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Abstract

Palatable foods can stimulate appetite without hunger, and unconstrained overeating underlies obesity and binge eating
disorder. Women are more prone to obesity and binge eating than men but the neural causes of individual differences are
unknown. In an animal model of hedonic eating, a prior study found that females were more susceptible than males to eat
palatable food when sated and that the neuropeptide orexin/hypocretin (ORX) was crucial in both sexes. The current study
examined potential extra-hypothalamic forebrain targets of ORX signaling during hedonic eating. We measured Fos induc-
tion in the cortical, thalamic, striatal, and amygdalar areas that receive substantial ORX inputs and contain their receptors
in hungry and sated male and female rats during palatable (high-sucrose) food consumption. During the test, hungry rats of
both sexes ate substantial amounts, and while sated males ate much less than hungry rats, sated females ate as much as hungry
rats. The Fos induction analysis identified sex differences in recruitment of specific areas of the medial prefrontal cortex,
paraventricular nucleus of the thalamus (PVT), nucleus accumbens (ACB), and central nucleus of the amygdala (CEA), and
similar patterns across sexes in the insular cortex. There was a striking activation of the infralimbic cortex in sated males,
who consumed the least amount food and unique correlations between the insular cortex, PVT, and CEA, as well as the
prelimbic cortex, ACB, and CEA in sated females but not sated males. The study identified key functional circuits that may
drive hedonic eating in a sex-specific manner.
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Introduction

Sweet and other palatable tastes can stimulate our appetites
and drive eating without hunger. Individuals differ in their
propensity to respond to palatable foods when sated (Small
2009; Reppucci and Petrovich 2012; Sun et al. 2015) and
understanding the underlying neurobiology is key to resolv-
ing hedonic overeating. Women are more susceptible to gain
weight and to engage in binge eating than men (Hudson et al.
2007; Mitchell and Shaw 2015), and recently we examined
potential behavioral and neural sex differences in an animal
model of hedonic eating (Buczek et al. 2020). First, we com-
pared palatable food (high-sucrose) consumption between
hungry and sated adult Sprague Dawley rats of both sexes.
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Then, we examined activation and signaling of the neuro-
peptide orexin/hypocretin (ORX) (de Lecea et al. 1998;
Sakurai et al. 1998), which supports food reward motivated
behaviors (Choi et al. 2010; Mabhler et al. 2014; Petrovich
2019). We found that females were more prone to hedonic
eating than males and that ORX signaling is crucial in both
sexes. Across multiple tests, males consumed according to
their physiological hunger state prior to testing—sated ate
less than food deprived. In contrast, sated females consumed
similar amounts of palatable food as hungry rats. Our analy-
sis of Fos induction patterns in hungry and sated male and
female rats found that ORX neurons were activated during
palatable food consumption independently of fasting. In a
follow-up experiment, systemic blockade of ORX receptor
1 signaling decreased palatable food consumption in both
sexes (Buczek et al. 2020).

A critical next step is to determine the brain areas
where ORX signaling could drive hedonic eating in males
and females, and the current study examined potential
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extra-hypothalamic forebrain targets. Notably, ORX fibers
and receptors are widely distributed in the forebrain areas
that underlie motivation and reward processing, taste and
visceral networks, and associative learning and decision-
making functions (Peyron et al. 1998; Trivedi et al. 1998;
Marcus et al. 2001; Baldo et al. 2003; Petrovich 2019). Thus,
we examined cortical, thalamic, striatal, and amygdalar areas
that are involved in these processes and receive substantial
inputs from ORX neurons and contain ORX receptors, in
the brain tissue from the subjects in our prior study (Buczek
et al. 2020). The specific subset of areas across these brain
regions were chosen for analysis based on their interconnec-
tivity (Reppucci and Petrovich 2016; Petrovich 2018, 2021).
In those areas, we compared the patterns of Fos induction in
hungry and sated male and female rats that were either given
palatable food or not fed during tests. These groups enabled
examination of the effects of consumption separately from
food deprivation effects in both sexes. We analyzed forebrain
activation patterns and identified the areas where Fos induc-
tion correlated with consumption and the network differ-
ences that corresponded with sex-specific behavior.

Experimental procedures
Subjects

Sixty-four experimentally naive, Sprague Dawley rats (32
male, 32 female) were obtained from Envigo at 250-275 g.
Rats were individually housed in the colony room that was
maintained on a 12 h light/dark cycle (lights on 06:00), and
all behavioral tests occurred during the light-phase between
09:00 and 16:00. Upon arrival and prior to any handling or
habituation procedures, rats were given 24 h to acclimate
to the colony room. Rats had ad libitum access to water
and standard laboratory chow (Purina Lab Diet Prolab
RMH 3000; calories: 26%, protein, 15% fat, 59% carbo-
hydrates (89% starch)) except when noted otherwise. All
housing and testing procedures were in compliance with
the National Institute of Health’s Guidelines for the Care
and Use of Laboratory Animals and were approved by the
Boston College Institution Animal Care and Use Committee.
One female rat (sated, no food group) died prior to the start
of the experiment.

Experimental design

Behavioral procedures were described previously in detail
(Buczek et al. 2020). Prior to any testing, rats were han-
dled daily for 5-6 days and habituated to all experimen-
tal conditions, including exposures to ceramic dishes used
for testing consumption of palatable food, Test Diet pellets
(TD; 5STUL 45 mg Scott Pharma: 21% protein, 13% fat, 67%
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carbohydrates (all sucrose)). Each rat received 1 g of TD at
the bottom of their home cage and on a separate occasion
was exposed to an empty ceramic testing dish for 30 min.
Then, rats were acclimated to consume TD pellets from the
ceramic testing dishes (10 g of TD for 30 min) in their home
cages, once under sated state (ad libitum access to chow
prior to testing) and once after 20 h of deprivation (testing
order was counter-balanced). Rats were also acclimated to
transportation on a cart to and from the procedure room,
where perfusions to collect brain tissue occurred.

In order to test neural activation patterns due to palatable
food consumption under satiety and hunger in both sexes,
rats were assigned to sated or deprived condition and to
receive food at test or not (four groups per sex). For rats in
the deprived condition, food was removed 20 h prior to test-
ing, while rats in the sated condition were allowed ad libi-
tum access to chow (n=16 per sex). At test, half of the rats
in each condition (sated or food-deprived) were given 15 g
of palatable food (TD) in ceramic dishes while the other
half of the rats were given empty ceramic dishes (no food)
for 100 min in home cages (n=28 per group). The 100 min
testing duration was chosen to optimize test-specific Fos
induction. Rats were undisturbed during testing and perfused
immediately after to collect brain tissue.

Histological procedures

Immediately following the testing sessions, rats were briefly
anaesthetized with isoflurane (Henry Schein, Pittsburgh,
PA), intraperitoneally injected with tribromoethanol (Sigma
Aldrich, St. Louis, MO) and transcardially perfused with
0.9% saline followed by 4% paraformaldehyde in 0.1 M
borate buffer. Brains were then stored for 20-24 h at 4 °C in
a paraformaldehyde and 12% sucrose mixture, rapidly frozen
in hexanes, cooled with dry ice and stored at — 80 °C. Using a
microtome, brains were cut into 30 um coronal sections and
collected in four adjacent series. One tissue series was pro-
cessed with Fos immunohistochemistry, described in detail
below. A second series was mounted from KPBS (0.02 M
potassium phosphate-buffered saline; pH 7.4) onto gelatin-
coated slides and stained with thionin for identification of
cyto-architectonic borders. Another series was processed
with double immunohistochemistry for detection of ORX
and Fos, as described in Buczek et al.,(2020), and used for
analyses of the lateral hypothalamus (Buczek et al. 2020),
paraventricular thalamus, central nucleus of the amygdala
and posterior agranular insular cortex (see below).

Fos immunohistochemistry
Free-floating tissue sections were rinsed three times in

KPBS, incubated for 1 h at room temperature in a blocking
solution (KPBS containing 2% normal goat serum (NGS;
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S-1000, Vector Laboratories, Burlingame, CA), 0.3% Triton
X-100 (Sigma Aldrich) and 10% milk (Lab Scientific, Liv-
ingstone, NJ)), and then incubated with anti-c-Fos antibody
raised in rabbit (1:5000; Synaptic Systems, 226—-003) in the
blocking solution for 72 h at 4 “C with gentle agitation. Sec-
tions were then rinsed with KPBS, 2% NGS, and 10% milk,
incubated with biotinylated secondary antibody against rab-
bit (1:500; Vector Laboratories, BA-1000) in the blocking
solution, rinsed in KPBS, incubated in avidin biotin complex
(ABC; Vector Laboratories, PK-6100), rinsed in KPBS and
recycled through the secondary antibody and ABC solutions
with KPBS rinses in between. Nuclei for Fos were visualized
as gray after a two-minute incubation in nickel-intensified
3,3’-diaminobenzidine (Vector Laboratories, SK-4100). Sec-
tions were then rinsed, mounted on SuperFrost slides (Fisher
Scientific), dried at 45 °C, dehydrated through graded alco-
hols, cleared in xylenes, and coverslipped with DPX Mount-
ant (Electron Microscopy Services, Hatfield, PA).

Image acquisition and analysis

Areas within the medial prefrontal cortex (PFC), the agranu-
lar insular cortex (Al), the central nucleus of the amygdala
(CEA), and the paraventricular nucleus of the thalamus
(PVT) were analyzed following parcellation and nomen-
clature derived from Swanson’s rat brain atlas (Swanson
2018). Sampling areas for the nucleus accumbens (ACB)
are described below and shown in Fig. 1 (Fig. 1). The atlas
levels mentioned hereafter refer to the levels in the Swanson
atlas (Swanson 2018). For each area, images of Fos- and

adjacent thionin-stained tissue sections were acquired bilat-
erally with 10 X objective on an Olympus BX51 light micro-
scope and attached Olympus DP74 camera using DP2-BSW
software (Olympus America Inc., Center Valley, PA, USA).
Images of Fos-processed tissue were transformed using
ImageJ software to 8-bit greyscale, and Fos-positive neurons
were identifiable by distinct gray nuclear staining.

All acquisition of images, Fos counting, and data analy-
ses were performed by experimenters blind to the experi-
mental conditions. The areas for analyses were demarcated
either by nuclear borders drawn or by a template placed on
10 x images of thionin-stained tissue, following pre-deter-
mined criteria outlined for each region and described in
detail below. The border or template was then transferred
onto images of Fos-stained tissue, and automated count-
ing of Fos-positive cells within the border or template was
conducted using ImageJ. The protocol for counting was
consistent across different brain areas, and the criteria were
pre-determined before the start of analysis. The threshold
for counting specific Fos labeling above the background was
set manually, based on an area on each section with no spe-
cific labeling (background), and accuracy was confirmed by
comparing automated with manual counts. Counts from left
and right sides were summed for each region within each
subject, then the counts from all subjects were averaged for
each group to produce a mean of total Fos-positive neurons.
For the PVT, left and right sides were acquired together in
one image.

Within the medial PFC, the prelimbic (PL) and infral-
imbic (ILA) areas were analyzed at two mid-rostrocaudal

Fig. 1 Borders for analyses of ACB subregions are shown at anterior (level 11, left) and posterior (level 14, right) levels. Templates adapted

from the Swanson brain atlas (Swanson 2018)
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levels (atlas levels 8 and 9; bregma + 3.20 and +2.80). In
order to accurately determine borders for PL and ILA (and
the placement of 10 X images), images of thionin- and Fos-
stained tissue were first acquired bilaterally under x4 mag-
nification. Two brains were excluded from analyses due to
tissue damage at levels 8 and 9, and one brain (female sated
food) was identified in SPSS as an outlier and excluded to
correct distribution normality. After exclusions, group sizes
for PFC analyses were as follows: males sated no food n=8§,
males deprived no food n =8, males sated food n="7, males
deprived food n=38, females sated no food n =6, females
deprived no food n=38§, females sated food n="7, and females
deprived food n=38.

The posterior Al cortex (Alp) was analyzed at atlas level
25 (bregma -1.53) using a rectangular template that con-
formed to anatomical borders. One brain was excluded from
the analyses due to tissue damage, resulting in the following
group sizes: males sated no food n =28, males deprived no
food n=38, males sated food n=8, males deprived food n=8§,
females sated no food n="7, females deprived no food n=8§,
females sated food n =38, and females deprived food n="7.

Within the ACB, three subregions were analyzed at rep-
resentative anterior (aACB; atlas level 11, bregma+1.7)
and posterior (pACB; atlas level 14, bregma+0.95) levels.
The three subregions for analysis, core (ACBc), dorsal shell
(ACBshD) and ventral shell (ACBshV), were defined based
on clearly identifiable neuroanatomical features and descrip-
tions by Cole et al. (2015a) and in consultation with Zahm
and Brog (1992), as shown in Fig. 1. The ACBc was demar-
cated by a line drawn ventrally from the tip of the lateral
ventricle around the anterior commissure at a distance equal
to half the width of the anterior commissure (Fig. 1). The
ventral border of the anterior ACBc (aACBc) was demar-
cated at a distance from the external capsule equal to half
the anterior commissure width. The ventral border for the
ACBshD was a horizontal line that was aligned with the
middle of the anterior commissure for the anterior ACBshD
(aACBshD) and with the dorsal edge of the anterior com-
missure for the posterior ACBshD (pACBshD). The ACB-
shV was demarcated dorsally by the ventral border of the
ACBshD and ventrally by Swanson atlas borders, ending
at the point aligned vertically with the lateral edge of the
anterior commissure. The medial border of the ACBshD and
ACBshV was determined based on Swanson atlas’s medial
ACB border.

Due to unavailability of tissue or tissue damage, 12 brains
were excluded from analyses of the aACB, and nine brains
were excluded from analyses of the pACB, resulting in
group sizes as follows: anterior (males sated no food n=6,
males deprived no food n=6, males sated food n=35, males
deprived food n =6, females sated no food n =6, females
deprived no food n=7, females sated food n =8, females
deprived food n=7), posterior (males sated no food n="7,
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males deprived no food n=6, males sated food n=6, males
deprived food n =8, females sated no food n=35, females
deprived no food n=38, females sated food n="7, and females
deprived food n=7). The CEA was analyzed at representa-
tive anterior (aCEA; atlas level 26, bregma — 1.78) and pos-
terior (pCEA; atlas level 28, bregma — 2.45) levels for each
subregion: capsular (CEAc), lateral (CEAl), and medial
(CEAm). Five brains were excluded from aCEA analyses,
and eleven brains were excluded from pCEA analyses due to
tissue damage, resulting in group sizes as follows: anterior
(males sated no food n="7, males deprived no food n=7,
males sated food n=_8, males deprived food n=_8, females
sated no food n="7, females deprived no food n=7, females
sated food n=7, females deprived food n=6), posterior
(males sated no food n="7, males deprived no food n=7,
males sated food n="7, males deprived food n="7, females
sated no food n =6, females deprived no food n=7, females
sated food n=35, and females deprived food n=35).

Images of PVT were acquired at levels 22-33 (bregma
-0.83 to -4.20). Since prior work has demonstrated that
anterior (aPVT) and posterior (pPVT) parts of the PVT are
distinct (Li and Kirouac 2012; Barson and Leibowitz 2015;
Dong et al. 2017; Gao et al. 2020), separate analyses were
conducted for the aPVT (atlas level 25, bregma — 1.53) mid-
dle PVT (mPVT; atlas level 28, bregma —2.45), and pPVT
(atlas level 31, bregma -3.70). Three brains were excluded
from aPVT, pPVT and mPVT analyses due to tissue damage
or poor tissue quality. One brain (male deprived no food)
was excluded as an outlier from analyses of the aPVT and
pPVT to correct distribution normality, and one brain (male
sated food) was excluded as an outlier from analyses of the
mPVT. Resulting group sizes were as follows: aPVT and
pPVT (males sated no food n="7, males deprived no food
n=06, males sated food n =28, males deprived food n=38,
females sated no food n="7, females deprived no food n=28,
females sated food n =38, and females deprived food n=7),
mPVT (males sated no food n="7, males deprived no food
n=7, males sated food n=7, males deprived food n=38,
females sated no food n="7, females deprived no food n=8§,
females sated food n =38, and females deprived food n="7).

Statistical analyses

Food consumption analysis was conducted from the data
in Buczek et al. (2020). Consumption was analyzed for
groups that were given food at test using between-subjects
2-way univariate ANOVAs for sex and physiological state,
as previously reported in Buczek et al. (2020). In addition,
Bonferroni multiple comparisons were used as a follow-up
to between-subjects 1-way univariate ANOVA with group
(female sated, female deprived, male sated, male deprived)
as the sole factor in order to directly compare consumption
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between each group. Consumption was analyzed both in
grams and as a percentage of body weight (%BW).

Fos induction of males and females was analyzed sepa-
rately in order to determine sex-specific neuronal activation
patterns underlying behavioral differences. For each cortical
area examined (ILA, PL, Alp), Fos induction was analyzed
using between-subjects 2-way univariate ANOVAs for phys-
iological state (deprived, sated) and presence of food at test
(food, no food). For areas with multiple subregions (ACB,
CEA, PVT), 2-way multivariate ANOVAs for physiological
state and the presence of food at test were used to examine
Fos induction either within each subregion at each anatomi-
cal level (ACB and CEA) or at each anatomical level (PVT).
When appropriate, main effects were followed by Bonferroni
multiple comparisons to directly compare groups sharing
one condition.

A p value <0.05 was considered significant for all anal-
yses, except for post hoc analyses in which Bonferroni
adjusted alpha level was used. A p value between 0.05 and
0.07 is referred to as trending toward significance. Data were
analyzed for normality using the Shapiro—Wilk test and het-
erogeneity using Levene’s test. If one of these criteria was
not met, logarithmic transformations (Alp, aCEAl, aCEAm,
pCEAm, mPVT, pPVT), Welch’s F (aACBshD) or non-para-
metric Kruskal-Wallis tests (pACBshD) were used to verify
reported effects. For data not depicted in figures (Table 1),
the mean number of Fos-positive neurons and standard error
were reported rounded to the nearest whole number. This
was an exploratory study and correction for testing multiple
brain areas was not done.

For regions with a significant effect of food, bivariate
Pearson correlations were conducted in order to examine
the relationship between Fos induction and the amount of
TD consumed at test. For these analyses, all same-sex rats
that were given food at test (sated and food-deprived) were

combined. In addition, bivariate Pearson correlations were
used to assess the relationship of Fos induction between
brain regions for each group. All subregions were included
in the analyses and the anterior and poster parts were not
collapsed. The dorsal and ventral nucleus accumbens shell
parts (ACBshD and ACBshV) were collapsed within ante-
rior and posterior levels (aACBsh, pACBsh). The final Ns
for each correlation between two regions included only the
subjects that had the data for both regions; if the tissue was
not available (e.g., due to damage) for one of the regions,
that subject was not included in the correlation analysis
(final Ns are provided in the Tables 3, 4, 5 and 6). All sta-
tistical analyses were performed using SPSS Version 24.

Results
Food consumption

Sated females ate similar, large amounts of TD as deprived
females, while sated males consumed less TD than
deprived males (Fig. 2). A 2-way ANOVA for the effects
of sex and physiological state on the amount of TD con-
sumed in grams at test yielded significant main effects of
sex (F(1,28)=8.496 p=0.007) and state (F(1,28)=25.254
p<0.001), and a significant interaction of sex by state
(F(1,28)=6.245 p=0.019). Similar effects were found
when TD consumption values were calculated as a percent-
age of body-weight: sex (F(1,28)=16.619 p <0.001), state
(F(1,28)=27.260 p <0.001), interaction of sex by state
(F(1,28)=5.156 p=0.031). In addition, 1-way ANOVA for
group yielded a significant main effect using either grams
(F(1,28)=13.332 p<0.001) or %BW (F(1,28)=16.345
p <0.001). Post hoc analysis confirmed that sated males
consumed significantly less TD at test than any other group,

Table 1 Number of Fos-positive neurons for each group in regions not depicted in figures

FEMALE MALE

Sated Sated Deprived Deprived No Sated Sated Deprived Deprived No
Region Food No Food Food food Food No Food Food food
PL 1108 + 188 859 + 66 952 +79 1158 + 110 1337 +214 840+ 111 895 +99 1221 +101
aACBc 23535 169 + 45 254 52 334+£52 120+ 38 152 + 37 208 +43 228 +39
aACBshv 185+ 19 146 + 28 27935 294 +£31 230+48 23665 254+ 44 238+30
pACBc 22920 180+ 35 244 +37 172+29 236+ 68 166 + 23 240+ 34 237+50
pACBshD 421+33 275+ 63 437 +47 352 +32 367+75 278 +57 438 + 45 378 +48
aCEAm 39+6 9+2 70+ 14 25+8 44 +10 15+6 63+11 15+4
aCEAc 19+4 7+2 16+4 12+3 21+4 8+2 16+3 9+2
pCEAI 60+17 19+11 72+12 26+8 28+6 14+3 36+6 9+5
pCEAc 37+5 23+6 32+6 32+4 28+5 19+3 24+3 20+5
aPVvT 41+7 306 58+6 50+3 43+8 42+8 44 +5 57+9
mPVT 43+7 336 53+8 53+5 37+9 36+7 52+12 66+ 17

See results for reporting of significant effects

@ Springer



Brain Structure and Function

***[l Sated

O Deprived
15=-
*%
a b c
G
g 10— —_
= T !
g g e
g *% |
c a,b,c
o
(&)
5_
T
0
Males Females

Fig.2 Consumption in grams (mean + SEM) for male and female rats
given food at test. Same lowercase letters indicate post hoc significant
difference between groups. **p <0.01; ***p <0.001

both in grams (p < 0.005 in each case) and as a percentage
of body-weight (p <0.001 in each case), and that there were
no other differences between groups (sated and deprived
females were similar to deprived males).

Fos induction

Due to pronounced sex differences in consumption pat-
terns, all Fos induction analyses were conducted separately
for each sex. Since the sex differences were only in sated
condition, a comprehensive comparison of patterns in each
sex was deemed to be the most informative in regard to sex-
specific circuits, and the most transparent way to show the
neural data for each sex, regardless whether they were simi-
lar or different.

Infralimbic cortex

For females, there were no overall effects of food or state
on Fos induction patterns within the ILA but there was a
crossover interaction (Fig. 3). The groups with food versus
no food were the opposite for sated and deprived condi-
tions. For sated animals, Fos was slightly greater in those
given food compared to those not given food at test, but
for deprived animals Fos was slightly greater for those not
given food compared to those given food at test (Fig. 3).
Indeed, ANOVA revealed a significant interaction between
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state and food (F(1, 25)=5.806 p =0.024) but no signifi-
cant main effects of food (F(1,25)=0.010 p=0.920) or
state (F(1,25)=0.196 p=0.662).

For males, Fos induction within the ILA was greater
for sated animals given food than any other group
(Fig. 3). ANOVA yielded no significant main effect of
state (F(1,27)=3.060 p=0.092) but a significant main
effect of food (F(1,27)=4.864 p=0.036) and interaction
of state by food (F(1,27)=18.109 p <0.001). Post hoc
analysis confirmed a significant difference between sated
males given food at test compared to sated males given no
food (p <0.001) and compared to deprived males given
food (p <0.001). There were no other differences between
groups.

Prelimbic cortex

For females, Fos induction within the PL was similar across
groups (Table 1). There was no significant main effect of
food (F(1,25)=0.030 p=0.863), state (F(1,25)=0.343
p=0.563), or interaction of state by food (F(1,25)=3.483)
p=0.074).

For males, there were no overall effects of food or state
on Fos induction within the PL but there was a crossover
interaction (Table 1). Fos induction was slightly greater
for sated animals given food than those not given food at
test, while for deprived groups the pattern was the oppo-
site (Table 1). There was a significant interaction between
state and food (F(1,27)=9.387 p=0.005), but no significant
main effects of state (PL, F(1,27)=0.051 p=0.824) or food
(F(1,27)=0.402 p=0.531).

Posterior agranular insular cortex

For females, Fos induction in the Alp was greater for groups
given food than groups not given food at test (Fig. 4). There
was a significant main effect of food (F(1,26)=9.385
p=0.005) but no main effect of state (F(1,26)=2.098
p=0.159) or interaction of state by food (F(1,26)=0.134
p=0.717). Since Alp Fos induction values were not nor-
mally distributed, ANOVA effects were confirmed using
transformed values; there was a significant main effect of
food (F(1,26)=10.101 p=0.004) but no main effect of
state (F(1,26)=2.115 p=0.158) or state by food interac-
tion (F(1,26)=0.152 p=0.700).

For males, Fos induction in the Alp was greater for
groups given food than groups not given food at test (Fig. 4).
There was a significant main effect of food (F(1,28)=5.690
p=0.024) but no main effect of state (F(1,28)=0.101
p=0.753) or state by food interaction (¥(1,28)=0.014
p=0.908).
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Fig.3 Fos induction in the ILA. A

A Total number of Fos-positive ILA
neurons (mean + SEM) in the
ILA is shown for female and
male rats across experimental
conditions. Same lowercase
letters indicate post hoc
significant difference between
groups, # indicates interaction
effect. *p<0.05; **p<0.01;
*#*%p <0.001. B Images show
Fos induction in the left ILA of
representative brains from male
sated food and male sated no
food groups; scale bar=200 pm
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For females, Fos induction in aACBshD and aACBshV, but
not in the aACBc, was greater for deprived groups than for
sated groups (Fig. 5, Table 1).

There was a main effect of state for aACBshD
(F(1,24)=9.409 p=0.005) and aACBshV (F(1,24)=17.616
p <0.001), but not for the aACBc (F(1, 24)=3.516
p=0.073), and no main effects of food (aACBshD,
F(1,24)=0.521 p=0.478; aACBshV, F(1,24)=0.671
p=0.421; aACBc, F(1, 24)=0.292 p=0.594) or state by
food interactions (aACBshD, F(1,24)=0.063 p=0.804;
aACBshV, F(1,24)=0.254 p=0.619; aACBc, F(I,
24)=0.686 p=0.416).

For males, Fos induction in aACBshD, but not in aACB-
shV or aACBc, was greater for deprived groups compared to
sated groups (Fig. 5, Table 1). There was a significant main

Deprived Sated Deprived

male sated no food

effect of state for aACBshD (F(1,23)=4.843 p=0.040),
but not aACBshV (F(1,23)=0.069 p=0.795), a trend for
aACBc (F(1,23)=4.170 p=0.055), and no significant main
effects of food (aACBshD, F(1,23)=0.076 p=0.786; aACB-
shV, F(1,23)=0.008 p=0.930; aACBc, F(1,23)=0.424
p=0.523) or state by food interactions (aACBshD,
F(1,23)=0.021 p=0.448; aACBshV, F(1,23)=0.051
p=0.823; aACBc, F(1,23)=0.021 p=0.887).

Posterior nucleus accumbens

For females, Fos induction in the pACBshD and pACB-
shV was greater for animals given food than those not
given food at test, and in the pACBshV, Fos induc-
tion was also greater for groups in a state of deprivation
(Fig. 6, Table 1). MANOVA yielded a significant main
effect of food in pACBshD (F(1,23)=7.197 p=0.013)
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Fig.4 Fos induction in the Alp. A

A Total number of Fos-positive Alp
neurons (mean + SEM) in

the Alp is shown for female
and male rats across experi-
mental conditions. *p <0.05;
**p <0.01; **¥*p <0.001. B
Images show Fos induction in
the right Alp of representa-
tive brains from female sated
food and female sated no food
groups; scale bar=200 pm

250+ Females

2004

1504

1004

Number of Fos positive neurons

HH

O No Food O No Food

*[I Food *[I Food

_ Males

Sated

female sated food

and pACBshV (F(1,23)=5.745 p=0.025) and a trend
in pACBc (F(1,23)=3.605 p=0.070), and a significant
main effect of state in the pACBshV (F(1,23)=4.614
p=0.042), but not pACBshD (F(1,23)=1.168 p=0.291)
or pACBc (F(1,23)=0.012 p=0.913), and no significant
state by food interactions in any of the regions (pACB-
shD, F(1,23)=0.504 p=0.485; pACBshV, F(1,23)=2.506
p=0.127; pACBec, F(1,23)=0.132 p=0.720).

For males, Fos induction in the pACBshV, but not in
pACBshD or pACBc, was greater for groups that were
deprived than sated (Fig. 6, Table 1). There was a signifi-
cant main effect of state in the pACBshV (F(1,23)=11.945
p=0.002), but not in the pACBshD (F(1,23)=2.027
p=0.168) or pACBc (F(1,23)=0.702 p=0.411), and no
significant main effects of food (pACBshD, F(1,23)=1.796
p=0.193; pACBshV, F(1,23)=3.434 p=0.077; pACBc,
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F(1,23)=0.683 p=0.417) or state by food interac-
tions (pACBshD, F(1,23)=0.092 p=0.764; pACB-
shV, F(1,23)=0.371 p=0.548; pACBc, F(1,23)=0.560
p=0.462).

Anterior central amygdala

For females, Fos induction in aCEAm and aCEAl was
greater for deprived groups than sated groups. In addi-
tion, Fos induction was greater in all subregions (aCEAc,
aCEAl, aCEAm) in groups that were given food com-
pared to groups not given food at test (Fig. 7, Table 1).
MANOVA yielded a significant main effect of state for
aCEAm (F(1,23)=9.196 p=0.006) and a trend in aCEAI
(F(1,23) =4.028 p=0.057), but no effect in aCEAc
(F(1,23)=0.191 p=0.67), a main effect of food for all
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Fig.5 Fos induction in the
aACBshD. A Total num-

ber of Fos-positive neurons
(mean + SEM) in the aACBshD
is shown for female and male
rats across experimental condi-
tions. *p <0.05; **p<0.01. B
Images show Fos induction in
the left aACBshD of repre-
sentative brains from female
deprived no food and female
sated no food groups; scale
bar=200 pm
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subregions (aCEAm, F(1,23)=21.669 p<0.001; aCEAl,
F(1,23)=54.910 p<0.001; aCEAc, F(1,23)=7.41
p=0.012), and no significant state by food interactions
(aCEAm, F(1,23)=1 p=0.328; aCEAl, F(1,23)=1.765
p=0.197; aCEAc, F(1,23)=1.757 p=0.198). Fos induction
data for aCEAm and aCEAI were non-normally distributed;
therefore, MANOVA results were confirmed with logarith-
mic transformations. A MANOVA on transformed aCEAm
and aCEAI values confirmed the main effects of state and
food for aCEAm (state, F(1,23)=10.357 p=0.004; food,
F(1,23)=35.956 p <0.001) and the main effect of food for
aCEAIl (F(1,23)=100.853 p<0.001). The analysis of trans-
formed aCEALl values additionally resulted in a significant
main effect of state (F(1,23)="7.448 p=0.012).

For males, Fos induction in aCEAm, aCEAL, and aCEAc
was greater for groups given food than no food at test, and
in the aCEAI deprived groups given food had greater Fos

Deprived Sated Deprived

female sated no food

induction than sated groups given food (Fig. 7, Table 1).
There was a significant main effect of food in each sub-
region (aCEAm, F(1,26)=19.983 p<0.001; aCEAl,
F(1,26)=20.134 p<0.001; aCEAc, F(1,26)=12.894
p=0.001), a trend of state in aCEAI (F(1,26)=4.153,
p=0.052), but not aCEAm (F(1,26)=1.151 p=0.293) or
aCEAc (F(1,26)=0.556 p=0.463), and a significant state
by food interaction in aCEAl (F(1,26)=4.805 p=0.038),
but not in aCEAm (F(1,26)=1.116 p=0.3) or aCEAc
(F(1,26)=1.61 p=0.216). A post hoc analysis of aCEAI
Fos induction revealed a significant difference between sated
and deprived rats in groups given food at test (p =0.005).

Posterior central amygdala

For females, Fos induction in pCEAIl and pCEAm was
greater for groups given food at test than those not given
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Fig.6 Fos induction in the A
pACBshV. A Total num- pACBshV

ber of Fos-positive neurons «|® Food @ Food
(mean + SEM) in the pACBshV 400- Females 0O No Food - Males O No Food
is shown for female and male
rats across experimental condi- * *%k
tions. *p<0.05; **p<0.01. B 2
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tive brains from female sated g
food and female sated no food 2> -
groups; scale bar=200 pm g o _|_ —_
< .
@ 2001 1 1 L
[
[
o
< —_
é ]__ I
S 1001 . -
4
0- . - ,
Sated Deprived Sated Deprived

B

female sated food

food (Fig. 8, Table 1). MANOVA yielded a significant main
effect of food in pCEAI (F(1,19)=14.360 p=0.001) and
pCEAm (F(1,19)=26.988 p<0.001) but not in pCEAc
(F(1,19)=1.933 p=0.181). There was no significant
main effect of state (pCEAm, F(1,19)=0.046 p=0.832;
pCEAL F(1,19)=0.682 p=0.419; pCEAc, F(1,19)=0.147
p=0.706) or state by food interactions (pCEAm,
F(1,19)=1.179 p=0.291; pCEAl, F(,19)=0.042 p=0.839;
pCEAc, F(1,19)=1.529 p=0.231).

For males, Fos induction was greater in pCEAI and
pCEAm for groups given food compared to groups not
given food at test, and, in pCEAm, of those given food,
deprived groups had greater Fos induction compared to
sated groups (Fig. 8, Table 1). There was a significant
main effect of food for pCEAI (F(1,24) =64.289 p <0.001)
and pCEAm (F(1,24)=15.949 p=0.001), but not pCEAc
(F(1,24)=2.669 p=0.115), and a main effect of state
for pCEAm (F(1,24)=4.848 p=0.038), but not pCEAI
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(F(1,24)=0.096 p=0.76) or pCEAc (F(1,24)=0.069
p=0.794). In addition, there was a significant interaction
of state by food in pCEAm (F(1,24)=4.848 p=0.038)
but not pCEAl (F(1,24)=1.899 p=0.181) or pCEAc
(F(1,24)=0.336 p=0.567). Post hoc analysis of pCEAm
Fos induction revealed a significant difference between sated
and deprived rats given food at test (p =0.005).

Paraventricular thalamus

For females, Fos induction in the aPVT and mPVT was
greater for deprived than sated groups, and Fos induc-
tion in the pPVT was greater for groups given food com-
pared to those not given food at test (Fig. 9, Table 1).
MANOVA yielded a significant main effect of state for
the aPVT (F(1,26)=10.335 p=0.003) and the mPVT
(F(1,26)=5.615 p=0.026) and a trend in the pPVT
(F(1,26)=3.786 p=0.063). There was no significant effect
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Fig.7 Fos induction in the A

aCEALl. A Total number of Fos- aCEAI

positive neurons (mean + SEM) e [I Food "k [I Food
in the aCEALl is shown for 100~ Females O No Food _ Males O No Food
female and male rats across
experimental conditions. Same
lowercase letters indicate post 4 *
hoc significant difference o 804 i #
between groups. *p <0.05; 3
*#p<0.01; ***p <0.001 < **a
(#0.05<p<0.07). B Images g
show Fos induction in the left ‘E 60- | a
aCEAL of representative brains 8_
from female sated food and ®
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of food in the aPVT (F(1, 26)=2.912 p=0.100) or mPVT
(F(1,26) =0.595 p=0.447), but the effect of food was sig-
nificant in the pPVT (F(1, 26)=5.773 p=0.024). There
was no state by food interaction at any region (aPVT, F(1,
26)=0.111 p=0.742; mPVT, (F(1,26)=0.621 p=0.438);
pPVT, (F(1,26)=0.031 p=0.861).

For males, Fos induction in the aPVT, mPVT and
pPVT was not affected by deprivation or food (Fig. 9,
Table 1). There were no main effects of state (aPVT,
F(1, 25)=1.126 p=0.299; mPVT, F(1,25)=3.422
p=0.076; pPVT, F(1,25)=0.358 p=0.555), food (aPVT,
F(1,25)=0.586 p=0.451; mPVT, F(1,25)=0.289
p=0.596; pPVT, F(1,25)=0.411 p=0.527), or interac-
tions of state by food (aPVT, F(1,25)=0.744 p=0.397;
mPVT, F(1,25)=0.341 p=0.564; pPVT, F(1,25)=1.243
p=0.275).

Correlations of Fos induction and consumption

For rats of each sex given food at test, Pearson correla-
tions were completed using the amount of TD consumed in
grams and Fos induction data from regions that yielded a
significant effect of food. Significant correlations between
Fos induction and consumption in grams were confirmed
using the amount of TD consumed calculated as a percent-
age of body-weight (%BW).

For females, the aCEAI was the only region where the
counts of Fos-positive neurons were significantly corre-
lated with the amount of palatable food consumed at test
(Table 2, Fig. 10). Fos induction in the aCEAI was posi-
tively correlated with the amount of TD ingested at test
(grams, r=0.629 p=0.021; %BW, r=0.707 p=0.007).
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Fig.8 Fos induction in the A
pCEAm. A Total number

of Fos-positive neurons

(mean +SEM) in the pCEAm is
shown for female and male rats
across experimental conditions.
Same lowercase letters indicate
post hoc significant difference
between groups. *p <0.05;

*#p <0.01; **¥*p <0.001. B
Images show Fos induction in
the left pCEAm of representa-
tive brains from male deprived
food and male deprived no food
groups; arrows indicate CEAm
borders, scale bar=100 pm
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For males, the counts of Fos-positive neurons in the ILA,
aCEAm and aCEAI were correlated with palatable food con-
sumption at test (Table 2, Fig. 10). In the ILA, Fos induction
was negatively correlated with the amount of TD ingested
at test (grams, r= —0.727 p=0.002; %BW, r=—0.715
p=0.003), while in the aCEAm and aCEALl, the correlations
were positive (aCEAm: grams, r=0.532 p=0.034; %BW,
r=0.530 p=0.035; aCEAl: grams, r=0.569 r=0.021;
%BW, r=0.571 p=0.021).

Correlations of Fos induction between brain regions

Fos induction correlations examined relationships across
brain regions and subregions in each group. The correlations
for female groups given food at test are shown in Table 3.
For sated females given food (left/below diagonal, Table 3),
Fos induction values (the number of Fos-positive neurons)
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in the PL were correlated with the nucleus accumbens core
(aACBc) and central nucleus of the amygdala (pCEAc), and
the aACBc and pCEAc were also correlated. The Alp was
correlated with the central amygdala (aCEAm and cCEAc)
and aPVT. The subregions of the CEA and PVT were cor-
related (pCEAm with mPVT, and aCEAc with aPVT and
pPVT). The aACBsh was negatively correlated with pPVT.
Fos induction values between subregions were correlated
within the CEA (aCEAm, pCEAm, and aCEAI were corre-
lated, and aCEAm with pCEAc) and within the PVT (aPVT
and mPVT). The subregions of the nucleus accumbens were
not correlated with each other.

For deprived females given food (right/above diagonal,
Table 3), Fos induction in the ILA was negatively correlated
with pCEAL. The PL was not correlated with any region. The
Alp was only correlated with aCEAc. The aACBc was cor-
related with all other parts of the ACB, and the pACBc was
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Fig.9 Fos induction in the A
pPVT. A Total number of Fos- pPVT [. Food B Food
ositive neurons (mean + SEM
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Table 2 Correlations between the amount of food consumed and Fos induction in brain regions where analyses showed a significant effect of
food at test

FEMALE ILA Alp aACBc pACBshD | pACBshV | aCEAm aCEAl pCEAm pCEAI pPVT

r 0.118 0.134 0.352 -0.032 0.402 0.333 .629* 0.554 -0.397 0.006

grams  p 0.676 0.634 0.198 0.915 0.154 0.266 0.021 0.097 0.256 0.982
N 15 15 15 14 14 13 13 10 10 15

r 0.046 0.15 0.427 -0.019 0.445 0.424 707** 0.489 -0.441 0.002

%BW p 0.869 0.594 0.112 0.949 0.111 0.149 0.007 0.151 0.201 0.995
N 15 15 15 14 14 13 13 10 10 15

Alp aACBc pACBshD | pACBshV aCEAm aCEAIl pCEAmM pCEAI pPVT

0.022 0.496 0.229 0.47 .532* .569* 0.5 0.033 0.354

0.937 0.121 0.43 0.09 0.034 0.021 0.068 0.911 0.178
16 11 14 14 16 16 14 14 16

0.003 0.456 0.231 0.483 .530* .571* 0.498 0.019 0.358

0.99 0.159 0.426 0.08 0.035 0.021 0.07 0.95 0.173
16 11 14 14 16 16 14 14 16

Positive correlations are shown in green and negative correlations in red
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Fig. 10 Scatter plots show correlations between food consumption
and Fos induction in the ILA (A,B), CEAm (C,D) and CEAI (E. F) of
females (left column) and males (right column). Filled circles repre-

correlated with aACBc and pACBsh. Anterior and posterior
CEAc were negatively correlated, and the mPVT and pPVT
were correlated.

The correlations for female groups not given food at
test are shown in Table 4. For sated females without food
(left/below diagonal, Table 4), Fos induction in the PL was
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sent subjects in the sated and empty circles in food-deprived groups.
n.s. not significant

negatively correlated with pACBc. The Alp was correlated
with the PVT (mPVT and pPVT) but not with the CEA,
and the mPVT and aCEAIl were correlated. The aACBsh
was negatively correlated with aCEAIl, while pACBc was
correlated with aPVT. There were subregions correlated
within the ACB (aACBc with pACBc and pACBsh), within
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Table 3 Correlations of Fos induction between brain regions for female group given food at test

Female Food
. ILA PL Alp aACBc aACBsh pACBc pACBsh aCEAm pCEAmM aCEAl pCEAI aCEAc pCEAC aPVT mPVT pPVT
Sated\Deprived
r 0.640 -0.338 -0.081 -0.072 -0.326 -0.051 -0.483 -0.302 0.240 -.905" -0.364 -0.479 -0.722 -0.146 -0.310
ILA 14 0.088 0.459 0.863 0.878 0.476 0.913 0.332 0.622 0.647 0.035 0.478 0.414 0.067 0.754 0.498
N 8 7 7 7 7 7 6 5 6 5 6 5 7 7 7
r 0.736 -0.620 0.475 0.649 -0.366 -0.167 -0.094 -0.557 -0.269 -0.333 -0.263 -0.625 -0.099 -0.251 -0.421
PL P 0.059 0.137 0.282 0.115 0.419 0.721 0.859 0.329 0.607 0.584 0.614 0.260 0.833 0.587 0.347
N 7 7 7 7 7 7 6 5 6 5 6 5 7 7 7
r 0.666 0.540 -0.570 -0.447 -0.173 -0.155 0.487 -0.562 0.796 -0.306 .850" -0.405 0.127 0.521 0.515
Alp 14 0.103 0.211 0.238 0.375 0.710 0.741 0.327 0.324 0.058 0.616 0.032 0.499 0.786 0.230 0.237
N 7 7 6 6 7 7 6 5 6 5 6 5 7 7 7
r 0.278 .799° 0.133 .866" .869° .882" -0.272 0.240 -0.871 -0.194 -0.099 0.060 0.109 -0.331 -0.525
aACBc P 0.546 0.031 0.754 0.012 0.025 0.020 0.658 0.760 0.055 0.806 0.875 0.940 0.837 0.522 0.284
N 7 7 8 7 6 6 5 4 5 4 5 4 6 6 6
r 0.308 0.614 -0.393 0.648 0.492 0.705 0.345 -0.539 -0.592 0.001 0.318 -0.673 0.355 -0.446 -0.578
aACBsh P 0.501 0.143 0.336 0.083 0.321 0.118 0.570 0.461 0.293 0.999 0.602 0.327 0.489 0.376 0.229
N 7 7 8 8 6 6 5 4 5 4 5 4 6 6 6
r -0.213 0.233 0.099 0.747 -0.002 .906™" -0.200 0.877 -0.263 -0.142 -0.020 0.410 0.082 -0.189 -0.163
PACBc P 0.685 0.657 0.833 0.053 0.997 0.005 0.704 0.051 0.615 0.820 0.969 0.493 0.861 0.685 0.727
N 6 6 7 7 7 7 6 5 6 5 6 5 7 7 7
r 0.135 0.230 -0.382 0.409 0.680 0.333 -0.141 0.589 -0.132 -0.266 0.120 0.007 -0.151 -0.393 -0.444
PACBsh P 0.799 0.662 0.398 0.362 0.093 0.465 0.790 0.296 0.802 0.665 0.821 0.990 0.747 0.384 0.318
N 6 6 7 7 7 7 6 5 6 5 6 5 7 7 7
r 0.590 0.564 .759% 0.406 -0.088 0.415 0.154 -0.656 0.373 0.624 0.720 -0.778 0.676 -0.094 0.056
aCEAm P 0.217 0.244 0.048 0.366 0.850 0.413 0.771 0.344 0.467 0.376 0.107 0.222 0.140 0.859 0.915
N 6 6 7 7 7 6 6 4 6 4 6 4 6 6 6
r 0.691 0.921 0.794 0.747 0.063 0.574 0.246 .976™ -0.455 -0.015 -0.820 0.795 -0.067 -0.002 0.222
pCEAM P 0.309 0.079 0.109 0.147 0.919 0.312 0.690 0.004 0.545 0.981 0.180 0.108 0.915 0.997 0.720
N 4 4 5 5 5 5 5 5 4 5 4 5 5 5 5
r 0.192 0.411 0.552 0.475 -0.057 0.512 0.141 .895™ 921" -0.724 0.508 -0.647 -0.051 0.404 0.455
aCEAl P 0.716 0.418 0.199 0.282 0.903 0.299 0.790 0.007 0.026 0.276 0.304 0.353 0.923 0.427 0.365
N 6 6 7 7 7 6 6 7 5 4 6 4 6 6 6
r 0.145 -0.184 0.184 -0.589 -0.382 -0.487 0.238 0.037 0.027 -0.039 -0.273 0.124 0.305 -0.639 -0.375
pCEAI P 0.855 0.816 0.767 0.296 0.525 0.405 0.699 0.953 0.965 0.950 0.727 0.842 0.618 0.246 0.534
N 4 4 5 5 5 5 5 5 5 5 4 5 5 5 5
r 0.590 0.216 .803" -0.235 -0.491 -0.226 -0.527 0.285 0.313 -0.045 0.298 -.962" 0.414 0.236 0.142
aCEAc P 0.218 0.681 0.030 0.611 0.264 0.667 0.283 0.535 0.608 0.923 0.626 0.038 0.415 0.653 0.788
N 6 6 7 7 7 6 6 7 5 7 5 4 6 6 6
r 0.728 .953° 0.654 .880° 0.466 0.417 0.177 .910" 0.849 0.819 -0.311 0.178 -0.037 0.350 0.617
pCEAC P 0.272 0.047 0.231 0.049 0.428 0.485 0.775 0.032 0.069 0.090 0.610 0.775 0.953 0.564 0.267
N 4 4 5 5 5 5 5 5 5 5 5 5 5 5 5
r 0.593 0.437 .762° 0.174 -0.355 0.320 -0.318 0.462 0.539 0.137 -0.176 .848" 0.510 0.283 0.420
aPVvT P 0.160 0.327 0.028 0.680 0.388 0.485 0.487 0.297 0.349 0.770 0.777 0.016 0.380 0.538 0.349
N 7 7 8 8 8 7 7 7 5 7 5 7 5 7 7
r 0.751 0.669 0.568 0.413 0.012 0.525 0.403 0.647 .945° 0.343 0.119 0.493 0.757 728" .915*
mPVT P 0.052 0.100 0.142 0.309 0.977 0.226 0.369 0.117 0.016 0.451 0.849 0.261 0.139 0.040 0.004
N 7 7 8 8 8 7 7 7 5 7 5 7 5 8 7
r 0.118 -0.113 0.600 -0.422 -.800" -0.043 -0.536 0.124 0.110 -0.055 0.464 .875™ -0.145 0.641 0.267
pPVT P 0.801 0.810 0.116 0.298 0.017 0.928 0.215 0.791 0.860 0.906 0.432 0.010 0.816 0.087 0.522
N 7 7 8 8 8 7 7 7 5 7 5 7 5 8 8

The correlations for Sated group are show on left/below diagonal and significant correlations are shown in orange. The correlations for Deprived
group are shown on right/above diagonal and significant correlations are shown in green. Negative correlations are indicated with bold text

the CEA (pCEAm with pCEAI and pCEAc), and within the
PVT (mPVT with pPVT).

For deprived females without food (right/above diagonal,
Table 4), Fos induction in the ILA and PL were correlated,
but there were no other correlations with these regions. The
Alp was correlated with the central amygdala (aCEAm,
pCEAm, aCEAI, and pCEAc) and with the PVT (mPVT
and pPVT). The pACBsh was correlated with aCEAm and
mPVT. The mPVT was also correlated with the aCEAm, as
well as with pCEAm, aCEALI, and pCEAc, while the pPVT
was correlated with pPCEAm and pCEAc. There were subre-
gions correlated within the ACB (aACBc and aACBsh) and
the CEA (aCEAm with pCEAm and aCEAl, pCEAm with
aCEAl and pCEAc).

The correlations for male groups given food at test are
shown in Table 5. For sated males given food at test (left/
below diagonal, Table 5), Fos induction in the ILA and
PL were correlated, but there were no other correlations
with these regions. The Alp was correlated with pACBc

and pACBsh. The pACBc was correlated with aCEAm and
pPVT, and the pACBsh with pPVT. The aCEAm was cor-
related with the pPVT, while the pCEAc was negatively
correlated with mPVT. There were subregion correlations
between the pACBc and pACBsh, between the aCEAm and
aCEAl, and between the aPVT and pPVT.

For deprived males given food at test (right/above diago-
nal, Table 5), Fos induction in the ILA and PL were cor-
related but there were no other correlations with these
regions. The Alp was correlated with pCEAm and pCEAc.
The pACBsh was correlated with pPVT, the pCEAm with
mPVT, and the pCEAc with mPVT and pPVT. There
were subregions correlated within the ACB (aACBc with
aACBsh) and the CEA (pCEAm with aCEAc, pCEAc, and
aCEAc with pCEAc).

The correlations for male groups not fed at test are
shown in Table 6. For sated males not given food at test
(left/below diagonal, Table 6), The ILA and PL were cor-
related and the PL was negatively correlated with pCEAc.
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Table 4 Correlations of Fos induction between brain regions for female groups not fed at test

Female NoFood
. ILA PL Alp aACBc aACBsh PACBc pACBsh aCEAm pCEAm aCEAl pCEAl aCEAc pCEAC aPVT mPVT pPVT
Sated\Deprived
r .903* 0.098 0.490 0.635 0.379 0.588 0.216 0.069 0.373 -0.130 0.044 -0.317 0.116 0.347 0.105
ILA 14 0.002 0.817 0.265 0.126 0.354 0.125 0.642 0.883 0.410 0.781 0.925 0.489 0.784 0.400 0.805
N 8 8 7 7 8 8 7 7 7 7 7 7 8 8 8
r 0.807 -0.203 0.629 0.610 0.384 0.472 0.024 -0.217 0.108 -0.131 -0.012 -0.556 0.035 0.057 -0.155
PL P 0.052 0.630 0.130 0.146 0.347 0.238 0.959 0.640 0.818 0.779 0.980 0.195 0.934 0.894 0.714
N 6 8 7 7 8 8 7 7 7 7 7 7 8 8 8
r 0.319 0.073 -0.181 -0.053 0.555 0.637 .872" 943 .812* 0.341 0.541 .873* -0.314 852" 917
Alp P 0.538 0.891 0.697 0.909 0.154 0.089 0.011 0.001 0.027 0.454 0.210 0.010 0.448 0.007 0.001
N 6 6 7 7 8 8 7 7 7 7 7 7 8 8 8
r -0.031 0.191 0.286 .816" 0.156 0.236 0.124 -0.134 0.273 -0.330 0.345 -0.315 0.441 0.101 -0.432
aACBc 14 0.961 0.758 0.583 0.025 0.739 0.611 0.815 0.800 0.601 0.522 0.503 0.544 0.321 0.830 0.333
N 5 5 6 7 7 7 6 6 6 6 6 6 7 7 7
r 0.656 0.459 0.151 0.796 -0.083 0.406 0.172 -0.004 0.382 -0.526 0.372 -0.196 0.633 0.357 -0.352
aACBsh P 0.230 0.437 0.776 0.058 0.860 0.366 0.744 0.994 0.455 0.284 0.468 0.710 0.127 0.432 0.439
N 5 5 6 6 7 7 6 6 6 6 6 6 7 7 7
r -0.549 -.960" 0.860 .996™" 0.682 0.662 0.546 0.347 0.429 0.338 0.221 0.161 -0.682 0.332 0.651
PACBc p 0.451 0.040 0.061 0.004 0.318 0.073 0.205 0.445 0.337 0.458 0.634 0.730 0.062 0.422 0.080
N 4 a4 5 4 4 8 7 7 7 7 7 7 8 8 8
r -0.240 0.188 0.618 996" 0.694 0.559 759" 0.646 0.671 0.416 0.748 0.414 -0.156 .708" 0.585
pACBsh 14 0.760 0.812 0.266 0.004 0.306 0.327 0.048 0.117 0.099 0.353 0.053 0.356 0.713 0.049 0.128
N 4 4 5 4 4 5 7 7 7 7 7 7 8 8 8
r -0.386 -0.684 0.503 -0.242 -0.521 0.631 -0.194 .915™ 929" 0.135 0.601 0.724 -0.339 .905™* 0.744
aCEAm P 0.450 0.134 0.250 0.645 0.289 0.254 0.755 0.004 0.003 0.773 0.154 0.066 0.457 0.005 0.055
N 6 6 7 6 6 5 5 7 7 7 7 7 7 7 7
r -0.311 0.385 -0.047 -0.092 -0.479 -0.352 -0.033 -0.049 .834" 0.333 0.666 .906™ -0.183 943" .833"
pCEAmM 14 0.610 0.522 0.929 0.883 0.414 0.648 0.967 0.927 0.020 0.466 0.102 0.005 0.695 0.001 0.020
N 5 5 6 5 5 4 4 6 7 7 7 7 7 7 7
r -0.157 0.122 0.361 -0.515 -.817" -0.424 -0.299 0.336 0.542 -0.131 0.433 0.583 -0.136 .896™" 0.609
aCEAl 14 0.766 0.818 0.426 0.296 0.047 0.477 0.625 0.462 0.266 0.780 0.332 0.170 0.772 0.006 0.147
N 6 6 7 6 6 5 5 7 6 7 7 7 7 7 7
r -0.512 0.304 -0.437 -0.378 -0.699 -0.651 -0.345 -0.160 .892° 0.513 0.606 0.479 -0.153 0.200 0.504
pCEAI p 0.378 0.618 0.386 0.531 0.189 0.349 0.655 0.763 0.017 0.298 0.149 0.277 0.744 0.667 0.248
N 5 5 6 5 5 4 4 6 6 6 7 7 7 7 7
r -0.348 -0.363 0.520 -0.153 -0.380 0.565 0.399 0.658 0.283 0.539 0.057 0.698 0.181 0.724 0.375
aCEAc P 0.499 0.479 0.231 0.772 0.458 0.321 0.506 0.108 0.587 0.212 0.914 0.081 0.698 0.066 0.407
N 6 6 7 6 6 5 5 7 6 7 6 7 7 7 7
r -0.138 0.461 -0.036 0.146 -0.255 -0.433 -0.147 -0.167 .856° 0.359 0.768 -0.175 -0.111 RSN N7
pCEAC p 0.825 0.435 0.946 0.815 0.679 0.567 0.853 0.752 0.030 0.485 0.075 0.741 0.812 0.039 0.049
N 5 5 6 5 5 4 4 6 6 6 6 6 7 7 7
r -0.261 -0.581 0.666 0.735 0.433 916" 0.599 0.486 -0.453 -0.084 -0.755 0.228 -0.189 0.023 -0.554
aPVT p 0.618 0.227 0.102 0.096 0.392 0.029 0.286 0.269 0.367 0.858 0.083 0.623 0.720 0.957 0.154
N 6 6 7 6 6 S 5 7 6 7 6 7 6 8 8
r 0.000 0.058 .810° -0.027 -0.345 0.156 0.243 0.455 0.267 .806" -0.006 0.603 0.199 0.452 0.679
mPVT p 0.999 0.914 0.027 0.959 0.503 0.802 0.693 0.305 0.609 0.029 0.991 0.152 0.705 0.308 0.064
N 6 6 7 6 6 B 5 7 6 7 6 7 6 7 8
r 0.077 0.032 .873" 0.496 0.116 0.651 0.524 0.435 0.272 0.370 -0.134 0.367 0.420 0.724 777"
pPVT p 0.885 0.953 0.010 0.317 0.827 0.235 0.364 0.330 0.602 0.414 0.801 0.418 0.407 0.066 0.040
N 6 6 7 6 6 B 5 7 6 7 6 7 6 7 7

The correlations for Sated group are show on left/below diagonal and significant correlations are shown in orange. The correlations for deprived
group are show on right/ above diagonal and significant correlations are shown in green. Negative correlations are indicated with bold text

The Alp was not correlated with any region. The aACBsh
was negatively correlated with pCEAc, while the pACBc
was correlated with aPVT. The pPVT was correlated with
the aCEAm, aCEAl and aCEAc. There were correlations
between subregions within the ACB (aACBc with pACBc
and pACBsh, and pACBc with pACBsh), and the CEA
(aCEAm with aCEAI and aCEAc; pCEAm with pCEAL;
and aCEAl with aCEAc).

For deprived males not given food at test (right/above
diagonal, Table 6), the ILA and PL were correlated but there
were no other correlations with these regions. The Alp was
correlated with pCEAm and pCEAc, as well as the mPVT
and pPVT. The aACBc was correlated with the mPVT and
pPVT, and the aACBsh with the pCEAIl, and mPVT with
the pPVT. The aCEAm was negatively correlated with
aPVT, while the pCEAm was correlated with mPVT, and
the pCEAI and pCEAc with pPVT. There were subregion
correlations within the ACB (aACBc with aACBsh; aACBsh
negatively with pACBsh) and within the CEA (pCEAm with
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aCEAc and pCEAc; aCEAI with aCEAc), and between the
mPVT and pPVT.

Discussion

In this study, we determined forebrain neural activation pat-
terns in male and female rats during hedonic eating. We
analyzed Fos induction within the cortical, thalamic, stri-
atal, and amygdalar areas that receive substantial inputs from
ORX neurons (see Introduction). During the test, hungry
and sated males and females were given palatable, high-
sugar food. Control groups of hungry and sated rats of both
sexes were tested under the same conditions but were not
fed during the test, in order to dissociate potential effects
of consumption from food deprivation. During the test, all
hungry rats ate substantial amounts, however, sated males
and females differed. Sated males ate much less than hungry
males, while sated females ate as much as hungry females.
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Table 5 Correlations of Fos induction between brain regions for male groups given food at test

Male Food . ILA PL Alp aACBc aACBsh pACBc pACBsh aCEAmM pCEAmM aCEAl pCEAI aCEAc pCEAC aPVT mPVT pPVT
Sated\Deprived
r 976" -0.610 0.101 0.202 0.565 0.164 -0.295 -0.647 -0.558 -0.582 -0.419 -0.358 -0.627 -0.213 -0.208
ILA P 0.000 0.108 0.849 0.702 0.144 0.699 0.478 0.116 0.151 0.171 0.302 0.431 0.096 0.612 0.622
N 8 8 6 6 8 8 8 7 8 7 8 7 8 8 8
r 894" -0.595 0.397 0.313 0.642 0.133 -0.249 -0.701 -0.470 -0.548 -0.465 -0.433 -0.677 -0.232 -0.229
PL P 0.007 0.120 0.436 0.546 0.086 0.753 0.552 0.079 0.240 0.203 0.245 0.332 0.065 0.581 0.586
N 7 8 6 6 8 8 8 7 8 7 8 7 8 8 8
r -0.209 -0.066 0.665 0.731 -0.156 0.247 0.026 PR 0.197 0.391 0.705 .823" 0.507 0.472 0.677
Alp 14 0.653 0.889 0.150 0.099 0.711 0.556 0.952 0.003 0.639 0.386 0.051 0.023 0.199 0.237 0.065
N 7 7 6 6 8 8 8 7 8 7 8 7 8 8 8
r -0.678 -0.391 -0.073 .888" 0.735 0.605 0.382 0.106 0.197 0.376 0.151 0.400 0.184 0.236 0.591
aACBc p 0.322 0.609 0.907 0.018 0.096 0.203 0.454 0.865 0.708 0.533 0.775 0.504 0.727 0.653 0.217
N 4 4 5 6 6 6 6 5 6 5 6 5 6 6 6
r 0.579 0.882 0.584 0.455 0.423 0.629 0.195 0.494 -0.254 0.510 0.183 0.466 0.297 0.432 0.561
aACBsh p 0.421 0.118 0.301 0.441 0.403 0.181 0.712 0.398 0.627 0.380 0.728 0.429 0.567 0.393 0.247
N 4 4 5 5 6 6 6 5 6 5 6 5 6 6 6
r -0.871 -0.830 925 0.712 0.503 0.636 0.114 -0.588 0.169 -0.035 -0.384 -0.151 -0.070 -0.096 0.226
pACBc p 0.055 0.082 0.008 0.288 0.497 0.090 0.788 0.165 0.689 0.941 0.348 0.747 0.869 0.821 0.590
N 5 5 6 4 4 8 8 7 8 7 8 7 8 8 8
r -0.697 -0.771 ROSERS 0.705 0.648 957" 0.328 0.067 0.312 0.415 0.034 0.546 0.477 0.438 735"
pACBsh p 0.191 0.127 0.006 0.295 0.352 0.003 0.427 0.886 0.452 0.354 0.937 0.205 0.232 0.277 0.038
N 5 5 6 4 4 6 8 7 8 7 8 7 8 8 8
r -0.473 -0.296 0.691 0.309 0.384 911 0.809 -0.246 0.695 0.553 -0.415 -0.083 0.629 -0.176 0.034
aCEAm p 0.284 0.520 0.058 0.614 0.523 0.011 0.051 0.595 0.056 0.198 0.306 0.860 0.095 0.677 0.937
N 7 7 8 5 5 6 6 7 8 7 8 7 8 8 8
r -0.558 -0.249 0.458 0.792 0.624 0.752 0.735 0.695 0.013 0.409 796" .804° 0.316 792 0.583
pCEAM p 0.250 0.635 0.302 0.110 0.260 0.085 0.096 0.083 0.979 0.363 0.032 0.029 0.489 0.034 0.170
N 6 6 7 5 5 6 6 7 7 7 7 7 7 7 7
r -0.124 0.168 0.338 0.369 0.278 0.537 0.418 722" 0.741 0.514 -0.010 0.218 0.564 -0.047 0.310
aCEAl 1 0.791 0.718 0.413 0.541 0.650 0.272 0.409 0.043 0.057 0.238 0.981 0.638 0.145 0.911 0.454
N 7 7 8 5 5 6 6 8 7 7 8 7 8 8 8
r 0.524 0.277 0.306 0.125 0.751 0.052 0.300 -0.298 0.089 -0.321 -0.139 0.320 0.739 0.494 0.260
pCEAI P 0.286 0.595 0.505 0.841 0.144 0.923 0.563 0.516 0.850 0.483 0.766 0.484 0.058 0.260 0.574
N 6 6 7 5 5 6 6 7 7 7 7 7 7 7 7
r -0.171 -0.022 0.253 0.590 0.722 0.312 0.264 0.015 0.335 -0.199 0.160 .788" 0.065 0.527 0.682
aCEAc 14 0.713 0.963 0.546 0.295 0.169 0.547 0.613 0.971 0.462 0.636 0.733 0.035 0.879 0.179 0.062
N 7 7 8 5 5 6 6 8 7 8 7 7 8 8 8
r 0.391 0.765 0.046 0.234 0.493 -0.247 -0.422 -0.160 0.067 0.302 -0.061 0.364 0.388 776" ROSER
pCEAC P 0.444 0.076 0.923 0.705 0.399 0.637 0.405 0.731 0.886 0.511 0.897 0.423 0.390 0.040 0.002
N 6 6 7 5 5 6 6 7 7 7 7 7 7 7 7
r 0.075 -0.079 0.665 -0.465 0.515 0.479 0.628 0.382 0.087 -0.152 0.389 0.142 -0.421 0.127 0.376
aPVT p 0.873 0.866 0.072 0.430 0.374 0.337 0.181 0.351 0.853 0.720 0.388 0.737 0.347 0.764 0.359
N 7 7 8 5 5 6 6 8 7 8 7 8 7 8 8
r -0.526 -0.808 0.080 0.085 -0.016 0.505 0.768 -0.027 0.290 -0.182 0.526 -0.115 -.823° 0.391 0.683
mpPVT p 0.284 0.052 0.865 0.892 0.980 0.385 0.129 0.955 0.577 0.696 0.284 0.807 0.044 0.386 0.062
N 6 6 7 5 5 5 5 7 6 7 6 7 6 7 8
r -0.392 -0.499 0.682 -0.392 0.042 812" .841° 776 0.327 0.193 0.032 -0.068 -0.645 726" 0.521
pPVT p 0.384 0.254 0.062 0.514 0.946 0.050 0.036 0.024 0.475 0.647 0.946 0.872 0.118 0.041 0.231
N 7 7 8 5 5 6 6 8 7 8 7 8 7 8 7

The correlations for Sated group are show on left/below diagonal and significant correlations are shown in orange. The correlations for Deprived
group are show on right/ above diagonal and significant correlations are shown in green. Negative correlations are indicated with bold text

Because of these differences in consumption, we analyzed
neural activation patterns separately in each sex in order to
determine if different networks drive hedonic eating in males
and females. Our analysis identified areas that correlated
with consumption, and network differences between males
and females that corresponded to behavioral differences.
There were sex differences in recruitment of specific
areas of the prefrontal cortex (ILA, PL), paraventricular
thalamus (pPVT), nucleus accumbens (pACBshV), and
central nucleus of the amygdala (pCEAm). In females, in
each of these regions, except the prefrontal cortex, there
was more Fos induction in the groups given palatable food,
irrespective of hunger state. That pattern in females cor-
responded with their behavior during the test. Interestingly,
the medial prefrontal cortex (ILA) was robustly activated
in sated males, which is the group that consumed the least
amount of food during the test. There were also similar
activation patterns in males and females. In both sexes, the
insular cortex (Alp) was selectively activated in the food

condition irrespective of the amounts eaten or hunger state.
The ACB shell was activated by hunger, while Fos induc-
tion in the ACB core was similar across groups. The CEA
was activated by food and hunger, although more robustly
by food, and Fos induction in the CEA correlated with the
amounts of food consumed during the test (Table 2).

Medial and lateral prefrontal cortex

Within the medial PFC, Fos induction patterns were com-
plex, possibly because neuronal ensembles that drive and
inhibit consumption were differently recruited under hun-
ger and satiety. In the ILA of both sexes, and in the PL of
males, the patterns of Fos induction in the groups given food
compared to the groups not given food during the test were
opposite under sated versus deprived conditions, with more
recruitment in sated but less in hungry food groups. Fur-
thermore, in sated males, there was a unique, robust Fos
induction in the ILA, which was negatively correlated with
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Table 6 Correlations of Fos induction between brain regions for male groups not fed at test

Male NoFood
B ILA PL Alp aACBc aACBsh pACBc pACBsh aCEAm pCEAM aCEAl pCEAI aCEAc pCEAC aPVT mPVT pPVT
Sated\Deprived
r .859™ -0.156 0.693 0.642 -0.036 -0.487 -0.576 -0.216 -0.702 0.382 -0.410 0.152 0.526 -0.047 0.587
ILA P 0.006 0.712 0.127 0.169 0.947 0.327 0.176 0.642 0.079 0.397 0.361 0.744 0.283 0.920 0.221
N 8 8 6 6 6 6 7 7 7 7 7 7 6 7 6
r .940™ -0.404 0.699 0.600 -0.181 -0.704 -0.683 -0.524 -0.715 0.259 -0.554 -0.154 0.637 -0.244 0.664
PL 14 0.001 0.321 0.123 0.208 0.732 0.118 0.091 0.228 0.071 0.574 0.197 0.742 0.174 0.599 0.150
N 8 8 6 6 6 6 7 7 7 7 7 7 6 7 6
r -0.149 -0.354 0.633 0.711 0.670 0.788 -0.061 .955™ 0.649 0.449 0.692 .785" 0.617 .959™ .814*
Alp P 0.725 0.390 0.177 0.113 0.145 0.063 0.896 0.001 0.115 0.312 0.085 0.036 0.192 0.001 0.049
N 8 8 6 6 6 6 7 7 7 7 7 7 6 7 6
r -0.047 0.093 -0.159 .990™ -0.344 -0.927 -0.405 0.367 -0.091 0.847 0.192 0.686 0.642 .920" .981™
aACBc P 0.930 0.861 0.763 0.000 0.656 0.073 0.426 0.544 0.864 0.070 0.715 0.201 0.243 0.027 0.003
N 6 6 6 6 4 4 6 5 6 5 6 5 5 5 5
r 0.328 0.508 -0.500 0.726 -0.565 -.953" -0.304 0.489 0.004 .890" 0.316 0.772 0.584 .901" .972™
aACBsh 14 0.526 0.304 0.312 0.102 0.435 0.047 0.559 0.403 0.993 0.043 0.542 0.126 0.301 0.037 0.005
N 6 6 6 6 4 4 6 5 6 5] 6 5 5 5 5]
r -0.348 -0.439 0.294 .883" 0.751 0.694 -0.106 0.683 -0.249 0.264 -0.310 0.651 0.695 0.782 0.013
pACBc 14 0.445 0.324 0.522 0.047 0.144 0.126 0.866 0.135 0.687 0.613 0.611 0.161 0.305 0.118 0.987
N 7 7 7 5 5 6 5 6 5 6 5 6 4 5 4
r -0.406 -0.402 0.094 955" 0.737 .926™ 0.510 0.789 0.589 0.290 0.397 0.644 0.127 0.769 -0.777
pACBsh 14 0.366 0.371 0.841 0.011 0.156 0.003 0.380 0.062 0.296 0.577 0.509 0.168 0.873 0.129 0.223
N 7 7 7 5 5 7 5 6 5 6 5 6 4 5 4
r 0.207 0.114 0.208 0.470 -0.365 -0.111 -0.136 0.455 0.463 -0.246 0.607 0.164 -.901" -0.351 -0.467
aCEAmM 14 0.655 0.808 0.655 0.425 0.545 0.834 0.797 0.364 0.295 0.639 0.148 0.757 0.014 0.495 0.350
N 7 7 7 5 5 6 6 6 7 6 7 6 6 6 6
r -0.054 -0.131 0.279 0.160 -0.622 0.428 0.225 0.584 0.719 0.291 948" .788" 0.363 .969™ 0.760
pCEAmM 14 0.908 0.780 0.545 0.797 0.262 0.397 0.669 0.169 0.107 0.526 0.004 0.035 0.548 0.001 0.136
N 7 7 7 5 5 6 6 7 6 7 6 7 5 6 5
r 0.218 0.150 0.122 0.353 -0.460 -0.234 -0.362 .956™ 0.580 0.393 831" 0.398 -0.059 0.404 0.146
aCEAl 14 0.638 0.748 0.794 0.560 0.436 0.655 0.481 0.001 0.172 0.440 0.020 0.435 0.911 0.426 0.783
N 7 7 7 5 5 6 6 7 7 6 7 6 6 6 6
r -0.206 -0.204 0.166 0.262 -0.404 0.246 0.228 0.417 787" 0.272 0.588 0.753 0.802 0.231 987"
pCEAI 14 0.658 0.660 0.722 0.670 0.500 0.638 0.664 0.351 0.036 0.555 0.219 0.051 0.103 0.659 0.002
N 7 7 7 5 5 6 6 7 7 7 6 7 5 6 5
r -0.002 -0.082 0.144 0.254 -0.623 -0.125 -0.164 .952™ 0.574 960" 0.354 0.771 -0.133 0.492 0.461
aCEAc 14 0.997 0.862 0.758 0.680 0.262 0.814 0.756 0.001 0.178 0.001 0.436 0.073 0.802 0.322 0.357
N 7 7 7 5 5 6 6 7 7 7 7 6 6 6 6
r -0.740 -.871" 0.639 0.102 -.891° 0.595 0.681 0.348 0.339 0.267 0.328 0.475 0.598 0.694 .958"
pCEAc 14 0.057 0.011 0.122 0.871 0.042 0.213 0.136 0.444 0.457 0.563 0.473 0.282 0.287 0.126 0.010
N 7 7 7 5 5 6 6 7 7 7 7 7 5 6 5
r 0.018 -0.213 0.679 0.342 -0.293 .908" 0.729 0.664 0.725 0.633 0.368 0.627 0.573 0.708 0.725
aPVT 14 0.970 0.647 0.093 0.573 0.632 0.012 0.100 0.104 0.065 0.127 0.416 0.131 0.178 0.115 0.103
N 7 7 7 5 5 6 6 7 7 7 7 7 7 6 6
r -0.216 -0.317 0.654 0.130 -0.332 0.772 0.591 0.028 0.587 0.125 0.172 0.061 0.336 0.661 877"
mPVT 14 0.642 0.489 0.111 0.835 0.585 0.072 0.216 0.952 0.166 0.790 0.713 0.897 0.462 0.106 0.022
N 7 7 7 5 5 6 6 7 7 7 7 7 7 7 6
r 0.123 0.063 0.410 0.662 -0.301 0.257 0.323 .948™ 0.639 .896™ 0.496 871" 0.381 0.695 0.197
pPVT 14 0.793 0.894 0.361 0.224 0.623 0.623 0.532 0.001 0.122 0.006 0.258 0.011 0.399 0.083 0.672
N 7 7 7 5 5 6 6 7 7 7 7 7 7 7 7

The correlations for Sated group are show on left/below diagonal and significant correlations are shown in orange. The correlations for Deprived
group are show on right/above diagonal and significant correlations are shown in green. Negative correlations are indicated with bold text

consumption (Table 2, Fig. 10). Sated males consumed less
palatable food than any other group at test. These results
suggest an intriguing possibility that the ILA recruitment is
related to suppression of eating during satiety and that such
control may be reduced in females. In agreement with this
premise, a recent study found that ILA inactivation poten-
tiated sucrose consumption in sated rats that was induced
by mu-opioid agonist infusions into the insular cortex
(Giacomini et al. 2022). In the same study, inactivation of
ILA alone, without insular stimulations, had no effect on
feeding, suggesting that the ILA controls ongoing behav-
ior triggered by other sites. The ILA is also critical when
suppression of behavioral action (lever pressing) is required
to obtain a sucrose pellet reward (Capuzzo and Floresco
2020). Similar function was highlighted in a recent inte-
grative review of brain network differences in binge eating
disorder (BED), where decreased activity in the medial PFC
was linked to decreased cognitive control over food-related
decisions in BED (Hartogsveld et al. 2022). In this regard,
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ORX signaling within the ventromedial PFC is required in
an animal model of cognitive control of feeding. Systemic
blockade of ORX-Receptorl abolished learned food cue-
potentiated feeding in sated rats and induced robust Fos in
the ventromedial PFC (ILA and PL) (Cole et al. 2015b), and
a follow-up study confirmed the necessity of ORX signaling
within the ventromedial PFC in this task (Cole et al. 2020).

Within the lateral PFC, the Fos induction patterns in the
Alp indicate that it was robustly and selectively activated
by the taste of palatable food. Fos induction was high in the
Alp in the food groups, irrespective of hunger state, and the
numbers of Fos-positive neurons were not correlated with
the amounts of food consumed during the test. The role of
insular cortex within the taste processing network is well
known, and its broader function in the context of learning
and memory and feeding decisions was recently reviewed
(Boughter Jr. and Fletcher 2021). More directly related to
the current results, stimulation of mu-opioid receptors in the
insular cortex can drive sucrose consumption (Giacomini
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et al. 2022). Thus, Alp network differences, particularly con-
nections with the PVT (Li and Kirouac 2012), may underlie
sex differences in hedonic feeding. In that regard, while the
Alp was recruited similarly in the food groups of both sexes,
it was differently correlated with the PVT, CEA and ACB in
males and females (see below).

Paraventricular thalamus

In the current study, there were sex differences in PVT
recruitment—food and hunger induced Fos in females but
not in males (Fig. 9, Table 1). In females, all three rostro-
caudal PVT parts analyzed were recruited in the hunger
condition, while the pPVT was selectively recruited in the
food groups (Fig. 9, Table 1). In males, neither food nor
hunger groups differed in Fos induction in the PVT. These
results suggest that the PVT is a component of a sex-spe-
cific network that drives hedonic eating differently in sated
males and females. The PVT is a complex structure that
integrates interoceptive signals in the context of energy bal-
ance, arousal and stress (Petrovich 2021). The PVT has been
shown to exert behavioral control via the ACB, and optoge-
netic stimulation of the aPVT-ACB pathway increased pal-
atable (high-fat) food consumption but not chow in sated
(male) mice (Christoffel et al. 2021). Notably, ORX fibers
and receptors within the PVT are dense, and ORX signal-
ing within the PVT, and together with the vmPFC, has been
implicated in hedonic and cognitive control of eating (Choi
et al. 2012; Cole et al. 2015b). Orexin-Receptor] knockdown
in the posterior PVT decreased palatable food (high-fat) con-
sumption (Choi et al. 2012), and disruption of cue-potenti-
ated eating with systemic blockade of ORX-Receptorl was
accompanied by a robust Fos induction in the anterior PVT
(Cole et al. 2015b).

The nucleus accumbens

Within the ACB, there was regional specificity in Fos induc-
tion patterns (Figs. 5 and 6, Table 1). Hunger recruited
the medial shell in both sexes (anterior dorsal and poste-
rior ventral in both sexes, and anterior ventral in females),
while food selectively recruited the posterior (dorsal and
ventral) medial shell in females. There were no differences
in the ACB core across any groups. These findings are in
agreement with important prior work that established the
medial ACB shell in the control of food consumption (Kel-
ley 2004). The ACB neurons respond to food deprivation
(Carr 2011) and receive inputs from the glucose-responsive
PVT neurons that are activated by hypoglycemia and when
optogenetically stimulated drive sucrose-seeking (Labougbe
et al. 2016). Classic studies have shown that pharmacologi-
cally stimulating GABA-A receptors with muscimol within
the anterior medial ACB shell, or antagonizing glutamate

receptors with DNQX, can induce robust feeding in sated
animals (Maldonado-Irizarry et al. 1995; Stratford and Kel-
ley 1997). Furthermore, activating mu-opioid receptors with
agonist, DAMGO infusions into the ACB shell, including
the region that overlaps with the pACBsh in the current
study, increased high-fat intake in sated (male) rats (Zhang
and Kelley 2000).

Interestingly, ACB stimulation can also elicit aversive
behaviors, and distinct rostrocaudal zones for appetitive
and aversive behaviors can dynamically change in a stressful
environment such that the aversive zone expands (Raynolds
and Berridge 2008). In the current study, Fos activation in
the hungry rats was broad and overlapped with the appeti-
tive and aversive zones (Raynolds and Berridge 2008). In
addition, there was unique activation of the posterior shell
in the food condition in females but not in males. That area
overlaps with the region where microinjections of ORX
enhanced consumption (Thorpe and Kotz 2005; Castro
et al. 2016) and microinjections of corticotropin releasing
hormone/factor enhanced incentive motivation for sucrose
reward (Peciiia et al. 2006). The unique activation of the
posterior medial shell in females in the food condition is
intriguing, and suggests that it may be a component of a
sex-specific network that motivates sated females (however,
that Fos induction was not correlated with consumption).
The ACBsh receives inputs from the PVT, the region where
the current study found robust Fos induction in females, but
not in males. There were also sex differences in ACB-PVT
Fos induction correlations (see below). The same population
of ORX neurons projects to the ACBsh and PVT (Lee and
Lee 2016). In terms of sex-specific behavioral networks, the
ACB shell is where the lateral hypothalamic hunger pep-
tide MCH (melanin-concentrating hormone) neurons were
shown to promote a male-specific increase in consumption
of chow and palatable foods (Terrill et al. 2020).

The central amygdala

Within the CEA, food and hunger induced Fos patterns in
males and females, although the patterns differed by region
and sex (Figs. 7, 8 and 10, Tables 1 and 2). Food robustly
activated the CEA in both sexes throughout the anterior
and posterior medial and lateral, as well as anterior cap-
sular regions. The number of Fos-positive neurons in the
anterior lateral part (aCEALl) in both sexes and the anterior
medial (aCEAm) in males were positively correlated with
the amount food consumed at test (Table 2, Fig. 10). Hunger
induced Fos in the anterior lateral (aCEALI) in both sexes and
in the medial (aCEAm) in females. Interestingly, the poste-
rior medial (pCEAm) was recruited in a sex-specific way that
corresponded to the consumption patterns at test. In males,
Fos induction was grater in hungry rats compared to sated
rats, while in females, there was similar Fos induction in the
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food groups regardless of hunger. Indeed, the CEA was the
only brain region analyzed in the current study where Fos
induction was positively correlated with food consumption.
The CEA has been known to control food consumption and
it has been suggested, based on functional neuroanatomy,
that dysregulation of CEA circuitry could cause excessive
hedonic eating or unnecessary food avoidance (Petrovich
2018, 2021). Cell-specific manipulations have shown that
different CEA neurons drive or inhibit feeding behavior
(protein kinase C-delta (Cai et al. 2014), serotonin recep-
tor 2a (Douglass et al. 2017), prepronociceptin (Hardaway
et al. 2019), and corticotropin releasing hormone/factor
(Baumgartner et al. 2021). All these studies, except for one
(Baumgartner et al. 2021), were conducted in males only
(behavioral manipulations in (Douglass et al. 2017) were in
males only). The results of the current study highlight the
need to evaluate the CEA circuitries in both sexes.

Activation of sex-specific networks during hedonic
eating

One aim of this study was to determine if different networks
were recruited in males and females during hedonic eat-
ing. To accomplish this, we analyzed correlations of Fos
inductions between regions in each group (Tables 3, 4, 5
and 6). Interestingly, for both sexes, the highest number of
correlations were in the deprived rats not fed (20 for each
sex), while the lowest were in the deprived rats given food
(8 for females and 11 for males) during test. The PL and ILA
were correlated in all male groups but only in the deprived
females not given food. In males, the PL and ILA were not
correlated with any other regions, except for sated males not
given food where PL and CEA were negatively correlated.
In females, the ILA was negatively correlated with the CEA
in deprived rats given food at test. The PL was positively
correlated with the ACB and CEA in sated females fed, and
negatively with the ACB in sated females not fed at test.

In sated females given food at test, there were three
unique sets of correlations. The Alp, and multiple subre-
gions of the CEA and PVT were correlated with each other.
The PL was correlated with both the nucleus accumbens
core (aACBc) and the central amygdala (pCEAc), which
were also correlated. The accumbens shell (aACBsh) was
negatively correlated with pPVT and there were no sub-
region correlations within the ACB. In contrast, in sated
females not fed during the test, there were negative correla-
tions between the PL and pACBc and between the pACBsh
and pCEAL, and the Alp was only correlated with the PVT.

In deprived females given food, there were unique nega-
tive correlations between the ILA and pCEALl, and between
the anterior and posterior CEAc. The Alp was only cor-
related with aCEAc. In contrast, in deprived females not
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given food at test, the ILA and PL were correlated, and the
Alp and pACBsh were correlated with the CEA and PVT,
which were correlated.

In males, in all conditions the PL and ILA were corre-
lated. In sated males given food, different subregions of the
CEA and PVT were positively and negatively correlated.
The Alp was correlated with the ACB but not with the CEA
or PVT. The posterior accumbens core (pACBc) and shell
(pACBsh) were correlated with pPVT and pACBc also with
aCEAm. In sated males not given food, there were negative
correlations between the PL and pCEAc, and between the
aACBsh and pCEAc. The pACBc was correlated with aPVT,
while the Alp was not correlated with any regions.

In deprived males given food, the Alp was correlated with
the CEA, while the pACBsh was correlated with pPVT, and
the CEA and PVT were correlated. In deprived males not
given food, the Alp was correlated with CEA and PVT, and
the accumbens core (aACBc) and shell (aACBsh) were cor-
related with the PVT, and the aACBsh with the CEA. Dif-
ferent subregions of the CEA and PVT had positive and
negative correlations.

Based on these results, the most striking differences
between the patterns in sated females and sated males given
food—the groups of interest because of their consumption
differences—were Alp correlations with the CEA and PVT
in females but not in males. In addition, the PL was cor-
related with the ACB and CEA in females, while the Alp
was correlated with the ACB in males. Subregions of the
ACB and PVT were negatively correlated in females but
positively in males. This is intriguing, because the CEA
was the only area analyzed in the current study where Fos
induction was positively correlated with consumption at
test, and because of the connectional network between the
PVT, ACB and CEA (Dong et al. 2017). Thus, specific PVT-
CEA and PVT-ACB systems may have been selectively
recruited in females, under the control of Alp and PL to
drive hedonic eating independent of hunger. In accordance
with this hypothesis, stimulation of PVT-ACB increased,
while stimulation of PFC pathways to the ACB decreased
palatable (high fat) consumption in sated male mice (Christ-
offel et al. 2021).

In conclusion, the current study conducted a comprehen-
sive analyses of extra-hypothalamic forebrain activation in
males and females during palatable food consumption under
sated and hungry conditions. Four areas were distinctively
activated in a sex-specific manner. The ILA was robustly
recruited in sated males given food and was negatively cor-
related with consumption. The CEA was the only region
positively correlated with consumption and the pCEAm
recruitment corresponded to sex-specific patterns of con-
sumption at test. The posterior ACB shell and pPVT were
uniquely activated in sated females. These patterns suggest
sex-specific medial prefrontal cortex (ILA) control of the
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CEA, ACB, and PVT networks during palatable food con-
sumption. The correlation analyses additionally indicated
that the Alp and PL were differently correlated within these
networks in males and females and that the ILA and PL
were correlated in males under all conditions but only in
hungry females without food. Understanding how the medial
prefrontal cortex areas, ILA and PL, converge with the Alp
within the CEA, ACB, and PVT networks to control hedonic
eating in hungry and sated males and females is an important
avenue of future research.
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