.5 11 30.2± 0.4 11 25.810.4 11

All data, are given as Meant SEM. Dams (n—8-12/dietary group) were housed in wire mesh 

cages on a 12 hr lightrdark cycle at a temperature of 24°C. Animals were habituated to the 

experimental diets (Control, 18% casein; MLP, 9% casein) or chow (18.8% protein) for 2 

wks prior to mating. Date of conception was determined by the presence of a plug on the 

(%igg floor and (Lesigrtabed (iayr 0 of gestation. gairi (g/d) (rod focxi iirhike (g/d)

determined during the first, second and third trimesters (Weeks 1, 2 arid 3 respectively; day 

21-22 = term). Two-way ANOVA indicated a significant effect of diet (F= 4.96, P= 0.009) 

and time (F= 36.3, P< 0.0001) on gestational weight gain. Food intakes were similar between 

groups for all weeks. * indicates significant difference to weeks 1 and 2 (P<0.05), § indicates 

significant difference to weeks 1 and 2 and to MLP week 3 (P<0.05).
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Table 3.2. Weight gain and food intake of dams and pups during 

lactation exposed to either a low protein or control diet during gestation

Weight Gain and Food Intake during Lactation fg/dl
Maternal food intake

1 Week 2 Weeks n litters
Control 26.3± 3.2 46.5±2.4* 37.2±1.6' 4

MLP 26.0± 3.7 45.7±3.3* 29.6± 2.8' 4

Maternal weight gain
Control I.33± 1.2 1.45± 1.0 -0.3+ 0.6 4

MLP 3.2± 1.8 2.3± 0.3 -1.7±0.7 4

Pup weight gain
(g/d/pup)
Control 1.28± 0.06 1.55± 0.07' 1.51±0.10' 4

MLP 1.02± 0.051 1.73± 0.09' L5&t0T0' 4

All data are given as Meant SEM. Dams (n=4/dietaiy group) were generated as outlined in 

methods. Refer to Table 3.1 for details. Litters were culled to 10 pups/litter (5male/5female) 

at birth to increase the data available for analysis. Data were analysed by two way 

ANOVA and subsequent Students t-test where differences were indicated. For pup weight 

gamthe^wM asqpnfkantefkxt of age 0F= P= (hOOl) ami a trend knvank 

hiteracticm b(^^vi:en ayge aral diet (TF= 3.1, P^=0.(h)). * irulicates a iuggnificaot (hfferenoe to 

week 1 (P<0.05), § indicates a significant difference to weeks 1 and 3 (P< 0.05), % indicates 

a significant difference to Control rats (P<0.05).
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Figure 3.1. The % efficiency of food utilisation for growth (food
intake/total growth, [g/g]) achieved by dam & pup

WVEEEEK 1 2 1^/E=E=K[ 3
C3 Ba (ZXFTETr mm ILJP-IVl/S/r ci I lP-I?I3Tr

Offspring from rat dams (n=4 dams/group) were generated as outlined in Methods. Litters 
were culled to 10 pups/litter (5male/5female) at birth. Food intake (g/d) and weight gain 
(g/d) of dams and weight gain (g/d/pup) of pups were determined during the first, second 
and third w^ks of lactation (Weeks 1, 2 and 3 respectively). Bars represent the total 
energy efficiencies (combining proportions contributed by dam and pup) as calculated 
below. Data reflect the Meant SEM efficiencys of dams and pooled male and female data 
for pups (n=10pups/litter).

Total energy efficiencies were calculated as; Total weight gain of dam nius litter x 100
Total food intake/day

The proportion energy (%) directed towards either fetal (A) or maternal (B) weight gain 
was then calculated from the total efficiency by:

A= weight gain of litter x 100 
total energy efficiency

B= weight gain of dam xlOO
total energy efficiency

In week 3 of lactation the dams from each dietary group were losing weight despite increases 

in weight of their litters, therefore B is negative and has not been shown on the Figure.

KEY: C-MAT - Control maternal efficiency 

LP-MAT - Low protein maternal efficiency

C-FET - Control fetal efficiency 

LP-FET - Low protein fetal efficiency
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3.3,1.4. The effect of a control or low protein diet upon maternal and fetal hormone 

concentrations

IVhdenwd upon n^UenuU pLwmaiosuhn,

np-estradioL androstenedione or glucose concentrations (Table 3.3). Plasma concentrations 

of corticosterone and glucose in fetuses at d20 gestation were all significantly lower (P< 0.01) 

than inakanal concenhadons. There no efkct of nudenud diet upon tl^ fdal 

concentrations of corticosterone or glucose.

Maternal plasma corticosterone concentrations were significantly hi^er at d20 

g^ishifion thtm at (114 jgestation hi bodi dietary groups, /it birth irud (dl/f) and hite (cLZO) 

gestation MLP dams had modestly elevated (NS) corticosterone concentrations relative to 

controls (dl4, 26% greater; d20, 6% greater) (Table 3.3). There was a significant influence of 

diet and stage of gestation (F= 5.36, P= 0.03), upon maternal plasma progesterone 

concentrations. MLP dams had elevated plasma progesterone concentrations at d20 relative 

to dl4. The late gestational elevation in plasma progesterone concentrations was not apparent 

in control animals.

3.3.1.5. The activity of ll(3-hydroxysteroid dehydrogenase (type II) at dl4 and d20 

gestation in placentas from rats fed either a control or low protein diet

Th^ acdvhy of llpWkydmxy^^nroid (hdQ^hogauuw (114TSD:0 vwM lower m the 

placentas of MLP dams at both dl4 and d20 relative to control rats. However when 

(xxfHnsssed as total activit)r|}er plaosnta,, activities in ^/nLJP nemaiiiedlcrv/er at 210 tut wen: 

greater than control activities at day 14 (P<0.01). Two way analysis of variance for diet and 

stafge ()f fpsstatioii iridicatexi zi sigpiifictmt (effect ()f cliet (1:= 6212, 1P== 0f)l) arid stage of 

gestation (F— 200, P< 0.0001) (Table 3.4). Both fetal and placental masses were significantly 

higgler in thue hdlLl? gpnorqp at cll4 jgestation (P<c 0.C)5) and relative t() fetal rmiss the placeniail 

mass was markedly increased. At day 20 gestation the mass of fetus and the mass of placenta 

of MLP exposed rats were significantly (P< 0.05) reduced compared to controls and there 

was no difference in fetal mass relative to placental weight (Table 3.4).
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Table 3.3. Maternal and fetal hormone and glucose concentrations during
gestation in rats exposed to either a control or low protein diet during
pregnancy.

Maternal

Pregnancy day 14 Pregnancy day 20
Hormones (ng/ml) Control MLP Control MLP Control MLP

Insulin 2.1±0.1 2.0± 0.1 2.1+0.2 1.8±0.1 - _

Corticosterone I9.5±3.3 24.6± 1.3 26.9+2.4§ 28.6+2.2§ 17.1± 1.5-1-17.111.1-1-

17[3-estradioI 7.5± 0.7 7.1±0.9 4.6+1 8.5± 1.2 - -

Progesterone 12.1± 1.8 10.7± 1.7 7.0± 1.2 12.2+ 1.1* _

Androstenedione 3.7± 0.5 4.3± 0.6 3.2± 0.4 4.4± 0.5
Glucose (mM) 4.6± 0.2 4.8± 0.2 4.3± 0.3 4.5± 0.2 1.3± 0.5-1- 1.8±0.(H-

Fetal

day 20

Values are presented as Mean± SEM for n—6 dams/group. Data were analysed by two-way 

ANOVA for diet and age. Animals were generated as described in Methods. At day 14 a 

proportion of the rats (n=6/group) were decapitated within Imin of removal from the cage, 

and maternal blood collected. The remainder (n=6/group) proceeded to day 20 gestation and 

maternal and fetal blood collected. Maternal blood was collected in heparinised tubes, whilst 

fetal blood was drawn into capillary tubes and ejected into a heparinised container. It was 

necessary to pool blood from 3-4 fetuses within each of the 6 litters to obtain a sample that 

was sufficiently large for assay. This was only possible at day 20 gestation. Plasma was 

centrifuged and stored for up to 3 months at -80°C for analysis. * indicates a significant 

difference to controls at day 20 (P<0.05), -j- indicates a significant difference to maternal 

plasma hormone concentrations (P<0.01), § indicates a significant difference to plasma 

hormone concentrations at dl4 (P<0.05).
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The activity of llp-hydroxysteroid dehydrogenase (11-HSD) 
in placental homogenates from rats exposed to either a control or low
protein diet at dl4 and d20 gestation

Parameter
Pregnancy day 14

Control MLP
Pregnancy day 20

Control MLP
11-HSD activity (units)^ 29.6 ±2.4 24.3 ±2.2* 6.54 ±0.29 5.39 ±0.19*

Total activity/placenta (units) 272 ±35 461 ±44* 360 ±20 287 ±10*

Fetal mass (mg) 131 ±15 167 ±40 3258 ±77 2940 ±40 *

Placental mass (mg) 179±7 290± 26 * 566±9 524± 8 *

PlacentarBody mass 1.36 ±5 1.74 ±4* 0.17 ±0.004 0.17 ±0.003

Total protein / placenta (mg) 8.8 ±0.7 20.9 ±2.0* 55.4 ±2.0 53.9 ±1.5

total of 24 rats that were mated and fed a diet containing either 18% (Control, n=12) or 9% 

(MLP, n—12) casein from dO of gestation. At day 14 a proportion of the rats (n=6/group) 

were sacrificed and fetuses and placentas excised. The remainder (n=6/group) proceeded to 

day 20 gestation, were sacrificed and organs removed. From each rat dam within each group, 

the first three placentas from the ovarian end of right horn were removed in a random order, 

and assayed for 11-HSD2 activity following the method of Benediktsson ef of (Benediktsson 

ef of 1993) and described in section 2.7.6. of MgfAot6. Protein was detennined by the method 

of Smith ef of (1983) and presented as total protein (mgs) per placenta. Two-way analysis of 

variance (ANOVA) indicated a significant effect of diet (F= 6.12, P= 0.01) and stage of 

gestation (F= 200, P<0.0001). Where differences were indicated a suitable post-hoc test was 

applied (Fishers’ PLSD). units - activity expressed as pmoles corticosterone COnverted/mg 

reaction protein/ 10 mins, indicates a significant difference to control rats P<0.05 .

^ The activity of 11-HSD2 in dl4 placentas are much higher than in validation experiments. This is due to 

validations being done in d20 placentas. Therefore data at dl4 may not reflect true activities. The difference 
in activity may in fact be an underestimate of the true difference.
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At both stages of gestation and in both dietary groups fetal weight increased as placental 

weight increased (r= 0.39, P< 0.05). At dl4 (r=0.63) and d20 (r=0.52) thei^ was a positive 

relationship between 11-HSD2 activity and fetal weight in rats fed control diet but not in 

MLP. The relationship at dl4 is shown in Figure 3.2.

3.3.16. DISCUSSION

Food intake was similar between dietary groups at each stage of gestation. Whereas in 

late gestation dams fed the control diet had a significant increase in bodyweight, the MLP 

dams failed to exhibit a similar increase in weight. The concentrations of insulin, 17-p

estrarliol, cottic()Ster(me, pixag^xrterotie tmd anxirostenedicMie tmaffixzted Iby tho dietary 

regimen in mid-gestation, but progesterone concentration was higher in MLP than in controls 

in late g^xitafiion. fhnotein restrietioiitiid not alter the rnaiteanaal plasrna ccMncemtratiori chTiglucose 

(MTtlie fetal concxentratioits ofcxarthxastercme or gdiazosex TThe actrvit^ of llp-lryclroxrysterohi

dehydrogenase type II (11-HSD2) was reduced in placental homogenates of MLP at d20, yet 

increased when expressed per placenta at dl4 gestation.

In order to satisfy the demands of pregnancy in terms of reproductive capability the 

ipregpnaiit rat (larn iixiiuit*; a rrururmma of 12')6 (heku-y firoteiii c()ntent (I4alional IRisseaieli 

Council 1978). The MLP diet used in this study reflects a mild protein restriction (25%) and 

(loex; imt (xomfinomise reprodtictr/e sucxxsss iii rdLl*, gph^an tlrat lifixer sizxas ivtare similar 

l>etweeii(lietary gpMmiisf/M&chion j.jl.2!.2!.).]hi early f;estafion matermiliA^a^ght gpinwtw shnilar 

in the two groups. Towards the end of the second week and certainly by the third the effects 

of MLP were manifest as decreased maternal weight gain relative to controls. This 

observation is commonly found when rat dams are fed a low protein diet (Desai et al 1996; 

Zeman 1967). Thus, in late gestation, the control rats were gaining upwards of 2g per day 

more than MLP animals. The greater weight gain exhibited by control rats relative to MLP 

cannot be explained by an increase in food intake since food intakes were not significantly 

different between the dietary group. It appears that the impact of the MLP diet upon the 

dam is primarily restricted to late gestation. It has been suggested that during early gestation, 

the dam prepares for the increased demand of the late gestational fetal growth spurt by 

depositing nutrient reserves
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J.2. The relationship between 11-HSD2 activity and fetal weight 
in control rats at d 14 gestation.

Conversion of

B to A (units) ^ 8.692, r=0.63

Data are 11-HSD2 activities in control rats (n=26 from 6 litters) at day 14 gestation. Refer 
to Table 3.4 for details. 11-HSD2 activity was assayed following the method of 
Benediktsson et al (Benediktsson et al 1993) and described in section 2.7.6. of Methods. 
Units are presented as pmoles A formed/mg protein/10 mins
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(amino acids and fat) (Naismith 1969; Naismith & Morgan 1976) which are then 

subsequently utilised, either in late gestation, or during lactation. Whether the MLP diet 

inteinqpts diisanalxalic process a«ui therelcMM; comftromhses the iibiliti^ of the (lam to siistain 

fetal demands adequately in late gestation cannot be determined from the present results.

Mayel-Afshar & Grimble observed protein synthesis to continue in the face of a low 

proheni diet hi early g(X!tation (bfayrel^Adidiar 6k (Irhnble 1983). hdatenial pioteha caihdiolisni 

in lih3;gestath)n,]io\vcryer,(x:curre<l(Mudier anclinorenqihlly wdienalow prohehi diet was fedL 

TThie ap^paretit failure (if IVILIP to rruddi the v/eight gain (if controls iri late grestation is, 

therefore, primarily due to the actual deficit in protein per se at a tune when demands are 

increased, thus forcing MLP dams to mobilise their own bodily stores to a greater extent than 

controls. This is perhaps reflected in the reduced weight gain of MLP relative to controls 

after the products of conception have been removed (section 3.3.1.2.).

\VTiethKn- the irutntional (jialknge presented to IVILJP, refracted in rechiced line 

gestational weight gain relative to controls, is sufficiently severe to compromise delivery of 

nutrients to the fetuses is not known. More severe nutritional interventions (6% protein) 

than the current model reduce placental glucose transport (Rosso 1977) and amino acid 

transport (Malandro et al 1996) to rat fetuses, perhaps mediated by changes in their 

respective transporter systems (Malandro et al 1996). In an experimental ovine model of 

intrauterine growth retardation the placental flux of leucine was reduced by over 50% (Ross et 

al 1996). Furthermore there is evidence to suggest that nutrient restriction during pregnancy 

in the rat reduces blood flow to the placenta, mediated perhaps by a reduced cardiac output 

(Rosso & Kava 1980) or attenuated plasma volume expansion (Rosso & Streeter 1979). This 

would compound any changes to the physical transfer of nutrients across the placental 

barrier.

The effect of nutritional restriction during gestation on maternal food intake may 

relate to the severity of the restriction. Severe restriction of the protein component of the diet 

resiihs in a dkxzreasein fcK)d intake; (TSf(ds()n 6k E/vans 1953; 2:em!ui 19610, p(:rhaq)s clue to tlie 

excess energy provided in the form of carbohydrate when on a isocaloric, low protein diet. 

Moderate dietary restriction can lead to an increase in food intake, possibly in an attempt to 

increase the availability of a limiting nutrient (Widdowson & McCance 1975). The MLP
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dams m this study ate less than controls but this was not statistically significant. In mid- 

gestation, a time when the fetal growth rate is significantly increasing (Langley-Evans et al 

1996b) the control rats increased their food intake, presumably to supply the demands of the 

gtowinLjg fetuses. INo sucli effect v/as ol)served in hflLP animals thiis c^mtrilmting further to 

tlie (lecreased weigght g;ahi ol)served ui hllJP cr/er hde geshifion. TThe inincipail (fiehiry 

inaudetpiacy in the jpreseiit mo<iel is of protein. Overall food intalce arid thus eiiergry intaice 

between the twx) cheUir/ g;nou{)s orver the coimse ofg;estath)n is ruot vausfi^f differeiit, ancl tlie 

I)rotein(X)nteiit()f die hdJLI* diet is reduced by SO'X, v/hereaus die cafiboliyckahe projpoiificm is 

only increased by 14% {Appendix 1).

Unfortunately from an initial total of n=6/group for measurement of lactational weight 

gain two da^ms from each dietaiy group resorbed their pregnancies and thus data for maternal

\veig^it;gain chirhig lactatiorislio^vs irManeasedi/ariation arid theunefore rnust be inteqpretexl with 

caution. However, combined with the food efficiency data for both dam and pup there is an 

uidicathmi of tlie pHOStmital resjpoiise I5r(mr A/ILI) cliiettc) a iiroteiri rejplete cliet. Ehrrinf; earrb/ 

lactation there were no differences in food intake between each dietary group. Food intake in 

b<)di Bproujps inciiKiseclinarlMxily iii die se^coiid week of jgestation, a tinie wlien piip grriwtb 

A&^is grexitest. Iiilah: hictatiori (wtxtk 3) fooii intalce in fvfLJP \v:is lower tliari controls (lesiiite 

the MLP pups growing at a faster rate. This may reflect either an increased metabolic 

efficiency with which MLP pups handle substrate, as occurs in the genetically obese Zucker 

rat (Langley 1990) or be due to differences in milk intake or quality (Rose & McCarty 1994). 

\\\:qght gain (if die (iams (hiruig ewarh/^ hictation\vais greater in f/fLJP than ccartrols. Cliven tlie 

hinitedvveigjht grain exfienaicedlDy hdlLPclams duhmijg gestation^ ivlum metumred iiost-fiartum 

(serriio/z 3.3. f.2.), tlien im increaused p,arfltionhig of sidistrate (luring (xirly lactation towards 

their own demands may reflect recovery from the effects of the MLP diet.

Partitioning of nutrients towards the mother, however, may be at the expense of the 

]pu]p suice tlie IVILIP jpufis {gained sigruficanti/ less rweijght thaiii controls hi eaifl)r lacdidon 

{section 3.3.1.2.). Although the dams were changed from the low protein diet to laboratory 

(dioiv at birth, iriehibolic arUmhrrient m die highier prcitehi diet rnigin not hai/e bear 

instantaneous. The possibility exists that delayed adjustment to a protein replete diet in 

MLP during lactation influences future blood pressure cannot be assessed in the present
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results. The effects of a protein replete diet in gestation followed by a protein deficient diet 

during lactation have not been determined using the present model. Certainly the ability to 

demonstrate postnatal catch-up growth is not seen in pups who are fed a low protein diet 

during lactation (Desai et al 1996). This is not surprising given that the relative demands on 

the dam are considerably higher during lactation. Programming of altered cholesterol and 

triacylglycerol metabolism has also been shown to be dependent upon either prenatal or 

postnatal undemutrition (Lucas et al 1996).

Within a defined range the body is able to adapt to changes in protein supply 

(Danielson & Jackson 1992). The process of adaptation to protein undemutrition is directed 

by hormones and the ability of dietary factors to influence hormone concentrations in the rat 

have been described (Edozien et al 1978). Pregnancy itself represents a period of dramatic 

hormonal change in the maternal environment in mammals. Clearly, maternal nutrient 

restriction may be expected to alter the maternal hormonal environment, and many studies 

have demonstrated this phenomenon (Dwyer & Stickland 1992; Gluckman 1995; Harding & 

Johnston 1995). In the present study, however, the maternal plasma concentrations of 

insulin, 17(3-estradiol and androstenedione were similar between dietary groups at mid (dl4) 

and late (d20) gestation and were within the range previously described for rats (Dwyer & 

Stickland 1992, Martin et al 1978, Lunn & Austin 1983). However, such snapshot 

measurements of hormonal concentrations do not yield sufficient evidence for rates of 

hormonal flux and only limited conclusions can be drawn from the current results regarding 

nutrient-hormone interactions. For example, the measurement of plasma insulin was made 

without an overmght fast and thus no valid conclusion can be drawn from the insulin data. 

Due to time and financial constraints a further, more meticulous investigation (i.e. multiple 

measurements throughout gestation) was not carried out and this represents an area for 

further research.

The plasma concentration of progesterone in MLP rats was greater at d20 gestation 

than at dl4. Towards late gestation progesterone is observed to rise (Garland et al 1987). 

MLP diet abolished the fall in plasma progesterone seen in the control group. The reason for 

the apparently unchanged progesterone concentrations in controls is not known but may 

simply reflect a phase-shift in progesterone secretion in MLP, as occurs for steroid hormones
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in tills on a foocl resiricted refprneai (()lrveira ef (z/ 195)3). TThus the pgxak of projgestemne

secretion that ordinarily occurs in late gestation may have been missed in controls due to 

sampling at only two timepoints in gestation. Maternal plasma corticosterone concentration 

in MLP rats was slightly greater than concentrations observed in control rats at (114 (25%) 

and d20 (6%) gestation. The energy intakes between dietary groups were not significantly 

different and maternal plasma corticosterone concentration is related to total energy 

reshicticm raflier than pMrotein (Lamn /tustin 1983). ffcrv/ever feecUr^g cathier v,ery haw 

protein diets (0.005 protein:energy ratio) (Coward et al 1977) or a balanced reduction (40%) 

in total feed intake (Dwyer & Stickland 1992) elevates maternal plasma corticosterone.

Perhtq)s tb:e snigle mtist hnpcMdant restilt, regarchiig the effixct of fhe IVIIJP diet 

the dam, is the observation of lower placental 11-HSD2 at day 20. The decrease in 11-HSD2 

activity does not merely reflect a reduction in placental size, as it may appear from the data, 

since aehhrhies v/ere lov/er wlien exf)resscd per ipg; iplacaital vveig^it (C^onhnl; Ojgkl dbO.O:*, 

MLP; 0.54 ±0.02 pinoles converted/per mg placenta/10 mins, P=0.02). Previous work has 

noted, impaired placental 11-HSD2 activity (33% decrease) in day 20 placentas (Langley- 

Evans et al 1996e)^. Methodological errors as previously highlighted may account for the 

difference in 11-HSD2 activity between this thesis and the activity recorde by Langley-Evans 

et al 1996e). Lower activity of placental 11-HSD2 implies the potential for increased transfer 

of maternal corticosterone into the fetal compartment. However, given the efficacy of 

placental 11-HSD2, a reduction in activity of 18-33% may well be accommodated by the 

enzyme (Stewart et al 1995) and when expressed per total placenta (which reflects in vivo 

physiology) the activity of 11-HSD2 at day 14 (but not day 20) was actually increased. The 

increase in total 11-HSD2 at day 14, as a consequence of a large placental weight in MLP 

relative to controls may facilitate the greater weight gain exhibited by MLP in early gestation, 

since GC retard intrauterine growth (Reinisch et al 1978).

MLP-induced hypertension is remediable by pharmacological adrenalectomy 

(PHADX) with metyrapone and corticosterone replacement successfully restores the 

hypertensive state in females (Langley-Evans 1997a). The activity of 11-HSD2 following

^ These studies were flawed on methodological grounds. However the difference in 11-HSD2 activity 

between dietary groups (33%) may be an underestimate of the true difference
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PHADX has not been measured. However the effect of diet upon placental 11-HSD2 is 

unlikely to be direct but rather a product of the maternal adrenal acts as an intermediate in the 

regulation of placental 11-HSD2. To test this hypothesis the activity of 11-HSD2 could be 

rntxisiuxxl following; materrwil atiretwth>ctom)r. ma^rcxiuseirKn-easexl fetal

VICTTH whiclilias b(x;n paroposecl to inliilbit irkkcental 11-11:31)2. T"he (lata presiented offer ru) 

suggestion as to the mechanism of lower placental 11-HSD2 activity. Since the activity of 11- 

HSD2 is lower at day 20 even when expressed per placenta, then a physiological effect of 

low piohsui ui)onthielaiteg;estatioruil awzhbit)' ()f Il-IISIDI miglit lx: assmned. specifu: role 

for maternal GC excess in the programming of elevated SBP is inferred. An effect of MLP 

upon the activity of 11-HSDl cannot be excluded from the present results since maternal 

dkxrklual tissm: vvas hicoiTporrhcxi within lire refw:hoii volume. Il-HSIDI iictfvib^ lias beeii 

demonstrated in rat placenta (Burton & Waddell 1995) and an increase in this activity at day 

20 may have a similar effect on the fetal environment as a diminution of 11-HSD2 activity. 

Thus future analyses of the oxidative capacity of 11-HSDl in maternal decidua following 

MLP diet may be important. Without direct measurements of placental hormone flux (i.e. 

through radioisotope measurements), however, the extent of MLP fetal exposure to excess 

maternal GC is unknown. The present data did not exhibit a negative correlation between 

placental weight and 11-HSD2 activity as has been observed by Benediktsson et al (1993). 

The disproportionate growth of MLP i.e. their increased growth rate to day 20 and their 

heavy yet thin and long phenotype at day 20 relative to controls may mask such a correlation 

in this group but the reason for a lack of a correlation in controls is not known.

The mechanism linking the MLP diet with lower placental 11-HSD2 at d20 gestation 

is not clear. 11-HSD2 has been reported to be regulated by GC, oestrogen, thyroid hormone, 

I)n)g^^^kan]rx;;nadgpxyv/f^]kcqirM)ne(I3a(agia,gf&d 19^)0; Ixrvv gf nZ 19^)3; fd[onder Zk Slhadcleton 

1984, Stewart et al 1995; Whorwood et al 1994). Many of these earlier studies were 

performed in mice, as well as rats, and the regulation of 11-HSD2 differs between the two 

species (C.Whorwood - personal communication). Furthermore, earlier work failed to 

distinguish between the two isoforms of 11-HSD, which are now known to be genetically 

distinct (Brown et al 1993). Thus, at present, data regarding the specific regulation of rat 

placental 11-HSD2 is scarce. The hormonal profile established for MLP in the present study
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no deHnhivein^Averto expkunthe asMxnaUon behveen n^dennU dn^ and nxhax^ 

placental 11-HSD2 activity. The elevated concentration of progesterone in MLP relative to 

controls in late gestation could, theoretically, explain a reduction in 11-HSD2 since 

progesterone in high concentrations inhibits 11-HSD2 activity (Stewart et a/ 1995). However 

vdMitherthe hnv pn^^Mhenn^idenhhed mconhnl lak th day 20 is robust iioMk to be 

estail)lislied. ()onsickanadon of plaicental ll-HSlIXZ mRN/i exjpnession at dl^l sug^gests that a 

down-regulation occurs, at the level of transcription. Furthermore, decidual 11-HSDl mRNA 

may perhaps be increased in late gestation, thus further increasing the fetal glucocorticoid 

exposure (S.C. Langley-Evans & C. Whorwood - personal communication). Despite lower 

placental 11-HSD2 at day 20 there was no evidence of an increase in corticosterone 

concentration in fetal plasma at this time. Plasma could not be obtained at day 14 due to the 

small size of fetuses. Perhaps a more sensitive marker of corticosterone action, such as 

GPDH mRNA (Schlatter et al 1990), may offer a more robust marker of the fetal 

glucocorticoid environment.

The present results offer a common factor between two apparently diverse models of 

hypertension. Edwards, Seckl and colleagues have established a rat model of hypertension 

that is dependant upon maternal glucocorticoids for the genesis of the hypertensive state 

(Edwank at InasauMi ofsWduMi whem pkca^^ 1TTT^D2 kw cRkr b^m

bypassed (using dexamethasone-a synthetic glucocorticoid and weak substrate for 11-HSD2) 

or inhibited (using carbenoxolone), to increase the endogenous flux of maternal glucocorticoid 

to the fetus, lower birthweight and hypertension follow (Seckl 1997b).

Prenatal treatment with glucocorticoids has been shown to retard intrauterine growth 

(Katz et al 1990; Reinisch et al 1978). Placental 11-HSD2 therefore appears to play an 

important role in the regulation of intrauterine growth, protecting the fetus from the 

potentially deleterious effects of excess maternal bioactive glucocorticoid exposure. Stewart er 

al (1995) suggest that the role of placental 11-HSD2 is to maintain fetal HPA axis autonomy 

in late gestation since the fetus displays 11-HSD2 activity, which will therefore modulate any 

fetal glucocorticoid excess produced through a lowering of placental 11-HSD2 activity. 

Activity correlates positively with fetal weight in rats (Benediktsson er a/ 1993) and humans 

(Stewart er a/ 1995). In humans, the activity of placental 11-HSD2 in an ax v/vo system
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corn^tat^ck)M^y andisaitde ^ predk:t, txrdnve^^^ (Beneddctsson efa/ 1995). Lo\v 

birthweight infants, therefore, that are of smaller size than would be predicted by placental 

\vcag^bt\vill theonsdcadly hai/e been exposed k)alhg;her kryel()fimibamal gluccKxirdcthcl. IThus, 

intrauterine glucocorticoid exposure is proposed by Edwards et al (Edwards et al 1993) to 

underscore the fetal origins of adult hypertension hypothesis (Barker 1995).

Hknvevertha-e aKnidhodoh^^kal drawbacks to bodichauunediasone huze&sing 

maternal SBP) and catbenoxolone (i.e. inhibits 11-HSDl in addition to 11-HSD2) treatment 

during pregnancy in the rat which may preclude a specific effect of maternal glucocorticoid 

twBuig inferred. Iraieecl de)Uunefhasoire is a weidc sul)strah: for ll-HS10i:2 (Blest er a/ 1997). 

IVloreover, die ncjgatr/e correlation of ll-HSlCXZ activity ivith {ihLcental \veig^it diat 

Ilemxiiktsson ef a/ (19!)3) refiort \vill lie cancelhxi otd t^dien iKital activity pier plac:enta is 

related to fetal iveiglit. From die (lutset Btirker ami colkeagpe*;, bciv/ever, sugggested iiutrifioiial 

fitctors aa lieuig impnortant (T3ark:er ()smond 1986) and hai/e since collected .evideiice to 

support this notion (Campbell et al 1996; Forrester et al 1996; Godfrey et al 1996). The 

present residts provide ariiaarly naeclumisn^ i.e. Icrwry pihucental 11.JTSD2 activity, whienebyr 

riutridonal fadoi^ (TVIIJP cheMl) nifhiemaedie dcrvelopmient of Ifypiertensron tluoug^f the 

action of hormonal factors.

SECTION 2

THE EFFECT OF FEEDING A MATERNAL LOW PROTEIN 

DIET UPON THE PRE AND POSTNATAL DEVELOPMENT OF 

THE OFFSPRING

3.3.2. RESULTS

3.3.2.I. Fetal mass at day 20 gestation

(Ch/erall litter size vvas imailtered befiveizn ilietary jgroupis (TTable 3.5). Ilelative to 

(xantrcds, fyHJ? fetuses were larger, in terrns <)f total biidhr rnass (P== 0.0()1) arid loriger, in

terms of nose-anal length (mm) (P= 0.0001) at day 20 gestation. Similarly the brain, liver,
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lung and placenta were all heavier in MLP relative to control fetuses (Table 3.5). Only the

latter did not atdhieve statistical s(griificarice (P< 0d)5). \VTien die mass of eacli orgpms was 

expressed relative to body weight evidence of disproportion emerged. Both the placenta and 

brain tArere sigiilRctmthy srnailer relative to iveig^ht in die IVHJP grcmp coirqpared to 

control fetuses (P< 0.05). Similarly, the relative liver size was reduced although this did not 

reauch statistical sigrulRcancx;. ThielL^x; hidetx (b(xjy'rruiss:Len{gdi^),iviiich pmivicles atneasinne of 

body proportionality (Bemadis & Patterson 1968), indicated that the fetuses of dams fed the 

l()W]protein(iietivi;re hmjgerandAor diinmnriniiroixirtkm to b()dyrw(;^;ht than ccmtrol fetiu^ss 

(Table 3.5).

3.3.2,2. Body and organ masses of term neonates

Litter sizes and body weight were similar in the two dietary groups foilwing delivery 

(TTatih: 3.6). Tlhe ]protein nestricdon regpincai inipaucted iiredkimimmtly iipon thie liver, v/hicli 

was both smaller in absolute weight (P= 0.04) and in relative terms (P= 0.0006) compared to 

the pups of dams fed the control diet. Interestingly the nose-anal length of MLP pups was 

significantly shorter at term (P= 0.04) compared to control animals, the opposite to what was 

observed in the fetuses at d20. Analysis of body proportion (Lee index) suggested that the 

MLP pups were relatively shorter and/or heavier for their length (P= 0.0001) compared to 

control animals (Table 3.6).

3.3.2.3. Fetal growth in late gestation from protein restricted and control dams

Measuring individual body and organ weights can yield information about absolute 

differences between two groups at a given point in time but does not give an indication about 

the nature of the protein restriction in terms of intrauterine growth dynamics. Therefore, by 

measuring the increase in organ weights from d20 to term, expressed as a percentage of the

weight at d20, an indication is given as to how the effects of maternal protein restriction 

manifest at the organ level in late gestation fetuses. As Figure 3.3 illustrates the control 

fetuses doubled in weight over the last two days of gestation. Protein restriction attenuated 

this late gestation increase in body weight by 25%. Both liver and lung growth of MLP

fetuses in late gestation were severely reduced compared to controls (14% v.? 53% for
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Maternal Diet

(Control IVDLP

j. J. The organ masses and relative body proportions of day 20 rat
fetuses exposed to either a maternal control or low protein diet

Litter size 14 ±I 13 ±1 NS

Fetal body weight (g) 3.01 ±0.07 3.09 ±0.04 0.001
Placental weight (mg) 547+9 558 ±10 NS

Brain weight (rag) 109+3 122 ±2 0.0003

Liver weight (rag) 122 +6 152 ±4 0.002
Lung weight (rag) 78 ±4 105 ±2 0.0001

Nose-anal length (ram) 34 ±0.4 40 ±0.8 0.0001
Placenta.-Bodyweight (%) 18.810.3 18.4 ±0.4 0.04

BrainrBodyweight (%) 4.49 ±0.15 3.76 ±0.09 0.0003

Liver:Bodyweight (%) 4.99 ±0.17 4.60 ±0.15 NS

Lung:Bodyweight (%) 3.11±0.10 3.19 ±0.06 NS

Lee Index 0.075 ±0.003 0.052 ±0.001 0.0001
(Bodyweight:Length^)

21-55 oO^pnng OConbo^ or »= 29-^2

offspring (MLP) from a total of 5 dams from each dietary group. Dams were terminated at 

day 20 gestation and fetuses and organs excised. Animals were generated as outlined in 

Methods. NS = not significant.
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iiucreasein liver weigght at term relatrve to (lay 20, 2X1^6 for lungs. (A/lLJP vvp ccHitrol

rats respectively}). In contrast the brains of MLP fetuses maintained 84% of the growth 

achieved by the control rats (Figure 3.3). The severe reduction in truncal growth from d20 to 

term (Figure 3.3) in MLP fetuses compared to controls (26% 54%, MLP controls)

rruiy, in part, (explain tlie oI)served retipnacal clumg;e hi the Ixx; inckar crver this ]pcTio(l (fevg 

Tables 3.5 and 3.6).

33.2.4. Postnatal growth of offspring from protein restricted and control dams

(jhnowth vvas rntxasunxi fromliirdi to 410 wexeks <)f ag^: in rrude anci fecnaie (offspuiiig.

Following weaning, there was no difference in postnatal growth between the two dietary 

groups (Figure 3.4). As expected, males from each dietary group were significantly heavier 

than females from 5-6 weeks of age.

3.3.2.5- Body and organ masses at weaning age

At weaning age (3-4 wks) MLP pups were significantly heavier than control pups 

(P= 0.03) (Table 3.7). MLP had significantly larger livers (P= 0.004) and hearts (P= 0.01). 

However, when expressed as a percentage of body mass these differences were no longer 

seen. Absolute wet weights of brain, lung and kidney were similar in the two dietary groups 

although as a percentage of body mass, both the lung and kidney were significantly smaller in 

MLP rats than in control animals (P< 0.01) (Table 3.7).

The greater body weight exhibited by the MLP rats at weaning was peculiar to 

females (a 13% increase, P= 0.007) (Table 3.9) rather than males (an 8% increase, NS) (Table 

3.8). The greater absolute wet weight of hearts, observed in MLP animals, was only apparent 

in males (P= 0.05), but when analysed relative to bodyweight, only females had significantly 

smaller hearts (P= 0.05) (Table 3.9). Similarly, the previously observed decrease in the 

kidney:body mass ratio in low protein exposed animals relative to controls appeared to be 

specific to females, P= 0.01 (Table 3.9). In contrast to the kidney, the relative differences in 

lung proportions were only apparent in males (Table 3.8), probably due to the fact that in 

females the absolute lung weights were significantly heavier than controls (P= 0.04).
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Maternal Diet

Table 3.6. The organ masses and relative body proportions of term rat
neonates exposed to a maternal control or low protein diet

Control MLP f
Litter size I3±l 14±1 NS

Body weight (g) 5.49± 0.08 5.75± 0.10 NS

Brain weight (mg) 178±5 187±4 NS

Liver weight (mg) 187±5 171+5 0.04

Lung weight (mg) 122±4 130±3 NS

Nose-anal length (mm) 52± 0.4 50±0.5 0.04

BrainrBodyweight (%) 3.28+0.10 3.27± 0.09 NS

Liver:Bodyweight (%) 3.45± 0.08 3.02± 0.08 0.0006

Lung:Bodyweight (%) 2.24± 0.05 2.22± 0.05 NS

Gestation length (d) 22.9±0.1 22.810.1 NS

Lee Index 0.036± 0.0007 0.04610.001 0.0001
(BodyweightiLength^)

All data are presented as Means± SEM for n- 30-53 offspring (Control) or n- 38-65 

offspring (MLP) from a total of 5 litters from each dietary group. Litters were killed within 

12hrs of birth. Animals were generated as outlined in Methods. NS = not significant.
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The percentage increase in mass and length between day 20 

and full term in rat fetuses exposed to either a control or low protein
maternal diet

iiic]nsas(3 

in mass
lOOi 

90 

80- 

70- 

60 

50 

40 

304 

20 

10 

0
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)/aluM&s are exjiressexi as Uie m(%ui p^uixanta^^: ()f die fetal mass/ler^gth as (ieterminexl at dair 
20 gestation. A total of 20 rat dams were fed either 18% casein (control, n=10) or 9% 
casein (MLP, n=10) for two weeks prior to mating and throughout gestation. At day 20 
g;estadon d^uiis from cwtch (ikikury g^x)up v/ere stwznficed arul fetal bodh/Aorgtui rmtsses 
rexzordled. Tire retmurrhig pfejgnzmcies pr(x>eeck;d to term. Clffspring 'were sacrificed within 
12 hrs of the dam giving birth and organ weights determined.
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Figure 3.4. The postnatal growth of offspring from maternally protein 
restricted (MLP) or control fed dams from birth to adulthood

Males Females

Data are Meant SEM. For all values other than birth n= 9-16 offspring/dietary group for 
males and females from a total of 6 litters per dietary group. At birth n= 53 offspring 
(control) or n= 65 offspring (MLP) for combined male and female data from a total of 
between 10-12 litters/dietary group. Offspring from either dietary group were generated as 
outlined in Methods. At 4 weeks of age all litters were weaned onto laboratory chow diet, 
Animals were then weighed at regular intervals up to 40 weeks of age.
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Table 3.7. The organ masses and relative body proportions of weanling
rat pups {male and female) exposed to either a control or low protein
maternal diet

Maternal Diet

(Control IVnJP P
Body weight (g) 85.5! 2.5 93.6! 2.8 0.03

Brain weight (g) 1.30! 0.18 1.32! 0.28 NS
Liver weight (g) 4.07!0.06 4.61! 0.14 0.004
Lung weight (g) 0.84! 0.02 0.88! 0.02 NS
Heart weight (g) 0.54! 0.01 0.59! 0.01 (LOl

Kidney weight (g) 0.48! 0.01 0.48! 0.01 NS
Brain:Bodyweight (%) 1.46! 0.03 1.41! 0.03 NS
Liver:Bodyweight (%) 4.70! 0.06 4.76! 0.04 NS
Lung: Bodyweight (%) 0.99! 0.02 0.92! 0.01 (LOl
Heart:Bodyweight (%) 0.62! 0.01 0.61! 0.01 NS
Kidney:Bodyweight(%) 0.53! 0.009 0.50! 0.007 0.008

All data are presented as Means! SEM for n= 35-51 offspring (Control) or n= 38-53 

offspring (MLP) from a total of 6 dams fed on each diet. All litters were culled down to 8 

pups/litter (4 male/4 female). Offspring weie weaned at 4 wks of age and sacrificed within 

48hrs. Animals were generated as outlined in Methods. The Lee Index was not measured on 

weanling animals. NS = not significant.
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Table 3.8. The organ masses and relative body proportions of weaniing

rat pups (male only) exposed to either a control or low protein maternal
diet

Maternal Diet

Control fdaup
13ody iveig;l^t Cg) !)3.6:k $.2

Brain weight (g) i .35+ 0 21

Liver weight (g) 4.35± 0.17

Lung weight (g) o.93± 0.04

Heart weight (g) o.55± 0.02

Kidney weight (g) o.52± 0.02

Brain:Bodyweight (%) 1.40± 0.04

LiverzBodyweight (%) 4.69± 0.09

LungzBodyweight (%) \ .00± 0.03

HeartzBodyweight (%) 0.59± 0.01

Kidney zBodyweight(%) 0.53± 0.01

I0I.5±5.9

I.39±0.20 

4.89± 0.26 

0.90± 0.05 

0.62± 0.03 

0.51± 0.02 

I.38±0.06 

4.84+ 0.06 

0.89± 0.03 

0.62± 0.01 

0.50± 0.01

NS

NS

NS

NS

005

NS

NS

NS

0.03

NS

NS

vMl (hda auKz pre^sntetl az; Adeansd: SEzNi A)r n= I7.:20 oEsiyruig (C^uilrol) (xr »= I6-:20

of 6 ckmisj^xlon eaelizliet. ()ffspitnjg v/ere weaned at 4 wlcs of 

agre an<l sacrificed iAdtlun/l81irs. vM! litters v/ere cid]^xi(ioiviit()i8]pu{)s/Utter (4 madcv^liiamale). 

)\jiunals v/ere g(aieratexl{iS()utluic<lin7k6gA%06tr. NS ==iiot significant.
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rat ]pu|)S (/trKWiz/g ofx/y) e^cposed to leither :: coiitrxol or lovr (protein matomail

diet

jP.P. TTlie i»!igan maisses awid relati%re jbodir j)!X)p,o]ndoi:s of MAesudui;;

Maternal Diet

Control MLP
Body weight (g) 8L6±3.2 93.4+ 2.7 OIW^

Brain weight (g) 1.25+ 0.02 1.28+ 0.04 NS
Liver weight (g) 3.99± 0.17 4.38±0.13 NS
Lung weight (g) 0.78+ 0.03 (186±.003 (104
Heart weight (g) 0.53± 0.02 0.56± 0.02 NS

Kidney weight (g) 0.44± 0.01 0.47± 0.01 NS
Brain: Bodyweight (%) 1.52±0.05 1.42±0.03 NS
Liver:Bodyweight (%) 4.85± 0.07 4.69+ 0.07 NS
Lung: Bodyweight (%) 0.97± 0.02 0.93± 0.02 NS

0.65± 0.01 0.6110.01 0.05
Kidney: Bodyweight(%) 0.54± 0.01 0.50± 0.007 0.01

/Ml ckita suns presenkxl as iVIeanst SElVf f<)r »= 17-2/1 (ifFspring; ((:onbnyO or 23-25 

()frspiing;(lV[IJP) gnom a k)tal()f6(iams fed oil each clieL CXffsprinjg v/ere weaned at 4 wics of

age and sacrificed within 48hrs. All litters were culled down to 8 pups/litter (4 male/4 female).

/nuDndsvMaeg^me«dedascndhneduiAfa*od^/NS = nots^^ancmh.

98



3.3.2 6. DISCUSSION

In the present section intrauterine and postnatal growth of rats exposed to either 

MLP or control diet was examined. The intrauterine growth rate of MLP rats was greater

tham ccmtrol rats n]p to clay 210 g^;sUiUon. Froin d2() to term, tin; groiMdi rate of MJLP rats 

slowed, falling behind that of control rats. The faltering somatic growth of MLP relative to 

control rats in late gestation was accompanied by disproportionate growth of specific organs 

to biodbr weig^iL Thiis, tlie b()d)r prxoporlicms ()f a piip at team exi)osexi to ]\fIJP 

wtero was markedly different to a pup exposed to control diet. From birth to weaning a degree 

()f catcli-u]) igrowth w,as exjiibikxi b;/ IVfUP. licnve^/er tire gprowth of troth tlie hmgs and 

kidneys m MLP was reduced as a proportion of body weight. Postnatal growth from weaning 

into adulthood was similar between dietary groups.

Nutritional restriction during periods when the demands for specific nutrients are 

uicnxisedi, suxdi as diuii^g grcnvthi, Inipoi&esaiitGUibolic shnesson tbeck:velc,]piog(nTgaiusirL TThe 

manifestations of the metabolic stress may specifically relate to the nature of the nutrient 

iixibniclicMi i.e. the lenjgfh ()f restriction, scverit^r, tuiui^g imd dkfgnee ()f energ^r reslTictioii 

(Harding & Johnston 1995; McCance & Widdowson 1974; Widdowson & McCance 1963). 

Other factors such as maternal height and the plane of maternal nutrition upon entering 

pregnancy which will necessarily influence maternal weight and body composition at the time 

of conception and may influence how an early nutritional restriction impacts upon the fetus 

(Mellor 1983; Robinson et al 1994).

The present data indicate that fetal growth in MLP rats was enhanced, despite a 50% 

reduction in the protein content of the diet, up to day 20 relative to control rats. Fetuses were 

of greater bodyweight and longer than control animals. Other data obtained within this 

laboratory has also demonstrated a greater bodyweight in MLP relative to controls from as 

early as day 14, persisting up to day 20, but thereafter declining such that at term MLP pups 

are of low to normal birthweight (Langley-Evans ef u/ 1996b). The placenta, which closely 

correlates with fetal size in the present model, is also greater in size at day 14 gestation in 

MLP animals relative to controls (Table 3.4). (Langley-Evans et al 1996b). Undemutrition in 

early gestation induces compensatory growth of the placenta in sheep (McCrabb cr a/1991; 

Robinson et n/ 1994) and rats (Langley-Evans ct a/ 1996f) and mothers diagnosed as having
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maternal anaemia, a marker of nutritional status, exhibit increased placental size (Godfrey et 

1991). Increased placental size during mid-late gestation may facilitate the supply of amino 

acids and other energy substrates necessary for fetal growth (Owens et al 1987), perhaps 

enabling the greater early growth rate in MLP relative to control rats. Furthermore, increased 

total placental 11-HSD2 activity (Table 3.4) during early gestation may further facilitate the 

nKmer^ndim^ofgpowAofl^LP me^t^ge^a6nL n^sdmuhK «^^pk^«nal 

cnmpeaisafor/ growth is not Ikmrvvn Imt padiaps dc^pend cm the n;laidve distrfbuticm of 

cells behveen die imier ceil mass, ivluch develc^is into die je;dis, arid tlie trojphectodemi, 

which forms the placenta. Early (dl-4) protein restriction results in a greater migration of 

cells towards the doptiectodlemi rather dien tlie hnmer ceU niass, arwi at (114 tliese laninials 

exhibit greater placental mass (T. Fleming - personal communication).

At day 20 gestation the placenta as a proportion of fetal bodyweight was significantly 

smaller and fetuses larger in MLP animals than controls. This appears at variance with the 

data presented in Table 3.4 where no difference in placental weight was observed and fetuses 

iven: of lesser wtdjght than protein rcqplete controls. \VTiilst die cUfference in llie cLata mar/ 

represent study to study variation this is unlikely. However, when an analysis which 

ini<:hid(:s(lata Aom a large samfdesizois ccridiK;kxi,thie(:fk>cts()f litter size iipcm birthwr;if;bt 

arcireducexliaoda mcmeicqinesentative picture emerges (Ltmgle^rdEvrms et a/ 1996t,) as shcrwm 

in Table 3.5. The combination of a small placenta and large fetus is interesting and may 

suggest a more efficient feto-placental transfer of nutrients, or increased handling efficiency of 

substrate in MLP. Nutritional status influences the insulin-like growth factors, IGF-I and -II 

(Owens et al 1994) and their binding protein concentrations (Straus et al 1991). Both fetal 

IGF-I and -II correlate positively with fetal pO^ and plasma glucose concentration (Owens et 

al 1994) and IGF-I with placental weight and birthweight (Osorio et al 1996). IGF-I and -II 

are synthesised in, released from and abundantly expressed in placental tissue (Han & Hill

1994). Thus nutritional modulation of IGFs may influence the local control of placenta 

development/function, placental substrate supply to the fetus and consequently fetal and 

placental growth (Owens et al 1994).

At day 20 gestation the Lee index (bodyweight:length^), a measure of body

pmpoifiotialiP/ (Bemaudis Patterscm 1968), sug;igests that ]\iIJP fetuses are loi^ger than
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expected by body mass measurement. This resembles the phenotype of babies postulated to 

have undergone mid-late gestational undemutrition, that are more susceptible to adult 

hypMtMMum andtKm-msWhHdq^n&mt(h^xh^ (^n^Wemd

alongside the data at term it is apparent that MLP fetuses continue along a disproportionate 

growth curve that reflects a late gestational fetal undemutrition (Harding & Johnston 1995). 

Thus MLP initially exhibit a greater increase in weight relative to controls until late gestation 

when the demands of fetal growth upon the dam increase. Growth rate of MLP then rapidly 

slows i)resm]iabl)t to rntdcdi sulistrate ai/aihibihhy. f^ulrient restricricm sltrws thus fpxrwth cxf 

more rapidly growing ovine fetuses whereas previously slow growing fetuses maintain their 

growth trajectory (Harding et al 1992). Undemutrition in late gestation presents an obvious 

Iilbytriologpicxil challeo^ge given that iiutrient (iemtmds are higgler brut, toggether iwnitli art earlier 

nutritional insult, may further compromise fetal development. In early pregnancy dams 

deposit nutrient reserves (protein and fat) in preparation for increased later demands 

(Naismith 1969; Naismith & Morgan 1976).

At term, MLP pups were shorter than controls both in absolute terms and relative to 

body mass, although no difference in birthweight was apparent. However biithweight alone is 

a cmde indicator of the quality of fetal growth. Despite no difference in birthweight, MLP 

had significantly smaller livers as a proportion of body weight than controls. These specific 

growth disproportions, not highlighted by a simple measurement of birthweight, are more 

related t()zuliUt disea^ietlian hHrthAv(ngtht;ih)ne(I3arlM;r 19i)5; Hales 6k Barlrer I519:Q. JV cmass- 

sectional analysis of body and organ weights at day 20 and at term may provide an index of 

organ growth trajectory over late gestation and indicates how the nutritional restriction may 

impact upon fetal growth. It is clear from Figure 3.3. that whilst growth of the body is 

attenuated (15-25%) in MLP relative to control rats, which double in weight over the last two 

days of gestation, the growth of the brain appears relatively maintained in late gestation. This 

appear likely to be at the expense of lung, liver and truncal growth, emphasising the hierarchy 

with which a prenatal stress impacts upon the developing fetus. A certain proportion of 

difference in wet weight may be attributed to differences in water content since dry weight 

was not recorded in the present studies. At term the braindiver ratio, which is indicative of a 

redistribution of nutrients, is higher in MLP relative to controls (1.08 vs 0.95 respectively).
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However this effect appears confined to late gestation since the brain.liver ratio is reduced in 

MLP relative to controls at day 20.

Reduced growth of visceral organs and peripheral tissue perhaps reflects a 

nxhsfiibufion of the ene^^subsh^tes to Ixahi m the 6ce of a

(aavironinent (Rosso 19()0). Furfhenruore, iftlie iiutrihcMial reshicldon is sufficienth/ sen/ere, 

fuiel nioleoules (airuiio acitis, igluctMte) rntiy tx: mxfbihsed try die fiMus itself; contribiifiiig t() 

peripheral wasting (Harding & Johnston 1995). The data presented lend support to this 

hypothesis. A redistribution of energy substrates, favouring maintenance of the brain, 

requires alterations in blood flow (Rudolph 1984). Altered haemodynamics and blood 

F,]nessim:<imirq; dei/elofMnneiit luivethieipoteiifiaJ to tmnsienfiyafhxct die function or structure 

of vascular smooth muscle (VSM) leading to morphological changes in arterial vessels during 

later lifefTBenry 1978). EHoo(i]pressure islcncrwm to hiuck gtov/di ffoin tui earl)r;^ge suygggx^ing, 

that early factors are involved in the regulation of blood pressure (Law et al 1993; Lever & 

Harrap 1992). Altered circulatory dynamics and consequently vascular blood vessel structure 

may initiate VSM hypertrophy. A positive feedback cycle is entered which will promote 

further increases in blood pressure (Folkow 1978). Such a self-perpetuating mechanism may 

eaqilaui \vliy hyiperteiisiori cart remain after the iprunary cause (\g. rerual clip, lias Ixeeri 

removed. Thus, in the present model, the primary cause may be altered maternal nutrition 

leaclhig to necessariK acUustments ui hawemcxlyiutmics dunfig fetal hfi). Ttie pwositTve feedObaclc 

mechanism is then operable in postnatal life contributing to the generation of elevated blood 

pressure in MLP.

Jackson (Jackson 1996) proposes a general model of growth and development that 

suggests the growth of any tissue or organ consists of an increasing functional capacity. A 

tissue/organ ordinarily operates well within its maximum functional capacity, allowing an 

operational reserve. Compromised development of an organ reduces its maximum capacity 

and therefore reserve. Under conditions where the functional demand of that particular organ 

increases i.e. for the liver -nutritional excess, then the maximum capacity is reached earlier and 

a metabolic stress is imposed. This model complements the ‘thrifty phenotype hypothesis’ 

proposed by Hales & Barker (Hales & Barker 1992). This hypothesis suggests that the fetus 

adapts to intrauterine undemutrition by adopting a thrifty metabolism. Such adaptations.

102



(xqpeciailly ui the pamcrcxu; arid liver, in(r/ firedispose die iridividiuil hi later life arid imdier 

conditions of nutritional excess to disease processes. Hales and colleagues have gathered 

considerable evidence to support this hypothesis (Desai et al 1995; Desai & Hales 1997; 

Hales eta/1991; Ozanne et al 1996). In the present results, impaired late gestational growth 

of the liver (14% v.y 53% for increase in liver weight at term relative to day 20), as a result of 

irnthenial irruierrmhnitioti, imiy stibseciuenth^ alter its fuiicthmail ciqiacity iri {idnlt 

predisposing the individual to metabolic abnormalities associated with liver function, such as 

NIDDM (Hales & Barker 1992). MLP rats demonstrate an insulin resistance syndrome as 

(ietemiincxi b)r a jghicoiM: tolerance test (Lxangle^/ et a/ 1994; I^ickaurl cf (z/ 19!)6), irrsulhi 

resistance being a major feature of NIDDM.

Growth from birth to weaning of MLP-female rats was greater than in control rats, an 

(effect fhat is c()nsisteiitl;/ re;)rochiC(xi hi onrliands (L;aog;ler/ JacJksoii 1994). It (xrnnot bwe 

determuiedfroni the {iresait stmiies wliat constihites the (extra iveig^it ha IVfLJP-femahe rats. 

Further analysis of body composition may reveal how the extra weight is manifest, although 

animal (Anguita et al 1993) and human (Ravelli et al 1976) studies suggest that increased 

postnatal deposition of fat occurs as a result of intrauterine malnutrition. At weaning (3-4 

weeks) only the lungs and kidneys of MLP rats as a proportion of body weight were 

significantly small relative to control rats. This suggests the effect of the MLP diet is 

predominantly exerted in late gestation, since both the lungs (Liggins 1969) and kidneys 

(Zeman 1968) experience a significant proportion of their growth in late gestation. Moreover, 

the maturation of the lung appears related to the maturational state and integrity of the 

kidney. Thus lung growth will proceed normally only in the presence of an intact, 

titux)tn])rotnis(xi kidntqr (PVeters 6^ (z/ 1991) lAdiich siug^pasts thaU a reimlh/ ckni)A)d Iiimtoral 

factor may influence lung growth. Relative to bodyweight the hearts of MLP-female rats but 

iiot hd]LI7_malertds i^^ere smaller tham ccKutrols. Tlie reatxrn for tliis ol)servafi(xa is iiot chxu- 

but may potentially contribute to the sexually dimorphic response to maternal adrenalectomy 

noted later in this thesis.

Prenatal protein restriction has been demonstrated to impair kidney development 

(decreased glomeruli and nephrons) and function in a series of studies by Zeman and 

colleagues (Hall & Zeman 1968; Zeman 1967; Zeman 1968; Zeman & Stanborough 1969).
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Trh(;se n&sulls ha\/e been: replicaiexl using tile A/MLF* diet. jPUiU; expiosed k) AdJUP iuui ckxznzasexi 

nephron number (S.J.M. Welham - unpublished observations) and altered functional 

cluiracteristics (clecretux^d nanal bl()od flow) (1^/elham et a/ 19S)6). Iii lurmans irUraiuterine 

growth retardation, as defined by birthweights below the 10th centile, is associated with 

deficits in nephron number (Hinchcliffe et a/ 1992). A programmed deficit in nephron number 

as a result ()f poor trurbsmal miUitioii laiay, for (5(ampJe, unpaiir the !ibilh}r of tbie kichre]/ to 

exrmzk; scKlhim i-(%sulUng iri a jgnidiKd elevation of srystolic l)lood firessrute i.e. 'imessime 

natriuresis’ (Huang et al 1992). This is proposed by Brenner and colleagues (Mackenzie & 

Brenner 1995) to underpin the epidemiological observations made by Barker and co-workers. 

Attenuated growth of the kidney in late gestation, leading to a functionally compromised 

organ in adult life, may thus contribute to the development of high blood pressure in MLP 

animals in later life. This could, perhaps, be experimentally tested through unilateral 

nephrectomy of MLP and observing the rare c/mere&ye of SBP of MLP relative to controls.
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SECTION 3

TTFDE ]EFinE(Tr (01^ I^ROTIEIN I)EETr

UT()IV TTHCE STk^^TTCMLJCC IIIJOC)!) jPiUCSlSlIRIC 

(;]Lij(:()(:()]%nn(:()ii) i\i/iiiK]Eii Eisizirp^DEg; yiisD ()ir
TTHOECMFESITRU^C;

33 J. RESULTS

3.3.3.1. Systolic blood pressure and heart rate

Systolic blood pressure (SBP) was determined in 3-15 week old, male and female 

offspring of dams fed control or MLP diets in pregnancy. At all ages measured, MLP 

offspring had significantly (P<0.05) elevated SBP compared to controls (Figure 3.5). At 

each age the SBP was between 10-20mmHg higher in MLP relative to controls. Blood 

pressure in both groups of animals varied as a function of time with pressures being 

significantly lower at age 3-4 weeks than at any other age measured (P= 0.0001). Maximal 

SBP was attained in both groups of rats between 6 and 10 weeks of age (Figure 3.5).

Figure 3.6 illustrates the heart rates of the animals from each dietary group. At 

both 3-4 weeks of age and 5-6 weeks of age the MLP animals had moderately lower heart 

rates than control animals, under the conditions of the blood pressure measurement 

protocol. Due to the degree of variation between animals this effect was non-significant. 

The heart rates of adult rats (10-15 wks) were similar between dietary groups. In both 

groups of animals heart rate varied as a function of age, the rate was higher at weaning age 

than at any other age measured and thereafter declined gradually (Figure 3.6).

3.3.3.2. Diurnal effects on blood pressure

Analysis of the diurnal variation in blood pressure revealed no significant effect of 

time of day upon blood pressure (Table 3.11). Consistent with previous findings {Figure 

3.5) the MLP offspring demonstrated elevated blood pressure, throughout the diurnal 

cycle, compared with control animals (P< 0.05).
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3.3.3 3. DISCUSSION

TThe ])resent results repireseiita unic^ue obsen/atior^ in that, try prenatal riutritktnal 

restrictiori the: finure control ()f t)l()0(l pressure in tlie resiilumt offsfniiig has be^en 

rn()dified. fvlale and feniale rats honi NllJP danis exhibit ekvations in systohc blooci 

ipressiire (S13P) iii die orcier of l()-2(hnniHg alior/e controls from (is early as v/e,:ks (if 

aige. file nLUrition^ill^^iirogpnirnrnexl hyrpertenasive state ajppears fiermarierit, that die 

S:B]P IS higlier m hilLI* rats relative to ccaitrols in adultlmcKl (I() jk 15 ivexeks of ayge aa 

liresenteel) and lias tieen measured u]p to 4^1 wee:ks (if ag;e (I^aojgley-lZvims Jack:sori 

19»95). TThe elo/atedlSBPivasnot associated i&itli an ele\ad(in in lieart rate, v/tucli wat; ui 

fact hiv/er ui;proui)lVlll?]nehid\retoc(introls uirnwaasutememtstalcen ufito 6 iveelcs of age:.

lElevated adult systolic blcxid pressure in the offspnng of rats from iiutritiorialty 

restricted (hmis has bexai reproduce:d consishmtly in this laboratory (Langley jk Jaeksoii 

195,4; L^angleyr-Evans 6k Jacksoii 1!)95; Ltingle)r_]Evaiis et 1(%,4; I,angle:y_Evans er 

1996f) and b)r other ivorkers ((:rowe et o/ ISigS; Ishenvood-I^eel IQi)?; Perssoii 6k 

Jansson I9H)2; \V\iodaU er u/ lS196lli). Iii a prospective liuinati stucly, it ivas found tliat 

lioth birthiveujght an(l]placeaital,miss v/ere iir/ersel)riel:ded to the uitake (if carlioliyehah: 

ui eaui)( preignanery and pirotein ui late piregnanery ((jodfrery gf g/ 1996), leHexidiyg tiie 

auhmd studies. Nloreo\rer, a follow-iip clesign liurnan study liirther indicated! the 

trnpiortance of^aiiiirkKractioiiIietvveeai loiv prrotein and lng)i caitioliycbate in pai^granmiing; 

tlie future blood prressiire of llie oAsjiring. Tlius Canipliell gt g/ (Cainpibell g/ 1996) 

found that ifrrakmial dieltury intaJce offirotein ^^as <: SOjg/dany dien a higli carlxilryckate 

intake was associated with a higher SEP in the resultant adult (40yrs of age) offspring.
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Figure 3.5. The systolic blood pressure (mmHg) of prenatally
protein restricted and control rats at four different ages

SBP
(mmHg)

o Control 
B MLP

160

140

120

100

80 -

60

3-^1 5-^5 Kilbies

Age
All data are given as Mean± SEM. Offspring were generated as outlined in section 2.2. The 

data are the combined results of male and female recordings and n= 5-45 offspring (control) 
and 5-34 offspring (MLP) from a total of 6 litters/dietary group at each age. Measurement of 
systolic blood pressures were made using the tail cuff method by a single operator as outlined 
in Methods. Statistical analyses were done using paired and unpaired Students t-test. At all 
ages studied the low protein exposed animals had significantly higher systolic blood pressure 
than control animals (P= 0.001). Blood pressure also varied against time, with pressures being 
significantly higher at weaning age than at any other age measured (P< 0.05). * Significantly 
different to control animals, § significantly different to pressures recorded at age 3-4 weeks 
for each dietary group (P<0.05).
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The heart rate (beats/min) of rats exposed to either
a control or low protein maternal diet at four different ages

Heart rate 
(bpm)

o Control 
0 MLP

(Dffspriojg were generated as oiidinexd Tlie ckita

==:3f%::ST^T-:a:r.r.ear.z'.':
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The diurnal variation in blood pressure (mmHg) of
rats exposed to either a control or low protein maternal diet

Control MLP
09.00am 101±2.9 122+^18*

15.00pm 104± 5.9 121±3.9*

21.00pm 112±3.5 125± 2.6 *

03.00am 98± 8.3 129± 6.4*

Data are Mean± SEM for n- 6 offspring (18% casein, control) and n= 5 offspring (9% 

casern, MLP) from a total of 6 litters/dietary group. The animals were generated as 

outlined in Methods and SBP measured as previously described (see Figure 3.5 for

details). Analysis of variance (ANOVA) indicated a significant effect of diet. * indicates a 

significant difference to control rats (P< 0.05).
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It is becoming increasingly clear from studies in our own and other labomtories 

that rather than the deficit in protein per se. programming the hypertensive state (despite 

FHM)tein iidalce beir^; ne|gatr/ely ccmnshdexi wifii SIBIP hi cmr niodiel (TLanjghy/ 6k Jzuzkson 

1994)), it is the overall balance and interactions of nutrients that is important in the 

programming of cardiovascular control. Thus, in studies that have reproduced 

rHihnhioiuill)r4iidu[ced Irypenkmsiori by dietary irieana (Ijangle^^ 6k Jacloson 1994, 

Ish[erM/o()d-Peel er a/ 1S^)7) ratlier fiiansnrg^cal (PersscMU 6k Jansscm IfPSCZ) the sJioiliaill in 

energy from protein has been compensated for by an increase in energy from 

carbohydrate in the form of starch and sucrose. If the energy deficit is made up with 

glucose alone, hypertension is only observed in the offspring if the diet is fed throughout 

grestation, lactaition arui uf) to d70 OPetr^r gf of 1997) raitlier than throug)! gesbifion <ml)r 

(Lucas et al 1996). However, the diet used in these studies is not only different to our 

own diet in the source of carbohydrate but also in methioniue content and source of fat 

(soybean oil vs com oil) (Desai et al 1995). Interestingly, soybean oil contains 7-foId 

tiiore lioohanic (18:3) acacl tlian corn oil arid i/ariatiorrs in rruriemal Ihrtt): :&cid intalce rune 

kiio\vritorrK)dirhih;tlie SllPcrfthie offsptinjg (L^mgle^rdEvans et a/ 19M)6aL). If an awdecpiate 

(18/0 casein) protein diet is coupled with coconut oil as the fat source (which has a low 

linoloiiciicid coiihant)iaitIu;rtlum ccnn oilaus isiiormally tuted (Xl/^ney&dcr 7) the reMmlhmt 

pups are of reduced birthweight and develop hypertension as adults (Langley-Evans 

1996). It is therefore clear that whilst nutritional programming of hypertension is a 

demonstrable phenomenon, i.e. through either a low protein or high saturated fat intake, it 

is the overall balance and interactions between nutrients that are important, rather than 

specific nutrient deficits being the active programming agent.

It has been suggested that the elevation in SBP observed within this model is more 

a reponse to a stressed environment during the tail-cuff procedure rather than an habitual 

state (van den Berg et al 1994). During the stress response blood pressure is known to 

rise, together with an increased heart rate. It has clearly been demonstrated that the heart 

rate of MLP is not elevated relative to controls and in fact is lower at weaning age. Also, 

through direct measurement of SBP via a carotid cannula in anaethetised animals the same 

difference in SBP between dietary groups is observed (.rcchon 5.6.2.) without any change
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m heart rate. The observation of a lower heart rate in MLP appears anomalous given that 

tlie activity (}f tlie syiaipatlietic nervcms S)rstem (SlNfS) oflVlL,? is erihance^i (i.e. inoieased 

plasma concentrations of noradrenaline) (Langley-Evans - unpublished observations). 

l^hilhijps 6k Barker (ISig^^aisc) (correlate anirucreasir^)]pulserate wifh dewzhiihig birth wx:^;ht 

and suggest increased SNS activity may contribute towards elevated SBP. However heart 

inate is regpalated b)f a iriultimch: (if j^ictors arid is (i piocHT firoxy for estirnaUss of 

syii^patlietic auctrvify. y\iialys(:s olFiionuireruiUne tunioi/er rnay ]prm/ide a rrmre accmnate 

index of smpathetic activity in MLP relative to controls.

SBP is the product of a relationship between cardiac output and total peripheral

resistance (TTPl^.). y^ssiiming; a constant TPfl, an elevation of 10L2()mrnJH[jg, as is seeri ui 

oiir nacxiel, wxiuld naqiuio tm inci-exised cardiac <)utp,ut. (Zarcliawc outpiit is (ietermined liy 

tfie prodiict oflieart rate ancl strolce i/olume. Heart nite is eitlier similar, or rexlut^ed hi 

MLP, relative to controls and thus for a change in cardiac output to occur would require 

ail htcreatse hi strolte vxilume iri die onier of lO-lZO^X,. (]iven that die relative size (if the 

hearts of MLP are no different to, or even smaller than controls, it seems unlikely that a 

such a change in stroke volume occurs. On present evidence such a prediction cannot be

made with confidence and some future measurement of cardiac output or left ventricular 

mass is essential.

To achieve an elevation in SBP in the face of a either a constant or perhaps 

slightly increased cardiac output requires an elevation in the total peripheral resistance 

(TPR). The mechanisms that may raise TPR and consequently SBP are numerous and 

irur/bediaujght of as eidier sh^irfiieaiiiiriecluinisins restoiir^g SBP to a 'set fioint' or tnore 

kingrer-kam achiptrve i-espoiises. lUfjpoii (leviaticms in S13P the ceriUal nervoiis s)fstem 

((ZISIS;), catecliolamines, renin-aiigiotenshi sr/stem (R^AJS), firostaglandins, adierial 

C(irmxiids arni the riitric o)d(ls geruanidr^; systein (blC)S) are ac:tiv^ited wlucdi tog:edier, in 

tlie sliort temn, restore die jpressiure liacl: to ntiniud viihies. TTlu; iiuyorin^ (if tliese 

systems, excluding the CNS and NOS, have been demonstrated to be up- 

regulated/enhanced in the MLP model of hypertension (Langley & Jackson 1994; 

Limgje^rdEv^ms at a/ 19M)6c; L^uigle)r4Evans 6k Jhickstin 19^)5; ISheiman of 1996). 

Information about the cardiovascular system is transmitted to the CNS via baroreceptors
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v/hicli act as firessiire transdiicers. /in increase ui 8I3P increase*; tiie n(:uronal firuig Mdte 

from the baroreceptor which in turn, via the central cardiovascular centre, leads to a 

d(x:reasexi s^rnipiidietic outflcrwr and reducexi TTP-R resulting; in a lexiucxed SBE" (Ijevielc 

1991). The baroreceptor threshold increases within ISmins of exposure to the new SBP 

level, adapting to the new higher pressure. This system therefore provides the brain with 

information about changes in blood pressure rather than the current SBP (Levick 1991). 

The baroreceptors therefore have no particular role in the long term control of SBP. It is 

iuimcel)r thsit cliangres irt bziroreceptor fiuictioti tuM: a jprimar^r (xiuse ()f liyipertension 

(Levick 1991) but rather as a secondary consequence. Elevated activity of the SNS may 

c()nfritnite to the h)q)ei1ensive stale gi\^ai tliat IvILlP (:xlhl)it (devakxl le^x^h: of jplasina 

<:atecliolanniies (I;ang;k:y-I:v{ms - Tflw: role ofiiifric ()xick:nor

of arginine have not been evaluated in MLP to date.

(:Hncocorticoids, protluced from the zoim fascicithdai ()f die atinsntU ctirbsx,

nxxhihdetdood;n^ssum as pa^ofthestMSS response and, ifovenproduced,nu^rhxwl to

liyiiertension, as in (Zusluiqgs syiidrmm; (fboss 6k IJiich 1982). R.ecent eidclencxisiiiggpests 

dial ai miki pt^djiheral liyp,ersem;itivity to glucccordcoicl ((}(:) action rna^r eiqplaui ai

proportion of cases diagnosed as essential hypertension (Walker et al 1996). In MLP 

exposed rats the hypothalamic-pituitaiy-adrenal (HPA) axis demonstrates a degree of 

hypersensitivity in both peripheral and central tissues. The activities of enzymes that are 

stimulated by GC are permanently increased despite similar plasma corticosterone 

concentrations to control animals (Langley-Evans et al 1996c) (also section 3.3.3.5. &

3.3.3.6.). Furthermore MLP demonstrate 3-fold increased binding of corticosterone to 

vascular GR relative to controls and have more receptors in the hippocampus. This may 

provide the mechanism for increased peripheral and central sensitivity to GC action 

(Langley-Evans et al 1996c).

The evidence to date, from both animal and human studies, now clearly implicates 

a role for glucocorticoids in essential hypertension and in the pathogenesis of 

hypertension of fetal origin. Patients with ‘Cushingoid’ features frequently demonstrate a 

marked hypertensive state (Ross & Linch 1982), and a feature of patients with essential 

hypertension is increased peripheral sensitivity to GC (Walker et al 1996). The renin-
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angiotensin system (RAS) system is also modulated by GC. GC induce the expression of 

the angiotensin II (All) precursor molecule angiotensinogen predominantly from the liver 

and increase the activity of peripheral ACE (Mendelsohn et al 1982). Interestingly the 

elevated SBP of MLP is reduced to values observed in controls following ACE inhibition 

\vith captc^pril (L^tugle^r-lEi^ms Jaclcson 1995). TThe phr/shalog^cal lachon ()f yVII is 

potentiated by GC in the SHR via increases in All receptor number (Provencher et al 

1995). Furthermore, the production of vasodilatory prostaglandins of renal origin, known 

to be important in kidney function and modulating RAS activity, are inhibited by GC 

(Walker et al 1992). The action of the sympathetic nervous system and catecholamines 

are jpoterifraLtexi throiigh tiu; ]permissive arydon of (IC: (V/aikxar .at (z/ 19()2) aiui 

transepithelial cation transport is increased to aid volume expansion, mediated through 

TTyipe II (IR receiptors (ICoiriel at zzl 19!)3a). ITius, in (panera; (jHC irpregrulate 

vasoconstrictor mechanisms such as angiotensin II and noradrenalin, whilst inhibiting 

yarx)dilatator)rrneN:baarhaaisinichg^pHnostaglaiidins aiuiiiifric occkie OSBCO (Shiruta 19^)6).

Interestingly, and perhaps providing a mechanism whereby maternal diet 

modulates future systolic blood pressure, the cardiovascular actions of glucocorticoids in 

die pxanijpheml vafwmlar systean (Tangiahikis at a/ 1992) arid kichiey (Tlrll at a/ 1988) iihx) 

Inbniuterine (j(:may rn()didajetheidilhwid()n of stdistrate bn^ orgpms arwi 

aexqursitma of substrate from the niaternal circuladon (luring jperiods of pmanatal stress. 

Thus a prenatal stress imposed by maternal protein restriction, could theoretically 

IproKluce clumg^*; hi the fetal (If: (snvirmmient fr; tzAara. Iiuansased ()(: tuahcMi zit art 

uiapiiropiiaite stag:e of dtr/elopment cnay subtly alter thie uifrauterhie hoimeostatic 

em/hrommenL fhis may result in altered (heveloimient ofbmdi the (xirdioi^tscular spnshem 

and organ (kidney, brain) structure which, during postnatal development, lead the 

organism towards a hypertensive state.
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SECTION 4

THE EFFECT OF A FEEDING A MATERNAL LOW PROTEIN DIET
IJPC»^ CKMNDUCTBaJE NLARICER I3^EY?4ES /^fD (^FRZEIJTTTNG 

^UCTFIyVNDCX)RllTX)STT^IOf^E(:O^M:E^nnRAll{)NS

3.3.4.I. The effect of a control or maternal low protein diet on central 

glucocorticoid marker enzymes in pre-term fetuses and term neonates

The:K;dvk^^(^ ^IPDH) ^Wgh^unme

synAek^e ^3S) a^essed as indkakfs of ghKoowdo^^ actnd^^ Bo6 (me 

f^hiccM)orticoid indiwenDk: activities ((jPDH, (ICitmki et a/ <GS, (P\atel et 1983)). 

TTlu: (uctivitues <)f iitalate (ielr/cLnog^ensuw: (fyll)) aiul ]p)nnavate kiiiase (PJK:) 'w/ere alsc) 

assessed as glucocorticoid insensitive control marker enzymes (Langley & York 1990). 

The activities of GPDH, GS, MD and PK in whole brain and total protein content of 

whole brain were unaltered by prenatal dietary experience in day 20 rat fetuses (Table 

3.12). Similarly, at term, there was no difference in central activities of GS, MD or PK 

between MLP and control pups (Table 3.12). However, the activity of GPDH, a 

glucocorticoid-inducible glial cell enzyme, was almost 3-fold (260%) greater in MLP rats 

than the activity in control animals. Importantly, the higher activity was present despite 

a lack of diet-induced changes in either brain protein concentration or in the activities of 

steroid-insensitive enzymes (MD and PK).

3.3.4.2. Central glucocorticoid marker enzymes in specific brain regions of 

weanlings

Since the brain was of sufficient size to enable dissection of specific GC target 

areas in weanling animals, the activities of the GC-sensitive enzymes were assayed in 

hypothalamus, hippocampus and cerebellum of 4 week old weanling animals (Table 

3.13). Whole brain GC-sensitive enzyme activity was not measured in weanling animals 

to avoid the dilution of enzyme activity by areas known to exhibit weak
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Table 3.11. The activities of glucocorticoid marker enzymes in 

whole brains of day 20 fetuses and term neonates exposed to either a 
control or low protein maternal diet

Day 20 fetuses Term neonates
Maternal Diet. Control MLP Control MLP

GPDH units 2.7 ±0.4 2.5 ±0.3 1.8 4:0.3 6.5 ±0.4*
GS units 119.2 ±4.5 112.7 ±3.9 117,5 ±6.3 112.8 ±4.1
PK A 425±9 387 ±16 337 ±15 373 ±37
MD units 25.3 ±0.6 24.2 ±4.6 37.1 ±1.3 38.9 ±1.2

Protein mg/g tissue 70.2 ±3.7 88^ 70.2 ±3.7 68.3 ±1.6

y\li(lata are prtxsentexl aa muxinj: Slifd ix)r]i== 7-l() offsprin;; (C:ontrc)l) ()r 8-l() offspiiiiig 

(tVTLJP) ()fniale aral female cLita crmibiiwxi. /I total ()f 2() rats tuibitualexi for two

weeks to either a control protein diet (Control) or maternal low protein (MLP) diet and 

then mated. Conception was determined through the presence of a mucus plug on the 

floor of the cage. At day 20 a proportion of the dams (n=5 per dietary group) were 

sacrificed and fetal tissues excised. The remainder proceeded to term. The newborns were 

sacrificed within 12hrs of birth and tissues obtained.

GPDH, glycerol 3-phosphate dehydrogenase; GS, glutamine synthetase; PK, pyruvate 

kinase; MD, malate dehydrogenase. Units, enzyme activity expressed as nmoles product 

formed/min/mg protein.* indicates a significant difference to control rats (P <0.0001)
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Table 3.12. The activities of glucocorticoid marker enzymes In

brain regions of weanling rats exposed to either a control or low 

protein maternal diet

Maternal diet
Enzymes / Regions Control MLP P
(;PDH --------------------------------------------------------------------

Hypothalamus 43.6 ±2.4 52.9 ±2.6 0.006
Hippocampus 25.8 ±1.6 31.8 5:2.5 0.09
Cerebellum 14.8 ±1.3 21.0 ±0.9 aool

GS units...

Hypothalamus 186±4 236±8 o±wd
Hippocampus 152±6 186 ±13 0.03
Cerebellum 184 4^ :242 5bl:l 0.0008

MD units...

Hypothalamus 26.9 ±1.0 27.15d.8 NS
Hippocampus 22.9 ±3.9 18.2 ±1.1 NS
Cerebellum -12.8 5:1.1 25.9 ±0.8 0.0001

Protein (mg/g tissue)

Hypothalamus 133 i9 150±3 NS
Hippocampus 134 1395d2 NS
Cerebellum 130 ±11 1555d5 NS

v\ll<iata are ipresented as nKxmdbISlINi fr)r n== 5-l() offsTiniig ((ZcHitrol) or ()-10 ()ffspiing 

(xfmale aiwi female (lata cxymbiroed fienm a total ()f 5 liUran&^groiip. Sk)e 

failble 3.1:1 f<)r cletails. (jJPDH, glycxsrol :;-p!ios]pluik: debyrdrojgeirase; (IS, glutaiiuiie 

syiithetase; ]PK:, jpynivaik: Icuiase; IVII), rrialate cLehj/drojgeriase. eruzyrne ztctivity

expressed as nmoles product formed/min/mg protein.
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GC sensitivity. No significant differences in protein eoncentmlion were observed m any 

region. This is reflective of the greater n in the present study as opposed to the data 

presented in Table 3.10, Measurement of MD was considered a satisfactory control and 

thus no further measurements of PK activity were made. As in day 20 fetuses and term 

neonates, prenatal dietao' experience had no effect upon the activity of MD in the 
hypothalamus or hippocampus, although activity in the cerebellum was significantly 

lower in MLP animals than in controls (P- 0.0001). In contrast, the activity of GS was 

significantly greater in hypothalamus (27% greater), hippocampus (22%) and cerebellum 

(30%) of MLP rats, relative to controls. Similarly the activity of OPDH in specific brain 

regions (hypothalamus and cerebellum only) was significantly higher in MLP rats than in 

controls (P<0.01). Thus m the hypothalamus, hippocampus and cerebellum OPDH 

activities, relative to controls, were 21%, 23% and 42% greater respectively (Table 3.13).

3.3.4.3. Central and peripheral glucocorticoid marker enzymes in adult rats

To determine whether enzyme activities were permanently programmed by the 

the MLP diet, enzymes were assayed in adult rats at 10 weeks of age (Table 3.14), Due 

to a limitation of rat numbers during this study enzyme activities could only be measured 

in specific regions and not throughout all regions. Since activities of OPDH were highest 

in the cerebellum in weanling rats the activity of MD, the enzyme control, was measured 

in this region to differentiate between a GC-specific effect and a general up-regulation of 

all enzyme systems in OC target areas. The activity of central GPDH in MLP rats was 

greater in both the cerebellum (13% greater, P =0.05) and hippocampus (12%, P= 0.09) 

relative to controls. No diet-related alterations to protein concentration in either of these 

brain regions was observed and similarly no change in the activity of hypothalamic MD, 

between dietary groups, was noted (Table 3.14). Hypothalamic protein concentration 

was significantly lower (P= 0.03) in MLP rats relative to control rats. The activity of 

hepatic TAT, a GC-sensitive enzyme, was significantly greater (55%) in the MLP rats, 

although hepatic GS was unaltered by prenatal dietary experience (Table 3.14). Hepatic

protein concentration and MD activity were unaffected by exposure to a maternal low 
protein diet.
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TaMg The activities of central and hepatic glucocorticoid

marker enzymes in adult rats exposed to either a control or low 
protein maternal diet

Maternal diet
Enzymes / Regions Control MLP P
GPDH units... -----------

Hippocampus 34.1 ±0.7 38.2± 1.6 0.09
Cerebellum 48.7 ±2.0 :55.1 iiZ.O 0.05

GS units...

Liver I46±8J 145 ±5.4 NS
TAT units...

Liver

MD units...
4.9 ±0.1 7.6 ±0.4 0.01

Liver 51.0 ±6.3 47.5 ±5.0 NS
Protein (mg/g tissue)

Hypothalamus 181.0 ±4.0 166.6 ±3.8 003
85.0 ±1.0 88.0 ±3.0 NS

Cerebellum 83.3 ±3.0 79.0 ±2.0 NS
Liver 147 ±16 108±23 NS

areimeanckiSinVt for u== 6 c^asfMnkig ((Control) or nF= 5 c^asfMnuig (NiILf) IxMriiKite 

rats. (Dtfspinrig from a total ()f 5 Ikters/grcaip were g^aierated as (mtHrued in AtefAcwis an(l 

sacrifkxzd at 1() \v(*:ks ()f arwl vvtiole tmiui remcr/ed for irnrneriurk: dissection of 

regpcms. CHPDH, glyrxanol S-piuospiiate deliydrogenzise; CiS, giutarnine synUietase; ITyVIT, 

tyrosine arrnriotransferase; NID, rruikik^ciehyrdrojgeruLse. errzyrne activity expressed 

as nmoles product formed/min/mg protein.
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3.3.4.4. Discussion of enzyme data

Trh(:en2qnmes!;h^C0M)l 3-p,]^o;;pInite (iehrydkogenase ((31PDH), gj^damiuie syiithekise ((3S), 

and tyrosine aminotransferase (TAT) were assayed as an index of glucocorticoid (GC) 

activity iri tlie bmins ami Inzer ()f control and fvILJP i^its. (f^aatral (iPDH (Kitraki ,3/ 

1995; Masters ct a/1994) and GS (Patel et aZ 1983) and hepatic TAT (Shargill et aZ 1983) 

are enzymes sensitive to variations in plasma GC concentrations. In order to determine 

whether prenatal dietary experience exerts a GC-specific effect on enzyme activities, the 

awcthzides of the (j(:-hisensifnze (:njqrmes rnaJide dedhytirogpaoase (IVID) anti jpyrnvate 

kinase (PK) were also assayed together with tissue protein contents, as previously 

described (Langley 1990).

In fetal whole brain tissue, intrauterine dietary experience did not influence the 

activities of the GC-inducible enzymes. In contrast, at term, the activity of GPDH in 

MLP was increased three fold relative to controls. Moreover, within specific central GC 

target areas (hippocampus, hypothalamus, cerebellum) slightly elevated GPDH activity in 

^4]Ll)ii:hdiAnet()c:onititds was niaiiin^njied into aclult life. lEhrvzev^nrtlie elevaficm odFCjIH)!! 

activity vzas somerwliat idtenuateti ixdtdive to the increa^M: sexm iti iiecaiatal l)muis 

suggesting, perhaps, that the programming effects of GC are diminished with age. When 

rneauBured at v/eaninjg((3SI)and hituiult hfe (TATT), the activifies ofceiihal (IS aiid hejpatic 

TT/tTT vvete lahx) limn tin: activitnes in ctmtrol aiurntds. /t sfxecific (j(}diidu(nl)le

effect on enzyme activities is inferred given that no increase in the specific activities of 

the control enzymes (MD and PK) or protein content in MLP relative to control animals 

vzascibsearvedttt ariy stag;e():x(x:pt hi byipotluilamic piohshi content hi ICIwdc oldanhiials).

Tliat a tmutmial Low protein cliet rmiy elcrvate activities of (]G.s])ecific enzymes, 

an effect that is apparently lifelong, is both interesting and potentially important. The 

obvious implication is that the maternal low protein diet renders the subsequent offspring 

subject to increased GC hormone action. Since the effects of glucocorticoids are almost 

exclusively mediated by the type II (GR) receptor (Meyer 1985) and that GC 

autoregulate their receptor population (Svec 1985) the former appears a more likely
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explanation. This hypothesis is bolstered by the fact that the MLP group exhibit elevated 

ix:ce{)tor fiofmlations hi i^isculaur arul biiun tissue (Ijangghry-Iivims ef iz/ ISM^tic), (hi 

caitral tissues (]<:: nia]/ iqi-regrulate dieir recefitor ]po])ulaLti(,n as ii rieg^hivt; feexiback 

rniecluinisin in coiitnast to ii:gidaition hi the ]peiif)hery) aindtliat circidahryg ccwhciistemne

concentrations were similar between dietary groups.

Early life stress has been previously demonstrated to permanently programme 

(](: rece]3tor populaticms. TTie rnild stress ofiieoruihil lumcUing imm^ases the densiP^ of 

central (}(: iieceptcirs (fvfeaiiey cr n/ 1988). Tfhe mechanisin by ivhicli (]<: receiptor 

fxapniLatnir^ajisjierintuieiidiriiheaMxi b): early envirorunental ein:nts is urikn(iwa liut imr/ 

relate to iacreaised seeomi niessenjger generathin (c/LIVfP) tbiougfi die actioti of serotrmin 

(IVleameg/ gf 1993). lElevaitions in die ticdidP^ ()f (}p]0di rnaL]r iMidexzt an arlaptive 

respiinsx: to in ufero stress shice tlu; increaused {generation of 1SLAJD+ v/oidcl facilikde 

conlmiied ]glyc<)l)rsis aiui the resuldng jprodtuct fomied, jgbrcerol 3-pliospliate, (:ould
eventually be inciinpoiatedinto the citric iund(:ycle for energy prrxiucdon (Scldatter er 

1990).

Despite a lack of effect of MLP on the activities of fetal GC-inducible enzymes in 

the present study, the hypothesis of an increased intrauterine GC signal programming the 

elevations in later enzyme activities remains. Both GPDH and, in particular GS, are 

present in fetal brains but only become functionally active in later life. GPDH activity in 

the rat is maximal around postnatal days 20-40, coinciding with the most active period of 

myelmation (Kitraki et n/ 1995) reflecting the role of GPDH in providing glycerol-3- 

phosphate for the biosynthesis of phospholipids (Meyer 1985). Similarly, the activity of 

GS is dependent upon the maturity of the brain, being very low in neonatal rat brain 

(Patel et al 1983) but increasing substantially between postnatal days 14-20 (Rao et al 

1987). This may explain why GS activity is increased in MLP relative to controls in 

weanling as oppose to neonatal rat brains. The demonstration of increased GPDH 

activity within the first few days of life after exposure to a low protein diet may 

therefore suggest a premature induction of the GPDH gene by GC. This may be the result 

of an m utero overexposure since a latency period of 2-3 days exists between 

accumulation of GPDH mRNA (indicative of GC induction and a sensitive marker for the
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stress response (Masters et al 1994)) and an increase in the specific activity of GPDH 

(Schlatter et al 1990). GPDH activity has a long half-life and consequently declines

slowly over thne ({khlafier eta/ 1990), file s^puU for incnxKed(]PIIH acfivfiy 

rna)r fiierefon^occirr in i/Agro. Interestingly^ fyiLI* diet fed tlnoug)iotit the fikird ive^ek of 

prejgnaricy tmly elenrates (iPDH in feibfi rat liniins (I.ang;leyr-]Evans - /lerfonaZ 

co/M7MWMzcaAon) suggesting premature induction of GPDH by elevated GC.

Both GS and GPDH are tissue specific, being located in glial cells and the brain of 

the fetal rat at day 20 predominantly consists of neurones (Meyer 1985). Since whole 

Imaui hornog<%oates were ustxi hr tlie assays th<;ref)ortedac:fi\dties coirhi han/e b<xan lo\vered 

tiy the nehihhrely hinge ratio ofrkairon:g)ial celk. /Lltemativelyr, tin: elevakxi activities (if 

GPDH and GS in the brains of MLP exposed animals relative to controls may simply 

represent a higher density of glial cells. There were no significant elevations in DNA 

(xincentrations iutlie braiins of MILP exfiostxl netmatal and weanhng anuruik nslafii/e to 

control animals and this, therefore, would argue against an increase in glial cell number. 

Histological examination and analysis of a GC-inducible neuronal marker enzyme, such as 

tyrosine hydroxylase (Tank & Weiner 1995), may give a more detailed indication of 

intrauterine GC action in fetal and neonatal rat brain.

Prenatal dietary experience had no effect on the activity of hepatic GS in contrast 

to central GS. The regulation of GS by GC appears to be tissue specific. In the 

derveloTKUig Imaui thie piirmury fluiction of (3S is file rneUfiiolism of the arruiio acid 

rusurofiaLnsinitter, g;hihmiate (Ihitel er 1983), in the fxerqpliery, (]1S pmvikles iiitnogai 

fi-om glutamine for the synthesis of purines, pyrimidines and consequently anabolic 

processes. Consequently hepatic GS is more sensitive to the action of growth hormone 

Ilian (jHC (\\^on;g 1980). VXjternatrvelyr, the tissue specificity of *gane spiecilic

responses to GC action may relate to tissue-specific differences in the concentration of 

transcription factors such as AP-1.

IDeswiigif a/ ([)esaii ef of lSi95) luive siqgg^;sted that prcniatal prcihniiincstricficHi alters

the metabolic activity of the liver in favour of glucose production rather than utilisation. It 

IS proposed that prenatal undemutrition influences the differentiation of hepatic cells 

during fetal development, resulting in a contraction of the perivenous population and an
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(3qxmsi(%i of dx: penporbd populadon (T)e!%u jk Hales 1997^ fhe akenxl Uver 

l)iocliemistr/ niay thien ccMathibmte to p()or glu(x)se haiidUi^; leading; t() insulin resislarice 

(Ozanne et al 1996). The activity of GS, being predominantly localised in perivenous 

cells, would therefore be expected to decrease. In our experiments, no change in the 

activity of hepatic GS as a result of prenatal protein restriction was observed. This may 

reflect thie cliflerenat carbohyrdrate (>omp()sid(m ()f the two diets. l^Thertxrs our aanii- 

syndietic diet contains a shjght hicrease in lx)th starcli andjghioose to ()ffset die piotein- 

entangy diefhnt (/tppienclbt 1), only jghicosetmikes iip the deficit in the diet uaed by tlie 

Cambridge group (Desai ef a/1995). Alternatively the differences may reflect the fact that 

CIS in theiiresent stucb^ \vas ineasurad in hejiatic honiogpenates wlhich may/ har/e maslced 

the specific effect of a contracted perivenous cell population in a manner analagous to the 

difference between measuring GPDH in whole brain and specific brain regions.
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3J.4.5. The diurnal variation of plasma adrenocorticotrophic (ACTH) hormone 

and corticosterone concentrations

Co^kostcMme a vad^km, Aat

comMTKukkd vddithe Hghk on, Hghkoff mbodifproups of(unnuds(Figm'e

3.7). Concentrations were significantly higher at 9.00pin than at either 3.00pm or 9.00am 

hi both dieun-y gproiqis (P< 0X)5). Tlie phusnia concentration of corthxisterone \,,as alst) 

siipaificaritlyliighertit S.OOimi thrni at 3.CK)arn (T^= 0.03) in the hilLP fTrouf). In cimtrol 

anirnals, the plasma concentratkin (if yiCniHl alsti sliowed a inarked diimial vaudadoii 

(Fifpire 3.8). I1ms,])lasma /iCTIlH conceiitmdcm in these animals i^^is significantly loiver 

at 9.00am (395 pg/ml) than at either 9.00am or 3.00am (552 pg/ml) (P= 0.02). In contrast, 

and exhibiting an apparent dissociation from plasma corticosterone concentrations, 

ACTH in the MLP group varied only between 413 pg/ml (9.00pm and 3.00pm) and 435 

pg/ml (9.00pm) over the whole period studied. Thus at 3.00am ACTH concentmtions 

were significantly higher in control animals than in the MLP group (P= 0.01). Two-way 

analysis of variance suggested a tendency for an interaction between maternal diet and 

time of day (P= 0.09). Area under the curve analysis revealed that the 24hr secretion of 

ACTH by the MLP group was reduced by 23% compared to control animals (P<0.05).
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Figure 3.7. The diurnal variation of plasma corticosterone 

concentration in rats exposed to either a control or low protein 
maternal diet

Control
MLP

30

25

20

15

9.00am 3.00pm 9.00pm 3.00am

low pmtd^ dieL Aahnak weKdec^Mb^Ml
^thin 1 minute of removal from their cages and plasma obtained. CorUcosterone was assayed

radioimmunoassay as outlined in Methods. All data are presented as Mean ±SEM for 5-6
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Figure 3.8. The diurnal variation of plasma adrenocorticotrophic 
hormone in rats exposed to either a control or low protein maternal 
diet

Plasma
ACTH
(pg/ml
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MLP

500 -

450

400

350
9.00am 3.00pm 9.00pm 3.00am

Pl^ma adrenocorticotrophin (ACTH) concentrations were assessed as described in Figure 
^ presented as Mean ± SEM for 4-6 offspring per dietary group from a total

of 5 litters/group. Two way analysis of variance (ANOVA) indicated a significant effect of 
time of day (F= 3.38, P= 0.02) and maternal diet (F= 3.45, P= 0.01) on plasma ACIH 
concentrations. For the control rats, ACTH concentrations were significantly lower at 
9.00am than at 3.00am or 9.00am (§P= 0.02). The ACTH concentration was significantly 
A 3.00am in the control protein group than in the low protein exposed animals (*P=
0.01). Area under the curve analysis indicated the secretion of ACTH in the 9% casein 
group was reduced by 23% compared to protein replete animals (P<0.05). Black boxes 
denote the time at which lights go off.
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3.3.4,6. Discussion of hormone data

Trhetr/p<)Utalainicipituikiry^a(hx:aal(]H]^/l)2D(isinall qiecies is(:haracteiisedt,y a clearly 

delhKd ckGK&m rhyAm. Diunml proRles of plasma /ICTH amd codk^stemne

concentrations were determined to examine whether prenatal protein restriction influences 

the fundamental characteristics of the HPA axis.

The data illustrate a clearly defined circadian variation in plasma corticosterone in 

the rat. The cycle follows the lights on/lights off schedule and thus the onset of feeding 

behaviour in the noctumally active rat. The present results are in agreement with other 

studies in the rat (Carroll et al 1975; Martin et al 1978). Corticosterone levels were 

significantly higher at 9.00pm than at either 9.00am or 3.00pm in both dietary groups. 

fSrmilarh/ TVCTIHI, tlie rnajorskecretagc^guie for ccMdicx)steroiie, displzrrecl a clisdiict chimaal 

v;in;di(Mi in ccmtrol anirnails. In thcxse aiumaJs jplasma .AjCTTH v/as sigpiificanfly lowtar at 

9.00am than at either 9.00pm or 3.00am as has been reported elsewhere (Atkinson & 

Waddell 1995). In contrast, no variation in the plasma concentration of ACTH was 

observed in the MLP group. The maintenance of ‘normal’ plasma corticosterone despite 

an increased central sensitivity (as reflected by enzyme data) may reflect a reduced 

pituitary production of ACTH concommitant with an increased adrenal sensitivity to 

ACTH. A reduced output of ACTH in the face of normal corticosterone concentrations 

may be determined through dexamethasone infusion and measuring the concommitant 

ACTH output.

TThienieclianjsm fc^ the1)hmtinjg()ft]ie diurnal sairge in v\CTEl as occmrs ui NilLPis

unclear. Mild stress (handling) in early life leads to a suppression of the adult HPA axis 

(Meaney et al 1988). Increased GR populations in the hippocampus, as a consequence of 

neonatal handling, are believed to underlie this effect (Meaney et al 1992). Thus, 

irurreased (jR mmibrna iii the hipjpocampus iocreaae the cenfiail sensiitivity to 

corticosterone feedback. This, therefore, enhances the action of inhibitory neurones 

projecting from the hippocampus into the paraventricular region of the hypothalamus, 

and so reducing the CRF surge and blunting the diurnal surge in ACTH (Seek! & Olsson
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1995). In support of this hypothesis, hippocampal lesions or reduced hippocampal GR 

receptors are associated with an exaggerated ACTH response to stress (Seckl & Olsson 

19^)5). vAui:aaaLle,|goiiss<x;naiio majrl)e Ofxenidiig hitlie]\{L,P mcxiel of bjrpcateaision, saiMze 

significantly elevated (41%) corticosterone binding to hippocampal GR receptors has 

bexsn nohed (I^anglery/Evans ef of 19i)6c). /dteimatfvely, since oiilir fbiir recoiYihigs were 

iitade thiougliout the :Z4hf circle, thie jpealc hi /uCTH in hdlLF> niay ha\re betai missed or 

MLP demonstrate altered sine curve profiles relative to controls.

It is apparent that there is a dissociation between plasma ACTH and 

ccalic^isterciaetxirKxsrhfaitiCMns in h/fLJP nits. TTIiisiiheaicniienotiis retidily c^iseun/eti hi otfier 

animal models. Thus the diurnal corticosterone rhythm persists either after pre-treatment 

(of rats witli deicametliasorie to irJiibit /uC^TlHl oiitpiit (TXalhiiaii 1978), (ir fblloivii^g 

IiyTpcipliys&ctomy (iVIeier 1976) \vluc;]i v/hl abtilisli /uCTH sexa-ethm. Fhirtheaiiiore, 

hypophysectomised rats with ACTH implants, delivering a constant level of ACTH, still 

demonstrate a clear, rhythmic, secretion of corticosterone (Ottenweller & Meier 1982). In 

tlogs, the rise in cortisol that necessarily follows haemorrhage is elicited before a rise in 

ACTH occurs (Wood et al 1982). It has been observed that the rat adrenal gland exhibits a 

diurnal sensitivity to ACTH that is dissociable from the rhythm in ACTH secretion. 

Adrenal sensitivity to ACTH was found to be approximately 2-3 fold higher in the 

(svenhig (Tiglih; off) than hi the mornir^g (hjghts cai) (Tlalhnari at a/ ISf/g:). Thie clumg;(x; hi 

adrenal sensitivity are not related to rhythms in the metabolic clearance of either ACTH 

(M- ctirhcosteione (Kianelco at 1981). (Dttenv/elher IVIeier (198::) surmised tliat 

superimposed upon the central circadian pacemaker located in the suprachiasmatic 

rmclerts v/as an extraiiiitnhary ISictor that naa^^ control thue sensitivity (if the acLnsnal to 

ACTH and thus couple the secretion of corticosterone from the adrenal gland to the 

secretion of ACTH from the pituitary.

The extrapituitary factor that drives the adrenal sensitivity to ACTH stimulation 

is lielievexd to tie iieund hi (ingphi. S)pinal ccrd trarisectioii eit Tr-7, disrujithig auirerual 

innervation, abolishes the diurnal corticosterone rhythm whereas transection at L-1, 

which will not directly impact upon adrenal innervation, does not (Ottenweller & Meier 

1982). Splanchnic nerve transection, therefore severely restricting adrenal sympathetic
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iiuiefT/atk)!^ bliuits die dimnal siuige in cxirdcxisterone br/ 5()94 :/et bias nc) effect cm txasal 

c()rd<:ost(aM)ne secretioii (I)ijkstTa ef cz/ I()96). Tliiis s^nmpathedc irmeii/atiori cif tlie 

adrenal gland potentiates ACTH stimulation, resulting in an enhanced corticosterone 

resphonse to /uCnTH in tlie cryeninjg, v/hicli nia)r thus naaLitihiui the chiiracteristic chunaal 

peak of plasma corticosterone in the face of a blunted diurnal ACTH peak.

A generally low secretion pattern of ACTH and corticosterone in adult MLP 

®^S8®sts that excess exposure to maternal corticosterone during nud-late gestation, a 

critical time in the development of the fetal HP A (Bourdouresque et al 1988), alters the in 

nikyo clevcihipimznt of thus fetal tanui leachr^; to iiltenxi liorrncmal socretiori ui adult liA;. 

This may be interpreted as deleterious in this animal model given that these animals are 

hypertensive. The significance of the present observations is that maternal undemutrition 

has jprofgmmmtxi auspects of the fetal liPA iixis leaching to clysfimctioii in achilt life. 

Elevations in the activity of glucocorticoid sensitive enzymes reflects an increased 

sensitivity to glucocorticoid action. Whilst increased enzyme activity and an altered 

secretion profile of ACTH may not be causally related to increased systolic blood 

pressure in MLP, they provide useful biochemical markers of HP A axis activity.
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Hypertension is a major risk factor for coronary heart disease (CHD). CHD is the

m^or cause of death in westernised societies (Thom gf a/1992). Whilst it is accepted that 

adult 'lifestyle' factors i.e. low physical activity, obesity, saturated fat, salt and alcohol 

intalce caai lead to elev^ikxi Idood pressure (?W/ard 1990), these fhr:t()rs oiily jpartially 

determine cardiovascular risk. Barker and colleagues have proposed that factors operating 

in early life may determine individual susceptibility towards hypertension and thus CHD 

(Barker et al 1989a). Birthweight is determined by both genetic and non-genetic factors. 

TTiere is a lug^i correlation lietvyeeii birdrweiglUs of sibluigs, \vhicli follov/s the niother 

rather than the father, indicating the importance of a maternal factor (Milner & Gluckman 

199(0. TThe (rverridingr sirygk: (ieterminaint ()f Ibirdiv/eigfd is the iiuihamal ptrysicail 

eiiviroiirneritntdier tfum tntharial genes, ftansfer ofsiidietlaml einl)ryo h) a iditre hrrrse 

uterus will result in a foal of greater birthweight than would a Shetland foal from a 

slietlami irum; iiterus (\Vahon l^tuTunomj 1938). (j^rrwrdi is zui :aoalx)hc pmacess 

requiring nutrients and thus maternal undcmutrition can potentially influence the 

intrauterine growth process. Classically it was thought that mild undemutrition had little 

effcMZt cMi Idle fetus, as evidencerl fry flie [)utcli Hurqger Wilder I^amine, v/heM:1^utlrwe;q;ht 

)%^is redtLcedtMily wtwzn maternal caloric intake fldl twdkrwr 15()0 IccalAlay ()3mhli ISklT). 

However, the essence of the fetal origins of adult disease hypothesis is that subtle degrees 

of undemutrition leading to an asymmetric baby at term, but a baby that is within the 

normal birthweight range, may have long term consequences for the health of that 

individual (Barker 1995).

The feeding of the MLP diet to pregnant rats did not reduce reproductive 

performance since litter sizes and birthweights were similar between dietary groups. 

iVlatemal wneqght gpuii ha late g;esUifl(Hi ivas, l^ower/er, restrichxi iind this inay havx: 

influenced the late gestational and early lactational pattern of fetal growth. The MLP rats, 

although of low to normal birth weight, exhibited degrees of disproportionality at term, 

reflecdng nxhKxd penphend lung) (»gan g^nvA lAThhd bnun gnrwfli

conflnued overlap ge^adon mpropordon ^the incrau^ hilxxhy snze, ggowdh of the
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trunk, lungs and liver lagged behind. The mechanisms that co-ordinate the redistribution of 

fuel substrates away from the periphery favouring the brain in response to undernutrition 

may be critical in the programming of cardiovascular disease.

In response to a deficiency of specific nutrients within the maternal diet the fetus 

adapts by mobilising endogenous stores and redistributing blood flow (Rudolph 1984). 

These adaptations made to accomodate the stress are likely hormone based. Both insulin, 

being a m^or anabolic hormone (Fowden 1989), and GC are important in mediating 

prenatal energy budgets and growth (Dallman gf a/ 1993; SeckI 1994) and modulate the 

control of the cardiovascular system (Hill gr a/1988; Tangalakis gf a/1992). Edwards gf aZ 

first postulated that maternal glucocorticoid hormones might be the key programming 

agents in the fetal origin of adult disease (Edwards gr aZ 1993). In early prenatal 

development, maternal glucocorticoids are important at facilitating fetal blood pressure 

control prior to the fetus having acquired an adequate capability to autoregulate its 

cardiovascular system (Tangalakis et al 1992). Thus under conditions of metabolic stress, 

that the MLP diet may impose in late gestation, fetal blood pressure may increase in 

order to facilitate aquisition of substrates from the placenta, and to redistribute blood 

flow and consequently nutrients, aided by an increased flux of maternal GC .

GC have many recognised actions in the cardiovasculature which result in elevated 

blood pressure and often hypertension (Ross & Linch 1982; Walker & Williams 1992; 

Whitworth et al 1995). In the sheep glucocorticoids infused in utero raise blood pressure 

(Hill et al 1988) by mechanisms relating to peripheral reactivity and potentiation of the 

pressor effect of angiotensin II (Tangalakis gZnZ 1992) and sympathetic activity (Walker 

et al 1992). Tissue specific alterations to fetal GC receptor populations (through which 

GC actions are mediated) may therefore have the potential to initiate rises in blood 

pressure and redistribute blood flow to the brain, through effects on peripheral vascular 

reactivity. Young adult MLP exhibit 3-fold increased vascular GR binding relative to 

controls which may, if present in fetal life, faciliate such a mechanism (Langley-Evans et 

al 1996c). Intrauterine haemostatic and hormonal alterations may provide the initial 

stimulus necessary to render the individual susceptible to later elevated blood pressure 

even aften the initial stimulus has been removed. Berry suggested that “...changes induced
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in (blood) vessels by high pressure or flow are adaptive... but these changes may 

Iprechsfxoseto dk^;ePK%nahA^e(ih;ease''atid diat'lbloocii/essel shnucture istieterminediailader 

life try liaemcxiyru&mic stress (luring {growth" (Benyr igryg). -rtnis f^uctors (operating; fn 

utero may initiate haemodynamic and structural vascular changes that lead to primary 

hypertension (Lever 1986). Since the rate of increase of adult SBP is associated with 

pressure in childhood (Lever & Harrap 1992) then elevated pressure in early life may 

precipitate and facilitate mechanisms, i.e. smooth muscle hypertrophy that maintain 

sec()nchiry liyperkmsioii (Ix)lkow 1978). TTie IiypHarhmsive state of NiUP is chxrrhy 

initiated by factors operating in early life and a secondary mechanism may therefore 

maintain the elevated blood pressure.

GC hormones are therefore important in determining vasoactive hormone activity 

in utero and in adult life which may then in turn influence the genesis of the hypertensive 

state in MLP. The following chapter(s) investigate the hypothesis that GC hormone 

activity in utero is important in establishing primary hypertension {Chapter 4) and that 

postnatal GC influence is essential for the mainenance of the hypertensive state {Chapter 

5).
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CHAPTER 4

THE INFLUENCE OF THE MATERNAL ADRENAL AND ITS 

PRODUCTS ON HYPERTENSION PROGRAMMED BY 

MATERNAL PROTEIN RESTRICTION

ghxxxTHdcokk m^poshUak^ by 1993) to

itnclerpin the fetal origins ofarlultchswxise h;/podiesis (IBarlcer 1995). hiakanaal cnrhcxisteroiie

is ordinarily metabolised in the placenta to its inactive, labile form 11 -dehydrocorticosterone 

(Murphy etal 1974) by the enzyme 11 {3-hydroxysteroid dehydrogenase type 2 (11-HSD2).

11-HSD2 displays a wide variation in activity and, in the rat (Benediktsson et al 1993) and 

human (Benediktsson er a/ 1995; Stewart et al 1995) correlates positively with birth weight, 

indicating a role for this enzyme in the regulation of fetal growth and development. Either 

inhibition of 11-HSD2 by carbenoxolone (Langley-Evans 1997b; Lindsay et al 1996) or 

bypassing 11-HSD2 activity with dexamethasone (Benediktsson et al 1993) lowers 

birthweight and renders the resultant offspring hypertensive. Maternal adrenalectomy 

abolishes the hypertensive action of carbenoxolone (Lindsay et al 1996) indicating a maternal 

steroid-dependent effect.

Protein restriction similarly lowers the activity of placental 11-HSD2 (Langl^-Evans 

et al 1996d). The resultant offspring display disproportionate patterns of fetal growth leading 

to a fiiU-term neonate of low-normal birthweight. The MLP offspring exhibit elevated

activities of GC-inducible enzymes and altered adrenocorticotrophic hormone secretion 

indicating a widespread disturbance of hypothalamic-pituitary-adrenal axis function. The 

MLP offspring subsequently develop hypertension from an early age {see Chapter 3). Fetal 

exposure to maternal glucocorticoids, secondary to undemutrition, may therefore lead to 

hypertension in later life.
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The u^ofckxanK^haMXK and(a^^^K»«^onetnf»egnanlraki ^ehKddak aimlefbr 

niaterrud {gluccxcoiticoid lias tnetlK)d()l()gical diiivd)a<d(s zw: dis(niss(xl in (Zliapixar 3. IT()v/ever 

a<:hial blcMckade ofinakamal gjiicoeordeoid influence thinug^kcmt pregrumc)r presents spiecific 

problenis. hdetyraporie (an 1 ip-hyxirocylase inliibitor) rediices both matenial and fetal 

c,)rticosterone levels (Baiain ,& Scliultz 1990) arid therefore cann()t be used in late grestation 

suice corticostenaids are essenUal for late g;,estad(,nal hmg rnahrratkn (Lig^gins 1969). I^ateriise 

vrould tlius severely irnjpact upon fetal vmtnhty. h/loreo!/er, the charnelhry; of metabohtes 

hdo other steroui pathivayrs followhig 1 ip-hydroxylase hrhibithn arid the hypertensiori that 

ntay Irrllow iirecludesii qiecific glucooordcohleOexct Ixahig dekmnried. Fitfvtgd, a T:/pe II 

(](: antajgoiust, also acts as an arih-progestcigen, thereliy restricting use in pnsgnancyr fBauhen 

1988). A specific Type II (GC) receptor antagonist is not yet available.

In (mder to address the hrfhience ciftlie nraternrd arinenal iqaon fetal programrning; of 

adult Irypertension in hllJP, aiiurnliercifaipproaches are left. IJsinjg stead;/ state radlhnsotope 

teclinrqiies the ])hu:ental flux ()f corticostercme into the fetal cxonaparknent dtuhig gestadoii 

tnayr be iissayexi. Wliilst this apiproarzh is cluect h fireserds a nuintier cd" diOSctdlies. Iv3r 

(acampde:, radioisotoiie nieasurerrientsinrruither ancl fetus ivould ru^cessarily barye to bemaude

underanaMdhesiavduchrn^/udhnauxGhernaknndj^^^nok^iadenndnnunenL Funhemwre

a nuniber of in-eliniinar;/ experiments would lie re,)uired[ to determirie the ojptimal close of

nuhoL^hdhxlcoTdcoskrone,the(^)dnud time between adnunutradon and aunplmgand the

rec<)veryr()flabkeUed skroids Aoni die maternal and fetal plasrna. Such an eicperiment mayr also

tHecxonlemnded by coriversioricifv^ to B hi fetal dssues and possible nuthtionail effects upon

fetal 11-HlSDl and ll-HSID]. Tims, surgical achenalectornr/jprior tojiregniancy represents the

()nly reahstic means of (wehectr/ely remmdng all niaternal cortlcosterohi influence (without

iiLdLiencrng ambulator/ bhiod pressure) diroughtmt {gestation ancl thus adclressing ivlietber

rnatemal gliueoconicoid excess projgrarnmcxs niihitioruallyr-hidircecl hyrpeiiensiori in die 

resultant offspring.

4:2. TTPlOlXOCtOI,

12 rats were bilaterally f/LAJCtX as oiidined in seedoii 2.4.5. and niainlaineri ori 0.99^ 

saline, dnrdcing ivatea and stanclard chow diet ud y\fter a I month recuperation period
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the rats were mated and offspring generated as outlined in section 2.2.1. Rat dams were 

sacrificed at weaning and blood samples taken for corticosterone analysis to determine 

completeness of ADX. Blood pressures were determined on the offspring of both dietary 

groups using the indirect tail-cuff method {section 2.6.) at 6 and 10 weeks of age alongside age 

matched offspring from adrenal-intact rat dams. Unfortunately data were not available for 

intact males at 6 and 10 weeks of age and therefore data for MADX-males at these ages have 

been removed. All animals were sacrificed by decapitation following the final blood pressure 

measurement, and blood and tissue samples obtained.

SECTION 1

nmE: iBiiriniDcri oir^ rki/snETEilusL/sjL ()]\f
PROTEIN-INDUCED HYPERTENSION

4^. RESULTS

4.3.1. Maternal weight gain after MADX

MADX rat dams were mated as described in Methods approximately 1 month after 

surgery and following conception were allocated to receive either control (18% casein) (n=6) 

or low protein diet (9% casein; MLP) diet (n=6) throughout pregnancy. All MADX dams 

conceived successfully. Of the 12 rats that were mated 2 rats (1/dietary group) failed to go to 

term. The average weight of MLP dams on day 0 gestation was approximately 35g heavier 

than the control group (262 ±llg vs 227 ±15g). Since data for weights at surgery and food 

intake were not available, the weight gain of each dietary group cannot be compared prior to 

mating. Control animals gained on average 6g/day throughout pregnancy, mostly during the 

last week of pregnancy (Table 4.1). Thus, control dams gained relatively more weight in week 

3 than either week 1 (P= 0.03) or week 2 (P= 0.07). In contrast MLP did not exhibit an 

increase in late gestational weight gain relative to week 1 or 2 (Table 4.1). Thus controls dams 

gained approximately 2.5g/d more weight than MLP dams during Week 3.
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Table 4.1. The weight gain of MADX rats fed either a controi or iow 
protein diet during pregnancy

Gestational Weight Gain (g/d) 
Week 1 Week 2 Week 3
4.88 ±0.6 5.44 ±0.3

4.93 ±0.7 5.46 ±0.5

9.04 ±1.7 

6.56 ±1.8

Average
6.03 ±0.6

4.98 ±0.7

under
Mxhumfxndobarbitone &^uM±baMa rnordhsfuiorto They had 6ee accMs to

(hihkmg v/ater, 0.9^6 «dhie to nunnbun fluid bakmce and lahondor^ chow (het. IJpon 

coricei)ti()n, cletectecl b)r the apixcarauce of a phig cm the 0()or of die and (xinaequerLtlyr 

(lesignated cl 0 offiregpiaiicy, rats ivere htmsfeireKi to ti semi-synthehc diet coiitahiiag eitlier 

1894 (ctintrol) or (low pmotein; f/lLJP) c^rsein as firotein soiuxce. Tlie (lams cui the coribxil 

diet gamed more weight in week 3 than in week 1 (*P= 0.03) or week 2 (P=0.07). MLP dams 

lailecltoexhulnt a similar rriagriinide ofv/eig;ht|gain in the final weel(n:hid\re h) ctmtrols. TThus,

b]r )veek 3 A/ILIP (iains v/ere gpahniig aiiproximately 2.5g/(iay less v/eig)it tham tlie conhol

group, n = number of dams in each group
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4.3.2, Reproductive success after maternal ADX

A4akrnal adfemdecWnr^ (NiAI)X) did not afkct (y/e;raU HWor size 4J!),

although perinatal mortality was higher in both dietary groups compared to intact controls 

OdtdaiK)t(diowiO. /Lveraijge birth moilalib/ in the (xmtrol groi^p was wifh total nexynatal 

mortality reaching 25%. Protein restriction increased both birth and neonatal mortality by at 

least two-fold (Table 4.2) predominantly due to the dams eating their litters. The absence of a 

maternal adrenal did not appear to affect birth weight in males or females of the control group 

compared to adrenal-intact animals {comparison to birth weights in Table 3.6). Birth weight 

was significantly reduced in both male and female MLP animals compared to protein replete 

cmhml^ Femaks Irmn Ae MLP ;pwup a^^&wed espeda^^ to gaw^h

rt:hmiuig edfewzt ()f]\4/tD)C (x)U])h;d with pHnotern restriction (^7^6 srnailer for IVflJP

males and females respectively) (Table 4.2).

4.3,3. The systolic blood pressure of 6 weeks old female rats after maternal ADX

Sbrstolic l)l()od pressures v/ere irieasured luhr^; the tail-cuff mefiiori as prm/ioirsfy 

described. All pressures obtained in females were compared to age matched offspring of 

adrenal-intact rats fed control or MLP diets, to determine the effect of MADX (Figure 4.1). 

There were no equivalent data for intact males at the age studied and thus the effect of 

MADX could not be determined in male animals and data have not been presented. MADX 

significantly decreased blood pressure in MLP females compared to age matched females 

fhornaclreruil-iniiLct IVfLPciams (P== 0.03). SBP ofhflLP fermrlcstvens sijgnificantly lotver thtm 

iiifiie female offspinng frorn (zontrol IvLAJCfX rats (P== 0.(M)2) (Ifippire 4.1). Foiiahas of the 

control MADX group had significantly increased blood pressure compared to age matched 

female offspring from control adrenal-intact rat dams (P= 0.002) (Figure 4.1).
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Tabu 4.2. Reproductive success of MADX rats fed either a control or
low protein diet during pregnancy

Dietary Group

Litter size 

Birthweight (g)... 

Females 

Males

Mortality... 

Born dead (%)

Survival (%)

Control
10+0.8

5.52+ 0.06 

5.67± 0.04 *

10

75

MLP
n± 1.7

4.75±0.19§ 

5.30± 0.15*

25 

50

AU values given are mean ±SEM. See Table 4,1 for details. Litter size was ealeulated as the

mean of 5 litters bom (control) and 3 litters bom (MLP). The percentage bom dead was

calculated as those that were dead upon first inspection within each litter as a proportion of

the total litter size. The survival rate was calculated as the ratio of the pups that survived to

weaning age per litter to the total number that were bom (ahve and dead) in that litter,

expressed as a percentage. Neonatal mortality was higher and survival rate lower in the low

protein exposed group, although litter size was unaffected. Two way ANOVA indicated a

significant effect of sex (F= 12.73, P= 0.0006). diet (F= 33.68, P< 0.0001) and an interaction

between diet and sex (F= 3.94, P= 0.05) on birthweight. * indicates a significant differcnce to

females of the same group (P= 0.0006). § indicates a significant difference to dietav control 

females (P= 0.05)
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Systolic blood pressures (SBP) of 6 week old female offspring
from rats fed either a control or Imv jprotein diet (luring

pregnancy.
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^ »="6) or k)w iDrot^in C)96
dietilun^ughoutpre^piaiK:y.y\t birUi die diet v/as sulbsdtuterl iPor stanclard 

chow and litters culled to 8 pups (4 male/4 female). Offspring were weaned onto chow at 4 
S::ystc4ic t^oiid pressure v/as dlekuinined oii cdTsiirhig id 6 v/eelcs ()f age 

using the mdirect tad cuff method and compared to age matched offspring from adrenal-
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4.3.4. The blood pressure of 10 week old female rats after maternal ADX

Systolic blood pressure was assessed at 10 weeks of age as described in Section 2.6. 

The blood pressures of control MADX females were, again, significantly higher than age- 

rnakhed ofkprmg oftKhenal-hda^ conbok (P= OTMXO. fbe Ixtween NfADX

MLP females and control MADX females was not apparent at this age. This was due to an 

increase in the SBP of MADX MLP females and a fall in the SBP of MADX-control females 

over the four week period (from 6-10 weeks) such that the blood pressure of these animals 

was not significantly different to age-matched offspring from adrenal-intact MLP dams.
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Figure 4.2. Systolic blood pressures (SBP) of 10 week old female

offspring from MADX rats fed either a control or low protein diet during

pregnancy.
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SECTION 2

THE EFFECT OF MATERNAL ADRENALECTOMY AND 

CORTICOSTERONE OR ALDOSTERONE REPLACEMENT 

DURING GESTATION, ON LOW PROTEIN-INDUCED 

HYPERTENSION

4.4. PROTOCOL

43 female rats weighing approximately 234 ±2g were either bilaterally ADX (n=37) or

Ca=6) ofieratecl as oiiUinixi hi sedioii 2.4.5 and maintained on 0.994, salhie, drinlcmg 

water and standard chow diet ad libitum. After a I month recuperation period the surviving 

lilts (n=412) v/ere niated aaid assigned kicxintrol or hdIJP dhskir^ grcmps, ujpoii coiiceplioi^ tis 

determinexi b)r die punsence <if a plug cm the doiir of die cag;e. AD)[ rats from each (lietary

group were assigned to one of 3 groups that received twice daily injections of either 

corticosterone, aldosterone or vehicle:

1. C()rd(X)steroiie iiqilacemoit (IChmyg^qg l)odbrvYeighit/dar/ JLC.) (1894, caseiri cxmtrols, 

18AC n=6; 994, casein MLP rats, 9AC n=6)

2. alckisteroiie repd:u:erneait(P»0,ig/k^;1)O(lyvveigliV(l.r.c;.) (i;^>6 cas(;hi, ISuAuA. n==6;

casein, 9AA n=6)

3. velucleixqplaciament (O.CkSml pcd)feth)rh!ae jgh^col jr.c.) y\3/: (18^^ cxasein, IS/fV^ n==6; 99^

casein, 9AV n=6) twice daily throughout pregnancy.

The doses were chosen with the objective of replicating the physiological range of plasma 

coricendiUicm fiir eawdi liormcwie liasexi cm pmevioits chidi olbtained ivithin this labcmitory 

(Langley 1990) . Two further groups were generated to act as non-adrenalcctomized vehicle 

injected controls, 18% casein sham-operated (18SV n—3) and 9% casein sham-operated (9SV 

n=3). .Adi sharoids ivere dissoh/ed an(i irjechxi in Yiihicle (jl05inl polycdliylene glycol). 

Corticosterone was iryected in two differing doses (0.2mg/kg at 9.00am, 0.8mg/kg at 5.00pm) 

to duplicate the normal diurnal rhythm in corticosterone secretion (Martin et al 1978). All
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semi-synthetic diets were substituted for standard laboratory chow at d21 (term, 21.9 

±0.7days (mean ±1SD)) of gestation.

v4tt littering; sferoiclixipIaexernentTAras stop^petl ancitlierezifber rats lA^are nwot huancUed nor 

\vxere olHl;]]ring; ^reighied until iiostnatal cL3. ILitters were UterelkMre riot rexiutxed tc) n==&qitter. 

This regimen was adopted, successfully, to avoid the high neonatal mortality rate noted in the 

fMosvicms IVl/LfXX studyr. Fcdlcrwdng this pirotocx)! a total of 218 rats jgavc;1)irdi frointm initwU 

total ()f ^12 that concei)/ed. Clfdie 14 that failed to g;h,3l]irdi 13 neabsorbed their prejgnancies, 

either in earfy gestatkm (n=8) or late g;estati()n (n=5). 1 aninial died dinir^; the exfterunent. 

The loss of one third of the pregnancies &om this experiment was slightly highm- than normal 

for our colony where approximately 16-25% of pregnancies are unsuccessful. The higher rate 

of loss reflected the severity of the surgical procedure followed by pregnancy. Therefore it 

necessarily follows that the n of groups in SBP measurements made at 5 weeks of age on the 

offspiiirig \vere itxiiK>ed and thns the cLata do riot canyr as rnnch statistical pnvver. 

Unfortunately the replacement protocol could not be repeated due to time restraints.

Offspring were weaned onto chow at 3-4 weeks of age, whereupon the dam was 

sacrificed and visually checked for the presence of a regenerated adrenal. Following this 

eotarninatroriai j^irfher 8 litters were eirchided fitmi die analysis after a positive ickmtiRc^Uioii 

of vestigial adrenal tissue. Thus for determination of offspring blood pressures there were a 

tcfail cdT: n=:; litters for 18S)/, l&Au4i{md9S3/;n=3 htters for 18/l3/ arid 9v\.C; n==/l litters for 

9AV and 9AA. Vestigial adrenal tissue was found in all litters from group 18AC which were 

therefore excluded. SBP of all offspring fi’om each remaining group were determined at 5 

weeks of age using the indirect tail-cuff method.

4.5. RESULTS

4.5.1. Maternal weight gain after MADX and hormone replacement

Pno-prejgnancyr vveiglit g^in vvas slig;hth^ gpneatsr in SFLAJ\4.<)penited arurraik tlum 

MADX (55 ±6 47 ±3g, P= NS), with average weights on day 0 of gestation of 289 ±9g

(SHAM n—4) and 281 +4g (MADX n=16). Food intake was significantly lower in the
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A/LAJD)( aiiihTials or/er the recui)eration ])erio(l (SlivMVt 18.2 :kl.2:gAi, IyLAJ[))[ 12.3 i{).6g/cL 

!*< OX)l) and IS siifKcnsnt t() auzcoimt Ixxr lesser \veig^it gpun in h/LAJ[))C aiiuaials. IJjpon 

(:once])tK)n, rats A\rere (livided irik) gpronps h) lYsceive either ctmtrol or hilLJP diets \vith 

corhc()sterone, ailelostercMie ()r veliicle. Hower/er chie to the rmmtxer of res()rptiotis vdtlthi 

Chuns frorn e^ich g?ou]p ameaiihigfld analysis of the efleed of each treatment on fcxDclinkdce and 

weight gain could not be performed and therefore these data are not included.

4.5;JL l<epr()ductive!;uc,cess after IM/LD): vrith ht)rinu)neirepl:ace:i.ent

I.ith:r size lA^as irnalfeetexl tr/ truihanial diettur^ trianipuhihon or sniqgical jprocxsdure 

Avith huTge \rariations v/iUiin ^groups (TTab,!,: 4.3). For the male offspnng, 2.wa:/ 

in(li(:ated asigpaificant effect of diet (F= 20./$?, 1'<:0.00()1) and sterohl treatment (Fr= 15J:6, 

P<tX0001) ()n y^naijght at da)r 3. IvILJP iiiales were hg^iter than c()ntrol iiiales iri ail gpnouLjps 

recxen/mg hiormcme refthicenienL IFor the leaiiak: offs{)ruig^ :2-wa]r itidicated a

significant effect of steroid treatment only upon weight at day 3 (F= 9.00, P< 0.0001). Thus 

fetnale pmps fnam (larns were hg^iter than fetnale jpiqps fnom ISH/llVl (tarns. Iti the

MLP groups, aldosterone or vehicle treatment reduced weight at day 3 of both males and 

females. This effect was greater in females.

4.5 J. Systolic blood pressures of control or MLP offspring from MADX/SHAM dams

At 5 weeks of age SBP of the MLP offspring from adrenal-intact dams was greater 

than in tht: cdfsjprhig of chehiry controls (jgroujp 95r\/ 18S)/) iti males (an elev^itkm of

IgimnHg, P= 0.002) and females (an ekrvation of KhnniHg) (In^gures ^$.3 /f/l). hfademal

adrenalectomy (MADX) with vehicle replacement resulted in an elevation of SBP in both 

male and female offspring exposed to the protein replete diet throughout pregnancy (18AV v.s 

18SV, P< 0.05). In contrast, MADX reversed the hypertensive effect of maternal protein 

restriction (9AV v.y 9SV) in male (P< 0.01) but not female animals.
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]Reproducth^ success of (XHihxd or RiLP

rats following hormone replacement

Neonatal weights at day 3

Sham Vehicle

Male Female

ADX Vehicle

Male Female Male Female

ADXALDO

Male Female

Control 8.9 ±0.1 8.5 ±0.3 8.5±0.r 7.7±0.2 - - 7.8 ±0.3 7.8 ±0.4

MLP 8.7 ±0.3* 8.7 ±0.8* 7.1 ±0.4 7.6 ±0.4 7.1 ±0.1 6.8 ±0.1 6.9 ±0.2 6.6 ±0.1

Diet., Control MLP Control MLP Control MLP Control MLP

Litter size 13,7 10,9 11 dbS 6;:h3 - 11 ±5 11 ±4 7 ±4

All data are mean +SEM for between 2-4 litters, and 7-30 offspring (neonatal d3 weights). 

Rats were bilaterally adrenalectomized (ADX) or sham operated 1 month prior to mating. 

lJl)oii(}orice])ti()n rats v/er(:2ill(x:ate<it()r()ceiv(: <:idier 1*19^ cauaehi (control) (liet()r SrXi casenn 

(low protein) diet and either twice daily injections s.c. of corticosterone (CORT) (lOmg/kg/d 

iti tv/o (loses (Of OJZmgylqg ui (lie nioirui^g lor ().8mg/k{^ en/enin^/), aldostercme (/tl^DC)) 

(lOOgg/kg/d) or vehicle (0.05ml polyethylene glycol). All steroids were dissolved in vehicle. 

At d21 (term= 21.9 ±0.7d) gestation semi-synthetic diet was replaced with laboratory chow 

diet. Neonates were weighed on day 3 to minimise disturbance of the dam in the immediate 

postpartum period. For males 2-way ANOVA indicated a significant effect of diet (F— 20.47, 

P<(h()0()l) arid steroid trcibnent (F== 15L:Z6, ]P<0.00()1). For jRariales 2.wny 

irKihcated a sigprhGuxnit (Effect (rfsiteariul fieNihnent (F^= 9.CM), ]p<: ()d)0()l) and si^ggcx^rxi a trend 

for an interaction between diet*steroid treatment (P= 0.06). * indicates a significant difference 

to animals within the same group (P<0.05), § indicates a significant difference to all MADX 

groups (P<0.05).

144



Figure 4.3. The systolic blood pressure of male offspring from control 

(A) and low protein (B) exposed MADX/SHAM dams following hormone

replacement during pregnancy
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Figure 4.3A Control

110-1 
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(KOkilpruig/groiip. Elefer to TTable 4.3 for details of 
memodology. Systolic blood pressures (SBP) were determined in the male offspring at 36
-l.b^ys usmg the tail-cuff method. Two way analysis of variance (ANOVA)^di&ted a

aldosterone injected.a is significantly different to b (P<0.05).
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The systolic blood pressure of female offspring from control 
(AJ gmd lov^iprotein (B:) eiqposed (lanis fbUcrwing liormmie

replacement during pregnancy
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replacement (P- 0.01), f mdicates a significant effect of aldosterone replacement (P<0.05).
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Cortk:oskrone:^:pkK:eTnent W MADiX-MIJPrak (SVVC)siei^k:a«itl)nek^rat^ls]3Pc,f 

the oOapni^g rekitr^ to SHANi-^xuraUxl MLP rak (Rgim; 4/0, and efRxth/dy

negate the hypotensive eRectofhd/LD): hi n^de animals CPignre4.3). In the oHspnng of 

NiAJD)C<oidrol diet feddhmsdifkrent re^xniMis Wprenahd aWosbarone vM^-e ob&MvedLIn 

males (18AA) SBP was similar to pressures observed in group 18SV (Figure 4.3 A) whilst in 

Auriales, higlieriiressiu-exs, as in groiip 18yV)/, v/ere obseii/ed (lugpare <f4 yV). ha h4AJ[))[.h4LJP 

rats, aldosterone replacement (9AA), partially restored the higher SBP of male but not female 

cdfsimmg (Figpires 4.3 B and 4.4 B). IMkiv/evercxaution rnust l)e exxanohxxl vvhim attrh)utingr a 

]X)le of niatemal coiticosteaxme in the prt^rnmunhig of tder/abed SBP in ]\fIJP sincx: ru) 

comparison can be made to corticosterone replaced control rats (Group 18AC).

4.6. DISCUSSION

[Ksv^d(^pni^aitfrean(x)nc(q)ti(Mi kiimimrhiris clumacterhxxi as a 'viihiemble peaicMi' hi 

the life (If the organism (Dotibing 1981). C^dls are niore vulnerable durinjg periods (if relatively 

nipid gpniv/th i.e. niitoth:{icti\rit)raa()pp()sed to iiameases in cell size (V/inick ISh^ile 1966) 

arid exiiosiui: hi a 'progpnmunhig' sthiiuhis (luring this tinie rna;/ have inaeversible 

cons(xiu(aices (Lucas 1991). The abhity (if steroid honriones to irreversibly prog,amnie 

liomeostatic mecliarusms lias b<xm v/ell (diaracterisedfVlrai 6k (loisld 15)68; Besa 6k I^ascual- 

l^eoiie 15)84; Harris 6k I^evine 196:1; Sloop ef nf 15)83). IMr eicaniple, p(istnaial injexedon of 

(uidhojgen uito jRaoiaki rats at 5 (lays of age results hi ai pHenmanemt iitasculioisation of 

hyiiotbahnmc rruxibaiusins reg^dafing ovniladcm (v\rai ,& (lorsld 15)68) aral aun acyclical 

luarrrKin(:ix:heas(;iiatterritliatir;sernliles the inaie pautean ratlier tham feiruah: (Harris 6k Ijeidne 

15)6:1). lEdhvards ef a/ luive iirop(ise(itliat(;x;)osiure to am hicreau&ed le\rel (if bioawetr/e maLteaiial 

ghicocortic(ihls prograirmies Irypeantension hi adiilt life (Exiwarcis e/ oV 1993) and sugg(ist tliat 

rruihemal jglucncoiticohl (GG) (expxisure unckuTpins die fetal oiigphis of ailult hypertension 

hypothesis (Barker 1995).

As previously indicated (Chapter 3), maternal protein restriction elevates the SBP of 

the adult offsprmg and similarly lowers the activity of placental 11-HSD2 in late gestation. It 

IS inferred, albeit indirectly, that fetuses exposed to maternal protein restriction may be
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e^x)s^to exo^sm^Mnal bio^live(]C The f^LP dkt;wo^amnM«

increased activity of enzymes that are GC-inducible in the resultant offspring (Chapter 3), 

a^id thelryp,erh:nsi\re state of thie offspring ma^/be (iepenchsnt iqpon the jpreseiice ()f materruil 

(}(: (Ijanf^ery-E/vans siiiice mefynmpcme injexzhcms to IVILJP rat chrms fc^ die first twn

v/eeks of gestation abohshes the elevated SHIP of IVfLP relative to controls. (Zarbenoirolone 

injections to rat dams receiving a protein replete diet reduces the birthweight and elevates 

SI31? ()f die resiihant offspnrig (Laungle^r-Evans 19971b). flms, caitxanoxolone largely 

reproduces the effects of the MLP diet in terms of birthweight and SBP. Indeed 

cattieocKxoloiie aind ctsxameduisone treatment rnay uidiiencx: rmtnient himsfer across tlie 

placenta. IFmthiemiore sirnilarides exist betiveen the rnitntiortaliiKidel of Ijanjgkry 6k Jaclbson 

(1994) aitd dieliormonal nioclel oflidv/ards etiz/ (19^93) hitctmacdFareehicthm in birthweighit 

(in the order of 20% in both models when a large sample size is included in the analysis) and 

the ck:gree of insidin resistartce (Pickani,gr^d 1996). fhie degree cdFliyptnnhmsiori in fVLLP is 

greater than that exhibited by rats exposed to prenatal dexamethasone (Benediktsson et al 

1993) indicating that other factors may contribute to the generation of hypertension in MLP, 

such aa an (effect on theldklnery andl^VlfSciftlie fdlLP diet (WisUiam er of 1996i, Slhenmm er a/

1996). The influence of the maternal adrenal upon MLP-induced hypertension was therefore 

assessed in the studies described in this chapter.

Maternal adrenalectomy could only be confirmed as being successful retrospectively, 

either through analysis of maternal plasma corticosterone concentrations (MADX without 

repthucemeat stu(ly^^,iAdiich \ve:re noii-detgxzhible in alllVf/iDJC anirnals fbllcnvinjg weanuig of 

the rat dams under the conditions of the assay, or visual examination for adrenal regeneration 

(MADX with replacement study). Corticosterone was not measured in MADX-with- 

replacement study and thus it is not known whether the regenerated adrenal tissue noted was 

actually functional.

The weight gain of MADX rats that did not receive hormone replacement throughout

pii:gruinc;/ \vas ixxiuwzed con^parcxi to intact ccaitrols. Tfhis intr/^ nsflect tfie influence of

" Interpretation of this study is made difficult and the strength of it weakened by the lack of sham-operated 

animals and intact male animals with which to compare. This provides a basis for further study in this 

to explore the interactions of MADX and hormone replacement upon the SBP of Control and MLP animals
area
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glucocorticoids on food intake. ADX of rats decreases food intake, which low-dose

^abkto rohore QDahman 1993). TlK (»UKt of &edh^; 

behavior, elicited by sympathetic (noradrenaline) activity in the brain, is dependent upon the 

ipreseaicoofcartmlatuig c()rh(X)sterone (Lielbowitz et oZ 1984) reflecting; lire (termissivc; role of 

GC upon homeostatic functions. MADX, eliminating all circulating corticosterone in early 

gestation promotes reduction in food intake and hence weight gain.

The perinatal mortality of MADX offspring was higher than in adrenal-intact 

controls. The MLP diet further compounded this effect as neonatal mortalities were greater in 

than MADX-controls, thus demonstrating the nutritional compromise of 

MLP during gestation. Most of the mortalitys in litters that received only vehicle 

replacement can be attributed to the MADX dams eating the pups. This may be a 

consequence of the MLP diet. When laboratory chow containing 18.9% protein was 

substituted for MLP diet at day 21 gestation and litters were not handled or normalised to 8 

pups at delivery in the present study birthwerghts were reduced yet neonatal mortality was 

totally absent. Experiments by Langley & Jackson (1994) in which litters were neither 

handled nor normalised at birth suggest this procedure has no effect upon the SBP of the 

offspring. Thus limited availability of protein immediately prior to parturition may influence 

the dams behaviour towards the newborn pups. In dams receiving hormone replacement the 

mortalities can be entirely attributed to fetal resorptions. The potential bias that the variation 

in litter size may introduce to the study is acknowledged but ultimately could not be 

controlled for.

Pharmacological ADX (PHADX) using metyrapone, which inhibits 11-hydroxylase 

on both sides of the placenta (Baram & Schultz 1990), prevents MLP-induced hypertension 

in male and female offspring. Metyrapone, however, may increase maternal SBP and 

therefore potentially confound the results. SBP was reduced in MLP male offspring by 

MADX and re-established following corticosterone replacement. Replacement with 

aldosterone did not increase SBP in male and female offspring from MADX-MLP dams. 

However, given that aldosterone replacement to MADX-control male rats resulted in a 

reduction in SBP, a possible masking of the hypertensive effect of MADX-MLP in males 

may have been produced with aldosterone replacement and cannot be ruled out.
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Surprising;!:/ arid imex]pecle(ily both niak; arxi fernaile offspring; ()f A/LAJ[))[-control 

dams had elevated SBP from 5 weeks of age which rather confuses interpretation of the data. 

It v/oul(i be eirpecded that shtiuld hdAJCXXIlie iiiherentl;/ h)Tpertensi\.e as it is hr controls therr 

the ISIIP ()f \v()uld b,e higher: ]hr shnilaiif/ to the effect of in control

anirnals (iluring the iRrst tw/o v/eeles ()f]pregminc)ronIy) lowers iSEfP of MIJP, bmt

also raises SBP of male and female offspring from control dams (Langley-Evans 1997a; 

ILsungilery-EvaLns efaf It is therreforeinelicatedthrit a lacleofniatemaltjC (hiring; (%arly to

riiwi-pretgmrne::/ rntr/ ej^n/ate the ISI3I* of control rats sujggesting; diat some tcinic (exjoosiire to 

maternal glucocorticoid rn early gestation may be necessary to regulate processes governing 

the cardiovascular ‘setting’ of blood pressure.

Alternatively given that maternal corticosterone concentrations following MADX 

agip^xrr iiormail iii late g;estatiorr ami crirrehrh; with thie mimhwar oiT fetuses (xunnied idano 

(Chatelain et al 1980; Dupouy et al 1975), then following maturation of fetal adrenal function, 

over-exposure to corticosterone of fetal origin in the third week of gestation may also 

])fog;rainirte hiter hyiperterisioninlVl/LD): and PfILAJ]C(-<x)ntrol rats. If rats imeniaintained oti 

aiitid(Xftuihe(18'%,)i)rotein chet (hiring early grestation fcdloivied tr/ a relative; to

maternal glucocorticoid in late gestation, either through maternal protein restriction (Langley- 

lEhrans ISlSThi), ivliich rediices pla^xental II-IHISDZ (sexzhoM l.j.7.5.) or exogenous 

tuirninistrahon (I^evitt et a/ 1996) then tlte resulumt aelult offspring develop) hypertension. 

Similarl:/ following ai]perio(l of siipiiressioii by the fetal aehnsnal nuiy (iverseorete

corticosterone which may programme elevated SBP during late gestaton in control rats. It has 

beeai demonstraitexl in slieep that jghiccxxorthxiids mar/ influeiwoe fetal camihovauxnilar control 

through a permissive effect on the action of angiotensin II (Tangalakis et al 1992). The 

attenuated effect of MADX/PHADX on SBP in MLP may be explained by an effect of MLP

upon fetal adnenal naaturation and the ability of the fetal achaeoal to (ximpenstUe for maternal

lack.

The SBP of MADX-MLP male rats was significantly lower than the SBP of MADX-

control males. Thus, in the face of an absence of glucocorticoid in early gestation the ‘normal 

setting’ of cardiovascular control has been maintained in males. The mechanism by which 

MLP diet may ‘protect’ against the hypertensive effect of low corticosterone is not known.
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The hypertensive state of female offspring of MLP dams is abolished by PHADX 

OLaunglegr-Eb/ans 19"97ai). (Zcwdicosterone reirhkcement h) h/fLP (Laois fbllorvity; either MLAJ[):( 

or PHADX (Langley-Evans 1997a) results in a significant elevation of SBP. However, 

hypertension in the female offspring of MADX-MLP was not prevented by MADX. The 

(Lata theansfore smg^gest thru dei/elofmierit of fetal arhrznal firnction rmiy (iiffsr twstwreen IvHJP 

tniihssOwdiose Sl^lP w^as Lowerexl try fvLALlXX) zuid l^aiiales (whiose SEf* lA^as not cxamdricinigty 

lo\v(%md try h/LAJCDC). lire rrMachariism for this effeNctis tmcleaa: Sk%x-spHecifi(:(iiffererK}es tuive 

been noted in the placental transfer and metabolism of corticosterone (Montano et al 1993). 

Perhaps it is an effect of MLP to unmask the sex-specific response to MADX.

/LlteraticMis in ttu; cmtoigetry of CrC:-rece])tcrs in rtxijponse to ituiy .differ in

males and females. Certainly, the activity of central GPDH correlates with SBP in females 

but iiot tmiles, si^ggaadry; (hfiSanentxss in tlie central reigulation (tf (3<:.{lep(:n(ient functioiis 

(Langley-Evans et al 1996f). Central differences in GC-activity have been proposed to 

explain the sexually dimorphic response of male or female rat fetuses to fetal alcohol exposure 

(FAE) following MADX (Redei et al 1993). As a tentative hypothesis, female adrenal glands 

may be prematurely activated relative to male adrenal glands following MADX. Early 

activation of adrenocortical function may influence hypothalamic cardiovascular control areas 

towards elevated SBP in adult life. Since PHADX prevents hypertension in female rats 

(Langley-Evans 1997a) and PHADX abolishes all corticosterone synthesis in maternal and 

fetal adrenal glands suggests that such a phenomenon may occur. Alternatively the differences 

intlusSBPrtxqponse of rats to F13LAJ[fX:md IvLAJCfXIimiy relate to the faKtthatPFI/lIXX ma^r 

increase the SBP of rat dams and thus influence placental blood flow and maternal 

metabolism.

but an effect of MLP upon fetal corticosteroid production may be inferred. Exposure to both

excess and too little maternal glucocorticoid therefore appears able to programme

hypertension. It was unfortunate that all of group 1 SAC dams had regenerated adrenals and

therefore had to be excluded from the study, since a comparison between 18AC and I8SV

would have allowed investigation of this possibility.
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CM? EIJEVAHnED grySTlOiJM: B]L()CU) 
P'jRJECfg^sizriRji: Iisf i^iPiOTrjEifsr ]E:x]iP([)s;]E][) yinsir^LdUL^g; ][»trRj[]\f(-; 
ADUIJrLIFE

5Li.ipfri^0)DiJcnrB0ff

liypepkmsion of Atal is the aduh ouuufMlahon of a dynanhc inUxachon 

between nuhidonal 6oto^ ((^unpbell 1996; Godfrey ef 1996) and homnnu^: 

(Benediktsson et a/1993; Lindsay et a/1996) acting during pregnancy. The rat model used in 

the present skuhes dhu^ndes this, in Aat a nunenud lov/ protmn dhd mdiax^ 

dispropordonabe fekl growth patterns laxhng to lower bidhweaght and progrannnes 

finictions of the (.ffsprin*; g;luc(x:orticoid axis (ICAnpteT- l^urtliermeure, thie nutritionally- 

mduced hypademnve shde may be depemknt upon the pnMence of

irudkarialjghicrNcorticoick ^){md Ijing^ierr-ET/ans (19M97a^ 1997T)) Hower/er, die mdnre

of the assiociationlietween fetal glncxicoiticoid eicpcisure and the pangranmung of awiult blcxid

pressure remains uncertain.

Glucocorticoid excess, whether experienced in adult life as a consequence of Cushings 

sryndrome (Ross (SblLincdh 1982!) or uifuaexi in urem (hhll gf a/ 1988) raises blo<xi paressime. 

Glucocorticoids have many ‘hypertensinogenic’ actions within the vasculature (Whitworth et 

af 1995) mediated! eadier directly thinug)k ()Il (Komel 1SM93; Pupihis ctrz/ 1992) ()r hidireetl)r 

thrcmgfi pHemiissive efferda on pnessor argents ((jiiinfelrl 6k lElcr/ 1987). IVIatemal 

jglucecorticoick: iiidneoee fetal carchovaacuLar coiitml b)r raisuig tissue sensitivity t() 

endogenous angiotensin 11 and thus increasing peripheral resistance (Tangalakis et al 1992). 

Increased intrauterine glucocorticoid exposure, as a consequence of maternal protein 

restrictmn, rnay thenefbre subtler alter the dervelopnient (if the fetal carchcivaamlar s)rstern, 

tenckaiiig the indiiddual rncire respionsrve to pressor actions in aidult life, aiid (ihroiiicaliy 

nusir^g S)rstolic liloowj jpressure. TTie iiieclumism for this steroid-(lep(m(hmt effect iiiayr Ixe 

receptor based (Bian et al 1992; Langley-Evans et al 1996c; Meaney et al 1993).
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TTie fbllowinijg chaipter ck;k:rmines \vtiether iiutritkinaLll^'-uidiicecl li)Tpeiteiision is 

ckspenicient u]3oii gliKX)C()Micx)id acticMi in aclult life, as in the spK)nt!meonsl)r bjrperbsnsiu/e rait 

(Ruch etal 1984; Suzuki et al 1996). Furthermore, the peripheral action of angiotensin II is 

explored to determine whether glucocorticoid exposure in utero may increase peripheral 

\^iscid(ur reaucfh/if^ t() gph^sn jpressor ag;ent. yi immbHsr ()f ()the:r factors including; rior- 

adrenaline, arginine vasopressin, NO may mediate blood pressure increases in MLP rats. The 

reirui-aiigioteiisin-syrstern (Il/tS:) )Aras sdexited for stud)r on the l)asis cd^zm cdaser^/eclmle for 

angiotensin-converting enzyme (ACE) in the maintenance of raised SBP (Langley-Evans & 

Jackson 1995, Sherman & Langley-Evans 1998). Moreover elements of the RAS 

(angiotensinogen and ACE) are subject to regulation by glucocorticoids (Mendelsohn et al 

1982, Campbell & Habener 1986).

5.2. PROTOCOL

y\iiinTals wcii; generatexi as cLescritwad in sewchnn :Z.:2.1 fixym a breexiing; pc)pnhition of 

ir=f)<iarrLs/diefai}r]groiip. At aLjppixxxiimdely /17 dzl tlayi; of tlie rrudG(]ffspHnhig laxym eauch 

dietary group (18% casein, control n=24; 9% casein, MLP n=20) were randomly chosen for 

either bilaterally adrenalectomy (A) or sham operation (S) under sodium pentobarbitone 

anaesthesia as described in section 2.4.5. Post-operatively adrenalectomized animals had free 

access to 0.9% NaCl solution to maintain physiological electrolyte concentrations. The four 

groups generated (18% casein-A, 18% casein-S, 9% casein-A and 9% casein-S) were then 

subdivided into two further groups that received either corticosterone (C) replacement 

(20mg/kg/d in 0.1ml arachis oil) or vehicle (V) (0.1ml arachis oil) s.c.twice daily (9.00am and 

4.00pm) for 14 days post surgery. A twice daily replacement protocol was adopted to mimic 

the daily rhythm in corticosterone secretion that follows the light/dark schedule. A total of 8 

groups were thus studied 18AC, 18AV, 18SC, 18SV, 9AC, 9AV, 9SC and 9SV (controls 

n-6/group, MLP n=5/group). The body weights of all animals were determined daily 

throughout the treatment period. The systolic blood pressures of all animals were determined 

prior to surgery (d 0), and then 7 and 14 days after replacement began. SBP was measured 

following replacement injections in the morning and prior to the afternoon injections. On Day

153



15 animals were injected in the morning and Ihr later were placed under non-recoverable 

anaesthesia and blood and organs collected.

SECTION 1

THE EFFECT OF POSTNATAL ADRENALECTOMY ON 

OFFSPRING EXPOSED TO EITHER A MATERNAL CONTROL 

OR MLP DIET

5.3. RESULTS

5.3.1. Effect on body weight.

Ihior to Sanger^ then; no dHfaencein body v^^ghtbebveen hvo n^donnd 

dietary g^mips (coiibx)!; KX) n=24 i,, NfIJP; 18() ±2.8jg n==20) (Table 5.1). TThrouijghcmt 

the experimental period vehicle injected ADX animals maintained a steady weight gain similar 

to tlie tveiglit jgani hi vedhhzk: hyexcted slnmi4ip(mh:(xl cxintrols. (Zorticostercwie rejplaceinait 

significantly reduced the weight gain of all corticosterone treated animals and by day 14, 

treated animals were lighter (75 ±7.5g (control), 65 ±4.8g (MLP)) than vehicle heated control 

animals. Body weight gain was not influenced by maternal diet, except for 9AC, which gained 

significantly more weight than 18AC (Table 5.1).

5.3.2. Corticosterone measurements.

Corticosterone concentrations in sham-operated rats were similar to concentrations in 

non-operated intact rats (refer to Figure 3.7). Twice daily corticosterone injections elevated 

plasma corticosterone concentrations 2-3-fold above concentrations in vehicle treated 

controls. Adrenalectomy reduced the corticosterone concentration to non-detectable levels 

when measured at day 14. Maternal diet had no effect on the plasma corticosterone 

concentration (Table 5.2).
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J.7. The effect of postnatal adrenalectomy and corticosterone 

rejpliiceinent cm l)()dy yyeljglit ;g:%:n of 6 iveek old irats exposetl to eltlier 

a maternal control or low protein diet

Body Weight (g)
Initial 7 days 14 days Gain (g) n

Control

18SV 210±18 255±17 302±14 91.8+5.7* 6

18AV 197±26 232±26 279±28 82.2±8.3 * 6

18SC 177±5 191±5 195±5 17.3±5.2 6
18AC 180+8 184±8 192±6 12.0 ±3.4 6

MLP

9SV 181±7 223±7 272+7 91.0±2.2* 5

9AV 186±4 217±6 268±9 82.0±5.4 * 5

9SC 173±4 190±6 17.4±3.2 5
9AC 183±6 191±6 207±9 24.8 ±9.0 5

Values are means ±SEM for offspring derived &om a total of 6 litteis/dietaiy group. Analysis

of variance (ANOVA) showed a significant effect of corticosterone replacement (F= 74.2, P= 

0.0001) relative to vehicle injected controls. Groups; 18- exposed to 18% casein control 

maternal diet, 9- 9% casein MLP diet, A- bilaterally adrenalectomized, S- sham operated, C-

neceived corhcxosterone reqplacmnent (l(>mg/lqg hi O.lrnl araidiis oil) tvrice claily fc,r 1<1 d, )/-

\^:hicle inje<;hxi (O.lird aracdhis oil) rwdce diiilhr for 1^1 d. * indhxates a sigpiificxmt difference tc) 

vehicle-injected rats (f <0.05). n, animals in each group.
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Table 5.2. The effect of postnatal adrenalectomy and corticosterone
replacement on plasma corticosterone levels of 8 week old rats exposed

to either a maternal control or low protein diet

Group CORT (ng/ml) n

22.0 ±2.8 6

nd 6

18SC 57.5 ±6.0* 6

18AC 65.3 ±4.5* 6

9SV 22.7 ±3.9 5

9AV nd 5

9SC 50.3 ±7.7* 5

9AC 59.6 ±2.4* 5

Values are means ±8EM for offspring derived from a total of 6 litters/dietay group. Analysis 

of variance (ANOVA) showed significant differences for corticosterone replacement 

(F=185.5, P<0.0001), and an interaction between ADX and corticosterone replacement 

(F=11.6, P<0.01). For details of groups refer to Table 5.1. CORT-corticosterone; nd-not 

detectable (detection limit = SOpg/lOOpl plasma). * indicates a significant difference to group 

SV in each dietary group {P <0.05). n, animals in each treatment group.
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5.3.3. Blood pressure measurements.

Pnef W the expenmaUalfuocedur^ du: IVOLP rak had s^pnRcandy h^^kw blood 

pressure than the control animals (MLP;165 ±3.8 mmHg n=20, controls; 142 ±3.3 mmHg 

n-24 P <0.0001). Table 5.3 shows the blood pressure response of each dietary group to the 

experimental protocol. The higher blood pressure exhibited by the MLP animals at day 7 was 

rediiced b)r.AJ[))C to yreild puressiures sirnilar to th()se ()f 18^6 (%u;ein (apprised (zoiitrols (gnroujp 

9AV). No significant effect of ADX on blood pressure was observed in the parallel 18AV 

group. Corticosterone replacement to ADX animals increased blood pressure, in both dietary 

groups (18AC and 9AC) at day 7, although group 9AC exhibited a tendency towards an 

increased sensitivity (mean blood pressure increase after 7 days corticosterone injections; 

gpxmi) 18v\C == 31 ±8mmJH[G, gpoau]) == 37 dbSrnirdijg; F»= :>0.05). (:oMi(X)ster(Hie 

nqplaciamentraistxi blo<}d pa-essiu-eirifrroiq) 18S(:,I)ut hiui ni) effect cm the blcKxi fu-essirre cif 

gpriyuf) ()S(:. TTlie uicreat&e iii bI()o<l (Mressiu-e obiwarvexi id dhiy 7, IRaUcrwiug; cxorticoshsroiie 

replacement, was transient in all groups and was absent at day 14 in all but group 18AC 

(Table 5.3).

5.3.4, Glycerol-3 phosphate dehydrogenase (GPDH)

GPDH activity in the rat brain has been shown to be a reliable index of GC 

stimulation at the cellular level (Kitraki et al 1995), and consequently was assayed as a 

marker of GC status in the animals. In the hippocampus of MLP exposed rats the activity of 

GPDH was significantly reduced (37%) by adrenalectomy. Hippocampal GPDH activity 

clecT(xised1)y ^i'l^^ingrrotq] 18/f\7,M;latrve to thesliam ccmtrols (HISTV) (ITqgimejS.l).

(^orticoidiaroruiinsplacxetneiit Ik) both clusktry gpnoiqis and in both SlHVklVIAAJCDC gp-oiqps 

sijgruficauitiy (lisvaitcxi liippMkcampal (jI^DH activity (132?{ arid 135?^ fcwr 18/uC SfAjC: 

rexqiecfii/ely, P< ().00()1; arai TlSl-Xi arid 143^6 for 18:S(: 6k 9SC respex:tii/ely, l^c O.flOOl), 

illustrating the sensitivity of this enzyme to corticosterone. However, the low protein 

exposed groups appeared more sensitive to the corticosterone replacement protocol, in terms 

of Ibipiiocanapal (jllPDH iictivity, suice the rLctivifies rruxisurrxl foUnwiag; cxxrficostemne 

injectioiis weik: sijgnificantiy higgler ia gpnoujps SUSC: aiui 9v\C tlian hi gpiiuf) l&SX: iind 18/iC 

(P< 0.001).
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J. j. The effect of postnatal adrenalectomy on the blood

pressure of animals exposed to either a maternal control or low protein 
diet

Systolic blood pressure (mmHg)

Control MLP

Group Initial 7d 14d Initial 7d 14d

SV 147 i4 149:h5 137 ±7 161±7* 168 ±10* 153 ±11

AV 142d^ 149:h2 137+10 162 ±12* 143:b9 13116

SC 146 ±8 166 146±7 175+9* 165±4§ 171 ±5*

AC 143 ±7 174 168141 165+6* 202 ±8*1 185 ±9*1

Refer to Table 5.1 for details of groups. The SBP of rats was determined by the indirect tail cuff

SHAM (day 0). Values represent mean ±SEM for n=5-6 observations (control), n=4-5 (MLP) 

rats in each treatment group. The results were analysed by four way analysis of variance 

Rdkv^dl^ a Mu^bk pMt ln% kst (BmdemMu ksO wh^-e dTknmoM 

indicated. Main effects were: diet F=29.85, P <0.0001; corticosterone replacement F=50.67, P 

<0.0001; an interaction between diet & corticosterone replacement F= 3.47, P= 0.06; and an 

interaction between diet & ADX & corticosterone replacement F= 2.89, P= 0.09. * indicates a 

significant difference to respective values in control rats (P<0.05), % indicates a significant effect 

of antkoshn-one Mq^^canent(P<^h05X § a s^pnGca^ chgenan^ to undal v^iue

(P<0.05).
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[] (Zoiitrol E3

Figure 5.1, The effect of adrenalectomy and corticosterone replacement
in animals exposed to either a maternal control or low protein diet on
hippocampal glycerol-3 phosphate dehydrogenase (GPDH) activity

Enzyme activity 
(units)

100 n

Group
For details refer to Table 5.1. GPDH activity was determined on brain homogenates as 
described in ^ction 2.6.2. Values represent mean ±SEM for 0=5-6 offspring (Control), 
n=4-5 offspring (MLP) rats in each treatment group. Analysis of variance (ANOVA) 
incbcaittxl a si|piifk:ant effect ()f artnmalectorny (F== 27.67, P== ().()0()1), (;ord(X)sterone 
replacement (F— 406.2, P= 0.0001) and an interaction between diet and corticosterone 
replacement (F=12.78, P= 0.001). Where significant differences were indicated a suitable 
post hoc test (Bonferroni test) was conducted. * indicates a significant difference to groups 
SV and AV (P <0.001), § indicates a significant difference to control rats (P<0.001) 4-
mdicates a signiGcimt diffenence k) 9SV (P<d).05).wnhty, of enzyme tLCfbdty are 
nmoles/min/mg protein.

159



Iiilbotli dietary groups significantly re(luce(lGPI)H activity in tlte ceaK^belhim 

(P^cfl.OOt)!) wdiilst cortict)sterone rerdticetnent t() b()th :SHv\lyl arid .AJD): aaiuiiais irwnreasexi 

activity (P< 0.0001). No effect of maternal diet was noted following the replacement protocol 

(FMijgure:S.2). Sigpifkxant ctmrelatioruslietweeri ClPDIi acti\nt]rin lioth th(:(:erel)ellurn (r = 0.56i, 

P= 0.0002) and hippocampus (r = 0.57, P= 0.0003) with blood pressure were noted.

5.3.5, Tyrosine aminotransferase (TAT)

Hepatic TAT represents a peripheral GC-inducible enzyme (Shargill et al 1983). In

IVIIJP, slbarn (iperated controls (grrou]) 9S!/), die activity (if hepatic TvA/T (Figprre :5.3) wns 

significantly higher (a 55% increase) than in the sham operated dietary controls (group 18SV) 

0X)1). rile activity of T/IT" uicreascxi (P<: (I.OOOl) hi response to (xorticostarone 

nqplactmient iii aU gproiqrs measured (18AC:, 18S(:, 97V(: and 9SC). TVciremdectoirty chd not

eatert arty sijgnificant hifhrence iipon tlie aicth/ibr ()f liepatic T^ALlT iii either diehiry group 

(Figure 5.3).

5.3.6, Glutamine synthetase (GS).

GS is a known GC target gene (Kumar et a/1986; Patel et a/ 1983) and in the liver, is 

believed to be specifically localised in perivenous cells (Desai & Hales 1997). In agmement 

with the GC-sensitivity of hepatic GS, activity increased (23%) after corticosterone 

replacement (P= 0.01), but only in group 18SC (Figure 5.4). No effect of diet on GS activity

was observed in any other group.
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lEnzyn^eactkd^ (ZoiltTOls B3 f/DLJ?

Figure 5.2. The effect of adrenalectomy and corticosterone replacement
in animals exposed to either a maternal control or low protein diet on
glycerol-3 phosphate dehydrogenase (GPDH) activity in the cerebellum

100

75-

50-

25.

0.U-

§ §
T T

1
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For details refer to Table 5.1. GPDH activity was determined on brain homogenates as 
(kxacribed in sticbion :1.6.2. ^'alues repieiaent rntxin zhSIElvI for n==5-() cdT^irin^; (ccmtrol), 

^Tqnmg OdLPlndsineachtmmnKntgMmp. ^vmimce(ANGF^\)
indicated a significant effect of corticosterone replacement (F= 340.2, P= 0.0001) and an 
interaction between ADX and corticosterone replacement (F=62.0, P= O.OOOli Where 
significant differences were indicated a suitable post hoc test (Bonferroni test) was 
(:ofidiK:ted. * intineates a signUictmt effect of diet (P-cCfClS), § irwiicates asig;iiiGc2mt effect 
cd'codicxosterone neplacxemerit (]P<:0.0:5), ? irtdicates a signUictmt effect of /SJCKK (P<d).0:5). 
units, of enzyme activity are nmoles/min/mg protein.
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Figure 5.3. The effect of adrenalectomy and corticosterone replacement
in animals exposed to either a maternal control or low protein diet on
hepatic tyrosine aminotransferase (TAT) activity

Enzyme activity
(units)

25-,

[] Cjontrols Eg

AC

Group
For details refer to Table 5.1. TAT activity was determined on liver homogenates as
(tescribe*! hi section 2.6.4. A/aluex; nepre^xint n^ean ilSEdVi fcwr n=^5-6 offspiiry; (control), 
ri=41-5 (Dffsfwirtg (TVHJP) in <each tneatment jgrou]]. y\n;itysis (if vmimiee CAJSBCrVv^) 
indicated a significant effect of corticosterone replacement (F= 48.65, P= 0.0001) and diet 
(F=7.57, P= 0.01). Where significant differences were indicated a suitable post hoc test 
(Boriferrcmi test) lA/as (:oiidiM:ted. * iralicates sigrihi(%mt (Effect ()f <iiet (iP<:0.0f)), 
indicates a significaiit effect of coiticosieione lefih&cemerit CP<d).0()l). (if enzyrne 
activity are nmoles/min/mg protein.
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Figure 5.4. The effect of adrenalectomy and corticosterone replacement
in animals exposed to either a maternal control or low protein diet on
hepatic glutamine synthetase (GS) activity

[] (2!()rUix)ls Ba IVIIJF*
Enzyme activity 

{units )

200

100
AC

Group
For details refer to Table 5.1. GS activity was determined on liver homogenates as

described in section 2.6.3. Values represent mean ±SEM for n=5-6 offspring (control), 
n=4-5 offspring (MLP) rats in each treatment group. Analysis of variance (ANOVA) 
indicated a significant effect of corticosterone replacement (F= 7.91, P= 0.01). Where 
significant differences were indicated a suitable post hoc test (Bonferroni test) was 
conducted. * indicates a significant effect of corticosterone replacement (P <0.05). units, of 
enzyme activity are nmoleVmin/mg protein.
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5.3.7. Malate dehydrogenase (MD)

]VfI) is aisitenoid-ins(aisiirye eiizymLe 6k ITcwd: l<)9{r) atwi ccxnsoquantly \v;is

assayed to determine whether the effects on GC-inducible enzyme activities represented a 

steroid-specific effect or alternatively a general up-regulation of all enzyme systems in the 

brain or liver. Previous data has demonstrated no effect of prenatal diet upon the activity of 

ill liypothailtuitic tissiie fmm iidrenaldiihLct aiihruils 3.1/1). In lioth (central

(h)rpotIialamic) land peripilieral (Iiepaitic) tissue the activity (if IVID v/as surular Ibetween 

dietary groups following corticosterone replacement (Figure 5.5).

5;.4.I3ISCUSSI()N

"W/lulst (wireiialGctoiiry ikelf luid htth; effect cm the \veig)it gpiui (if i^its

following surgery, injections of corticosterone to either ADX or sham-operated rats 

significantly reduced weight gain. The activity of central glycerol-3-phosphate dehydrogenase 

(GPDH) mirrored glucocorticoid (GC) status, whilst the activities of hepatic tyrosine 

aminotransferase (TAT) and glutamine synthetase (GS) were sensitive to increased 

corticosterone action but not ADX. The SBP of MLP rats was lowered by ADX whereas the 

lower SBP of control rats was unaltered. Corticosterone replacement to ADX-MLP rats 

iiegait(xitlu;:SI3Plo\viaiiig effect of /LDX ami sigruficaidly irwcneasexltlie SIIBIP of control rats. 

The results suggest that maintenance of hypertension in MLP is dependent upon an intact 

adrenal gland and, in particular, corticosterone activity.

Successful ADX was confirmed by analysis of plasma corticosterone concentrations, 

which were non-detec table in all ADX rats at 14 d post surgery. In sham-vehicle injected rats 

corticosterone concentrations were within the normal range for the rat in our laboratory 

(Langley 1990) and others (Martin et al 1978). The dose of corticosterone replacement 

chosen was based on previous experience where lOmg/kg/day was ineffective in inducing 

increased activity of glucocorticoid-inducible enzymes (Langley 1990). However, it is 

apparent from the observed reduction in body weight, following corticosterone treatment, 

that the replacement dose used in the present study can be considered pharmacological rather 

than physiological and thus may obscure a
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Figure 5.5. The effect of adrenalectomy and corticosterone replacement
in animals exposed to either a maternal control or low protein diet on
hepatic and hypothalamic malate dehydrogenase (MD) activity
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For details refer to Table 5.1. MD activity was determined on liver and brain homogenates 
as described in section 2.6.1. Values represent mean ±SEM for n=5-6 offspring (control), 
n=4-5 offspring (MLP) rats in each treatment group. No differences in either hepatic or 
hypothalamic MD activity were observed between the dietary groups, units, of enzyme 
activity are nmoles/min/mg protein.
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Sjpecific (3R (glucc<x)rd(X)ki rec^^ptor) mediaikxi effect. Tlie resi)oitse sexen is (xxnsistent with 

the catabolic nature of high dose glucocorticoids (Devenport et al 1989) and some caution 

should be used in attributing responses to classical glucocorticoid action. For example, the 

corticosterone replaced animals may have been rendered insulin resistant which could have 

influenced their blood pressure. Given that the plasma corticosterone concentrations were 

siniihirt)etwec]i]groiq)s lHAiC and 18S(: sugMgeststliat the mhAi axis v/as effectivelyr'snvitchuxi 

off by the corticosterone replacement protocol.

Nevertheless, maintenance of ADX animals on 0.9% saline had no significant effect on 

bl(>odi)ressirre, gpnoui) 18v\l/ (Inams 6k Neame 197/f). TOhercfime fhe resjponse in gix)up 

(significantly decreased SBP over 14 days) can be attributed to the absence of GC 

stimulation. Any possible effect ascribed to a lack of circulating adrenaline in group 9AV 

(xiniiotl^e e^rahaafedtHittiklnot appiear h) uifhtencx^lSBP in group llgA)/. Ihi die atMwancecifa 

feedback mechanism in the hypothalamus the concentrations of adrenocorticotrophic 

hormone (ACTH) and corticotrophin releasing hormone (CRH) will dramatically rise 

following ADX (Widmaier 1992). ACTH and CRH have cardiovascular actions but these are 

subservient to the vasoconstrictor function of corticosterone (Whitworth et al 1995), 

emphasised by the observation that corticosterone replacement restores the SBP of MLP rats 

to the level observed prior to surgery. This clearly implicates a functional role for the adrenal 

gland in maintaining the hypertensive state induced by the MLP diet.

Corticosterone replacement elevated SBP in all rats except group 9SC. The increase in 

SBP was most pronounced in group 9AC petbaps reflecting altered regulation of GR in these 

animals (Langley-Evans et al 1996c). A slight decrease in SBP, observed at post-operative 

day 14 relative to day 7, occurred in all corticosterone treated animals (except group 9SC) 

indicating an apparent vascular accommodation to the high GC replacement dose. GC regulate 

their own receptor population (Svec 1985) and the observed lowering of SBP following 7 

days corticosterone injections may indicate a down-regulation of vascular GR. Corticosterone 

replacement to adrenal-intact MLP (group 9SC) failed to elevate SBP of this gmup in the first 

7 days. Similarly, the feeding of a high salt diet to the offspring of protein replete controls 

significantly elevates SBP whilst having no effect on the SBP of MLP (Langley-Evans & 

Jackson 1996). Whether the apparent lack of effect of known hypertensive agents upon the
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SBP of animals with established high blood pressure reflects maintainence of SBP at an upper 

level whereby the MLP rats are insensitive to further hypertensive agents is not known.

As with the present model, the integrity of the adrenal gland is essential for the full 

expression of the hypertensive state in spontaneously hypertensive rats (SHR). ADX and 

sulisecpientinanitentmce oii 0.99^ stdine, rediiees the SIBP of ISHR to firessimes oliserved in 

\\^isfar IKiyotol^^/Klf) coiitrols, ([iSuumki n/ 19i96). Pfeplaeenient (ifChC (clexinnediastMie) to 

these animals restores pressures back to previously observed values and the SHR exhibit a 

ck;g?e:e ofh)rpeinM;nsitivity to (3(: iei)hw)ernent(:3u;mki et af 1S»96). lVloreova\ e4ud)r ,4L[))[ of 

fgHRjprev^mts die de\^;h)piruant()fliypHad(aision (Pbaclig,t a/ 1984). fhie Aid eiqpressiotiiif die 

hypertensive phenotype of both SHR and MLP is therefore dependent upon the continued 

presence of glucocorticoid hormone.

actrvibrintlKiliraiaprmrkles a niarker of (](: action (TCitraki eta/ 19<)5). ftie 

cerebellum, hippocampus and hypothalamus are GC target regions as reflected by their high 

densities of Type 11 (GR) receptors (McEwen et al 1986). The higher activity of GPDH 

found in group 9SV relative to 18SV is consistent with our previous reports (Langley-Evans 

et al 1996c). Increased basal activity of central GPDH in the absence of raised circulating 

c<)rd(X)sterone maL]r reflect a toihic oi/er-sdmidatioii of (ill mexlhikxi thrcmgh hicreased CfR 

densities (Langley-Evans et al 1996c). Alternatively pre-receptor mechanisms (11-HSD) may 

hain:tir()h:iriin(xiiadiig die uu:reaac*l(jl'I)E[aw2dvity. Ttie linihcxl evidence to daite, hKiv/ever, 

suggests that central 11-HSD 1 and 11-HSD2 activities are unaffected by prenatal dietary 

experience (Langley-Evans et al 1996c). However given that the 11-HSD assay conducted 

within this lab is fundamentally flawed then the similarity of central 11-HSD 1 and 11-HSD2 

activities between dietary groups should be treated with caution.

The activity of hepatic tyrosine aminotransferase (TAT) was higher in group 9SV 

thim in 18:S\% sug^gesdn;; increa&txi liepadic (]<: aucdoii in IVIIJP. lirereasecl T^A/T activity 

combined with reduced hepatic GR numbers (Langley-Evans et al 1996c) may suggest an 

increased affinity and sensitivity of hepatic GR for GC. However, receptor affinities are 

similar in both dietary groups (Langley-Evans et al 1996c) suggesting increased post GC- 

receptor sensitivity i.e. increased sensitivity of GC-induced gene expression. The hepatic 

expression of phosphoenolpyruvate carboxykinase (PEPCK) is indeed permanently increased
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by a maternal low protein diet (Desai gf a/ 1997). Given that the activity of TAT was not 

clecreau&ed br/vAjOCXintxath dietai)r jgroiqps st^^gests fhat luq)atic TT/iT niay l)e ccmstihitfvely

regulated by factors other than GC. Shargill et al demonstrated the sensitivity of TAT to 

changes in food intake and tryptophan (Shargill et al 1983).

The activity of hepatic glutamine synthetase (GS), whilst being responsive to high 

dose corticosterone replacement in groups 9AC and 18SC was not sensitive to variations in 

GC status in any other group. The apparent dichotomy between central {sections 3.3.3.5. &

3.3.3.6.) and peripheral GS activity is readily explained by functional differences in GS 

within different tissues. In hepatic tissue GS is more sensitive to growth hormone than GC 

reflecting its function in providing amide nitrogen for anabolic processes (Wong et al 1980). In 

the brain GS is predominately involved in amino acid neurotransmitter metabolism and 

detoxification of ammonia (Patel et al 1983).

Clearly the activity of GPDH in particular, and to a limited extent, the activity of 

hepatic TAT parallel the changes in GC status in the present study, emphasising the utility 

of these enzymes as markers of GC action. However, the changes in GC status were extreme 

and thus a further analysis of the degree of suppression of ACTH would have provided an 

additional index of GC action. As the activity of central MD is not altered by the 

manipulations in GC status suggests that the changes in GPDH are specifically GC-directed 

and not the result of a general up-regulation of all enzyme systems within the brain. Specific 

increases in the basal activities of central and peripheral GC-inducible enzymes in the face of 

low-normal circulating glucocorticoid concentrations, concomitant with increased central and 

peripheral GR (Langley-Evans et al 1996c), suggests nutritionally-induced programming of 

GR populations.

Permanent alterations to central and peripheral GR densities (Langley-Evans et al 

1996c) and expression of GC-regulated gene products (Desai et al 1997) are manifestations of 

a poor nutritional environment encountered in utero. Relatively mild neonatal stress elicited 

by daily handling permanently alters the subsequent expression and responsiveness of central 

GR populations (Meaney et al 1992). The nutritional regimen used in this study indicates a 

comparable physiological stress given that the normal doubling of body weight observed in 

control animals over the last 2 days gestation is severely curtailed in the MLP group {Figure
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j. j). /iterations to iGHR pc^pulaticms piDgrarnmcxi try thu: pnenatail diet inay nifkiencx: the 

adaptive range of GR in the immediate postnatal environment. This may affect both the long 

term regulation of the HP A axis in MLP, as has been demonstrated (Chapter 3), and, 

perhaps, influence the generation of hypertension in MLP, since MLP rats demonstrate 

greaukr \rascidaf Gil biiKlhig (I;mgle}ri3vims 1996c). (Zertainly tthanxl (jR ch;nsiti(:s ui 

either central or peripheral regions may predispose the individual to high SBP. At the central 

level, GC decrease and mineralocorticoids increase blood pressure via their respective 

rece{)k)rs (vaai(lenBerg er a/ 1990). ftie chanjges ui CMZ^inchicible emryrne:s hitlie brain tmd 

secretion of adrenocorticotropic hormone suggest a central programming phenomenon. 

Increased binding to GR within vascular tissue (Langley-Evans et al 1996c) which may 

influence peripheral vascular sensitivity to GC through a potentiation of other pressor agents 

such as angiotensin II and noradrenaline (Grunfeld & Eloy 1987; Whitworth ef a/ 1995).

In summary, corticosterone replacement was sufficiently high to be considered 

pharmacological, based on the attenuated weight gain. Following ADX the high SBP 

exhibited by MLP animals was reduced to levels observed in control rats. The SBP 

lowering effect of ADX in MLP was reversed by corticosterone replacement. The 

activity of GPDH mirrored the changes in GC status and correlated with SBP. This 

indicates the role of GC in blood pressure regulation. An intact adrenal gland is essential 

for the full expression of the hypertensive state in MLP. An increased peripheral 

sensitivity to GC action may mediate the observed responses.
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SECTION 2

THE ROLE OF \ASCULAR SENSITIVITY TO ANGIOTENSIN

[[ IPf IHIC IVI/VIPfllEri/LNiCjE (CMF II^HPICBTICPfSION ][N It/lTg)

]E:](]i*og;ii;][) iio ipRo i Ecicpf icijnD i

5.5. PROTOCOL

VUlAimUeon^pnngagWlOAve^^ 
(n=5 ofkpring grom a t^al of n=5 HtkrsMiekiry group) were auaesAetked (72mg/^g 

bodyv^^^^^SKxiiumper^)ba*ik)Osu^ther^^U: emrotid arkry and ngbifeniomlA^nn were 

camiulated (jkrgfAo,d^ 2.5Ji for blo(}d fMressiur; recoiriuigs auid irngprdeiisui II (y\II) iiyewzdcMis 

resjrectively. TV peiicMi of SOmius follov/rug \rLscuIar caruiulation \v;w aUcrw^ad be^Gore a direct 

estururk: of irystolic lolooci pixsssure v/as determined anid the v\II zidrninistration protocol 

began. The effects of randomised, bolus z.v. iniections of 1, 5, 10, 20 and 40ng All, dehvered 

iutrai/enously in O.ltnl dOS/^ISlaCl nraintaine,! at 37«(:, on blo()d pressure ,veaie deterrnimxl hi 

all animals, hyechons were carried out in duplicate in mndom order and for each concentmtion 

of All. A period of at least 5min was allowed between successive All iiyections. The dose of 

All at which the systolic pressure response was maximal was determined by injections of 

between 20-60ng All. The plasma half-life of AH was not established, however preliminary 

studies indicated (Appendix 4) that, fbUowing intravenous AH iryection, basdine values of 

SBP were reestablished within 2-3mins indicating a half-life of 1-2 mins.

5.6. RESULTS

5.6.1. The vascular response of control or MLP exposed female rats to intravenous

angiotensin II (All)

Prior to the first dose of intravenous AH, basal SBP, was significantly (P= 0.04) 

higher in the low protein exposed group (143 ±4 mmHg, n=3 v.s 130 ±3 mmHg, n=5). There

was no difference in heart rate between the two groups (controls; 374 ±21 b/min, MLP; 390
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±14 b/min). As Figure 5.6 illustrates, the dose response curve of pressor responsiveness to 

All injection was shifted to the left in the low protein exposed animals. The maximal 

response to All was greater in the MLP rats than in controls at all doses of AIL Two way 
analysis of variance indicated a significant effect of diet (F= 5.54, P= 0.02) and All dose (F=

195.4, P <0.0001). Statistical significance for the maximal pressor response to All in low 

pinotein ecxpKtseclnitsw^s aclruevexl attlie Lower (1 (mdfhig;) closer ()f.AJfl. The close )Arhicliigai/e 

the maximal pressor response to All was significantly lower in MLP than controls (MLP, 37 

±lng All n=5; Controls, 44 ±2ng All n=5, P= 0.01).

Tfv/o wanr aimlysis ofv^udance inchccncxi a s^gnifhiant effect chF(ih:t()n srystolic l)hood 

pressure at Iryg (F== 4/10, P= 0d>4) arui 5ryg (F== 1:2.62, P== 0.0008) /MI only. THhus it is 

suggested that doses of All within the physiological range for rats (Langley-Evans & Sherman 

- unpublished observations) the response to All in MLP rats was both initially greater and 

more prolonged than in control animals. Figures 5.7A & B illustrate the pressor response to 

All at Ing (A) and 5ng (B) respectively.

S.IL DIShCUSgglON

Systolic blood pressure (SBP) when measured directly was higher in MLP females 

than controls. The higher SBP exhibited by MLP rats is programmed by prenatal 

undemutrition and, in adult life, appears to be dependent upon an intact and functional 

adrenal gland. The mechanism through which corticosterone acts to raise SBP in MLP 

appears to involve the potentiation of the action of other vasomodulatory compounds, such 

as AIL Female offspring of MLP dams exhibited a significantly greater pressor response to 

All injection at physiological levels compared with control rats. The dose of All which gave 

the maximal pressor effect was lower in female MLP rats than controls.

Under conditions of stress SBP rises, thus facilitating the fight or flight response. One 

criticism of the MLP-induced model of hypertension has been that blood pressure was 

measured by an indirect method. It has been suggested that the higher SBP of MLP rats 

represents an altered cardiovascular response to the tail-cuff procedure (van den Berg et al 

1994). When measured directly under anaesthesia, the SBP of MLP-female were significantly
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higher than in control rats, which shows clearly that MLP-induced hypertension is not 

simply a product of the tail-cuff procedure. Physiological measurements under anaesthesia 

may not necessarily reflect the normal in vivo state since pentobarbitone is a cardiovascular 

depressor and further studies measuring SBP in free living, chronically catheterised rats would 

be desirable.

The female offspring of MLP dams exhibit an increased peripheral reactivity to the 

action of All, at all the studied doses of All that were studied. Thus, the dose response curve 

for All was shifted to the left in MLP rats relative to control rats, implying an increased 

physiological sensitivity to the pressor effect of All. This, together with the data reporting 

increased densities of GR in vascular tissue of MLP rats (Langley-Evans et al 1996c) and the 

observation that an intact adrenal is essential for the full expression of the hypertensive state 

of MLP {section 4.5.3.), is suggestive of an interaction between glucocorticoids and All in the 

maintenance of MLP-induced hypertension. The importance of All in the development of the 

hypertensive state is emphasised by the finding that blockade of All synthesis in early 

postnatal life (2-4 weeks) prevents the elevation of SBP in MLP rats some 8 weeks after 

cessation of treatment (Sherman & Langley-Evans 1998) . However, a role for corticosterone 

in mediating the vascular reactivity to pressor agents other than All e.g. catecholamines, 

arginine vasopressin, adrenomedullin, NO cannot be excluded by the present data and should 

be the subject of future studies.

Administration of the angiotensin-converting-enzyme (ACE) inhibitor, captopril, 

results in a significant reduction of SBP in MLP, to levels similar to controls (Langley-Evans 

& Jackson 1995). Glucocorticoids influence the renin-angiotensin system at many levels. 

Thus the expression of angiotensinogen, the precursor of angiotensin 1 (Campbell & Habener

1986), and the synthesis of ACE (Mendelsohn et al 1982), are stimulated by glucocorticoids. 

In the SHR, binding of All to its receptor is increased by glucocorticoids (Provencher et al 

1995). The thoracic aorta of MLP rats exhibit significantly higher binding of tritiated 

corticosterone to GR (Langley-Evans et al 1996c). Possible mechanisms which underlie these 

observations are suggested by studies on vascular smooth muscle. Glucocorticoids operating
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Figure 5.6. A curve illustrating the maximai pressor response to
angiotensin II (All) of female rats exposed to either a maternal control
or low protein diet

Controls — MLP
A SBP 
(mmHg)

■■•■I

dissolved in a total volume of 0.1ml, 0.9% NaCl that was maintained at 37°C. Randomised
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Figure 5.7. A curve illustrating the pressor response over time to Ing

(A) and 5ng (B) angiotensin H (All) infusion of female rats exposed to
either a maternal control or low protein diet

A SBR
(iiiinlHfgr)

M data presented are mean +SEM for n=5 offspring per dietary group from a total of 5 
per diet^ group and at each dose of All. Animals were generated as outlined in

2JUL For (kUdste&rtoiMgm^: 1, and5ng)(^.An wem
admimstered allowing a period of least 5mins between each injection. Data were analysed 

anad]/sui()fi/arian(x; CAJSM:fV.A.) for chet and tune. Tite inidal vau»cular resiDOtise 
to /dliry^xzbon ui die A4I.Pgpnouj]i^^L;s;i^piinc:antiy greaiter at bc^hle\^;ls()f)\j][ arkd.tUbofh 
dcuxis, the re<x)\^u-y to baseluie values apipeanxl delayted. Thus, at bodi Irig mid fimt yVH

"^ 40, P= 0.04: 5ng; F= 12.62, P= 
0.[M)0l^)tmdy Jg.tuiie (Irig; F== 1]L()5, Pc 0.0001: 5ng; 1?= 39.1:5, Pc (l.obol). ^^indicaies
a significant difference to control rats (Pc 0.05).
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through the GR (Kernel et al 1993a), increase transluminal Na^ and Ca^^ transport in cultured 

vzwkcular sm()oth miiscle CV'SIVO (IKxrmel eta/ 1993t,) aaid /n v/vo (KLorne;! a/ 19^)5). TThiis 

both the contractility and reactivity of VSM prior to stimulation by vasoconstrictors is 

increased by glucocorticoids. Increased VSM responsiveness to All, mediated by 

glucocorticoids, may be the crucial process in the development of hypertension in MLP. All, 

()pefafing;tlmou!^k its rectqptors (yiT.16k2i), iruxiiates conbiLcdtm aiid pHnoUIimdicm of "VlShd 

and release of catecholamines and prostacyclin (Griendling & Alexander 1994). Increased All 

action in utero potentiated by the glucocorticoid environment may initiate second messenger 

processes leading to smooth muscle hypertrophy, perhaps due to alterations to intracellular 

electrolytes (Berk e/ a/ 1989), and/or hyperplasia (Daemen ef a/ 1991). Such processes may 

then provide a positive feedback mechanism causing further increases in blood pressure in 

later life (FoUcow 1978).

Determining the primary cause or secondary responses to hypertension is extremely 

difficult. There is, however, sufficient evidence to implicate a role for All in the earliest stages 

of development of hypertension in MLP. In the SHR captopril is more effective at reducing 

VSM hypertrophy than other treatments despite equivalent reductions in SBP (Owens

1987). All may therefore mediate the hypertrophic/hyperplastic growth processes which 

have been precipitated by raised SBP. The observation that blockade of ACE early in life 

(Sherman & Langley-Evans 1998), rather than later (Langley-Evans & Jackson 1995), 

permanently reduces the SBP of MLP, indicates a role for All in the positive feedback 

mechanism leading to secondary hypertension. Similarly, GC may be involved in the 

secondary processes associated with hypertension in SHR since early ADX of SHR prevents 

the development of the hypertensive state (Ruch et al 1984). Whether early (e.g. 2 weeks old) 

ADX, as with All blockade, prevents the development of hypertension in MLP animals is 

not known. Interestingly eaiiy treatment with a Ca^^ antagonist has no eflect on MLP- 

induced hypertension suggesting specificity of the effect to All (Sherman & Langley-Evans - 

unpublished observations).

Whilst altered reactivity of systemic blood vessels to All may initiate structural 

changes (Folkow 1978), increased reactivity to All within vascular beds such as the fetal 

kidney, following glucocorticoid exposure, may influence renal development and predispose
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MLP rats to progressive increases in blood pressure. Late gestation cortisol infusion in fetal 

sheep elicits increases in renal blood flow and glomerular filtration rate (Hill et al 1988). 

Decreased renal blood flow relative to controls has also been noted in adult MLP rats 

(Welham et al 1996) perhaps reflective of earlier intrauterine events. Alterations to the renal 

vascular system and renin-angiotensin system dynamics in utero may therefore potentially 

influence kidney development given that All, via the ATI receptor, regulates nephrogenesis 

and the nephrovascular network (Tufro-McReddie et al 1995). Prenatally programmed 

deficits of renal growth, as a secondary consequence of a poor maternal diet may thus 

influence the functional capacity of the kidney leading to metabolic conflicts in later life 

predisposing to elevated SBP (Mackenzie & Brenner 1995). Unilateral nephrectomy of MLP 

and longitudinal measurements of SBP may test this hypothesis experimentally .

176



$;][>[

6.0. i)][s;(:ij!s:s][()]p4

VV pHM)gTessive rise ia bkxod jpressun: to a pooint i^diere ttus ele\^rkxi blo()d ptresstire 

increases the risk of pathophysiology is termed hypertension. Hypertension is a multi- 

factoiiail chstxise. In oiih/ aamdl pwanxsntagre ()f the ]pop)ulatioit caii the liypMsrtemni/e 

state 1)6 attrH)ihaI)le to ttsit^gh; caiwie sucli as a g^aie dedlxrt (SterA^rtiaf <3/ 1S>88), ()r

secondary to pathophysiology such as Cushing’s syndrome (Ross & Linch 1982). For the 

iruy()rib^ (^>9)094) the mideal)ntig aetiolofry ofhyipertension cann()t1)e reacin]^ explained ami is 

termed essential hypertension’. Hypertension is a major cardiovascular risk factor for stroke 

()r ctMTomury lieart disexL&e (Tlioin at a/ 1992). 5() ytxirs ()f restxmch lias establishexl many 

facdcnscxDntribidinjTtcrw^nrds elevidtxi1^1oo(i]pressim; sucli as; hiwrjplr^sical atdivity, oliesity, 

(irtlie uihikecdFsa.tminkxi fah salt ancltthxihol (Wtmi 1990). Tcigetberthwese factors still cmly 

explain a proportion of cardiovascular risk.

Systolic blood pressure (SBP) tracks from early life to adulthood i.e. a rank order for 

SBP is maintained from infancy to adulthood after allowing for an effect of increased body 

size (Law et al 1993) and is related to the degree of increase of SBP in childhood (Lever & 

Harrap 1992). Factors that may influence SBP in early life may, therefore, determine future 

cardiovascular risk. Barker and colleagues have identified a negative relationship between 

bnitlrw'e^ght aiid SlBl? ui Gbildlw)0(l(TLa\v ef a/19191). Tlie relatiomihip reimuns nth) achilt hfe 

tuidL litrflienn()re, is imniplifhxi \vith (TBtuicer ,2/ aul 1989if). TThns (ietermimmts (of

intrauterine growth leading to an asymmetric or a proportionately small baby at term, also 

influence future cardiovascular risk (Barker 1994).

Whilst genetic factors account for a small proportion of the variation in birthweight, 

non-genetic factors such as the maternal environment have an overriding importance (Brooks 

ef a/ 1SM95; fviflner 6k (Ilucloman 19<)6; Wttltnn 6k Harmmmcl 1938). Intraiiferuae gpxrwfh is art 

anabolic process, requiring nutrients, which the fetus obtains from the mother via the 

placenta. Maternal nutrition can therefore influence the intrauterine growth process. Indeed 

birthweight is related to the intake of specific nutrients within the maternal diet such as
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r»-otein and carbohr/drate ((IcKifrey gf a/ I9()6) ancl nidices ofm^daTial nutridcaial state siK:h

as skinfold thickness (Godfrey et al 1994) and maternal iron stores (Godfrey et al 1991). A 

relatively low intake of protein and reduced skinfold thickness and iron stores all predict 

lower weight at birth.

SBP in childhood and adult life are related to the same indices of maternal nutrition.

IVlaterrud aiiaemia ((joclAxy/ gf a/1991) amiixxiutxxi maternail skiitBohi fhickaiess ((3o(iffey 

<3/ 19'94) amstissoeuikxi v/idi a higgler SBP. yk low intaloe of ptoheui v/idh aai ass()ciated high 

irdaJce ()f czulboliyclnate (iuriog; geshidmi leawis to aii elei/ated SI3P in tlie ()ffspiiuLjg \vlien

measured 45 years later (Campbell et al 1996). The propensity towards hypertension and 

coronary heart disease, is therefore, partially determined in utero by nutritional factors. The 

underlying physiological processes relating maternal nutrition, intrauterine growth patterns 

and adult hypertension are as yet unknown.

The growth and development of an organism is characterised by an increase in size 

aiMi art irwansase in caornpilexity (TVlihter 6k (jluclcman 19961). y\ri hacreaux; iai size is 

accomplished by a net deposition of material and thus an increase in both the number and size 

of cells. An increase in complexity involves cellular differentiation from a population of 

uniform, undifferentiated totipotent cells to form populations of diverse cells specialised for 

distinct functions. Nutrients are the building blocks of growth and nutrient restriction may 

disturb the growth process.

The disturbance of the growth process in the short term, in response to nutrient 

restriction, involves adaptations in the fetal environment which serve to maintain functions 

necessary for continued development. Blood flow and consequently, the nutrients within the 

blood, are diverted preferentially towards the brain and heart which may compromise optimal 

growth of peripheral organs such as spleen, kidney, liver, and muscle (Rudolph 1984). If the 

nutrient restriction is particularly severe then the fetal compromise will be evident as 

intrauterine growth retardation. If the nutrient restriction is mild, then a developmental 

compromise may not be evident from organ masses alone, but the decrease in cellular 

differentiation and/or cell-cell interactions may reduce the functional capacity of cells, tissues, 

organs and the organism as a whole. Decreased functional integrity of organs may, in the face
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of a challenging environment, manifest in later life as disease. The challenging environment 

may merely represent the metabolic handling of excess nutrients in adult life given the 

‘thrifty’ metabolism adopted, and thereafter programmed, in response to mild nutrient 

restriction. This is the framework of the thrifty phenotype hypothesis (Hales & Barker

1992).

Data from animal models lend support to the hypothesis. A maternal low protein diet 

programs aspects of hepatic biochemistry (Desai & Hales 1997) and pancreatic function 

(Dahri etal 1993) that may influence the propensity towards non-insulin-dependent-diabetes 

mellitus. Similarly, prenatal protein restriction alters aspects of adult kidney and renin- 

angiotensin function (Langley-Evans & Jackson 1995; Welham et al 1996; Zeman 1968) that 

may contribute towards elevated SBP. The present work supports a model of hypertension 

programmed by maternal nutrition and suggest an influence of maternal glucocorticoids in the 

programming of the hypertensive state. Assessment of the endogenous flux of corticosterone 

into the fetal compartment in MLP during gestation should help determine a clear role for 

maternal glucocorticoid in programing elevated SBP. It has been demonstrated that de novo 

synthesis of a product of the adrenal gland, likely glucocorticoid in origin, in postnatal life is 

necessary for the maintenance of the hypertensive state.

Maternal protein restriction induced early hypertrophy of the placenta and together 

with increased total placental 11-HSD2 activity at day 14 gestation may have facilitated, in 

part, an accelerated early intrauterine growth rate in MLP rats relative to controls. The 

influence of maternal hormones and growth factors in mediating the growth response of MLP 

in early gestation needs to be established unequivocally. Continuation of the low protein diet 

into late gestation, when fetal demands for nutrients are increased, results in disproportionate 

patterns of growth that are interpreted as an adaptive response to a reduced substrate 

supply. For example the growth curve of the fetal brain over late gestation was maintained in 

proportion to body weight, whereas the growth of the liver and lungs was retarded. However 

interpretation of the 11-HSD2 data presented and that of Seckl et al (1997b) must be treated 

with some caution due to methodological issues.

The mechanism of fetal adaptation to late gestational undemutrition may underpin 

later susceptibility towards hypertension. The fetal HP A axis assumes autonomy at
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a^PFMnoxLimately cla^r 16 in ((Zhabdhiin ef a/1!)8()). rtie A/ILIP (iiet ni(kice<l a re<lu(^icMi in 

the activity of total placental 11-HSD2 at day 20. It is infened that this allows an increased

flux of maternal steroid across the placenta during a critical period of fetal HPA development. 

Whilst requuing confirmation by detailed measurements of steroid flux across the placenta, 

this inlxnentx; u: siupijpoitewi byriiixaceiittrbsen/atiori that Irrain is sigpaiflk^amly (iLsvaLtod

in fetuses exposed to MLP from dl5 gestation onwards (Langley-Evans & Nuwagwu 1998). 

Altered diurnal profiles of adrenocorticotrophic hormone (ACTH) in plasma and increased 

activities of glycerol-3-phosphate dehydrogenase (GPDH) and glutamine synthetase (GS) in 

postnatal life of MLP indicate long term programming effects of glucocorticoid exposure on 

HPA axis function. Interestingly, early menarche is associated with reduced birthweight 

(Cooper et al 1996) and growth hormone secretion in adulthood is related to growth in 

infancy (Fall et al 1997). Both observations are suggestive of programming of hormonal axes 

within the brain in early life.

Reduced secretion of ACTH and increased activity of glucocorticoid-inducible 

enzyme activities are not the causal factor in the programming of hypertension in MLP but 

rather reflect a generalised greater sensitivity to glucocorticoid action. The finding that the 

blood pressure of MLP in adult life is lower following adrenalectomy suggest a role for 

adrenal products in maintaining the raised SBP of MLP. Corticosterone is the likely mediator 

since corticosterone replacement blocked the reduction in SBP following ADX. Furthermore, 

vascular tissue of MLP-female rats appears to be more responsive to the pressor action of 

angiotensin II (All). The development of hypertension in MLP is dependent upon adequate 

circulating All in early life since blockade of All production by captopril prevents 

development of hypertension in MLP (Sherman & Langley-Evans 1998). A glucocorticoid 

role in modulating the pressor responsiveness of vascular tissue to All has been noted in 

humans (Whitworth et al 1995) and m the present results and thus the development of 

hypertension in MLP may involve a synergistic interaction between glucocorticoid and the 

RAS.

The basis for increased central and peripheral sensitivity to glucocorticoids (as 

reflected in the enzyme studies) does not appear to be due to an increased concentration of 

steroid, since corticosterone concentrations were similar between offspring of the two dietary
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groups. However differences in the metabolism of corticosterone between dietary groups has 

not been addressed by the present studies. Babies who were relatively thin at birth, indicative 

of late gestational growth retardation, exhibit increased excretion of cortisol metabolites at 9 

years of age (Clark et al 1995). This may either suggest increased circulating plasma 

glucocorticoid concentrations or altered metabolic handling and breakdown of cortisol.

A number of observations suggest increased glucocorticoid sensitivity in MLP: 

Firstly, the activities of GC-sensitive marker enzymes are elevated relative to control animals 

which is a specific GC effect since the activities of non GC-sensitive enzymes (MD and PK) 

are unaltered by prenatal diet. Secondly, the circulating plasma corticosterone concentration is 

low-normal in MLP. Finally, the pattern of enzyme induction and receptor alterations in 

MLP closely mirrored that observed in obese Zucker rats which represents a clearly defined 

GC-dependent paradigm (Langley & York 1990). Furthermore the increased GC-sensitivity 

of Zucker rats is receptor based (Langley & York 1990). Thus the suggestion is that the 

increased GC sensitivity in MLP is also receptor based, an assertion supported by the fact 

that MLP exhibit increased binding to GR in central regions and vascular tissue (Langley- 

Evans et a/1996c).

Whilst increased vascular GR may mediate increases in SBP increased central GR 

populations may underlie the blunted secretion profile of ACTH in MLP rats. Thus the 

secretion of ACTH, whilst predominantly under the influence of hypothalamic peptides, is 

also responsive to neural projections fi-om the hippocampus which form a native feedback 

circuit (Seckl & Olsson 1995). Enhanced sensitivity to corticosterone feedback mediated by 

increased GR in the hippocampus, as has been noted in MLP (Langley-Evans et al 1996c), 

results in a greater inhibitory signal to the hypothalamus resulting in reduced output of 

ACTH.

Whilst glucocorticoids are involved in the programming of hypertension in MLP they 

do not solely account for the increase in SBP noted, reflecting the situation in the human 

population where hypertension can only be described as being multifactorial. Inhibition of 

angiotensin converting enzyme, in similarity to adrenalectomy of adult MLP, normalises SBP 

in MLP (Langley-Evans & Jackson 1995). Hypertension in MLP, therefore, is the 

consequence of a graded rise in SBP over and above that in control rats due to many
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components operating in concert, but involving centrally programmed factors and peripheral 

HP A, renin-angiotensin and programmed alterations to kidney structure and function. The 

MLP diet specifically and consistently impairs the growth of the kidney as a whole (Langley-

er 1996Q and nune qxxiRcaUy fonnadon ofm^dnons VAdham -

/t rechrcecl ne^]hroii crmiplernent at birth is associates! vddi art 

increased susceptibility to hypertension (Mackenzie & Brenner 1995). The influence of other 

factors that are known to associate with essential hypertension in humans (Reaven & 

licdfrmm 19;;7)anclrats (Langley et a/ Fdcdcard er a/ 1996), suclitis uisulin resistancx:,

have not been addressed by the present studies but may have an, as yet undefined, role.

During mid-late gestation the impact of maternal protein restriction becomes apparent 

as reduced maternal weight gain relative to controls. Interestingly MLP-fetuses enter the third 

week of gestation on an accelerated early growth curve which may render them more 

\nihierable to hmited nutriient at/iulatrdity (TiarcUmijg er (hi 19(12). In (arder Ik) rninimise thie 

impact of protein restriction MLP fetuses appear to respond in late gestation by reducing 

gp«)vydiof die trurdc. .A/t te:nr^ c(Mitrol]pu]ps, either excxxxl or matclitlK: birthweig;lit()f hfl.1) 

pups. A supply of nutrients that does not match the fetal demand results in a shift in 

metabolism favouring a continued supply to organs essential for continued survival which 

may be mediated by endocrine changes.

Fetal adaption to undemutrition involves alterations to circulatory dynamics 

(Rudolph 1984). Changes in the vascular system are mediated by changes in the effectors that 

control the fetal cardiovascular system such as glucocorticoids and angiotensin II (Tangalakis 

et al 1992). Glucocorticoids, whilst enhancing the pressor action of All, also serve to mobilise 

fuel and maintain glucose supply to the brain. Glucocorticoid receptors mediate the cellular 

action of glucocorticoids (McEwen et al 1986). GR expression and function are demonstrable 

in the (ievedtqpuig fetal ratibrain from dtu^ 15 d) terrn (ICihidci at a/ 19()6). /In (dterexi fetal 

metabolic environment produced through undemutrition may promote inappropriate 

expression of GC-inducible genes that, in the short term, facilitates the fetal response to 

intrauterine stress. Stress encountered at an early age permanently programmes GR 

populations (Meaney et al 1988). Inappropriate glucocorticoid action during sensitive 

periods of brain growth influences neuronal growth, maturation and density (McEwen et al
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1986) and may alter the function of the existing neural cell membranes (membrane potential, 

excitability, receptor density) in regions controlling blood pressure within the hypothalamus. 

Thus the ‘set point’ for blood pressure equilibration may be permanently altered in MLP.

ex^npk^ hypoAndannc acHvhy rn^^ indk^^B ag^nenU dkmndKmce of

liypK)dialarnic gltU^uinikiiTKihfbolisrn. (jHhdauntate is (txcifabory in the iiucleiKtrauzhis scditarut^ 

the cardiovascular control centre in the medulla (Talman et al 1984). Similar effects of 

glucocorticoids upon the metabolism and membrane responsiveness to centrally acting 

monoamines, serotonin and noradrenaline (McEwen et al 1986) may further render 

cardiovascular control regions within the brain hyperreactive to afferent inputs. The present 

study, however, has not explored any possible role for the sympathetic nervous system or 

altered central monoamine metabolism in mediating the elevation of SBP in MLP. 

Interestingly, transplantation of hypothalamic tissue from day 16 SHR embryos to 

iionmybKnsiveaidtdt WlClf rats sigtuficaidly elen/ates die SHBI* of the V/Klf rats (Iidam ,af af 

1991). Hypothalamic factors therefore, underlie, in part, hypertension in SHR and may 

contribute to the rise in SBP of MLP.

The primary stimulus promoting elevated SBP in later life may be comprised of a 

combination of factors. These include redistributed intrauterine blood flow profiles in 

response to the metabolic challenge that maternal protein restriction represents and 

programmed alterations to receptors in the vasculature that control the ability of blood 

vessels to redistribute flow. GC may enhance the action of pressor agents such as All and 

nor-adrenaline upon the VSM. In postnatal life an exaggerated response of VSM to pressor 

activity persists perhaps facilitating structural cardiovascular adaptation which may 

predispose to higher blood pressure and secondary hypertension. Structural adaptation 

within the arterial, cardiac and renal baroreceptors in response to the chronically elevated SBP 

may reset the ‘barostat’ function of baroreceptors at a higher level, further contributing to the 

hypertensive state (Sleight et al 1975).

The present thesis has started to explore the mechanisms which underlie the 

development of high SBP in MLP offspring but leaves a number of questions unresolved. 

These results, with others, help create a working hypothesis that may explain the intrauterine 

programming of adult hypertension (Figure 6.1). The feeding of a low protein diet appears to
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have a down-regulating effect upon placental 11-HSD2 activity in the later stages of 

gestation. It is suggested that this results in an increased flux of glucocorticoid from mother to 

fetus. The collective findings of experiments involving maternal ADX, pharmacological ADX 

(Langley 1997a), carbenoxolone inhibition of 11-HSD (Lindsay et al 1996, Langley-Evans 

1997b) and dexamethasone treatment (Benediktsson et al 1993) suggest that an increased flux 

of glucocorticoid would promote increased SBP in the offspring and that the hypertensive 

effect of MLP is dependent upon intact maternal adrenal function. The immature fetal 

hypothalamus may be a primary target for the programming effects of glucocorticoids 

resulting in long term adaptations and alterations to HP A axis function. Effects of nutrient 

restriction, that may or may not be glucocorticoid mediated, upon development of peripheral 

organs may have additional effects upon late cardiovascular function that is independent of 

any centrally mediated mechanism (Langley-Evans et al 1996b). Postnatal interaction of 

central and peripheral effects result in a greater rate of increase in SBP during early life leading 

towards hypertension in later life. If the mechanisms such as, angiotensin II, facilitating 

secondary structural adaptation in postnatal life are blocked then hypertension does not 

develop (Sherman & Langley-Evans 1998). Furthermore the early rise in SBP is exacerbated 

by conditions of nutritional excess. The effects of early exposure to a low protein diet upon 

SBP followed by exposure to a cafeteria-diet in later life are cumulative (Petry et al 1997).

The present data support the fetal origins of adult disease hypothesis proposed by 

Barker (Barker & Osmond 1986). The implications of the hypothesis for human health are 

considerable. As yet there is not sufficient evidence to make any recommendations about the 

nutrition of pregnant women nor suggest any prenatal nutritional interventions, yet these 

remain the ultimate goal of the body of research designed to elucidate the mechanisms 

underlying the hypothesis. Of particular concern is the increasing tide of westernisation in 

developing countries and the concommitant increase in the intake of energy dense foodstuffs. 

Ovemutrition in persons and populations adapted to chronic levels of poor nutrition 

represents a time bomb in terms of the future incidence of degenerative diseases such as 

diabetes and coronary heart disease.
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Figure 6.1. Glucocorticoid programming of Adult Disease 
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There are a number of important directions indicated by the present work. In the first 

instance a measure of the placental flux of corticosterone from maternal to fetal compartments 

during mid-late gestation should be determined. This is central to the mechanism proposed for 

MLP-induced hypertension. In association with this, a measurement of intrauterine 

glucocorticoid action at the level of gene expression, such as glycerol 3-phosphate 

dehydrogenase/tyrosine hydroxylase mRNA in fetal brain, is desirable to confirm an increased 

GC signal in the fetal compartment. Determining the expression and activity of tyrosine 

hydroxylase in fetal and adult tissues would serve a dual function. Firstly, it would determine 

whether the enzymic programming by glucocorticoids is glial cell specific, since tyrosine 

hydroxylase is primarily a neuronal marker. Secondly, tyrosine hydroxylase is a rate limiting 

step in the biosynthesis of catecholamines and therefore would provide a useful marker for 

catecholamine metabolism in central regions. Furthermore, determination of the 

hypothalamic/medulla content of catecholamines, serotonin, angiotensin II and perhaps other 

important neurotransmitters in the control of blood pressure may provide an indication of the 

excitability of the hypothalamic cardiovascular control regions. As yet, no measure has been 

made of cortieotrophin-releasing hormone secretion which may be an important contributor 

to the blunted ACTH secretion profile.

Postnatally, as yet, we have only partially characterised one aspect of the control of 

blood pressure. With an increase in SBP and no change in heart rate we have assumed that 

total peripheral resistance is increased. However this is an assumption and should be tested 

experimentally through measurements of heart rate and blood flow to determine peripheral 

resistance. A measure of cardiac output would help determine whether there is a role for 

increased cardiac output in maintaining increased SBP.

The framework around which the hypothesis is based assumes some degree of 

structural cardiovascular adaptation leading to secondary hypertension. Early interventions 

utilising either surgical or pharmacological techniques should attempt to prevent the 

development of the hypertensive state. Blockade of specific adrenergic receptors or early 

ADX may achieve such a function. Similarly other, albeit downstream, mechanisms involved 

in the regulation of SBP could also be characterised. Preganglionic and postganglionic
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sympathetic blockade utilising relevant pharmacological agents for ot and p receptors and a 

rn(xisure()f ncMnuirenalui turnovxer rate ma;/ indiciite tlie ccmtributioii, ifaiiiy, of a iieuin]gernc 

component. In addition it is important to establish a measure of vascular 

distensibility/contractility/reactivity utilising in vitro organ bath techniques to determine the 

degree to which each vasoactive compound may influence the vasculature of MLP. 

Components of the VSM that may constitute the material of vascular hypertrophy and/or 

hyperplasia could also be quantified through specific staining techniques. VSM contents of 

elastin, actin filaments, the collagens and glycosaminoglycans all contribute to the 

development of contractile smooth muscle.

A pilot study of the effect of 6 d twice daily treatment with the glucocorticoid 

antagonist RU486 (at a dose previously established to be an effective anti-glucocorticoid; 

30mg/kg/day in 0.05ml polyethylene glycol) or vehicle (0.05ml polyethylene glycol) upon the 

pressor response to an intravenous bolus injection of All was carried out in male rats 

(n=3/dietary group) towards the end of the PhD. Male animals were exclusively chosen both 

to avoid potentially confounding interactions of RU486 with sex steroids in females (however 

this may only be of importance during pregnancy) and due to the limitation of female animals 

generated Whilst RU486 treatment appeared to raise blood pressure in control animals by 

approximately 14mmHg (P=NS) when assessed indirectly and by approximately 13mmHg 

(P=NS) using direct methods, no such effect was observed in MLP rats when measured 

directly or indirectly. However, GR-mediated responses cannot be concluded to be 

unimportant in the present study given the low number of animals involved. Where this 

occurs throughout the thesis (predominantly within the MADX study) data could perhaps 

have been pooled to increase the strength of analysis. This is the major weakness of these 

MADX studies and in the future greater numbers will be used to generate more offspring. 

Given that MLP-females exhibit an exaggerated response to intravenous All whereas males 

do not then a potential sex-specific response pattern to an AH bolus may operate in MLP. 

The basis for this and for the other sexually dimorphic responses noted in MLP, especially 

following MADX, may warrant further investigation. Further work in this area may proceed 

by examining similar responses following gonadectomy/hypophysectomy to determine a 

distinct sex-specific effect of prenatal undemutrition.
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APPENDICES

APPENDIX 1

()CM\IP()SITnB0^^1]^Tgr^TfITaiCTI(:I)IETrS.

Maternal Diet.

Composition (% by wt)

18% Protein (Control) 9% Protein (MLP)

‘Casein 18 9

'Snowflake (cornstarch) 425 4825

'Solkafloc (cellulose) 5 5

^Sucrose 2L3 24J

^Choline 0.2 0.2

'Mineral Mix (AIN-76) 2 2

'Vitamin Mix (AIN-76) 0.5 0.5

^DL-Methionine 0.5 0.5

"ComOU 10 10

Gross Energy (MJ/kg) 20.2 19.9

Diet was prepared in the departments own diet kitchen and ingredients were bound together
through the addition of water. Diet, as balls (60-1 OOg dry weight), was dried for 24hr at 60°C and 
stored at -20°C for upto, but no longer than, one month. Gross energy was determined by ballistic 
bomb calorimetry. Ingredients for semi-synthetic diets were purchased from 'Special Diet Services,
UK; ^Tate & Lyle, UK; ^Sigma, UK; "Mazola, UK.
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APPENDS 2.

DIEHL

Nutrient Composition (%)

Protein 18^

Total starch 44.8

Total fibre 123

Sucrose 4.7

Choline 0.95

Major minerals 3.63

Major vitamins 284

Corn Oil

Trace elements 8.6

Diet was provided to the animals as extruded pellets.
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APPENDIX 3 

ASSAY REAGENTS

llp-hydroxysteroid dehydrogenase (IIHSD) buffer:

llgmMNaCl

3.8mM KCl

1.19mM KH2PO4

2.54mM CaClz

1.19mMMgS04

The pH was adjusted by bubbling through CO2.

ACTH radioimmunoassay elution solvents:
Buffer A

1% Triflouroacetic acid (HPLC grade) in distilled water

Buffer B

60% Acetonitrile (HPLC grade) in 1% Buffer A

B.C.A. solution:

50ml Bicinchoninic acid (BCA) solution 

1ml 4% copper sulphate

Bis-benzamide solution:

Stock solution of bis-benzamide made upto 0.2mg/ml with analar water 

Dilute 100 fold prior to use in assay
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CORTICOSTERONE REAGENTS:

Corticosterone Standard (A)

Make a 2mg/ml stock solution of corticosterone in ethanol This is then diluted 1:100 twice in 

ethanol. Further dilute it 1:100 in Diluent. This is then diluted with diluent to achieve the 

following concentrations (ng/ml): 0,0.25, 0.5,0.75,1.0, 1.5 and 2.0.

Diluent

0.05M Tris-HCl pH 8.0

O.lMNaCl

0.1% NaN)

0.1% BS A

Dextran Coated Charcoal Suspension (C)

1% Activated Charcoal Powder 

0.1% Dextran T70

Dissolve dextran in diluent, add charcoal and stir at 0°C for 1 hr and during use.

Radioactive Tracer (D)

^H-corticosterone-minimum 80Ci/mmole prepared in diluent to yeild 150pg/ml.

Take 5p.l of present stock, add 495jil diluent and vortex. Of this take 50fil and add 4950pl 

diluent. Take 2ml and add 14.46ml diluent.

DNA assay buffer (pH 7.4)

50mM NaH2p04 - Titrate to pH 7

Add;

2M NaCl - Readjust pH to 7.4

Folin Ciocalteau working reagent:
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48ml 2% NazCOa in 0.1 M NaOH

0.5ml 0.5% copper sulphate 

0.5ml 1% sodium potassium tartrate 

1ml 10% sodium deoxycholate

Glucose assay buffer:

O.IM sodium phosphate pH 7.0

Glucose assay reagent:

0.8mg/100mls horse-radish peroxidase 

5mg/1 OOmls glucose oxidase 

O.lg/lOOmls ABTS 

made up in glucose buffer

Glutamine Synthetase (GS) homogenisation buffer: 

0.25 M sucrose 

ImM EDTA

Glutamine Synthetase reaction mixture:

20mM MgCb

20mM p-mercaptoethanol 

60mM glutamate (K salt)

40mM hydroxyalanine-HCL 

lOmM phosphoenol pyruvate 

0.5u/ml pyruvate kinase

Glutamine Synthetase colour reagent:

0.37M ferric chloride
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0.67M HCL

0.2M Tricloroacetic acid

Glycerol phosphate dehydrogenase homogenisation buffer: 
lOmM sodium phosphate pH 7.15 

ImM EDTA (disodium salt)

lOOpg/mlBSA

Glycerol phosphate dehydrogenase reaction mixture: 
lOmM sodium phosphate pH 7.15 

ImM EDTA (disodium salt)

lOOpg/mlBSA 

167pM NADH

Malate dehydrogenase homogenisation buffer:
20mM potassium phosphate pH 7.5 

0.5mM EDTA 

50% glycerol (v/v)

Malate dehydrogenase reaction mixture: I

50mM AMP pH 9.5

lOOpM NAD

5pg/ml glutamate-oxaloacetate transaminase

lOmM malate

lOmM glutamate (Na Salt)

Pyruvate kinase homogenisation buffer 

0.25M sucrose 

17mM MOPS pH 7.1
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50mM NaF 

5mM dithiothreitol

2.5mM EDTA

Pyruvate kinase reaction buffer

270mM Tris-HCl pH 7.1

20mM MgS04

66mM KCL

2.5mM ADP

0.16mM NADH

5.5 u/ml lactate dehydrogenase

Tyrosine Aminotransferase homogenisation buffer:

125mM KPO4 pH7.6

ImM EDTA 

ImM Dithiothreitol

Tyrosine Aminotransferase reagent:

1.6ml 7.57mM tyrosine 

200|nl a-ketoglutarate

40p,l 5mM pyridoxal 5-phosphate
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APPENDIX 4

Figure Al. The dose response curve of chow-fed animals to varying bolus 

injections of Angiotensin II

ASBP
(mmHg)

THhe ^pMqphre^DfeserUs ckibi(irKwin for n=7 arurnids at eadi dcww: cd" angjoiensui II. 
Angiotensin II (AH) was injected directly into the femoral vein as described in Methods
2.5. at doses of between 1.25-80 ng AH. At each dose the animal was given 2-3 injections 
and the average maximal response taken. A period of at least 5 mins was allowed between 
doses after which SBP had returned to baseline values. The exact halflife of All in plasma 
was not determined in the present study. However, All was quickly metabolised in the 
plasma to such an extent that following 5 mins post-injection at the highest doses of AH, 
SBP of rats had returned to baseline values. The curve indicates that at doses above 40ng 
All the mechanisms facilitating increased blood pressure in response to AH were saturated.
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The vascular response over time of chow-fed animals to
varying bolus Injections of Angiotensin II

ASBP
(mmHg)

Figure A2

The graph represents data (mean +SEM) for n=7 animals at each dose of angiotensin 11. 
Angiotensin II (AH) was injected directly into the femoral vein as described in Methods
2.5. at doses of between 1.25-20 ng AH. The graph indicates that after approximately 
3mins the elevated systolic blood pressure in response to All infusion had returned to initial 
baseline values.
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Figure A3. Effect of time spent in the restraint tube

SBP
(mniHg) SBR

Data represent the mean +SEM for n=6 rats. Rats were placed into a restraint tube and the 
blood pressure was recorded immediately and 5, 10 and 15 minutes later. Blood pressure 
fell oyer the initial 3-5mins in the restraint tube. Pressure rose again after 5-7 minutes in the 
restraint tube. The optimum time therefore for measurement of systolic pressure was 
established to be approximately 5mins following entry to restraint tube.
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Figure A4. Effect of training

SBP
(mmHg)

a Trained 
ma TJ^itrajrieci

Rats were either trained to the blood pressure apparatus for 3 days prior to measurement or 
not introduced to the apparatus until the day of measurement During training the rats 
(n=6/group) were twice placed in the pers^x restraint tube for approximately 5mins each 
day. Figure A4 illustrates the effect of training on the initial blood pressure of the animals. 
The initial systolic blood pressure of untrained animals was not significantly different to 
that of trained animals (121 ±2mmHg vr 128mmHg respectively, P= NS) and further 
measurements taken at 1, 2, and 3 days later indicated that the blood pressure of previously 
untrained animals did not differ significantly from their initial value (paired t-test, P= NS).
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