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ABSTRACT The role of glucocorticoids in the intra
uterine programming of hypertension was assessed in
the progeny of rats fed either 18 g casein/100 g diet
(control diet) or 9 g casein/100 g diet (low protein diet),
before conception and throughout pregnancy. Rats ex
posed to the low protein diet had significantly (P 0.05)
higher systolic blood pressures than control animals,
when weaned. These rats had elevated brain and liver
activities of specific glucocorticoid-inducible marker en
zymes, relative to controls. Glycerol 3-phosphate dehy-
drogenase activity was also higher (377%) in whole
brains of newborn rats exposed to low protein diet in
utero, but no similar effect of corticosteroids was noted
in brains of d 20 fetuses. Weanling rats of the low protein
group exhibited a blunted diurnal pattern of adrenocorti-
cotrophin (ACTH) concentrations in plasma. Plasma
corticosterone concentrations were unaltered by prena
tal dietary experience and exhibited a normal pattern
of diurnal variation. Brain regional l 1/3-hydroxysteroid
dehydrogenase activities were unaltered by prenatal di
etary experience, as was binding of 3H-corticosterone

to type Iglucocorticoid receptors in hippocampus, hypo
thalamus and liver. Type IIglucocorticoid receptor bind
ing capacity and receptor numbers in male rats were
apparently elevated in hippocampus of low protein-ex
posed rats and were significantly lower in liver (P <
0.05), relative to control rats. Programming of the hypo-
thalamic-pituitary-adrenal axis is inferred, and the ob
servation that binding of steroid to type IIreceptor sites
in vascular tissue is increased in low protein exposed
rats may provide a direct mechanism for modulation of
blood pressure by glucocorticoids in this model. J.
Nutr. 126: 1578-1585, 1996.
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An extensive series of epidemiological investiga
tions of populations in both developed (Barker 1995)
and developing nations, has indicated that the intra

uterine environment is a major determinant of disease
in adult life. It is proposed that maternal undernutri-
tion may "program" permanent physiological and bio

chemical changes in the fetus, initiating cardiovascular
pathologies that will appear in later life (Barker 1995,
Barker et al. 1993).

Animal studies have provided strong support for this
hypothesis. Genetic models of hypertension such as
the Spontaneously Hypertensive Rat appear to be asso
ciated with intrauterine growth retardation (Iwase et
al. 1995) and may be ameliorated by nutritional manip
ulation (McCarty and Fields-Okotcha 1994). Recent
studies in rats have demonstrated that fetal exposure to
mild maternal protein restriction results in increased
blood pressure in later life (Langley and Jackson 1994,
Langley-Evans and Jackson 1995, Langley-Evans et al.
1994). This phenomenon, also seen in humans that
have undergone intrauterine growth retardation (Law
et al. 1993), is detectable early in life and apparently
lifelong (Langley-Evans et al. 1994). The low protein
diet model in the rat may therefore provide a useful
approach to the elucidation of molecular mechanisms
to explain the association of maternal nutrition with
later cardiovascular disease.

Edwards et al. (1993) proposed that glucocorticoids
may program cardiovascular disease in utero and that
the placental enzyme 11/0-hydroxysteroid dehydroge
nase (l 1/3HSD)4 plays a key role in protecting the fetus
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INTRAUTERINE PROGRAMMING OF GLUCOCORTICOID ACTION 1579

TABLE 1

Composition of purified control (18 g casein/100 g) and low
protein (9 g casein/100 g) diets1

Dietary protein

Control Low protein

g/100 g diet

CaseinCornstarchCellulose

fiberSucroseCholine

chlorideDL-MethionineAIN-76

mineralmix2AIN-76
vitaminmix2Corn

oil1842.5521.30.20.520.510948.5524.30.20.520.510

1Diets were provided to the rats as balls (60-100 g dry weight].
2 Supplied by SDS (Cambridge, UK).

from adverse effects of corticosteroids. In support of
this hypothesis, we have demonstrated that rat placen-
tal 11/SHSD activity is lowered by maternal low protein
diets (Phillips et al. 1994). Furthermore, maternal diet-
induced hypertension in rats is abolished by inhibition
of maternal and fetal corticosterone synthesis (Langley -
Evans et al. 1996b). Our working hypothesis is that
maternal protein restriction in pregnancy leads to pro
gramming of lifelong changes to hypothalamic-pitu-
itary-adrenal axis function. This in turn may be respon
sible, directly or indirectly, for the resetting of homeo-
static controls over cardiovascular function and
eventually for the development of disease. In the cur
rent paper, we present evidence that the hypothalamic-
pituitary-adrenal axis is indeed programmed in utero
by maternal nutrition.

MATERIALS AND METHODS

Chemicals. Standard chemicals and reagents were
purchased from Sigma (Poole, UK). 3H-corticosterone

was obtained from Amersham (Little Chalfont, UK).
RU486 was the kind gift of Roussell-UCLAF (Romain-
ville, France).

Animals. Animal experimentation was performed
under license from the British Home Office and was in
compliance with the 1986 Animal Act. Rats were of the
Wistar strain, bred in the University of Southampton
animal facility. The animals were housed at 24Â°Cin
wire mesh cages, with a 12-h lightidark cycle. All rats
had free access to food and water.

A total of fifty-six virgin female rats (200-225 g)
were used to generate the offspring used in the experi
ments. The dams were habituated over 14 d to purified
diets (Table 1) containing either 18 g casein/100 g diet

(control diet) or 9 g casein/100 g diet (low protein diet),
as previously described (Langley et al. 1994). After 14
d, the rats were mated and fed the same diets until they
gave birth. Within 1-12 h of delivering, all rats were
transferred to a standard, nonpurified diet (CRMX, Spe
cial Diet Services, Cambridge, UK), and litters were
culled to a maximum of eight (4 male, 4 female) pups
(Langley-Evans et al. 1994). The offspring differed,
therefore, only in terms of prenatal dietary experience.
At 4 wk of age, the pups were weaned onto the nonpuri
fied diet.

A proportion of the pregnancies (6 of 28 in each di
etary group) were terminated at 20 of gestation, and
fetuses removed and killed for tissues. The offspring of
a further six dams in each group were killed at birth. Of
the remaining 16 litters in each group, 11 were killed at
weaning and the remainder at 7 wk of age.

Tissue collection. Pups killed at d 20 of gestation
or at birth were decapitated and whole brains removed.
Weanling rats were either decapitated (if hormonal
analysis was required) and blood collected, or killed
by cervical dislocation. Blood was taken into lithium
heparin tubes and plasma prepared. Brain and liver
were rapidly excised. Hippocampus, hypothalamus and
cerebellum were dissected from the brains as described
previously (Langley and York 1990a). All tissues were
frozen immediately in liquid nitrogen and later stored,
with plasma, at -80Â°Cfor up to 3 mo prior to biochemi

cal analyses.
Measurement of systolic blood pressure. Systolic

blood pressure was determined, no more than 3 d prior
to killing, using an indirect tail-cuff method, as de
scribed previously (Langley-Evans and Jackson 1995).
Pressures of both male and female rats were recorded
and no gender-related differences observed. An IITC
model 29 blood pressure monitor linked to a computer
software package to determine pressures using a preset
algorithm was used (Linton Instrumentation, Diss,
UK). To further avoid observer bias, the operator was
unaware of the in utero dietary exposure of the animals.

Enzyme assays. The glucocorticoid-inducible en
zymes glycerol 3-phosphate dehydrogenase (GPDH, EC
1.1.1.8), glutamine synthetase (GS, EC 6.3.1.2), tyro-
sine aminotransferase (TAT, EC 2.6.1.5) and the gluco-
corticoid-insensitive enzymes malate dehydrogenase
(MD, EC 1.1.1.37) and pyruvate kinase (PK, EC 2.7.1.40)
were assayed using the method of Langley and York
(1990b). TAT activity differs between male and female
rats and only male livers were assayed. For all other
activities, tissues from both male and female rats were
used because there were no gender-related differences.
Assay of 11/Ã–HSDwas conducted in brain regions of
male rats using the method of Benediktsson et al.
(1993), with either NAD or NADP as cofactors to dis
tinguish the two isoforms.

Enzyme activities were expressed per milligram of
protein. Because buffers used in some of the enzyme
assays competed with copper-based protein assays, pro-
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1580 LANGLEY-EVANS ET AL.

TABLE 2

Day 20 fetal and placental weights and full-term birthweights of
rats exposed to different levels of maternal dietary protein1*2

Maternal diet Control Low protein

Fetal weight
Placental weight
Birthweight

2.82 Â±0.08
0.54 Â±0.01
5.56 Â±0.09

3.25 Â±0.08*
0.59 Â±0.02*

5.67 Â±0.11

1All data are presented as means Â±SEM,n = 55-89; "significantly

different than 18 g casein/100 g control group, P < 0.05.
2 Dams fed 18 g/100 g (control) or 9 g/100 g (low protein] casein

diets (n = 6 per group! were killed at d 20 and fetal tissue and placenta
obtained. The offspring of 6 dams per group were killed at birth and
tissues obtained.

tein was estimated using the methods of Lowry et al.
(1951), Bradford (1976) and Smith et al. (1985).

Hormone determinations. Plasma adrenocortico-

trophin (ACTH) was determined in female rats using a
commercial RIA kit (RIK 8502, Penninsula Labora
tories, Belmont, CA), following acid extraction. Corti
costerone was assayed in ethanolic extracts of plasma
from female rats, as described by Langley and York
(1990a).

Receptor binding. Type I and type II glucocorticoid
receptor binding was estimated in male rats, using the
method of Langley and York (1990b). 3H-corticosterone
(20 nmol/L) was incubated with semipurified 100,000-g
cytosol preparations of liver, hippocampus, hypothala
mus and thoracic aorta from adrenalectomized rats. Tis
sue was obtained 12 h after surgery to allow clearance
of endogenous steroid from receptors, but not allowing
upregulation of receptor numbers (McEwen et al. 1974).
Nonspecific ligand binding was determined by competi
tion of 3H-corticosterone with a 500-fold excess of

RU486 [type n binder, (Moguilewsky and Philibert
1984)] or aldosterone [type I binder (Reul and DeKloet
1985)]. Bound and unbound steroid were separated by
gel filtration. Scatchard analyses (Langley and York
1990b) of binding in liver (4-5 individual rats per group),
hippocampus and hypothalamus (pooled brain regions
from 15 rats in each group), were performed using a
concentration range of 2-25 nmol/L 3H-corticosterone.

Statistical analysis. Where appropriate, one- or
two-way ANOVA was performed with a Tukey test
used for post-hoc analysis. Other analyses used Stu
dent's t test. A probability of 5% or less was accepted

as statistically significant. All data are presented as
means Â±SEM.

RESULTS

At d 20 of gestation, the weights of fetuses from
dams fed the low protein diet were significantly greater
than the weights of control fetuses (Table 2). Placental

weights were also greater in the low protein group on
d 20. By full term, no significant differences in birth-
weights of the pups were apparent.

Activities of glucocorticoid-inducible (GS, GPDH)
and glucocorticoid-insensitive (MD, PK) marker en
zymes were determined in whole brains from d 20 fe
tuses and newborn pups. Maternal protein restriction
had no effect on total brain protein at either age (Table
3), and activities of GS and MD were similarly unal
tered by prenatal dietary experience. In the d 20 fetuses,
GPDH activity in whole brain was similar in the two
groups of rats, whereas PK activity was significantly
(14%) lower in the low protein-exposed group. At full
term, PK activity was similar in the two groups, but
activity of GPDH was massively (377%) elevated in
the brains of the low protein-exposed pups, relative to
control pups.

The same enzyme activities were assessed in spe
cific brain regions of weanling rats. Hippocampus, hy
pothalamus and cerebellum were selected as known
glucocorticoid target tissues. No maternal diet-related
differences in total protein concentrations were noted
in any of the three regions (Table 4). Activity of GPDH
was higher in hippocampus and hypothalamus of rats
exposed to low protein diets in utero, relative to control
rats. Similarly, GS activity was significantly higher in
all three brain regions of low protein-exposed rats. Ac
tivity of MD in hippocampus and hypothalamus was
unaltered by prenatal diet, whereas in cerebellum a
21 % lower activity was noted in the low protein group,
relative to control rats.

Activity of the hepatic glucocorticoid-sensitive en
zyme, TAT, was 100% higher in rats exposed to mater
nal low protein diets (18 g casein per 100 g diet, n = 8,
2.00 Â±0.58 nmol/fmin-mg protein); 9 g casein/100 g
diet, n = 6, 4.14 Â±0.87 nmol/(min-mg protein), P <
0.05). Systolic blood pressures of the weanling rats were
also assessed, and pressure in both males and females
was significantly higher in the low protein group (con
trol, 109 Â±2 mm Hg, n = 23; low protein, 123 Â±4 mm
Hg, n = 21, P < 0.05).

Hormones of the hypothalamic-pituitary-adrenal
axis were determined in plasma at four different points
in the light cycle to assess diurnal variations. In control
animals, plasma ACTH concentrations varied between
395 and 552 ng/L, with a maximum concentration at
0300 h and a minimum at 0900 h (Fig. 1). In weanling
rats which had undergone intrauterine protein restric
tion, there was no evidence of diurnal variation, and
plasma ACTH concentrations varied only between 413
and 435 ng/L over the 24 h studied. At 0300 h, plasma
ACTH concentrations were significantly lower in the
low protein group. Two-way ANOVA indicated that
plasma ACTH concentration was significantly influ
enced by maternal diet (P < 0.01) and time of day (P <
0.02), and that maternal diet tended to interact with
time of day (P = 0.09). Plasma corticosterone (Fig. 2)
concentrations were similar in the two groups of rats at
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INTRAUTERINE PROGRAMMING OF GLUCOCORTICOID ACTION 1581

TABLE 3

Activities of glucocorticoid-inducible and glucocorticoid-inseasitive enzymes in whole brains of d 20 fetuses
and newborn rat pups, exposed to different levels of maternal dietary protein1Â«2

Age

Maternal diet

Day 20 fetus Newborn

Control Low Protein Control Low Protein

Total protein, mg/g tissue
GPDH,3unitsGS,
unitsMD,
unitsPK,

units114.1

Â±7.0
2.75 Â±0.43119.2
Â±4.5158
Â±4435

Â±12113.3

10.7
2.540.34112.7
3.9151
5375

20*140.2

15.3
1.850.30117.5
5.6231
8338

16110.3

6.5
8.842.37*112.8

3.6242
5373

37

1All data are presented as means Â±SEM,n = 7-10 observations; "indicates a significant effect of low protein exposure [P < 0.05].

2 Dams fed 18 g/100 g (control) or 9 g/100 g (low protein) casein diets (n = 6 per group) were sacrificed at d 20 and fetal tissue and placenta
obtained. The male and female offspring of 6 dams per group were killed at birth and tissue obtained.

3 GPDH, glycerol 3-phosphate dehydrogenase; GS, glutamine synthetase; MD, malate dehydrogenase; PK, pyruvate kinase. Units of enzyme
activity are nmol product formed/(min â€¢mg protein].

all times of day. In both groups, plasma corticosterone
concentrations rose with the onset of the dark cycle,
with maximal concentrations at 2100 h, and fell with
the onset of the light cycle. Plasma corticosterone con
centrations at 0900 and 1500 h were significantly lower
than at 2100 h (P < 0.05).

Specific binding of 3H-corticosterone to type I and

type II glucocorticoid receptors was assessed in liver,
hippocampus, hypothalamus and thoracic aorta (Table
5). A tissue-specific pattern of maternal diet-related
differences was noted. Rats exposed to low protein
diets in utero bound significantly more 3H-corticoste-

rone at type II sites in hippocampus (41% greater bind
ing, P < 0.05) and thoracic aorta (188% greater binding,
P < 0.05). Type II binding tended to be lower in the
livers of low protein-exposed rats than in controls (P <
0.1). Assessment of type II binding by Scatchard analy
sis (Table 6) indicated that there were significantly
fewer receptors in the livers of the low protein group
(P < 0.05). Binding affinity for corticosterone of these
liver receptors tended to be greater in the low protein

groups (P < 0.2). Type II receptor number was appar
ently elevated in hippocampus, and affinities of the
receptors for corticosterone were similar in both groups
of rats. In hypothalamus, type II receptor number and
affinity were unaltered by prenatal dietary experience.

Binding of 3H-corticosterone to type I receptors of

liver, hippocampus and hypothalamus was similar in
both groups of rats (Table 5). Access to the type I recep
tor is regulated by tissue 11/3HSD activity. The activi
ties of both the NAD- and NADP-dependent isoforms
of the enzyme were assayed in hippocampus and hypo
thalamus (Table 7). Maternal protein restriction had
no significant effect on either activity in these brain
regions.

DISCUSSION

Retrospective studies of human populations suggest
that patterns of disproportionate fetal growth retarda-

TABLE 4

Activities of glucocorticoid-inducible and glucocorticoid-insensitive enzymes in brain regions of weanling rats,
exposed to different levels of maternal dietary proteinl*2

BrainregionMaternal

dietTotal

protein, mg/gtissueGPDH,4
unitsGS,
unitsMD,

unitsHC3Control134

Â±9ND152

Â±722.9
Â±0.9Low

protein139

Â±12ND187

Â±13*18.2

Â±1.1HYControl133

Â±943.6
Â±2.5186
Â±426.9
Â±0.9Low

protein150

Â±352.9
Â±2.6*237
Â±9*27.0

Â±1.7CERControl130

Â±1114.8
Â±1.3184
Â±832.8
Â±1.2Low

protein155

Â±1521.0
Â±0.9*243

Â±12*25.9
Â±0.8*

1All data are presented as means Â±SEM,n = 9-10 observations; "indicates a significant effect of low protein exposure (P < 0.05). ND, not

determined.
2 The male and female offspring of dams fed 18 g/100 g (control) or 9 g/100 g (low protein) casein diets (n = 6 per group) were killed at

weaning (4 wk of age) and whole brains removed for immediate dissection of regions.
3 HC, hippocampus; HY, hypothalamus; CER, cerebellum.
4 GPDH, glycerol 3-phosphate dehydrogenase; GS, glutamine synthetase; MD, malate dehydrogenase. Units of enzyme activity are nmoles

product formed/(min â€¢mg protein).
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600
[ACTH] ng/L

500

400

300

9 g/100 g 18 g/100 g

300 900 1500 2100

Time of day (h)

FIGURE 1 Diurnal variation of plasma adrenocorticotro-
phin (ACTH) concentrations in rat pups exposed to different
protein diets in utero. All data are means Â±SEM for 4-6
observations per group. Female rats aged 4 wk were killed at
0900, 1500, 2100 and 0300 h and plasma obtained* indicates
a significant effect of maternal dietary restriction. Two-way
ANOVA indicated a significant effect of maternal diet (P <
0.01 ) and time of day (P < 0.02) on plasma ACTH concentra
tion and that there was a tendency for the effect of time to
be modulated by maternal diet (P = 0.09).

tion are strongly associated with cardiovascular disease
and noninsulin-dependent diabetes in later life (Barker
1995). In keeping with observations in humans, we
have previously shown that undernutrition of pregnant
rats induces increases in blood pressure in the resulting
offspring (Langley and Jackson 1994). The hypertensive
effect of protein restriction, as demonstrated in the
present paper, is consistently associated with an in
creased placental weight at d 20 of gestation and would
appear to be coupled to late gestation growth retarda
tion. As previously described, the low protein-exposed
fetuses were larger than controls at d 20, but by full
term were of lower (Langley-Evans et al. 1994) or nor
mal birthweight. During the last 2 d of gestation, the
body weight of the rat fetus doubles, and growth of
peripheral organs such as the liver during this period
appears to be vulnerable to the adverse effects of mater
nal low protein diets (Langley-Evans et al. 1996a). Brain
growth of low protein-exposed fetuses, however, ap
pears to be spared.

The diets used in these experiments were balanced
with respect to energy, fiber, fat, minerals and vitamins
(Langley et al. 1994). The low protein diet represented
only a mild restriction of maternal protein intake, be
cause the pregnant rat dam requires 12 g protein/100 g
diet (National Research Council 1978). Much of the

effect of prenatal exposure to this diet should be attrib
utable to protein restriction, because maternal protein
intake is reduced by 50% and carbohydrate intake in
creased by only 14% in dams consuming the diet,
changes which typically do not alter overall food intake
(Langley and Jackson 1994).

In the current investigation, we examined a number
of indices of hypothalamic-pituitary-adrenal (HPA) axis
function. The experiments of Edwards et al. (1993) have
suggested a role for intrauterine exposure to glucocorti-
coids in programming of hypertension. This hypothesis
is consistent with our model of nutritional manipula
tion (Langley and Jackson 1994, Langley-Evans et al.
1994). Pharmacological blockade of corticosterone syn
thesis abolishes the effect of maternal low protein diets
on the blood pressures of young adult rats (Langley-
Evans et al. 1996b). This indicates that nutritional pro
gramming of cardiovascular function is an adrenal ste
roid-dependent phenomenon. To investigate HPA axis
function, we used three approaches. Activities of
marker enzymes for glucocorticoid action were deter
mined in central and peripheral tissues. Although glu-
cocorticoid-inducible, these activities were unlikely to
have any direct role in programming of blood pressure.

35

30

25

20

15

10

[CORTICOSTERONE] pg/L

18 g/100 g

300 900 1500

Time of day (h)

2100

FIGURE 2 Diurnal variation of plasma corticosterone
concentrations in rats exposed to different protein diets in
utero. All data are means Â±SEM for 5-6 observations per
group. Female rats aged 4 wk were killed at 0900, 1500, 2100
and 0300 h and plasma obtained. Two-way ANOVA indicated
a significant effect of time of day (P < 0.0005) on plasma
corticosterone concentration. For both groups, plasma corti
costerone was significantly higher at 2100 h than at 0900 h
(P < 0.05) and 1500 h (P < 0.04). For the low protein group,
a significant difference between concentrations at 0300 and
0900 h was also indicated (P < 0.04).
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INTRAUTERINE PROGRAMMING OF GLUCOCORTICOID ACTION 1583

TABLE 5

Specific binding of 20 nmol/L 3H-corticosterone to glucocorticoid
receptors in liver, hippocampus, hypothalamus and thoracic

aorta of rats exposed to maternal low protein diets in utero1Â»2

Type I receptors Type II receptors

Maternal diet Control
Low

protein Control
Low

protein

fmol bound/mg protein

Liver 32 Â±8 42 Â±17 344 Â±95 234 Â±56
Hippocampus 87 Â±6 135 Â±20 51 Â±8 72 Â±3'

Hypothalamus 115 Â±8 137 Â±3 42 Â±7 43 Â±4
Thoracic aorta ND ND 40 Â±10 115 Â±25*

1 All data are presented as means Â±SEMfor n = 4-12 observations
(aorta n = 14-18|; 'indicates a significant effect of exposure to low

protein diets (P < 0.05}. ND, not determined.
2 The male offspring of dams fed 18 g/100 g (control] or 9 g/100

g (low proteinl casein diets were adrenalectomized for clearance of
endogenous steroids and killed 12 h postsurgery. Whole brains were
removed for immediate dissection of regions.

Second, HPA axis hormone concentrations were mea
sured at four different points in the light cycle to assess
diurnal secretion patterns. Finally, we used competi
tive ligand binding assays to determine type I and type
II glucocorticoid receptor binding activity in central,
peripheral and vascular tissue.

Glucocorticoid-inducible enzyme activities in brain
regions and in the livers of low protein-exposed wean
ling rats were higher than in control animals. This ap
peared to be a specific steroid-mediated effect because
all three marker enzymes had higher activity, although
unrelated, and glucocorticoid-insensitive enzymes and

TABLE 6

Glucocorticoid type II receptor numbers and affinities in liver
and brain regions of rats exposed to different levels of maternal

dietary protein, as determined by Scatchard analyses1-2

MaternaldietLiverHippocampus

HypothalamusControl941

Â±9441

159Lowprotein186

Â±5181

190Controlg/100

g'

5.98 Â±1.492.49

3.32Lowprotein5.60

Â±1.534.42

4.90

1 Liver data represents means Â±SEM,n = 4 (control] or 5 (low
protein). Hippocampus and hypothalamus data are single determina
tions; "indicates significantly different than 18 g/100 g control (P <

0.05).
2 The male offspring of dams fed 18 g/100 g (control) or 9 g/100

g (low protein] casein diets were adrenalectomized for clearance of
endogenous steroids and killed 12 h postsurgery. Whole brains were
removed for immediate dissection of regions.

3 Bmaxi maximum binding; Kj, dissociation constant.

TABLE 7

Effect of exposure to maternal low protein diets on activities of
llÃŸ-hydroxysteroid dehydrogenase (llÃŸHSD) isoforms in rat

pup hippocampus and hypothalamus^*2

NAD NADP

MaternaldietHippocampus

HypothalamusControl4.5
Â±0.4

4.3 Â±0.3Lowprotein

Control11/3HSD

units35.6

Â±0.5 11.8 Â±1.4
5.1 Â±0.5 6.6 Â±0.6Lowprotein9.7

Â±1.1
5.6 Â±0.3

1All data are presented as means Â±SEM,n = 6.
2 The male offspring of dams fed 18 g/100 g (control) or 9 g/100

g (low proteinl casein diets were killed and whole brains rapidly
removed for immediate dissection of regions.

3 Units of 11/Ã®HSDactivity are percentage of corticosterone con
verted to ll-dehydrocorticosterone/jmin-mg protein].

total protein concentrations were either unaltered or
lowered. Although GPDH and GS are present in fetal
rat brain, no steroid induction appeared to have oc
curred in d 20 fetuses of the low protein group. By full
term (d 22), GPDH activity was nearly four fold higher
in the low protein-exposed group. These apparent tem
poral shifts in glucocorticoid effects may be explained
in a number of ways. The use of whole fetal brains
may have masked steroid-induced increases in enzyme
activity in specific brain regions or nuclei. The hippo
campus, hypothalamus and cerebellum (comprising at
most 20% of total brain weight) are rich in receptors
at this time in development (Rosenfeld et al. 1988),
whereas the cortex, comprising much of the total brain
mass, has a relatively lower receptor density. Alterna
tively, the enzyme data may indicate that brain recep
tor changes required to mediate increases in sensitivity
to corticosteroids do not develop until postpartum. Fur
thermore, insufficient fetal corticosterone may be pres
ent to elicit any responses because the peak in fetal
adrenal corticosterone secretion occurs later, at around
the time of birth (Atkinson and Waddell 1995, ChÃ¢te
lain et al. 1980). A further explanation is that the Ed
wards hypothesis (Edwards et al. 1993) is incorrect and
that rather than representing a primary intrauterine
programming stimulus, glucocorticoid action in pro
gramming hypertension becomes important only in the
postnatal period. In this respect, however, a resetting
of the fetal HPA axis by intrauterine conditions may
be critical. Stewart et al. (1995) argue that rather than
providing a protective screen for the fetus against gen
erally adverse effects of maternal corticosteroids, pla-
cental 11/Ã–HSDactivity has a crucial role in the devel
opment of the fetal adrenal. A lower activity of this
enzyme, as observed in rats fed low protein diets (Phil
lips et al. 1994), may provide a greater impact of mater
nal steroids on the fetal HPA axis and establish an
altered pattern of function.
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Consistent with the above proposal, weanling rats
from the low protein group were found to have
blunted diurnal variation in plasma ACTH concentra
tions. In control animals, peak ACTH concentrations
were observed in the middle of the dark phase (0300
h), with a trough early in the light phase (0900 h),
as reported by other workers (Atkinson and Waddell
1995). At 0300 h, the low protein-exposed animals
had failed to increase plasma ACTH concentrations
and had significantly lower levels of the hormone
than controls. Corticosterone concentrations in both
groups of rats followed a diurnal pattern similar to
that seen for plasma ACTH concentrations in the
control group. Clearly, HPA axis tone in low protein-
exposed rats was altered by undernutrition in utero,
and the presence of normal diurnal secretion of corti
costerone with blunted ACTH secretion may indicate
hyper-responsiveness to ACTH in the adrenal. Fur
ther investigations of HPA axis function should in
clude dexamethasone suppression tests to assess reg
ulation of ACTH secretion from the pituitary as well
as synacthen (an ACTH analog) treatment to examine
hormonal interactions within the axis.

Although the marker enzyme activities suggest in
creased corticosterone action in brain and liver of low
protein diet-exposed rats, no evidence of increased
plasma corticosterone concentrations was obtained. In
creased activity of the corticosterone-sensitive en
zymes, concomitant with low to normal hormone con
centrations, is indicative of increased sensitivity to the
glucocorticoids, mediated by the hormone receptors.

The finding of greater type II receptor numbers in the
hippocampus of low protein-exposed rats is consistent
with increased sensitivity to corticosterone being me
diated at the receptor level. GPDH and GS are both
regulated through the classical type II glucocorticoid
receptor (DeKloet and Reul 1987). Increased hormone
binding at these sites would be expected, however, to
decrease receptor number, as was observed in the liver.
Type II receptors are downregulated by corticosterone
(Sapolsky et al. 1984). It would appear, however, that
other regulatory mechanisms may operate in brain tis
sue. ACTH and monoamine neurotransmitters are pu
tative regulators of central receptor numbers (DeKloet
et al. 1987). A similar phenomenon of elevated central
type II receptor numbers, in association with increased
sensitivity to glucocorticoids, has been previously de
scribed in genetically obese fa/fa rats (Langley and York
1990b).

Type I receptor binding was unaffected by prenatal
dietary experience. Unexpectedly, binding to type I sites
in brain regions exceeded binding to type u sites. The
type n site is generally the more numerous receptor in
central regions (Reul and de Kloet 1985). Access to the
type I sites is controlled by tissue 11/3HSD activity
(Funder et al. 1988). The type I receptor is identical to
the aldosterone receptor (Reul and Dekloet 1985), and in
mineralocorticoid target tissues, higher 1l/OHSD activity

is required to prevent inappropriate binding of corticoste
rone. The lack of increased type I binding and the normal
11/Ã–HSDactivity observed in low protein-exposed rats
suggest that glucocorticoid-specific effects in these ani
mals are not mediated by the type I receptor. Hypotha-
lamic type I and type n receptors have differential effects
on blood pressure in the rat. Type I agonists promote
increases in pressure, whereas type II agonists have a
hypotensive effect (van den Berg et al. 1990). The present
data do not appear to support a role for hypothalamic
receptors in the hypertension of low protein-exposed
animals. However, receptor number or relative binding
following clearance of endogenous steroid may not nec
essarily correlate with the number of free receptors in
vivo in adrenal-intact animals. A large percentage (70-
80%) of type I sites are normally occupied in vivo (Reul
et al. 1987); thus changes in binding capacity should
exert proportional changes in tonic stimulation of type
I functions. The type n receptor however, is only 10-
20% occupied in vivo (Reul et al. 1987), unless the ani
mal is stressed; it is also of lower affinity than the type
I site (Reul and DeKloet 1985). Large changes in receptor
number would therefore be required to exert any major
change in tone through this site.

A more likely mechanism by which glucocorticoids
may be directly modulating blood pressure in the low
protein-exposed animal is indicated by the higher level
of type II receptor binding in thoracic aorta. Binding of
corticosterone to receptors in resistance arteries in
creases blood pressure, and further studies will con
sider resistance vessels in other regions that may play
a greater role in control of systemic blood pressure than
does the aorta. The binding of glucocorticoids to type
II receptors in vascular smooth muscle cells increases
uptake of Na+ and Ca2+ (Kornel et al. 1995). Further

more, in spontaneously hypertensive rats, type II bind
ing increases angiotensin II receptor numbers (Pro-
vencher et al. 1995). Angiotensin II is a potent pressor
agent, and modulation of its receptor number by gluco
corticoid action may represent a major mechanism by
which glucocorticoids control blood pressure. Interest
ingly, dependence of maternal diet-induced hyperten
sion in the rat depends upon generation of angiotensin
II through activity of angiotensin-converting enzyme,
although plasma angiotensin II concentrations are ap
parently normal (Langley-Evans and Jackson 1995).

The present study has demonstrated that many as
pects of HPA axis function can be programmed in utero
by maternal protein restriction. Diurnal variation of
ACTH secretion was blunted, and despite normal corti
costerone concentrations in circulation, activities of
corticosterone-inducible enzymes were significantly
elevated. It would appear that type II glucocorticoid
receptors are inappropriately regulated in rats exposed
to maternal low protein diets. Elevations of receptor
number in vascular tissue may provide a primary mech
anism through which maternal diet modulates the later
blood pressure of the fetus.
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