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Abstract
Background—Food restriction is known to enhance learning and motivation. The neural
mechanisms underlying these responses likely involve alterations in gene expression in brain
regions mediating the motivation to feed.

Methods—Analysis of gene expression profiles in male C57BL6/J mice using whole-genome
microarrays was completed in the medial prefrontal cortex, nucleus accumbens, ventral tegmental
area, and the hypothalamus following a five day food restriction. Quantitative PCR was used to
validate these findings and determine the time-course of expression changes. Plasma levels of the
stress hormone corticosterone (CORT) were measured by ELISA. Expression changes were
measured in adrenalectomized animals that underwent food restriction, as well as in animals
receiving daily injections of CORT. Progressive ratio responding for food, a measure of motivated
behavior, was assessed after CORT treatment in restricted and fed animals.

Results—Brief food restriction results in an upregulation of peripheral stress responsive genes in
the mammalian brain. Time-course analysis demonstrated rapid and persistent expression changes
in all four brain regions under study. Administration of CORT to non-restricted animals was
sufficient to induce a subset of the genes, and alterations in gene expression after food restriction
were dependent on intact adrenal glands. CORT can increase the motivation to work for food only
in the restricted state.

Conclusions—These data demonstrate a central role for CORT in mediating both molecular and
behavioral responses to food restriction. The stress hormone-induced alterations in gene
expression described here may be relevant for both adaptive and pathological responses to stress.

Keywords
transcription; neural plasticity; starvation; obesity; motivation; stress hormones

© 2011 Society of Biological Psychiatry. Published by Elsevier Inc. All rights reserved.
Correspondence: Ralph DiLeone, Division of Molecular Psychiatry, Department of Psychiatry, Yale University School of Medicine,
34 Park St.-CMHC, New Haven, CT 06508, Tel: 203-974-7684, Fax: 203-974-7686, ralph.dileone@yale.edu.
FINANCIAL DISCLOSURES: The authors report no biomedical financial interests or potential conflicts of interest.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Biol Psychiatry. Author manuscript; available in PMC 2013 February 15.

Published in final edited form as:
Biol Psychiatry. 2012 February 15; 71(4): 358–365. doi:10.1016/j.biopsych.2011.06.028.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



INTRODUCTION
The effect of food restriction in behavioral plasticity has been well established. Food
restriction increases motivation to respond for food rewards across a variety of species (1–
3). Food restricted (FR) animals are also more sensitive to the effects of drugs of abuse and
work harder for drug rewards (4–6). In addition, food restriction produces central
adaptations beyond the described effects on motivation (7, 8). Strikingly, the adipocyte-
derived hormone leptin can reverse many of the behavioral and physiological effects of food
restriction, providing an example of how hormones serve to communicate the metabolic
state to the brain (9). Leptin signaling has been primarily studied in the hypothalamus, but
recent work from our lab and others has suggested a functional role for leptin in the
dopaminergic cells of the ventral tegmental area (VTA) (10, 11). The distributed response to
leptin suggests that multiple brain regions may be responsive to metabolic state and underlie
leptin’s central effects (12).

Within the hypothalamus, expression of neuropeptides such as melanin concentrating
hormone as well as the leptin receptor are regulated following short-term food deprivation
(13, 14). Food restriction can have persistent effects; for example, when re-fed mice show
increased sensitivity to amphetamine after a previous period of food restriction (15). It is
likely that transcriptional changes contribute since studies on learning and drug addiction
have identified transcriptional events to be required for establishing neuronal plasticity (16,
17). Transcription factors such as CREB and FosB in mesocorticolimbic regions have been
implicated in generating aspects of neuronal plasticity (18). The mesocorticolimbic circuits
include the dopaminergic cell bodies within the VTA as well as the nucleus accumbens
(Acb) and the medial prefrontal cortex (mPFC) target regions. Since the neuronal circuitry
mediating behavioral responses to food and drugs of abuse are partly shared, these same
brain circuits are likely candidates for neural plasticity following restriction (19). While
studies have suggested altered dopamine signaling in the striatum may underlie effects of
food restriction, systematic and unbiased transcriptional analysis within these circuits has
not been completed (20, 21). We hypothesized that food restriction and motivation would
share this requirement for transcriptional plasticity.

Here we report gene expression changes in the hypothalamus as well as regions of the
mesocorticolimbic system following a brief food restriction. A set of genes were validated
by quantitative polymerase chain reaction (qPCR) and found to be up-regulated in a rapid
and persistent manner in all brain regions examined. The identity of the genes suggested
activation of a stress-responsive pathway and led us to explore the role of stress hormones in
restricted feeding behavior. Corticosterone (CORT) was sufficient to induce genes in the fed
state, while the adrenal glands were necessary for all observed induction upon restriction.
CORT induces motivated behavioral responses in a feeding state dependent manner. These
results indicate that stress hormones are a key signal to alter gene expression and to produce
motivated behavior in response to food restriction.

METHODS AND MATERIALS
Mice

All experiments were performed on 8–9 week old C57/BL6J male mice (Jackson Labs) later
sacrificed at 10–12 weeks. Animals had ad libitum water and were on a 12-h light/dark cycle
beginning at 7am. Four independent cohorts, fed Research Diets D12450B, were used in the
microarray study (n=4 arrays, n=20 animals, pooled as discussed below). Time course
cohorts and the 5-day CORT cohort were fed Prolab RMH 3000 chow (n=5 per group).
Weighing and feeding were done within one hour of dark onset, as were all sacrifices.
Animals were housed five per cage and food intake was measured daily for 7 days. The
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average intake consumed value was used to generate the amount given during the restriction
(75%). This was done for the initial array cohort of 5 day food restriction, as well the three
additional cohorts generated for the 1-, 5-, and 10 day restriction and the adrenalectomy
cohort. The adrenalectomized mice were ordered from Jackson Labs (surgery performed
when 5 weeks old) and then were maintained with two bottles, one with water and another
with 1.0% saline, throughout the experiment. All procedures were approved by the animal
care committee at Yale University.

Dissections
Animals were rapidly decapitated, trunk blood was collected and the brain was removed and
placed in chilled artificial cerebrospinal fluid (NaCl 124 mM, KCl 4 mM, NaHCO3 26 mM,
D-glucose 10 mM, CaCl2 1.5 mM, MgSO4 1.5 mM, KH2PO4 1.25 mM, pH 7.5) for one
minute. The brain was then sectioned using a 1mm brain block (BrainTree) and each region
was microdissected from a single 1 mm slice using a scalpel, except for the Acb where a 15
gauge circular punch was used to collect the core and shell. For the mPFC, we took
infralimbic, prelimbic and a part of anterior cingulate. Each piece of tissue was rapidly
frozen on dry ice and placed at −80°C until used for molecular analysis. The trunk blood
was immediately added to K2 EDTA (Sigma) at a final concentration of 2mg/ml and then
spun for 20 minutes at 1000g at room temperature; plasma was collected as the supernatant.

Plasma CORT Measurements
CORT ELISAs were performed according to manufacturer’s protocol (Assay Designs).
Briefly, 1 μl of plasma, diluted 1:50, was compared to known concentrations. An OD
reading at 405nm with correction at 570nm was taken and a standard curve was generated
using BioTek GEN5 software.

RNA Preparation
Microarray RNA samples were prepared using the mirVana miRNA Isolation Kit (Ambion)
following the total RNA isolation procedure. Time course, adrenalectomized and CORT i.p.
RNA samples were purified using Trizol reagent (Invitrogen); NanoDrop ND-1000 (Thermo
Scientific) was used to determine final RNA concentration.

Microarrays
Microarrays were conducted in collaboration with the NIH Neuroscience Microarray
Consortium using Operon mouse whole genome arrays (4.0) with a reference sample.
Detailed protocols are available on the Duke Microarray Facility site
(http://microarray.genome.duke.edu/). These data were then subjected to analysis with the
GenePix Pro software (Molecular Devices). Resulting files were analyzed using Genespring
software (Agilent). Background spot intensity was calculated by taking the median of the
medians for each color channel (~60) and each spot had either the Cy5 or Cy3 channel
above the background threshold. Data were normalized using Lowess and were then filtered
for a fold change of greater than plus or minus 1.2 and a p value of p<0.05 using the volcano
plot function. None of these data passed the Benjamini Hochberg False Discovery Rate. The
geometrically averaged FR/REF number was divided by the averaged REF/CTL for probes
found on at least 2 of the 4 arrays for each treatment to achieve corrected fold changes. A
cutoff of greater than plus or minus 1.5 fold was used to generate gene lists.

Quantitative PCR
Microarray and time course cDNA samples were generated using 500 ng total RNA and the
Superscript III RNase H-Reverse Transcriptase kit (Invitrogen). qPCR primers were
designed to cross an intron-exon boundary (intron of >400 bp) using Primer3 software
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(http://frodo.wi.mit.edu/primer3-0.4.0/input.htm). Primers were ordered from Integrated
DNA Technologies and diluted to 6–12 μM. All primer sets were found to be 90–110%
efficient and resulted in one PCR product as confirmed by melt curve and gel
electrophoresis analysis. Sequences for primer pairs can be found in Table S3 in the
Supplement. qPCR was performed according to manufacturers recommendations using a
7500 Fast Real Time PCR System and the Power SYBR Green master mix (Applied
Biosystems). The ΔΔCT method of calculating fold change was used and TATA box
binding protein (Tbp) was the control gene (22).

Fluorescent In Situ Hybridization
Protocols used were as described previously from our lab (10). Briefly, riboprobes were
generated using an in vitro transcription kit (Roche) with digoxigenin-labeled UTP for
Cdkn1a and fluorescein-labeled UTP for Gad1 and Gad2, and hybridized to 14-μm brain
sections. Following antibody incubation (1:200 dilution of horseradish peroxidase (HRP)-
conjugated mouse-anti digoxigenin antibody (Jackson ImmunoResearch) or 1:2000 dilution
of HRP-conjugated rabbit anti-fluorescein antibody (Molecular Probes)), sections were
incubated with TSA-direct coupled to either Cy3 or fluorescein (Perkin-Elmer), and then
visualized.

CORT administration
Intact mice were injected with 2.4mg/kg i.p. CORT (LKT Laboratories) dissolved in 1%
ethanol in saline. The injections occurred at 5pm while kept on an ad libitum diet for 5 days
and were sacrificed on the final day two hours after the last CORT injection.

Operant Conditioning
Experiments were performed as previously described (23). Briefly, mice were food
restricted to ~93% original body weight and then trained to nose poke for food
reinforcement (20 mg; F0071, Bioserv) using standard Med-Associates operant conditioning
chambers. Mice were initially trained to nose poke on a single nose poke aperture using a
one-hour session and a variable ratio 2 schedule of reinforcement. Upon stable responding,
mice were shifted to a linear progressive ratio schedule of reinforcement in which the
response requirement increased by 4 responses after each reinforcement was earned. Test
sessions ended when animals executed no active responses for 5 consecutive min. After 7
sessions, mice were then injected with saline or acute CORT (2.4 mg/kg, i.p.) in a counter-
balanced fashion 30 minutes prior to test. Mice were injected with the opposite compound
the next day. This experiment was replicated in mice that were returned to free-feeding at
the onset of progressive ratio testing to evaluate whether the effects of CORT were selective
to FR, as opposed to the fed state. Break point ratios were analyzed by 2-factor ANOVA
with repeated measures and with feeding state and CORT exposure as factors.

RESULTS
Food restriction paradigm

To investigate the gene expression changes found in selected brain regions associated with
food restriction, nine week old C57BL6/J male mice were housed 5 per cage and food intake
was monitored for 7 days. Average food intake values were calculated and used to provide
75% of that amount each day to the FR group. All food manipulations occurred near the
beginning of the dark cycle to minimize disruption of normal activity patterns. One cage was
randomly assigned to the FR group while the other cage was the control group and received
ad libitum food (Ad Lib).
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After 5 days, the expected changes in weight were observed (Ad Lib: start weight 22.9+/
−0.3g, FR: start weight 23.1 +/−0.3g, n.s.; Ad Lib: final weight 23.7 +/−0.4g, FR: final
weight 21.0 +/− 0.3g, p<0.01; n=20). The mice were rapidly sacrificed at the beginning of
the dark cycle and the mPFC, core/shell of the Acb, the hypothalamus (Hyp) and the VTA
were quickly microdissected (Fig. S1 in the Supplement). RNA from each brain region was
pooled from the five mice per cage to generate sufficient amounts for the array
hybridizations. RNA was prepared from these samples and divided in two halves. One
portion was used for the microarray while the other portion was saved for validation using
qPCR. This procedure was done four independent times to generate a n=4 for this study.

Identification of genes regulated upon food restriction
Analysis of gene expression was performed using the mouse v4.0 Operon whole genome
longmer microarrays in collaboration with the NIH Neuroscience Consortium. A common
reference RNA sample was used to allow for normalization and thus enable comparisons
across multiple samples generated at different times. Lowess normalization, filtering for
p<0.05, fold changes greater or less than 1.5 and minimal spot intensity were used to
generate lists of genes differentially regulated in the FR versus Ad Lib groups. No genes
passed the false discovery rate, consistent with the low sample number in the study (24). The
gene lists for the four brain regions demonstrated more up-regulated genes than down-
regulated genes (Fig. S2 and Table S1 in the Supplement). qPCR was performed on a subset
of genes to provide confidence in these data. Stringent criteria (see methods) were used to
ensure the primers were efficient and did not amplify genomic DNA. While few of the
down-regulated genes validated, a number of up-regulated genes showed validation by
qPCR (Table S2 in the Supplement). It is notable that the most consistently regulated genes
show regulation across all four brain regions when directly tested by qPCR (Table 1).

Rapid and persistent gene expression changes seen in multiple brain regions
An independent cohort of 5-day FR mice was generated to assess the reproducibility of the
findings using qPCR (Ad Lib: start weight 24.5+/−0.8g, FR: start weight 23.5 +/−0.7g, n.s.;
Ad Lib: final weight 25.7 +/−1.0g, FR: final weight 22.1 +/− 0.5g, p<0.01). To characterize
the time course of gene regulation, FR groups of one day and ten days were generated (Ad
Lib-1: start weight 24.0+/−0.2g, FR-1: start weight 23.0 +/−0.5g, n.s.; Ad Lib-1: final
weight 24.2 +/−0.2g, FR-1: final weight 22.0 +/− 0.6g, p<0.01) (Ad Lib-10: start weight
23.2+/−1.0g, FR-10: start weight 22.8 +/−0.8g, n.s.; Ad Lib-10: final weight 25.3 +/−0.8g,
FR-10: final weight 21.6 +/− 0.7g, p<0.01). One of the validated genes, Cdkn1a, was found
to be up-regulated in 3 of 4 brain regions after 10 days of food restriction. This indicates that
Cdkn1a remains up-regulated during more prolonged FR conditions (Fig. 1A–D).
Surprisingly, Cdkn1a also showed up-regulation upon a single day of food restriction in the
same manner. Similar results were found with Arrdc2 and Angptl4 (Fig. S3 in the
Supplement). Thus there appears to be a rapid and persistent expression change upon food
restriction.

To visualize gene expression within neurons, the expression pattern of Cdkn1a within the
mPFC and Acb was determined via in situ hybridization. Cdkn1a mRNA was detected in
both mPFC and Acb (Fig. 1E, F). Within the mPFC, Cdkn1a mRNA was observed in many
cortical cells including some Gad1/2-containing neurons that act as markers for GABAergic
neurons. Within the Acb, Cdkn1a mRNA was again broadly expressed and found in many
Gad1/2-positive neurons, which label most of the neurons in this region. Together, these
findings suggest that Cdkn1a is generally expressed across cortical and sub-cortical neurons.
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The role of CORT as a signal of restriction
Assessment of the qPCR validated genes revealed two potential classes of regulated genes.
The first are genes previously shown to be regulated by nutritional state. The second class
includes genes previously shown to be stress responsive (Table 1 and references (25–43)).
These include genes responsive to systemic stress signals as well as those responsive to
cellular stress. Stress and stress hormones may influence feeding behavior, providing a
candidate signal for the initiation of gene expression changes found in this study (44, 45).

To confirm changes in this candidate signal, plasma CORT levels at the time of feeding
were assessed on days one, five and ten to match the gene expression time points. Plasma
CORT levels were increased at all three time points (Fig. 2A), raising the possibility that the
observed increase in gene expression may be in part mediated by increases in glucocorticoid
levels. Adrenal glands were removed from a cohort of animals to ablate the production of
CORT, confirmed by analysis of blood plasma levels (Fig. S4 in the Supplement). This
cohort of animals underwent the same 5-day FR paradigm used in the original microarray
study. Due to its known role in motivation, these experiments focused on changes within the
Acb. Cdkn1a, Arrdc2 and Angptl4 required the intact adrenal glands for gene induction upon
food restriction (Fig. 2B–D). Strikingly, this was found for all validated genes tested in this
study (Fig. S5 in the Supplement). Therefore the adrenal glands, and potentially CORT, are
necessary for all the changes in gene expression observed upon food restriction.

A complementary strategy is to assess whether CORT is sufficient to up-regulate these
genes in the fed state. CORT was delivered intraperitoneal (i.p.) for 5 days to model the
observed effect seen upon food restriction. Animals were sacrificed 2 hours after the final
injection of CORT, and gene expression was assessed by qPCR. Arrdc2 and Pdk4 are
validated genes showing up-regulation upon 5 days of food restriction (Table 1, Fig. 3A,C).
Arrdc2 mRNA levels were increased after 5 days of CORT exposure, showing that CORT is
sufficient for the induction of this gene in the absence of food restriction (Fig. 3B). In
contrast, Pdk4 was not induced by this exposure (Fig. 3D). A survey of the validated genes
from this study shows that 6 of the 13 genes tested are induced by this exposure (Fig. S6 in
the Supplement). Taken with the above results, the adrenal glands are required for the
induction of all transcripts in this study and CORT is sufficient to induce a subset of the
genes.

To demonstrate the importance of CORT in feeding behaviors, we used operant responding
for food reinforcers on a progressive ratio schedule of reinforcement. This is a well-
established index of primary motivation for an appetitive outcome (46). Break point ratios
were analyzed by 2-factor (feeding state × CORT) ANOVA with repeated measures. A main
effect of feeding state indicated FR mice achieve higher break points than ad libitum fed
mice overall [F(1,14)=27.2, p<0.001], as expected (Fig. 4). Interestingly, an interaction
between feeding state and CORT was identified [F(1,14)=6.8, p=0.02]. Post-hoc tests
indicated that CORT did not affect break points when mice were fed ad libitum (p=0.9), but
CORT increased responding in restricted mice (p=0.002) (Fig. 4). Thus CORT
administration (at the same dose as in the gene expression studies) before the progressive
ratio session further increased responding in restricted animals, with no effects on animals in
the fed state. These results show that the stress hormone CORT is able to induce motivated
feeding behavior in a feeding state dependent manner. Combined with the above results
showing the necessity of adrenal glands and sufficiency of CORT for food restriction-
induced gene expression, the progressive ratio results further highlight the role of CORT in
potentiating behavioral responding for food specifically in the restricted state.
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DISCUSSION
The present results demonstrate that brief food restriction evokes stress hormone induced
alterations in gene expression within mesocorticolimbic circuits. A microarray screen was
conducted to elucidate the potential molecular mechanisms associated with food restriction-
induced behavioral plasticity. A group of genes were identified that are induced after one
day of food restriction and were persistently up-regulated after ten days. Many of this novel
set of up-regulated genes were previously associated with peripheral stress responses. We
show their expression to be critically dependent on food restriction and intact adrenal
glands. CORT administration was sufficient to induce a subset of these validated genes in
the fed state, confirming a functional role for stress hormone-induction as a physiological
signal that produces gene expression changes in response to food restriction. Finally, it was
shown that CORT could potentiate motivated responding for food reinforcement in a
restricted state, but not in the fed state. The genes identified in this study are argued to be
key molecular signals initiated by food restriction that induce behavioral plasticity.

Peripheral stress response to food restriction triggers molecular plasticity in the brain
By using a 5-day food restriction procedure, this molecular study was designed to identify
early response genes that potentially mediate the initial transcriptional responses to
restriction. Most of the genes identified have not been directly associated with food
restriction but have been studied in other contexts. The previous identification of Angptl4
and Pdk4 as regulated by feeding state in peripheral tissues is consistent with a general role
for these genes in response to restriction. However their role in mesocorticolimbic circuits
has yet to be explored. Angiopoietin-like 4 (Angptl4) was originally identified as fasting
induced adipose factor in the mouse liver and was subsequently shown to be a novel
member of the angiopoietin family of secreted peptides due to homology (32). Pyruvate
dehydrogenase kinase 4 (Pdk4) is an isoform of a mitochondrial kinase that has been shown
to be induced by starvation in the rat heart (43). Cyclin-dependent kinase inhibitor p21
(Cdkn1a) is well known for its important roles in negatively regulating the cell cycle
through interactions with CDK2 and PCNA, as well as being shown to inhibit apoptosis
(47). Cdkn1a has been shown to be induced in the rodent brain after ischemia, although the
reason for its induction in postmitotic neurons is unclear (48). There have been reports
suggesting that Cdkn1a may protect against cell death in postmitotic neurons, or may have a
non-enzymatic function by inhibiting stress-activated kinases (49, 50). Arrestin domain
containing 2 (Arrdc2) was found to be up-regulated in the rat PFC, hippocampus and the
midbrain by 90 minutes of exposure to lysergic acid diethylamide (LSD) (36). While the
specific cellular and molecular function of these genes after food restriction is unclear, their
regulation suggests a possible novel role for these genes in neuronal function and plasticity
that is initiated by a peripheral stress response. Interestingly, some of these genes have been
shown to be responsive to changes in glucose or insulin, suggesting that that the stress-
mediated transcriptional response is integrated with metabolic changes during restriction
(31, 43, 51).

A strength of the current study is the comprehensive use of qPCR as a validation measure,
which allowed for the identification of a set of robust gene changes after a brief food
restriction. As in all large-scale screening, microarray analysis is expected to have false
negatives. Some genes, such as those previously identified as regulated by food deprivation
in the hypothalamus were not seen in the current study (13, 14). While studies of long-term
caloric restriction have identified additional genes not seen here, changes in cellular stress-
responsive genes were also identified (e.g. (52)). Moreover, recent studies of short-term
food restriction have also supported a role for stress responses in the amygdala and lateral
hypothalamus (53, 54). The present work supports and extends these findings by testing the
specific role of CORT in both molecular and behavioral responses to restriction.
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Role of CORT
To test the role of stress hormones in mediating the observed expression changes, CORT
production was ablated by removing the adrenal glands and then exposing these animals to
the 5-day restriction paradigm. None of the genes identified after food restriction were up-
regulated in the absence of adrenal glands, suggesting that factors released from these glands
are necessary to initiate these changes in gene expression. To further determine the specific
role of CORT, the hormone was administered in a manner that modeled what was seen in
the restricted state. CORT was sufficient to induce 6/13 genes in the fully fed state,
highlighting the role of this hormone in the observed gene up-regulation. CORT acts via
glucocorticoid and mineralocorticoid receptors and expression studies have defined CORT
responsive genes in the brain (55). Some of the genes identified here, such as Angptl4, are
directly regulated by the glucocorticoid receptor (34). On the other hand, other direct targets,
such as Tsc22d3, Pdk4, and Fkbp5 are not regulated following injections of CORT (27, 35,
56). There are at least two explanations for this: 1) some of the genes may be sensitive to the
specific dose and timing of the CORT administration, and 2) some genes might require
additional factors (e.g. metabolic) to be CORT responsive. Interestingly, the behavioral
studies showed a state-dependent effect of CORT. Using a task of motivated feeding, it was
demonstrated that CORT can increase motivation in a restricted state yet has no effect in the
fully fed state. This finding is consistent with work that indicates similar levels of CORT,
produced by different stressors, can lead to distinct behavioral responses (57). While results
from our unbiased genomic screen demonstrate that a common molecular response is
initiated throughout the brain under conditions of food restriction, the functional effects of
these common pathways may be distinct in the different brain regions. Future work will
better define these effects and reveal how the CORT signal is interpreted and integrated.

Studies have suggested a role for stress in setting the homeostatic response of the animal
(58), and stress pathways are likely critical for short-term behavioral adaptations that are
essential for survival. The potentiation of food motivation and consumption after restriction
is an example of an adaptive behavioral response that is mediated by stress hormones. The
transcriptional changes described here are also likely to be relevant to our understanding and
treatment of maladaptive behavioral responses to stress. Stress often plays a role in
potentiating responses to drugs of abuse (59–61), and can drive intake of palatable food
(45). Molecular responses that are adaptive in the restrictive state likely underlie these
stress-sensitive behaviors that are frequently detrimental to human health.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Cdkn1a is widely up-regulated during food restriction and is neuronally expressed. Cdkn1a
gene expression was analyzed in independent cohorts of 1-, 5-, and 10-day FR mice.
Significant up-regulation occurred only during 5-day food restriction in the mPFC (A), and
was induced by 1, 5, and 10 days of food restriction in the Acb (B) hypothalamus (C) and
VTA (D). *=P < 0.05, n=5 mice per group. Photomicrographs illustrate the expression of
Cdkn1a (red) and Gad1/2 (green, marker for GABAergic neurons) mRNAs within the mPFC
(E) and Acb (F). Cdkn1a mRNA was observed within most cortical neurons (open arrows),
including many Gad1/2-containing neurons (solid arrows), although not all (arrowheads).
Within the Acb, most neurons also expressing Gad1/2 expressed Cdkn1a mRNA, although
not all. Scale bars=50mm.
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Figure 2.
CORT is increased in FR animals and is necessary for gene up-regulation in the food
restricted state. Blood plasma CORT levels were found to be significantly increased in 1-,
5-, and 10-day FR animals (A). Cdkn1a was significantly up-regulated in the Acb of an
independent cohort of 5-day FR animals, however was not up-regulated in the Acb of 5-day
FR adrenalectomized mice (B). Similar results were found with Arrdc2 (C) and Angptl4
(D). #=P=0.051, *= P < 0.05, n=5 mice per group.
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Figure 3.
Repeated CORT exposure up-regulated gene expression in a subset of validated genes.
Arrdc2 expression was significantly up-regulated within the Acb after 5 days of food
restriction (A) and after 5 days of CORT exposure while provided with ad libitum diet (B).
In contrast, Pdk4 expression was significantly up-regulated after 5 days of food restriction in
the Acb (C) however not after 5 days of CORT exposure while provided with ad libitum
food (D). *=P < 0.05, n=5 mice per group.
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Figure 4.
Acute CORT increased motivated responding for food only in FR mice. FR mice achieved
higher break point ratios on a progressive ratio schedule of reinforcement than did ad
libitum fed mice. Acute CORT induced an increase in progressive ratio responding in
animals that were food restricted but had no effect on fully fed mice. Break point ratios were
analyzed by 2-factor ANOVA with repeated measures and with feeding state and CORT
exposure as factors. *= P < 0.05, n=7 ad libitum fed and 9 FR mice.
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