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etal undernutrition induces overexpression of CRH mRNA and CRH protein in
ypothalamus and increases CRH and corticosterone in plasma during
ostnatal life in the rat
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a b s t r a c t

Prenatal undernutrition induces a variety of cardiovascular alterations in mammals when adults, including
hypertension and hypercortisolism, which are thought to be caused by decreased glucocorticoid feedback
control of the hypothalamus–pituitary–adrenal (HPA) axis programmed during fetal life. Hypothalamic
CRH seems to be involved in blood pressure elevation of spontaneously hypertensive rats and in primary
hypertension of humans, but the influence of prenatal undernutrition on CRH expression has deserved
little attention. Here, we studied the expression of both CRH mRNA and CRH protein in the hypothalamus
of neonatal and juvenile offspring of rats undernourished during fetal life, as well as the plasma levels
of CRH and corticosterone. Prenatal undernutrition of pups was induced by submitting pregnant rats
to diet restriction (10 g daily of 21% protein standard laboratory diet). Pups born from dams with free
access to the standard laboratory diet served as controls. At day 2 of postnatal age, undernourished pups
at showed lower body and brain weights, but higher plasma CRH and corticosterone than normal pups.
At day 40 of age, brain weight was significantly decreased in the undernourished rats, while plasma
corticosterone, plasma CRH and systolic pressure were significantly increased in these animals. At days
2 and 40 of postnatal age, increased CRH mRNA expression and CRH concentration were found in the
hypothalamus of undernourished rats. Results indicate that, in the rat, prenatal undernutrition led to fetal
programming of CRH overexpression, a neuropeptide serving as activating signal to the HPA axis and/or
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RH, a 41-amino acid neuropeptide, is one of the main components
f the hypothalamic–pituitary–adrenal (HPA) axis. It is synthesized
n the paraventricular nucleus of the hypothalamus (PVN), released
nto the hypophysial portal blood system and carried out to the
nterior pituitary gland. At this site CRH stimulates the synthesis
nd release of ACTH from pituitary corticotrophs. Within the central
ervous system CRH has been detected in many regions outside

he PVN, including the locus coeruleus, the inferior oliva nucleus,
he central nucleus of the amygdala and the Barrington’s nucleus,
here it may act as a neurotransmitter or neuromodulator [33].

hus, in addition to its endocrine effects, CRH is thought to have a
ide spectrum of behavioural, autonomic, and immune functions
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ions concerned with cardiovascular regulation.

s suggested by studies in animals and humans using CRH, CRH
ntagonists and other agents [35].

CRH seems to be involved in spontaneous hypertensive
tates since intracerebroventricular administration of the peptide
nduced significant elevation of arterial blood pressure in nor-

al but not in spontaneously hypertensive rats (SHR) [4]. Besides,
HR rats exhibited lower CRH concentration in the median emi-
ence, posterior pituitary and cerebral cortex [13] but heightened
xpression of CRH mRNA in PVN neurons [19] than normoten-
ive rats. Furthermore, the PVN of hypertensive patients who died
ue to acute cardiac failure showed increased total number of
RH neurons and increased amount of CRH mRNA [12]. Interest-
ngly, basal levels of corticosterone were enhanced in SHR rats
19], thus suggesting that heightened expression of CRH mRNA
n PVN neurons in these animals could result in hyperactivity of
he HPA axis and thereby in functional peripheral cardiovascular
hanges.

http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
mailto:hperez@inta.cl
dx.doi.org/10.1016/j.neulet.2008.10.014
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Prenatal undernutrition in rats and sheep induces a variety
f cardiovascular alterations, including hypertension, which is
hought to be caused by decreased glucocorticoid feedback con-
rol of the HPA axis programmed during fetal life [3,15,20]. Thus,
t could be expected that the HPA axis be hyperactive in prena-
ally undernourished animals. In this regard, recent data have been
hown that undernourished rats exhibited increased spontaneous
euronal activity in the PVN [25] and increased plasma levels of
orticosterone [24]. All this is most relevant because in small for
estational age children, increased plasma levels of CRH, ACTH and
lucocorticoids have been documented [11], and these children are
n high risk to develop hypertension and cardiovascular disease at
dulthood [1]. In the present investigation we studied the expres-
ion of both CRH mRNA and CRH protein in the hypothalamus of
eonatal and juvenile offspring of rats undernourished during fetal

ife, as well as the plasma levels of CRH and corticosterone in the
ame animals.

The experimental protocol and animal management were in
ccordance with the NIH Guide for the Care and Use of Labora-
ory Animals [23] and were approved by the Committee for the
thical Use of Experimental Animals, INTA, University of Chile. All
nimals were reared under controlled laboratory conditions (a 12-
light/dark cycle with lights on at 09:00 h). During the light cycle,

ight intensity was maintained at 300 lx as measured at the level of
he cage floor.

The experiments were carried out on male Wistar rats (INTA,
antiago, Chile), born from mothers subjected during pregnancy to
ne of the two following nutritional conditions: (i) normal preg-
ant rats, with free access to a 21% protein standard laboratory diet
Champion S.A., Santiago, Chile), (ii) undernourished pregnant rats,
ith restricted access (10 g daily) to the standard laboratory diet

hroughout pregnancy; this amount of food is about 40% of that
onsumed by normal pregnant rats [32], and was given two times
aily (5 g at 09:00 h and 5 g at 19:00 h) in order to minimize anxiety
or feeding in food restricted pregnant dams. To prevent undernu-
rition of pups during the postnatal life, prenatally malnourished
ups were at birth fostered to well-nourished dams giving birth on
hat day, according to rearing procedures described elsewhere [32];
ups born from well-nourished mothers were also fostered to well-
ourished dams, in order to equalize among groups other factors
hat may depend on the rearing conditions (i.e. stress due to cross-
ostering). During the lactation period all litters were adjusted to
ight pups per dam, and all dams continued to receive the stan-
ard laboratory diet ad libitum. After weaning, at 22 days of age, all
ups were housed eight per cage and fed on the standard laboratory
iet. The body weight of pregnant mothers and the body weight of
ups were measured daily. At 40 days of age, systolic blood pressure
as measured from the rat’s tail by means of a non-invasive blood
ressure system (XBP 1000 Kent Scientific Apparatus, Torrington,
T, USA).

At 2 and 40 days of postnatal life normal and undernourished
nimals were killed rapidly by decapitation between 09:00 and
0:00 h in a room separate from that in which the other ani-
als are kept. Trunk blood was collected in heparinized Eppendorf

ubes and immediately centrifuged (1700 × g, 10 min, 4 ◦C) and
lasma stored at −80 ◦C. In these animals the hypothalamic tis-
ue bounded-rostrocaudally by optic chiasm and mamillary bodies,
orsally by the anterior commissure and laterally by the hypotha-

amic fissures was immediately removed according to Hashimoto
t al. [13]. The hypothalamic tissue was homogenized with RNA-

olv (Omega Bio-tek, Doraville, GA, USA) and frozen immediately
t −80 ◦C.

Total RNA was isolated from the homogenized hypothalamic tis-
ue by the method of Chomczynski and Sacchi [6], centrifuged at
500 × g during 5 min at 4 ◦C, and quantified by spectrophotome-

u
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r

ry. The 260 nm/280 nm ratio of total RNA was in the 1.8–2.0 range.
�g of total RNA was reverse transcribed using 50 U of GeneScript I

Invitrogen Corporation, Carlsbad, CA, USA) and 0.5 �g/�l of oligo-
T primers (Polysciences Inc., Warrington, PA, USA), in accordance
ith the manufacturer’s recommended procedures. Total cDNAs
ere amplified and quantified for real time PCR using the FastStart
NA Master PLUS SYBR Green I kit and a LightCycler 2.0 (Roche,
asel, Switzerland). The primers for CRH (Genebank V00571) were:

orward, 5′-TCC GAG GAG CCT CCC ATC-3′; reverse, 5′-AAT CTC CAT
AG TTT CCT GTT GC-3′. Each PCR reaction was carried out with
�l of cDNA in glass capillary. The primers were used at a final
oncentration of 0.5 �M. The CRH gene was amplified using the fol-
owing program: 95 ◦C × 10 min, 45 × 15 s PCR cycles at 95 ◦C, 60 ◦C
or 40 s, 72 ◦C for 21 s, according to the manufacturer’s protocol
Roche, Basel, Switzerland). At the end of the program, 45 repeats
f 12 s each accompanied by a temperature ramp of 0.1 ◦C/repeat
ere performed during which melting curve data was collected to

erify that only the target sequence was amplified. In each sample,
he CRH gene was co-amplified with the standard housekeeping �-
lobine gene, to control for differences in pipette volume. There
ere no variations in concentration of �-globine gene between

roups. A parallel real-time PCR was conducted using the same
RH primers but substituting the template with PCR-grade water
o verify that exogenous DNA was not present. Additionally 1 �g of
NA, isolated by the procedure described above, was replaced with
DNA in the real-time PCR reaction to confirm that there were no
enomic DNA contaminants in the RNA samples. For quantification
f CRH amplicon concentration, a calibration curve was made by
sing standards of genomic DNA. The results were expressed as pg
f CRH amplicon/ml of PCR mix.

Hypothalamic CRH: Following the organic phase described in
ypothalamic tissue collection, total protein was purified, precip-

tated with isopropanol, centrifuged at 1700 × g during 10 min at
◦C, and washed with 0.3 M of guanidine monohydrochloride. An
liquot of 100 �l of total purified protein was used for quantifica-
ion of hypothalamic CRH, in duplicate, by using a commercial RIA
it (Phoenix Pharmaceuticals Inc., Saint Joseph, MO, USA). The anti-
erum is specific for human and rat CRHs. Total count, non-specific
inding, total binding, negative controls, as well as the standard
urve for CRH (1–128 pg/tube range) were made. Counting the tube
100 �l sample) in a gamma counter (Riastar Packard, CT, USA) then
ielding a number that converts by way of a calibration curve to a
easure of the CRH present in the sample. The coefficient of varia-

ion was approximately 4% at normal physiological levels. The CRH
oncentration in the hypothalamic tissue was expressed as pg/ml
f homogenized tissue.

Plasma CRH: Tubes with plasma stored at −80 ◦C were acidi-
ed with an equal amount of buffer A (1% trifluoracetic acid in
ater), mixed and centrifuged at 6000 × g for 20 min at 4 ◦C, and

he supernatant kept. A SEP-COLUMN containing 200 mg of C18
as equilibrated by washing with buffer B (60% acetonitrile in 1%

rifluoracetic acid) followed by buffer A. The acidified plasma solu-
ion was load onto the pre-treated C18 SEP-COLUMN. The peptide
as slowly eluted with buffer B and the eluent was collected in a
olypropylene tube. The eluent was evaporated in a lyophilizer and
he residue dissolved in buffer of the CRH RIA kit and quantified
ollowing the manufacturer’s instructions (Phoenix Pharmaceuti-
als Inc., Saint Joseph, MO, USA). The coefficient of variation was
pproximately 5% at normal plasma levels. The CRH concentration
n plasma was expressed as pg/ml plasma.
Plasma corticosterone: Plasma corticosterone was measured
sing a RIA based on 125I-labelled rat corticosterone that was per-
ormed according to the manufacturer’s instructions (Diagnostic
roducts Corporation, Los Angeles, CA, USA). This Coat-a-Count
at corticosterone kit is a solid-phase RIA, in which rat 125I-



Table 1
Effect of the maternal dietary treatment on body weight and brain/body weights
ratio, plasma corticosterone, plasma CRH, and systolic pressure of 2- and 40-day old
normal and undernourished pups.

Normal Undernourished

Day 2
Body weight (g) 6.6 ± 0.08 5.7 ± 0.09***

Brain weight/body weight (mg/g) 34.2 ± 0.7 36.7 ± 0.9*

Plasma corticosterone (ng/ml) <5.7# 58.3 ± 4.5***

Plasma CRH (pg/ml) <10# 38.1 ± 4.4*

Day 40
Body weight (g) 155.3 ± 2.4 150.9 ± 3.2
Brain weight/Body weight (mg/g) 8.8 ± 0.16 8.3 ± 0.17*

Plasma corticosterone (ng/ml) 231.4 ± 28.6 340.2 ± 29.5**

Plasma CRH (pg/ml) 29.1 ± 4.2 66.7 ± 5.5***

Systolic pressure (mmHg) 127.6 ± 3.7 145.0 ± 7.3*

Data are the mean ± SEM. N = 10–12 pups per group. Statistical analysis was per-
formed using unpaired two-tailed Student’s t-test. The symbol (#) denotes the
detection limit of the RIA kits; for statistical comparison between plasma corti-
costerone or CRH levels from normal and malnourished pups of 2 days of age, the
SEM of each detection limit was considered as higher as the corresponding detection
limit itself.

* P < 0.05.
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grammed during prenatal life. As discussed elsewhere [29], fetal
growth restriction leads to a reduction of the glucocorticoid nega-
tive feedback by means of a series of sequential events, including:
(i) decreased activity of placental 11�-hydroxysteroid dehydroge-
nase type 2 which catalyses the rapid metabolism of cortisol and
** P < 0.025.
*** P < 0.001.

orticosterone competes for antibody sites with corticosterone in
he sample during a fixed time (120 min). The antibody is coated
n the wall of a polypropylene tube. Decanting the supernatant is
ufficient to terminate the competition and to isolate the antibody-
ound fraction of the radiolabelled corticosterone. Counting the
ube in a gamma counter (Riastar Packard, CT, USA) then yields a
umber that converts by way of a calibration curve to a measure
f the corticosterone present in the sample. Intra- and interas-
ay coefficients of variation were approximately 5%. Corticosterone
oncentration was expressed as ng/ml plasma.

To determine the changes induced by the malnutrition reg-
men during pregnancy on the various parameters measured,
alues obtained from undernourished animals were expressed as
eans ± SEM and compared to the corresponding values found in

ormal animals using unpaired two-tailed Student’s t-test.
Undernourished pups exhibited, from day 2 of postnatal life

ntil weaning (on day 22), a significant body weight deficit com-
ared with normal pups (P < 0.001). Table 1 shows that, at day

of postnatal age, undernourished pups showed statistically
ower body weight (P < 0.001) but higher brain/body weights ratio
P < 0.05) than normal pups. At this same age, corticosterone and
RH protein were not detected by RIA in plasma from normal
ups, while in plasma from the undernourished group corticos-
erone amounted near to 60 ng/ml (P < 0.001, in respect with normal
ups) and CRH near to 40 pg/ml (P < 0.05, in respect with normal
ups). Table 1 also shows that, at day 40 of age, the body weight
f undernourished rats did not significantly differ from that of nor-
al ones, while the brain/body weights ratio was lower (P < 0.05)

n the undernourished animals. Plasma corticosterone (P < 0.025),
lasma CRH (P < 0.001) and systolic pressure (P < 0.05) were sig-
ificantly increased in the undernourished group as compared to
ormals.

Fig. 1A shows that at days 2 and 40 of postnatal age, CRH mRNA
xpression was significantly higher (P < 0.01) in the hypothalamus
f undernourished rats compared to expression levels found in nor-
al rats. Increased hypothalamic concentration for CRH protein
Fig. 1B) was also found at days 2 and 40 of postnatal age, the CRH
evels in the undernourished group being in this case about twice
han those found in the normal group (P < 0.001 and P < 0.01, at days
and 40, respectively).
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Reduction of food intake during pregnancy resulted in a sig-
ificant body weight deficits of pups during the lactation period,
hich is indicative of fetal growth retardation. At day 2 of age,

he brain/body weights ratio was found to be slightly but signifi-
antly enhanced in the malnourished animals indicating fetal brain
paring during prenatal malnutrition, which is in accordance with
ublished data [22]. At day 40 of age, no significant body weight
ifference between undernourished and eutrophic controls was
bserved, but now the brain/body weights ratio was found to be
ower in the undernourished animals. This is probably due to catch-
p growth of body weight, but not of brain weight, of malnourished
ups during postnatal life. As reported previously, prenatal malnu-
rition could result in long-lasting brain weight deficits through

mechanism involving losses of neurons, glia and myelin, and
mpaired dendritic differentiation, among other factors [22].

At days 2 and 40 of age, enhanced expression of CRH mRNA
nd CRH protein in the hypothalamus, as well as increased plasma
evel of CRH and corticosterone were observed in the undernour-
shed rats. Overexpression of CRH mRNA is probably the result of
ecreased feedback control of the HPA axis by glucocorticoids pro-
ig. 1. Expression of CRH mRNA (A) and CRH protein (B) in hypothalami of nor-
al and undernourished rats of 2 and 40 days of age. Values are means ± SEM.
= 16 rats per group. Asterisks indicate significant differences between normal and
ndernourished rats (*P < 0.01, **P < 0.001, unpaired two-tailed Student’s t-test).
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orticosterone to inert steroids, resulting in increased exposure of
he fetal brain to glucocorticoids of maternal origin; (ii) this leads
o decreased glucocorticoid receptor expression during fetal life in
egions concerned with the regulation of the HPA axis, such as the
ypothalamus [3], the pituitary [15] and the hippocampus [20], this

ater structure showing the highest density of corticosteroid bind-
ng sites in the brain and being an important site of feedback control
pon the HPA axis [21]. Reduced number of glucocorticoid recep-
ors in these brain areas would constitute, at first sight, a sufficient
ondition to explain the increased hypothalamic expression of CRH
RNA and of CRH protein. However, caution must be exercised

egarding this interpretation because the negative glucocorticoid
egulation of CRH expression seems to be specific for the PVN,
hile CRH mRNA expression appears as unaffected or upregulated

n, for example, the supraoptic nucleus or other extrahypothalamic
uclei after glucocorticoid challenge [34]. Another plausible expla-
ation for the increased CRH mRNA expression in undernourished
ats is provided by data showing that these animals have enhanced
ynthesis and release of noradrenaline in the brain [31,32], a neu-
otransmitter that stimulates CRH gene transcription very rapidly
n the PVN [8] via the �1 adrenoceptor subtype [16].

Increased plasma levels of corticosterone in prenatally under-
ourished rats could be consequence of the enhanced hypotha-

amic expression of CRH, which may lead to a hyperactive HPA
xis via stimulation of adrenocorticotropin hormone (ACTH) secre-
ion. Previous studies have reported greater plasma levels of
CTH and corticosterone/cortisol in mice, rats and lambs that
nderwent different forms of prenatal undernutrition [14,17,27].

ncreased plasma ACTH and corticosterone in undernourished
ats could also be the result of enhanced arginine vasopressin
ecretion, which is colocalized and cosecreted with CRH in par-
ocellular PVN neurons [16]. CRH and AVP act synergistically on
CTH secretion in the anterior pituitary and synthesis of these
wo peptides in the parvocellular division of the PVN is sup-
ressed by glucocorticoids in a parallel manner [16]. However,
renatal undernutrition significantly decreases the number of
asopressin-expressing hypothalamic cells in the rat, at least in
he suprachiasmatic nucleus [28]. On the other hand, the increased
evels of circulating CRH in undernourished animals could reflect
nhanced CRH release into the portal circulation and/or increased
RH production from diverse peripheral sources (i.e. immunocom-
etent and reproductive peripheral tissues [18]). Moreover, the
nhanced plasmatic levels of CRH in undernourished animals could
ot necessarily reflect increased CRH synthesis, but also decreased
lasma CRH-binding protein which clears the peptide from the
lood [2]. The effect of prenatal malnutrition on the circulating level
f CRH-binding protein is still unknown.

Together with the increased expression of CRH during the post-
atal life of prenatally undernourished rats, a significant increase
f the systolic pressure was observed in these animals. Irrespec-
ive of the primary cause for CRH overexpression in prenatally
ndernourished rats, i.e. reduced feedback control by glucocorti-
oids or enhanced CRH synthesis by central noradrenaline, it is
nown that CRH is a peptide serving as a positive signal to the
PA axis (thereby causing increased plasma levels of corticos-

erone) but also to extra-hypothalamic brain regions such as the
ocus coeruleus [10,25]. Both factors, enhanced plasma corticos-
erone and increased activity of coerulear neurons, may account
or the hypertensive state showing prenatally undernourished rats,
he first by acting directly on vascular glucocorticoid receptors [37]

nd the later by activating the sympathoadrenomedullary system
9] and/or by depressing the baroreceptor reflex [5]. As shown in
he present experiments, plasma corticosterone was increased on
ays 2 and 40 of postnatal life in the undernourished rats. This is in

ine with previous reports showing that maternal food restriction

[

[

uring gestation resulted in high plasma levels of corticosterone
n adult offspring [30], suggesting a maternal malnutrition pro-
ramming for permanent alterations in glucocorticoid secretion in
he progeny. In agreement with animal studies, low human birth
eight, as an approximation for undernutrition in utero, is associ-

ted with increased urinary glucocorticoid secretion in children [7]
nd increased plasma levels of glucorcorticoids in adult men [36].
urther studies involving pharmacological manipulations of glu-
ocorticoid and noradrenergic receptors in the PVN are required
or a better understanding of the central mechanisms by which

aternal malnutrition programmes increased hypothalamic CRH
xpression and the functional consequences in later life. As an
xample, microinjection of the �1 adrenoceptor prazosin into the
VN abolished the hypertensive state in prenatally undernourished
ats but did not induce lowering of blood pressure in normal ones
26].

cknowledgements

This study was supported by grant no. 1080684 from Fondecyt.

eferences

[1] D.J. Barker, The fetal origins of adult hypertension, J. Hypertens. 10 (Suppl.)
(1992) S39–S44.

[2] D.P. Behan, E.B. De Souza, P.J. Lowry, E. Potter, P. Sawchenko, W.W. Vale, Cor-
ticotropin releasing factor (CRF) binding protein: a novel regulator of CRF and
related peptides, Front. Neuroendocrinol. 16 (1995) 362–382.

[3] C. Bertram, A.R. Trowern, N. Copin, A.A. Jackson, C.B. Whorwood, The mater-
nal diet during pregnancy programs altered expression of the glucocorticoid
receptor and type 2 11beta-hydroxysteroid dehydrogenase: potential molec-
ular mechanisms underlying the programming of hypertension in utero,
Endocrinology 142 (2001) 2841–2853.

[4] M.R. Brown, R. Hauger, L.A. Fisher, Autonomic and cardiovascular effects of
corticotropin-releasing factor in the spontaneously hypertensive rat, Brain Res.
441 (1988) 33–40.

[5] J.Y. Chan, S.F. Jang, S.H. Chan, Inhibition by locus coeruleus on the baroreceptor
reflex response in the rat, Neurosci. Lett. 144 (1992) 225–228.

[6] P. Chomczynski, N. Sacchi, Single-step method of RNA isolation by acid guani-
dinium thiocyanate-phenol-chloroform extraction, Anal. Biochem. 162 (1987)
156–159.

[7] P.M. Clark, P.C. Hindmarsh, A.W. Shiell, C.M. Law, J.W. Honour, D.J. Barker, Size
at birth and adrenocortical function in childhood, Clin. Endocrinol. (Oxf.) 45
(1996) 721–726.

[8] R.L. Cole, P.E. Sawchenko, Neurotransmitter regulation of cellular activation and
neuropeptide gene expression in the paraventricular nucleus of the hypotha-
lamus, J. Neurosci. 22 (2002) 959–969.

[9] G. Drolet, P. Gauthier, Peripheral and central mechanisms of the pressor
response elicited by stimulation of the locus coeruleus in the rat, Can. J. Physiol.
Pharmacol. 63 (1985) 599–605.

10] A.J. Dunn, A.H. Swiergiel, V. Palamarchouk, Brain circuits involved in
corticotropin-releasing factor-norepinephrine interactions during stress, Ann.
N. Y. Acad. Sci. 1018 (2004) 25–34.

11] R.S. Goland, S. Jozak, W.B. Warren, I.M. Conwell, R.I. Stark, P.J. Tropper, Elevated
levels of umbilical cord plasma corticotropin-releasing hormone in growth-
retarded fetuses, J. Clin. Endocrinol. Metab. 77 (1993) 1174–1179.

12] V.D. Goncharuk, J. Van Heerikhuize, D.F. Swaab, R.M. Buijs, Paraventricu-
lar nucleus of the human hypothalamus in primary hypertension: activation
of corticotropin-releasing hormone neurons, J. Comp. Neurol. 443 (2002)
321–331.

13] K. Hashimoto, S. Makino, R. Hirasawa, T. Takao, M. Sugawara, K. Murakami, K.
Ono, Z. Ota, Abnormalities in the hypothalamo-pituitary-adrenal axis in sponta-
neously hypertensive rats during development of hypertension, Endocrinology
125 (1989) 1161–1167.

14] P. Hawkins, C. Steyn, H.H. McGarrigle, N.A. Calder, T. Saito, L.L. Stratford, D.E.
Noakes, M.A. Hanson, Cardiovascular and hypothalamic-pituitary-adrenal axis
development in late gestation fetal sheep and young lambs following modest
maternal nutrient restriction in early gestation, Reprod. Fertil. Dev. 12 (2000)
443–456.

15] P. Hawkins, M.A. Hanson, S.G. Matthews, Maternal undernutrition in early ges-
tation alters molecular regulation of the hypothalamic-pituitary-adrenal axis
in the ovine fetus, J. Neuroendocrinol. 13 (2001) 855–861.
16] K. Itoi, Y.Q. Jiang, Y. Iwasaki, S.J. Watson, Regulatory mechanisms of
corticotropin-releasing hormone and vasopressin gene expression in the
hypothalamus, J. Neuroendocrinol. 16 (2004) 348–355.

17] L. Jacobson, D. Zurakowski, J.A. Majzoub, Protein malnutrition increases plasma
adrenocorticotropin and anterior pituitary proopiomelanocortin messenger
ribonucleic acid in the rat, Endocrinology 138 (1997) 1048–1057.



[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

18] S. Kalantaridou, A. Makrigiannakis, E. Zoumakis, G.P. Chrousos, Peripheral
corticotropin-releasing hormone is produced in the immune and reproduc-
tive systems: actions, potential roles and clinical implications, Front. Biosci. 12
(2007) 572–580.

19] T.L. Krukoff, D. MacTavish, J.H. Jhamandas, Hypertensive rats exhibit height-
ened expression of corticotropin-releasing factor in activated central neurons
in response to restraint stress, Mol. Brain Res. 65 (1999) 70–79.

20] J. Lesage, B. Blondeau, M. Grino, B. Breant, J.P. Dupouy, Maternal undernu-
trition during late gestation induces fetal overexposure to glucocorticoids
and intrauterine growth retardation, and disturbs the hypothalamo-pituitary
adrenal axis in the newborn rat, Endocrinology 142 (2001) 1692–1702.

21] N.S. Levitt, R.S. Lindsay, M.C. Holmes, J.R. Seckl, Dexamethasone in the last week
of pregnancy attenuates hippocampal glucocorticoid receptor gene expression
and elevates blood pressure in the adult offspring in the rat, Neuroendocrinol-
ogy 64 (1996) 412–418.

22] P.J. Morgane, R. Austin-LaFrance, J. Bronzino, J. Tonkiss, S. Diaz-Cintra, L. Cin-
tra, T. Kemper, J.R. Galler, Prenatal malnutrition and development of the brain,
Neurosci. Biobehav. Rev. 17 (1993) 91–128.

23] National Research Council, Guide for the Care and Use of Laboratory Animals
(Publication 80–23 rev), National Institutes of Health, Bethesda, 1996.
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