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Chapter 6

GENE EXPRESSION OF NPY AND POMC IN THE ARCUATE NUCLEUS OF ADULT

6 | MALE RATS SUBJECTED TO EARLY POSTNATAL FOOD RESTRICTION

Perinatal malnutrition is known to have permanent effects on energy balance in both humans and
experimental animals. In the hypothalamic arcuate nucleus (ARC), two separate populations of
neurons contain peptides that exert opposite actions in the regulation of energy balance: the
orexigenic neuropeptide Y (NPY) and the anorexigenic α‐melanocyte‐stimulating hormone.
Previously, experimentally induced early postnatal food restriction has generated a transient rise in
the ratio of orexigenic to anorexigenic expression in the ARC in juvenile life, which did not persist into
middle‐age. To investigate whether these changes in energy balance regulation do persist until
adulthood, gene expression for NPY and pro‐opiomelanocortin (POMC, the α‐melanocyte‐stimulating
hormone precursor) was examined at the age of 11 weeks using fluorescent in situ hybridisation in
the ARC of male rats raised in control (10 pups) or food‐restricted litters (20 pups). As was reported
before, early postnatal food restriction persistently reduced body dimensions. The ARC of adult rats
that were subjected to early postnatal food restriction showed increased NPY gene expression; both
the density of neurons containing NPY mRNA and its total expression were significantly higher than in
control males. No changes in POMC gene expression were detected. These results show that the rise
in orexigenic over anorexigenic gene expression in the ARC of neonatally food‐restricted rats persists
for a considerable time after the original stimulus (i.e. food restriction) is removed. The persistence
of this effect is an important indicator that developmental programming of hypothalamic energy
balance regulation has actually taken place in these large‐litter rats.

Introduction
Epidemiological studies have shown an increased risk of developing hypertension,
cardiovascular disease, obesity, and insulin resistance in adult humans that are born after
intra‐uterine growth restriction [30, 167, 455]. These findings have led to the concept of
'developmental origins of health and disease' [28, 196]. During early development, many
functions are plastic so that the developing organism has the potential to adapt to its
environment. These adaptations are largely irreversible in later life. If the early and adult
environments do not match, the adaptations may become maladaptive [203]. This
phenomenon of 'developmental programming' [201] may also contribute to the increased
risk for adult obesity reported in low‐birth weight humans [167, 455].
Studies using rat models to manipulate perinatal nutrition have shown long‐term
alterations in food intake, body composition, and energy expenditure [109, 406], although
the direction of these changes appears to be highly dependent on the exact nature and
timing of the malnutrition [406]. We have previously used early postnatal food restriction to
study developmental programming. Rats subjected to food restriction during lactation
acutely reduced their growth rate, followed by incomplete catch‐up growth after weaning
[263, 512]. In adulthood, these rats had lower body weight, body length, body mass index
(BMI), leptin levels, fat percentage, and energy intake than control rats, with lower resting
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energy expenditure which was appropriate for their smaller size [150, 263, 512, 513]. These
long‐term changes in energy balance suggest that the regulation of energy balance may be
programmed.
Leptin, as an indicator of fat reserves in the body, plays an important role in this
regulation [389, 544]. This peripheral hormone controls the hypothalamic regulation of
energy balance via the hypothalamic arcuate nucleus (ARC). Cells that express the leptin
receptor also express the orexigenic neuropeptide Y (NPY) or pro‐opiomelanocortin (POMC),
the precursor for the anorexigenic peptide α‐melanocyte‐stimulating hormone [224]. NPY
neurons are stimulated and POMC neurons inhibited when leptin levels and hence fat
reserves are low [544]. The resulting orexigenic signals lead to increased food intake and
more positive energy balance via downstream signalling in the hypothalamic paraventricular
nucleus and lateral hypothalamic area among other areas [544].
Earlier reports showed that different manipulations of perinatal nutrition can have long‐
lasting effects on the central regulation of energy balance [265, 338, 372, 490, 493]. Using a
large‐litter model of early postnatal food restriction, we have previously shown an increased
ratio of orexigenic to anorexigenic gene expression in the ARC of juvenile food‐restricted
(FR) rats, which had normalised in middle‐age [514 (Chapter 5)]. This transient orexigenic
response of weanling FR rats was not observed in the downstream hypothalamic
paraventricular and lateral areas [514].
The aim of the present study is to determine whether the changes found in the juvenile
ARC persist into young adulthood, when FR rats have completed their partial catch‐up
growth [512]. In order to investigate this, fluorescent in situ hybridisation was used to assess
the levels of mRNA encoding NPY and POMC in the ARC of adult male rats.
Methods
Experimental animals
Primiparous timed‐pregnant Wistar rats (Harlan, Horst, the Netherlands) arrived on day
14 or 15 of gestation and were housed individually under controlled lighting (12h light, 12h
dark) and temperature (21.0 – 23.0 °C). Animals had unlimited access to standard rat chow
(Ssniff R/M‐H; Bio Services, Uden, the Netherlands) and tap water at all times.
Pups were born spontaneously on day 22 or 23 of gestation. The first morning after birth
was designated as postnatal day 1. On day 2, pups were allocated to either a control litter of
10 pups or an FR litter of 20 pups using computer‐generated random numbers. In the large
FR litters, less milk is available per pup than in control litters, resulting in undernutrition
[175]. Male‐to‐female ratio was 1:1 in all litters. On day 25, the pups were weaned and
males were housed two per cage with another rat of the same experimental group.
A subset of 12 of the male rats in the experiment was used for the present study (6
controls and 6 FR rats). All rats came from different foster litters and were selected to obtain
a similar mean body weight in the subset as in the whole group, see Figure 1A. Body weight,
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BMI, and serum leptin concentration were reported previously [512 (Chapter 3)]. All
procedures were approved by the Animal Experimentation Ethics Committee of the Vrije
Universiteit and the VU University Medical Center in Amsterdam, the Netherlands.
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Tissue preparation
At the age of 11 weeks, the rats were decapitated under O2/CO2 anaesthesia. All rats
were killed within the first 4 hours of the light phase to avoid circadian variation in
expression levels [669]. After decapitation, brains were rapidly dissected, snap‐frozen in dry
ice‐chilled 2‐methylbutane and stored at –80 °C. After the brains were temperature‐adapted
in a –18 °C cryostat and mounted using TissueTek OCT (Sakura Finetek, Zoeterwoude, the
Netherlands), 20 μm coronal sections were cut throughout the rostrocaudal extent of the
hypothalamic ARC (bregma –1.8 mm / –4.8 mm), according to the rat brain atlas [472].
Sections were thaw‐mounted onto silane‐coated slides. Consecutive sections were placed on
one of six slides, so that six equivalent sets were obtained. Slides were dried at 40 °C, and
then stored at –80 °C until in situ hybridisation. One set of slides (32 sections per animal)
was used for hybridisation with each probe.
Fluorescent in situ hybridisation histochemistry
For generation of antisense riboprobes, plasmids containing NPY (a 511 base pairs cDNA
fragment of rat prepro‐NPY ligated into the EcoRI site of the Bluescribe M13– vector) or
POMC cDNA (the 705 base pairs cDNA of mouse POMC ligated into the Hind III ‐ EcoRI site of
the pSP65 vector; both gifts from Dr Clifton and Dr Steiner, University of Washington,
Seattle, WA) were linearised with Fsp I and Hind III, respectively, and then subjected to in
vitro transcription with T3 and SP6 RNA polymerase, respectively (Maxiscript; Ambion,
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Austin, TX, USA), in the presence of 40% fluorescein‐labelled UTP, according to the
manufacturer's protocol. The mixtures were then digested with DNase, and the labelled
probes precipitated with NH4Ac and 100% ethanol. Integrity of the riboprobes was verified
on a 1% agarose gel and the yield determined using a spectrophotometer (NanoDrop 1000;
Thermo Fischer Scientific, Wilmington, DE, USA).
For in situ hybridisation, thawed and air‐dried slides were fixed in 4% paraformaldehyde
in phosphate buffered saline (PBS) for 20 minutes, rinsed twice in PBS for 30 seconds each,
and then acetylated for 10 minutes in 1.5% triethanolamine containing 0.25% acetic
anhydride. After dehydration with ascending concentrations of ethanol, the slides were
delipidated in chloroform and then rehydrated, rinsed in PBS, and stored in 2x standard
saline citrate (SSC). The slides were incubated at room temperature for 1 hour with 150 μl of
1:1 diluted 2x Sigma prehybridisation mix before 40 ng of labelled probe per slide was
applied in 150 μl hybridisation mix containing 50% formamide, 4x SSC, 1x Denhardt's
solution, 10% dextran sulphate, 250 μg/ml tRNA, and 333 μg/ml denatured herring sperm
DNA. The slides were coverslipped and allowed to hybridise overnight in a moist chamber at
65 °C (NPY) or 58 °C (POMC). The next day, the slides were washed in 2x SSC two times for
10 minutes, incubated in 10 μg/ml RNase A at 37 °C for 15 minutes, washed in 2x SSC and
0.5x SSC for 10 minutes, and then incubated in 0.5x SSC at 65 °C for 30 minutes. Then, the
slides were rinsed for 5 minutes in 0.5x SSC at room temperature, incubated for 15 minutes
with 1x SSC containing 2% hydrogen peroxide, and rinsed for 5 minutes in 1x SSC and in
tris(hydroxymethyl)aminomethane buffered saline (TBS). The slides were incubated for 30
minutes in a moist chamber at room temperature with 350 μl 1% blocking reagent (Tyramide
Signal Amplification Kit #22; Molecular Probes, Eugene, OR, USA) and then overnight at 4 °C
with 350 μl 1% blocking reagent containing 1:300 anti‐fluorescein‐horseradish peroxidase
(Cat. No. 11426346910; Roche, Mannheim, Germany). The next day, the slides were washed
three times in TBS with 0.05% Tween 20 (TBS‐tween) for 5 minutes. The sections were
stained with 100 μl amplification buffer, 0.0015% hydrogen peroxide, and 1 μl Alexa Fluor
488‐tyramide (Tyramide Signal Amplification Kit #22; Molecular Probes) for 5 minutes. The
reaction was terminated in TBS‐tween, and the slides were washed in TBS‐tween three times
for 5 minutes and then in MilliQ before they were air‐dried and then coverslipped using
Merckoglas (Merck, Darmstadt, Germany).
Image analysis
The sections were photographed using a 20x objective on a Leica DM/RBE
photomicroscope, a Sony HAD camera (640 x 512 pixels, DXC 950v), and the tiling tool of an
MCID 7.0 system (Imaging Research Inc., St Catherines, ON, Canada). The final image used
for analysis of each section consisted of 10 (2 x 5) 'stitched' digitised images for NPY and up
to 18 (2 x 9) or 21 (3 x 7) images for POMC, see Figure 2 (the low‐resolution whole‐brain
image in Figure 2A (13 x 24 images, using a 10x objective) has adjusted tonal range and
contrast for improved visibility; for analysis, only non‐adjusted images were used). In each
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photomicrograph, a free form was drawn closely around the ARC. A measuring template was
used to identify labelled cells within the outlined nucleus. To generate the individual
templates for each section, several point operators and spatial filters combined in an
algorithm designed to detect local changes in intensity levels were used to optically separate
NPY or POMC expressing cells from the surrounding tissue. No observer‐dependent
operations such as thresholding were performed. Size and form factor criteria were applied
to exclude structures other than NPY or POMC expressing cells from measurement. The
surface of the outlined area and the number, intensity, and surface area of NPY and POMC
cells were determined. Cell density (number of positive cells/mm2) and total gene expression
(intensity x labelled surface area) were determined and expressed relative to control values
for semi‐quantitative analysis. These parameters were averaged per section for the whole
nucleus, as well as for the rostral and caudal half of the sections that contained any labelled
cells. Sections that exhibited features that complicate analysis (e.g. folded sections, heavily
labelled artefacts) were excluded from further analysis if resulting data deviated more than
2 times the interquartile range from the mean. Section sampling and measurements were
conducted without knowledge of treatment.
Figure 2. Representative sections stained for NPY (A‐
C) and POMC (D). A, adapted image from a whole
brain section stained for NPY mRNA. B‐D are
magnifications of boxed areas in A. B, NPY mRNA in
the cerebral cortex; C, NPY mRNA in the ARC; D,
POMC mRNA in the ARC. All are 'stitched'
photomicrographs. A has adjusted tonal range and
contrast for improved visibility; visible staining in A is
mostly caused by non‐specific binding that is
amplified by these adjustments. For analysis, only
non‐adjusted images were used. 3V, third ventricle;
scale bars, 250 μm.

Data analysis
The results were analysed using SPSS for Windows, version 14. All data were checked for
a normal distribution and are expressed as mean  SEM. One‐way ANOVA was used to
investigate differences between the groups in body dimensions and expression levels.
Correlations between neuropeptide expression and other parameters were determined
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using Pearson's bivariate correlation analysis. Differences were considered significant at
P<0.05.
Results
Characteristics of the animals
The 12 rats used in this study were born from 10 of the 33 dams in the complete
experiment and fostered to 6 control dams and 6 FR dams on day 2. No differences were
detected between the original litter size of the FR foster dams and pups (12.7 ± 1.1 pups)
and that of the control foster dams and pups (12.5 ± 1.4 pups, P=0.927). Of the 12 pups in
this study, 11 were cross‐fostered, whereas 1 FR pup remained with the same dam after the
random redistribution on day 2. Permanent reductions in body dimensions, serum leptin
concentration, and food intake were described before for all rats in the complete
experiment [512]. The present set of rats did not deviate significantly from the complete
group, see Figure 1. The male rats subjected to early postnatal food restriction had
significantly reduced body weight in young adulthood and showed a tendency towards lower
BMI and serum leptin concentration (Figure 1).
NPY and POMC expression: qualitative observations
Evaluation of the complete coronal sections at the level of the hypothalamus (Figure 2A)
revealed dispersed NPY expression in the cerebral cortex (Figure 2B) besides that in the
medial ARC (Figure 2C). Background staining in the hypothalamus (including ventromedial
nucleus) (Figure 2C) resembled that in the rest of the section. POMC expression was
confined to the lateral ARC (Figure 2D) at this rostrocaudal level.
NPY and POMC expression: effects of early postnatal food restriction
For each rat, 18 to 23 sections stained for NPY mRNA and 18 to 24 POMC sections were
included in the analysis. No differences were found between the control and FR groups in
the surface of the outlined area per section for NPY (P=0.244, 0.20 ± 0.004 mm2 vs. 0.19 ±
0.01 mm2, respectively) and POMC (P=0.450, 0.53 ± 0.03 mm2 vs. 0.50 ± 0.02 mm2,
respectively).
The density of NPY expressing cells (Figure 3A) was significantly increased in the ARC of
FR rats (P=0.032). When the rostral and caudal half of the nucleus were examined
separately, the difference was significant in the caudal half of the nucleus (P=0.016),
whereas in the rostral half of the ARC, there was merely a trend towards increased NPY cell
density in the FR group (P=0.065). No significant differences were detected for POMC cell
density (P>0.600, Figure 3B).
In the whole ARC, NPY total expression (Figure 3C) showed no significant difference
between FR rats and controls (P=0.156). When investigated in more detail, NPY total
expression was significantly elevated in the rostral nucleus (P=0.047), but not in the caudal
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half (P>0.500). No significant differences were detected for POMC total expression (P>0.200,
Figure 3D).
The effect of neonatal food restriction on NPY gene expression was significantly larger in
the rostral nucleus than in the caudal nucleus for total expression (P=0.047), but the
difference was not significant for cell density (P=0.136).
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Figure 3. NPY (A, C) and POMC (B, D) gene expression in the ARC of adult male control (white and light grey
bars, n=6) and FR rats (black and dark grey bars, n=6). A‐B, the density of cells labelled with the NPY or POMC
probe in the nucleus; C‐D, mean total expression per slide (label intensity multiplied by labelled area). Both
parameters are shown for the complete nucleus, as well as in the rostral (ros) and caudal (cau) half of the
nucleus. Values are mean + SEM, relative to control values. *, P<0.05; #, P=0.065 for FR vs. control.

NPY and POMC expression: correlations with other parameters
Serum leptin concentration correlated negatively with NPY cell density (R=–0.848,
P<0.001) and total expression (R=–0.733, P=0.007), but not with POMC gene expression
(P>0.800). In the FR group only, POMC total expression correlated positively with serum
leptin concentration (R=0.896, P=0.016). Expression of neither peptide was found to
correlate with body weight at the time of sacrifice (P>0.300). NPY cell density was negatively
associated with body weight at three consecutive time‐points around weaning (day 21:
P=0.027, day 28: P=0.042, and day 35: P=0.044), whereas POMC cell density correlated only
with body weight on day 2, see Figure 4.
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Figure 4. Correlations of cell density for NPY and POMC expression in the ARC of adult male FR () and control
() rats with body weight shortly after birth (A‐B) and prior to weaning (C‐D). Significant negative correlations
were found between body weight on day 2 and cell density of POMC, but not NPY; and between body weight
on day 21 and cell density of NPY, but not POMC. Cell densities are expressed relative to control values.
Pearson's correlation coefficient (R) and P‐value are given for each line.

Discussion
The principal finding of this study is that early postnatal food restriction increases
hypothalamic ARC gene expression of NPY in adult male rats, without an effect on POMC
expression. These results suggest that the previously reported transient rise of orexigenic
over anorexigenic neuropeptide gene expression in this nucleus [514] persists at least until
young adulthood.
Technical considerations
When interpreting the present study, it is important to bear in mind that although the
animals were raised in normal or large litters until day 25, this does not necessarily mean
that food restriction also lasted until day 25. It is known that juvenile rats start taking solid
food from day 16 of life [20]. Therefore, the period of undernutrition may have ended before
the moment that the pups were separated from the dams. Further, to avoid possible
interfering effects of the foster dam from distorting the effect of early postnatal food
restriction, only one rat per foster litter was used for the present study.
In the present set of animals, the reductions in adult BMI and serum leptin concentration
in FR males did not reach significance (P=0.076 and P=0.082, respectively). However, as was
shown in Figure 1, these 12 rats are a representative subset of a larger group of animals in
which BMI and leptin are persistently reduced after early postnatal food restriction [512].
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In a previous study from our department, adult FR rats showed a slight, but insignificant,
increase in ARC NPY gene expression [265]. In this earlier study, NPY expression was
investigated using radioactive in situ hybridisation. This technique requires more observer‐
dependent operations in its image analysis, making it potentially more prone to variation.
The variance in the number of labeled cells was indeed larger in the 2001 study than in the
present study. Therefore, the lower variance in the present study may have allowed us to
detect the subtle rise in NPY gene expression in the FR rats.
Possible programming mechanisms
Rats that are raised in large litters are permanently lighter, shorter, and thinner than
control rats [263, 512]. The fact that ARC gene expression of NPY was increased without
changes in POMC expression, suggests an increased orexigenic drive, possibly in an attempt
to increase food intake and hence energy reserves and growth. Although more acute food
deprivation usually induces significant changes in both NPY and POMC expression levels
[329, 533], unchanged gene expression of POMC is not an uncommon finding [32, 500].
For NPY mRNA, cell density and total expression were relatively more increased in the
rostral half than in the caudal half of the ARC of FR rats. Although this rostrocaudal
difference in the effect of early postnatal food restriction was only significant for total
expression, the overall effect seems to be a stronger increase in NPY expression in the
rostral half of the nucleus. This is in agreement with the rostrocaudal distribution of
increased expression after a short period of fasting with limited body weight loss [397],
whereas prolonged fasting with more elaborate body weight loss produced an even rise in
NPY mRNA throughout the nucleus [165, 397].
Its negative correlation with leptin concentration suggests that NPY expression increased
with decreasing energy reserves. This is consistent with the orexigenic role of NPY [544].
Expression levels of the anorexigenic POMC increased with increasing energy reserves (i.e.
leptin) only in the FR group. This implies that the regulation of NPY expression may be
tighter than that of POMC, since POMC expression levels in the present study only seemed
to be regulated when the rats were challenged by early undernutrition.
At the age of 11 weeks, gene expression levels were not related to body size. In contrast
to final body size, juvenile body weight did show significant correlations with gene
expression levels, although at different ages for NPY and POMC. Cell density of the latter was
related to body weight shortly after birth, whereas NPY cell density was associated with
body weight around weaning. On the basis of these correlations, one might speculate that
for adult POMC gene expression, the intra‐uterine nutritional status may be more important
than influences in postnatal life such as early postnatal food restriction; whereas adult NPY
gene expression does not seem to be influenced by birth weight and may be mostly
determined by the nutritional status around the time of weaning. This conjecture is solely
based on the found correlations, and therefore must remain speculative.
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Comparing the results of the present study to those of our previous report on
hypothalamic gene expression levels in juvenile and middle‐aged FR rats, it seems that the
changes that were found in juvenile FR rats and that are no longer present in middle‐aged FR
rats [514], at least persist into young adulthood. Other investigators have also reported on
NPY after manipulations of perinatal nutrition. Juvenile rats raised in large litters, but also
those raised in small litters, were shown to have increased levels of both NPY mRNA and
peptide [371, 494]. In adult small‐litter rats, these changes were no longer found [372, 624],
and neither in the previously mentioned large‐litter rats studied in our department [265].
Studies using other models than litter size manipulations, however, have suggested that
changes in NPY may still persist at this age [265, 338]. The present study makes an important
contribution, with data on adult gene expression of both NPY and POMC.
Conclusions and implications
In the present study, we have shown that early postnatal food restriction by raising rats
in large litters can induce alterations in ARC gene expression in young adulthood.
Specifically, NPY gene expression was increased in male FR rats, while POMC gene
expression was unaltered. This indicates that the previously reported transient rise of
orexigenic over anorexigenic gene expression in the ARC of juvenile rats [514] persists at
least during the period of catch‐up growth in the FR rat [512]. This persistence of the effect
after the original stimulus is no longer present, is an important criterion for programming
and is an indicator that developmental programming of hypothalamic energy balance
regulation has actually taken place. While the present report focuses on gene expression,
further studies are indicated to investigate the long‐term effects of early postnatal food
restriction on protein levels and functionality of the hypothalamic circuitry that regulates
energy balance.
The concept of developmental programming is commonly used to explain how low birth
weight in humans may increase the risk for obesity and other metabolic problems [200, 203].
Superficially, the lean phenotype of FR rats seems to be in contradiction with this concept. In
the present study, a seemingly increased orexigenic drive did not induce obesity in large‐
litter rats. These rats may not experience a sufficient discrepancy between the early and
later environment to undergo harmful metabolic programming. The importance of this
mismatch for the development of the metabolic syndrome has been stressed in recent years
[203]. Exposing FR rats to a high‐fat diet may create the discrepancy between the early and
adult environment that is needed to reveal potential obesogenic effects of early postnatal
undernutrition. In this way, the exact circumstances under which perinatal malnutrition
leads to deleterious long‐term effects can be assessed, and may ultimately be prevented in
high‐risk human populations.
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