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Abstract

Adverse nutritional effects on developing fetal hypothalamic appetitive pathways may
contribute to programmed hyperphagia and obesity in intra-uterine growth-restricted, low
birth weight offspring. Here, for the first time, hypothalamic gene expression for primary
orexigenic and anorexigenic genes was examined in late gestation ovine fetuses (130 days;
term = 145 days) whose mothers were undernourished (UN) or well-nourished (C)
throughout pregnancy, or transferred from UN to C on day 90 (UN-C). Pregnancies resulted
from singleton embryo transfer into adolescent growing ewes. Body weight, carcass fat
content and perirenal adipose tissue (PAT) mass were all lower for UN (n = 9) than C (n =7)
and intermediate for UN-C fetuses (n = 6), with no effect of gender. PAT leptin gene
expression (by RT-PCR) was lower in UN than C and UN-C groups, and lower in males than
females. Gene expression (by in situ hybridisation with radiolabelled riboprobes) in the
arcuate nucleus was greater in UN than C fetuses for neuropeptide Y (NPY), agouti-related
peptide (AGRP) and leptin receptor (OBRb) but not different for pro-opiomelanocortin and
cocaine- and amphetamine-regulated transcript. Gene expression in UN-C fetuses was
intermediate for NPY and AGRP and not different from C fetuses for OBRb. Gene
expression for NPY, AGRP and OBRb correlated negatively with fetal carcass fat content
and with PAT leptin gene expression across all groups. Males had greater mRNA expression
for AGRP than females, with NPY and OBRb showing similar trends. Therefore maternal
undernutrition throughout pregnancy increased orexigenic gene expression in the late
gestation fetal hypothalamus, and expression levels were largely normalised by improved
maternal nutrition in the last third of pregnancy. These findings may have implications for

avoiding or correcting prenatal programming of postnatal hyperphagia and obesity.
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Introduction

Over the past decade one of the underlying mechanisms thought to contribute to the fetal
programming of obesity has been the nutritionally-altered expression of developing
hypothalamic appetitive pathways (1). Using sheep, which share similar hypothalamic
neuronal maturity at birth to the human, it was established that fetuses had adult-like
hypothalamic localisation of primary orexigenic and anorexigenic genes from mid gestation
onwards (2). Subsequent studies by our group demonstrated clear effects of an increased fetal
nutrient supply specifically on anorexigenic gene expression. Thus pro-opiomelanocortin
(POMC) and cocaine- and amphetamine-regulated transcript (CART) mRNA expression
levels in the arcuate nucleus were increased along with increased fetal glycaemia in mid
gestation (3), a 10-day intrafetal glucose infusion increased POMC mRNA in late gestation
(4) and increased maternal and hence fetal glucose concentrations in late gestation were
associated with increased CART mRNA (5). Furthermore, maternal overnutrition in late
pregnancy increased POMC mRNA expression levels in offspring at 30 days of age (6).
Other laboratories investigating factors that influence hypothalamic gene expression in sheep
fetuses have looked at periconceptional undernutrition (7) and/or effects on the hypothalamo-
pituitary-adrenal axis (8,9) or on epigenetic changes in fetal hypothalamic POMC and
glucocorticoid receptor genes (10). An early ovine study reported increased orexigenic
neuropeptide Y (NPY) mRNA levels in the mediobasal fetal hypothalamus after maternal
undernutrition during just the last third of gestation (11). However, there are no published
sheep studies on the effect of undernutrition throughout pregnancy, or undernutrition
followed by improved maternal nutrition, on late gestation expression of the primary

orexigenic and anorexigenic hypothalamic genes.
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Maternal undernutrition throughout gestation in a non-human primate, the baboon,
resulted in increased NPY and decreased POMC immunoreactivity in the hypothalamic
arcuate nuclei of term fetuses (12). It is therefore hypothesised that maternal undernutrition
from conception onwards would result in an increased orexigenic and decreased anorexigenic
balance of hypothalamic neuropeptide and receptor gene expression in late gestation sheep
fetuses. It is further hypothesised that these expression levels may be normalised by improved
maternal nutrition during the last third of pregnancy. This is worthy of investigation since
altered hypothalamic appetite-regulatory gene expression in fetal life has been linked with
altered growth and body composition in intra-uterine growth restricted (IUGR) offspring of
undernourished rodent mothers (13). It would be relevant to both human obesity and
agricultural livestock production to ascertain whether the adverse effects of [IUGR may be

reversed in utero by an improvement in maternal nutrition.

Recently our group reported a dominant effect of gender on postnatal (77 days)
hypothalamic gene expression, with orexigenic genes predominating in males and
anorexigenic genes in females (14). It is pertinent therefore to investigate whether these
differences are manifest in utero. Gender-specific effects of maternal energy restriction on
neonatal hypothalamic anorexigenic gene expression have been reported in an obese swine
model (15). Furthermore, in a comprehensive review of developmental programming models,
Aiken and Ozanne (16) conclude that sex differences in offspring outcomes are common but

have been given little consideration in most studies to date.

Finally, Breton (17) concluded that the hypothalamo-adipose axis is a key target of

developmental programming by maternal nutritional manipulation, mediated by a number of

putative mechanisms including altered circulating leptin concentrations. Late gestation ovine
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fetuses whose mothers were undernourished throughout pregnancy were small with decreased
adipose tissue development whereas those whose mothers had been changed for the last third
of gestation onto improved nutrition showed partial recovery of body weight and adiposity
(18). Here we additionally record changes in their adipose tissue leptin gene expression (as
proxy for circulating leptin concentrations) and examine their corresponding hypothalamic

orexigenic and anorexigenic gene expression.

Materials and methods

Animals, treatments and sample collection

All procedures were licensed under the UK Animals (Scientific Procedures) Act 1986 and
approved by local Ethical Review. Details of the experimental design and dietary treatments
have been presented previously (18). Singleton pregnancies were established using a single
sire and embryo transfer from a small number of superovulated donors in order to maximise
genetic homogeneity of the fetuses. Briefly, day 4 embryos were transferred synchronously
into primiparous adolescent recipients of equivalent age, weight and adiposity and pregnancy
was later confirmed by ultrasonography. From immediately following embryo transfer they
were individually given either optimal control (C; n = 8) or low quantity (UN, ~70% control;
n = 17) of the same complete diet. The C dietary level aimed to provide 100% nutrient
requirements of the adolescent (growing) sheep carrying a singleton fetus according to stage
of pregnancy (19). The UN dietary intake was adjusted weekly after body weight
measurements in order to maintain ewe body weight at the initial value, thereby depleting
maternal reserves throughout gestation at the expense of the developing conceptus. At
gestation day 90, a representative group of UN ewes was transferred to the C level of intake
(UN-C; n =7). At gestation day 130 (term = 145 days) all ewes were killed by i.v. sodium

pentobarbitone (20ml Euthesate; 200mg pentobarbitone/ml; Willows Francis Veterinary,
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Crawley, UK) and exsanguination. The fetus was removed and euthanised by intracardiac
sodium pentobarbitone (3ml Euthesate); it was dried and weighed and the whole brain was
removed, snap-frozen in isopentane chilled by liquid nitrogen and stored at -80°C. Perirenal
adipose tissue (PAT) was dissected out, weighed and stored at -80°C. The fat content of the
fetal carcass was determined by chemical analysis (20). Late gestation fetuses were thereby

obtained from the three nutritional groups C (n = 8), UN (n = 10) and UN-C (n = 7).

PAT leptin gene expression

Messenger RNA for leptin in fetal PAT was measured by quantitative real-time RT-PCR
using methods described in detail elsewhere (21). Quantification was performed using a
relative standard curve method with serial dilutions of reference standard cDNA generated
from RNA pooled from PAT of fetuses from each group. Individual mRNA levels are

expressed relative to the sample’s own internal 18S RNA.

Hypothalamic gene expression

Unfortunately three of the brains could not be sectioned due to their fragile nature and had to
be excluded from gene expression study. The data are therefore analysed and presented for n
=7 C fetuses (3 male, 4 female), n =9 UN (5 male, 4 female) and n = 6 UN-C (2 male, 4
female). The frozen brains were trimmed down to a mid-ventral block, mounted and
sectioned by cryostat coronally through the hypothalamus from the mammillary body
(caudal) to the optic chiasm (rostral). Sections (20 pm) were thaw-mounted onto poly-L-
lysine-coated slides and stored at -80°C. Gene expression for NPY, agouti-related peptide
(AGRP), POMC, CART and leptin receptor (OB-Rb) was measured by in sifu hybridisation,
using techniques and probes described in detail previously and validated in both adult and

fetal sheep brains (2-5,22-26). Briefly, sections were fixed, acetylated, and hybridised
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overnight at 58 °C using **S-labelled cRNA antisense probes (1-1-5 x 10’ cpm/ml). They
were then treated with RNase A, desalted, with a final high stringency wash (30 min) in 0-5
X SSC at 60 °C, dried and apposed for 7 days to Kodak BioMax MR-1 film (GE Healthcare
Life Sciences, Little Chalfont, Bucks, UK). Intensity and total area of hybridisation were
quantified in the hypothalamic arcuate nucleus on each autoradiographic image, by an
operator blind to the treatment groups, using Image-Pro Plus software (Media Cybernetics,
Silver Spring, MD, USA). The integrated intensity of the hybridisation signal (i.e. the optical
density integrated over the total hybridisation area) was computed using standard curves
generated from '*C autoradiographic micro-scales (GE Healthcare Life Sciences). For each
probe, up to 6 sections spanning the medial hypothalamus (i.e. in the region midway between
the mammillary body and optic chiasm, further identified by third ventricle morphology)
were examined from each brain. All reagents were obtained from Sigma-Aldrich (Sigma-

Aldrich Company Ltd., Poole, Dorset, UK) unless otherwise stated.

Statistical analyses

Effects of nutritional/diet group, gender and their interaction were examined by analysis of
variance (General Linear Model; Minitab 16, Minitab Inc., State College, PA), with Tukey’s
post-hoc comparisons. Pearson product-moment correlation analysis was used to explore
relationships between variables where indicated (Minitab 16). Statistical significance was

taken as P < 0.05, and a trend is indicated where P = 0.06 to 0.10.

Results

Fetal body weight, adiposity and PAT leptin gene expression
Body weight (P < 0.01), carcass fat content (P < 0.05 - 0.001) and PAT mass (P < 0.01) were

all lower for UN versus C and intermediate for UN-C fetuses (Table 1). There were no
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significant differences between the sexes (all P > 0.20) or any diet x sex interactions. There
was a trend for PAT leptin mRNA per unit tissue, expressed relative to 18S, to be lower in
UN versus UN-C and intermediate in C fetuses (P = 0.06) and there was an additional effect
of sex (females > males, P < 0.05) but no diet x sex interaction. In view of the differences in
PAT mass, and in order to provide comparative estimates of overall PAT leptin secretion
(and hence circulating concentrations), relative amounts of leptin:18S mRNA per PAT depot
were calculated; these were significantly lower in UN than in UN-C and C fetuses (P < 0.01),

with females > males (P < 0.05) and no interaction (Table 1).

Hypothalamic gene expression

Gene expression in the arcuate nucleus for NPY (P < 0.05) and AGRP (P < 0.01) was greater
in UN versus C fetuses and was intermediate and not significantly different from either UN
or C in the UN-C fetuses (Figs 1 and 2). OBRb gene expression was also greater in UN
versus C (P < 0.05) but equivalent in C and UN-C fetuses (Fig. 2). Males had greater
expression levels than females for NPY (trend, P < 0.06), AGRP (P < 0.05) and OBRb (trend,
P < 0.09). There were no differences between diet groups or sexes for CART and POMC

gene expression, and no diet x sex interactions for any of the genes examined.

There were significant negative correlations between the carcass fat content (%) and
gene expression levels of NPY (P < 0.01), AGRP (P < 0.01) and OBRb (P < 0.001), and
positive correlation between carcass fat and POMC mRNA (P < 0.05; Fig. 3). Carcass fat (%)
and relative leptin:18S mRNA content per PAT depot were correlated (r =0.476, P < 0.05).
Thus there were negative correlations between relative leptin:18S mRNA content per PAT
depot and gene expression levels of NPY (P < 0.001), AGRP (P < 0.05) and OBRb (P <

0.01), but not POMC (Table 2). In addition, mRNA expression levels for NPY correlated
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positively with those for AGRP (P < 0.001) and OBRb (P < 0.01), and AGRP with OBRb (P
< 0.001), and there were trends for POMC to correlate negatively with AGRP (P = 0.06) and
OBRbD (P < 0.07) (Table 2). CART gene expression did not correlate with carcass fat, relative

PAT leptin: 18S mRNA content or with any of the other genes studied.

Discussion

These data show for the first time that maternal undernutrition from conception onwards
results in increased orexigenic gene expression in the ovine fetal arcuate nucleus during late
gestation, and that these expression levels may be normalised, at least in part, by improved

maternal nutrition during the last third of pregnancy.

In this sheep model of IUGR, the use of embryo transfer reduces genotypic variation
between fetuses, and limiting maternal intake in young singleton-bearing adolescents causes a
gradual depletion of maternal nutrient reserves and a slowing of fetal growth (18). The 130-
day fetuses of undernourished mothers had significantly decreased body weight (down by
14%), carcass fat mass (down 28%) and PAT mass (down 27%), while those whose mothers
were transferred onto improved nutrition from day 90 had intermediate values for these
parameters that were not significantly different from controls. Gene expression in the
hypothalamic arcuate nucleus for the orexigenic neuropeptides NPY and AGRP and leptin
receptor OBRb was increased by maternal undernutrition but there was no significant change
for the anorexigenic neuropeptides POMC and CART. These foregoing gene expression
responses to decreased nutrient supply in the late gestation fetus match those seen in the
mature adult sheep (23). In contrast to the hypothalamic responses observed in overnourished
fetuses, when anorexigenic rather than orexigenic genes are perturbed (4,5), here orexigenic

genes appeared to be more sensitive than anorexigenic genes to undernutrition. These fetuses
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were showing an adaptive response to low nutrient supply in utero that would potentially
improve neonatal survival by increasing appetite drive and, if it persisted, would increase

postnatal food intake in the longer term.

In line with the partial recovery of fetal body weight and adiposity brought about by
the increased nutrient supply in utero in the UN-C group, mRNA expression levels for NPY
and AGRP were partially restored and for OBRb were completely restored; and indeed, each
of these orexigenic genes correlated negatively with fetal carcass fat content across all the
groups. Accordingly, anorexigenic POMC mRNA expression showed a contrasting positive
correlation with carcass fat. Further support for the influence of undernutrition on an
increased hypothalamic orexigenic:anorexigenic balance in this model comes from the
positive correlations between expression of the different orexigenic genes, NPY and AGRP,
and trends towards their negative correlation with the anorexigenic gene POMC. The present
findings agree with the effects of maternal undernutrition throughout gestation on increased
arcuate nucleus NPY immunoreactivity in the term fetal baboon (12). They also agree with
the effects of maternal undernutrition only in the last third of pregnancy on late gestation fetal
hypothalamic NPY mRNA levels in sheep (11). This begs the question whether the gene
expression levels observed herein at 130 days were solely dependent on the level of nutrition
from 90 days onwards (i.e. the last third of pregnancy) or whether they reflected a longer-
term influence of nutrition. The data support the latter scenario since both C and UN-C
groups were receiving the same level of nutrition in the last third of pregnancy and yet
orexigenic gene expression was intermediate for UN-C between UN and C values.
Furthermore, we know that hypothalamic appetitive genes are already nutritionally-sensitive
by 90 days since an elevated fetal glucose supply leading up to 81 days is associated with

increased POMC and CART expression (3). It is tempting to speculate that maternal
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undernutrition during the first 90 days of pregnancy had already stimulated increased
orexigenic gene expression, which was then decreased by improved nutrition thereafter.
Nutrition at all stages throughout pregnancy may be critical in determining hypothalamic

appetitive gene expression in the late gestation fetus.

Circulating plasma leptin concentrations in young lambs have been shown to correlate
closely with PAT leptin mRNA (27). Hypothalamic arcuate OBRb gene expression, along
with the orexigenic genes NPY and AGRP, is characteristically increased when leptin
concentrations are decreased along with decreased adiposity and/or nutrient intake in adult
sheep (23,28) and other species (29,30). Here, decreased leptin gene expression in the PAT
depot was indicative of decreased leptin concentrations in the late gestation fetuses of
undernourished compared with currently well-fed mothers, possibly driving the observed
adult-like responses in the fetal hypothalamic appetitive pathways. In support, there were
negative relationships between OBRb, NPY and AGRP gene expression and both fetal fat
content and relative leptin gene expression in the PAT depot. Nonetheless, whether or not
driven by changes in leptin concentrations, the restoration of orexigenic expression levels by
improved nutrition for undernourished fetuses is a potentially important observation since
adverse postnatal metabolic consequences of prenatal undernutrition have been linked to
programmed increased orexigenic drive. Thus the increased food intake, rapid catch-up
growth and adult obesity seen in [UGR offspring of undernourished mothers are associated
with an increased hypothalamic orexigenic to anorexigenic gene expression ratio in rodent
models (13). Here we have shown similar [IUGR-induced changes in fetal hypothalamic gene
expression in sheep but also partial reversal or prevention of these changes during gestation
by improved maternal nutrition. It is pertinent that the longer gestation period of precocial

species like sheep and human, compared with rodents, allows sufficient time for the latter.
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Clearly it would be beneficial if [UGR due to poor maternal nutrition could be detected early
in utero and the nutritional corrections implemented before birth, leading to a healthier

postnatal metabolic phenotype.

The effect of gender on hypothalamic gene expression was only significant in this
study for AGRP, but similar trends were evident for NPY and OBRb. This tendency for
increased orexigenic mRNA expression in males compared with females observed prenatally
was similar to the significant differences observed postnatally (14). The hypothalamic sex
differences herein may have been greater if there had been larger differences in body
composition between the groups, since those observed in the postnatal hypothalamus were
associated with marked sex differences in adiposity and leptin concentrations (females >
males; 14). However, although PAT mass and carcass fat percentage were not significantly
different between the sexes, PAT leptin gene expression was already greater in the female
fetuses, indicative of higher leptin concentrations. The present significant relationships
between orexigenic/anorexigenic gene expression in the fetal hypothalamus and fetal
adiposity may herald the emergence of greater gender differences within the hypothalamic
appetite circuitry which will develop further as adiposity characteristically diverges between

the sexes postnatally.

Therefore, this study has revealed three novel findings in the late gestation ovine fetal
hypothalamus that may also apply to the similarly precocial human: (i) adult-like responses
by primary orexigenic genes (NPY, AGRP, OBRb) to nutrient deficit, (ii) the ability to
normalise such changes by improved nutrition in utero, and (iii) a trend towards gender

divergence with males tending to have greater orexigenic gene expression than females.
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These findings may have implications for avoiding or correcting prenatal programming of

postnatal hyperphagia and obesity.
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Fig. 1. Hypothalamic orexigenic gene expression. Example autoradiographic images of (a)
NPY and (b) AGRP riboprobe hybridisation to the arcuate nucleus in 130-day fetuses whose
mothers were control-fed (C), undernourished (UN) or changed on gestation day 90 from UN

to C (UN-C). Bar = 2mm.

Fig. 2. Hypothalamic gene expression. Gene expression (g.e.) levels for (a) NPY, (b) AGRP,
(c) OBRb, (d) POMC and (e) CART in the arcuate nucleus of 130-day ovine fetuses whose
mothers were control-fed (C, n = 7; 3 male (M), 4 female (F)) or underfed (UN,n=9;5M, 4
F) throughout gestation, or changed from UN to C from gestation day 90 (UN-C, n=6;2 M,
4 F). Significance values (by ANOVA) for diet group and sex are displayed; there were no
significant interactions. Diet groups labelled with a different letter are significantly different

(by Tukey’s post hoc comparisons). Mean values + SEM.
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Fig. 3. Relationships between hypothalamic gene expression and adiposity. Correlation
between the carcass fat content (%) and arcuate nucleus gene expression levels of (a) NPY,
(b) AGRP, (c) OBRb, and (d) POMC in 130-day ovine fetuses whose mothers were control-
fed (C, n = 7; open symbols) or underfed (UN, n = 9; solid symbols) throughout gestation, or
changed from UN to C from gestation day 90 (UN-C, n = 6; grey symbols). Round symbols

denote females, diamond symbols denote males.

Table 1. Fetal body weight and adiposity. Body weight, carcass fat content, perirenal adipose
tissue (PAT) mass and PAT leptin gene expression (relative to 18S) of 130-day ovine fetuses
whose mothers were control-fed (C) or underfed (UN) throughout gestation or changed from

UN to C from gestation day 90 (UN-C). Mean values + SEM.

Diet group Significance

C UN UN-C Diet Sex Int.
n (male, female) 73, 4) 9(5,4) 62,4
Body weight (g) 4316°+104.6  3713°+162.8 3898 +1227  P<0.01 ns ns
Carcass fat (%) 12.8" +0.61 10.6" £0.52 12.5% +0.65 P<0.05 ns ns
Carcass fat (2) 91.7* +3.21 66.0" +3.16 80.3" £5.51  P<0.001 ns ns
PAT mass (g) 27.4* £1.07 20.1° + 1.09 23.1% £2.03 P<0.01 ns ns
Relative PAT mass (g/kg) 6.42 +£0.226 5.53£0.342 5.97 £0.401 ns ns ns
Leptin:18S mRNA 479 +5.09 40.3 +3.96 61.8 +8.37 P=0.06 P<0.05 ns
Leptin:18S mRNA/PAT depot"” 1319* £ 160.4 770° £ 55.0 1387* + 467.5 P<0.01  P<0.05* ns

SStatistical analysis by ANOVA and Tukey’s post hoc comparisons. Within rows, values with
different superscript letters are significantly different, P < 0.05. Int. = diet x sex interaction.

YLeptin:18S mRNA x PAT mass (arbitrary units).

¥Leptin:lSS mRNA in females (57.7 = 5.21) > males (39.7 + 3.96) and leptin:18S
mRNA/PAT depot in females (1294 + 129.7) > males (978 + 139.0), both P<0.05.
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Table 2. Relationships between hypothalamic genes and adipose leptin gene expression.
Correlation coefficients, and their statistical significance, for relationships between NPY,
AGRP, OBRb and POMC gene expression in the arcuate nucleus and relative total leptin:18S

gene expression in the PAT depot of 130-day ovine fetuses (n = 22).

NPY AGRP OBRb POMC
Leptin -0.659 -0.449 -0.609 0.036
P<0.001 P<0.05 P<0.01 ns
NPY 0.660 0.640 -0.296
P<0.001 P<0.01 ns
AGRP 0.669 -0.401
P<0.001 P=0.06
OBRb -0.396
P<0.07
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