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SELECTIVE FOS INDUCTION IN HYPOTHALAMIC
OREXIN/HYPOCRETIN, BUT NOT MELANIN-CONCENTRATING
HORMONE NEURONS, BY A LEARNED FOOD-CUE THAT STIMULATES

FEEDING IN SATED RATS
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Abstract—Associative learning can enable cues from the
environment to stimulate feeding in the absence of physio-
logical hunger. How learned cues are integrated with the
homeostatic regulatory system is unknown. Here we exam-
ined whether the underlying mechanism involves the hypo-
thalamic orexigenic neuropeptide regulators orexin/
hypocretin (ORX) and melanin-concentrating hormone
(MCH). We used a Pavlovian conditioning procedure to train
food-restricted rats to associate a discrete cue, a tone, with
food pellets distinct from their regular lab chow diet. Rats in
the conditioned group (Paired) received presentations of a
tone immediately prior to food delivery, while the rats in
the control group (Unpaired) received random presentations
of the same number of tones and food pellets. After condi-
tioning rats were allowed ad libitum access to lab chow for
at least 10 days before testing. At test sated rats were pre-
sented with the tones in their home cages, and then one
group was allowed to consume food pellets, while another
group was left undisturbed until sacrifice for Fos induction
analysis. The tone cue stimulated food consumption in this
setting; rats in the Paired group consumed larger amounts
of food pellets than rats in the Unpaired group. To examine
Fos induction we processed the brain tissue using fluores-
cent immunohistochemistry methods for combined detec-
tion of Fos and characterization of ORX and MCH neurons.
We found a greater percentage of ORX and Fos double-
labeled neurons in the Paired compared to the Unpaired
condition, specifically in the perifornical area. In contrast,
there were very few MCH neurons with Fos induction in both
the Paired and Unpaired conditions. Thus, the food-cue
selectively induced Fos in ORX but not in MCH neurons.
These results suggest a role for ORX in cue-induced feeding
that occurs in the absence of physiological hunger.
© 2012 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION

Learning plays an important role in the control of food
consumption. Through associative learning, arbitrary
cues from the environment can become signals for food
(Pavlov, 1927). Food signals, and associated
anticipatory mechanisms, function to prepare an
organism for the signaled meal and as such aid in the
physiological control of eating (e.g., Woods, 1991;
Berridge, 2004). Learned food-cues also acquire an
ability to stimulate eating in the absence of physiological
hunger in animals and humans (e.g., Weingarten, 1983;
Birch et al., 1989, for review see Petrovich, 2011).

This ability of food-cues to stimulate eating on
demand, in conditions where calories and nutrients are
available, may have been adaptive when food
availability was uncertain. However, it is becoming
maladaptive in contemporary environments that are rich
in readily available, palatable, high-calorie foods. In our
world, food-cues, which are plentiful in the form of food
advertisements and other food reminders, are relentless
appetite stimulants that ultimately encourage overeating
and contribute to obesity (for reviews see Hill et al.,
2003; Volkow and Wise, 2005; Small, 2009; Berthoud,
2011). Nevertheless, how learned food-cues are
integrated with physiological signals to control food
intake is currently unknown.

To begin to delineate the critical brain systems
involved in cue-driven feeding, here we examined
whether the underlying mechanism involves recruitment
of lateral hypothalamic neurons that express orexigenic
neuropeptide regulators. Prior evidence showed that
the lateral hypothalamus is a necessary node in the
cue-induced feeding network (Petrovich et al., 2002; for
review see Petrovich, 2011); however, specific neuronal
mediators are unknown. Two orexigenic neuropeptides
are expressed in the lateral hypothalamus: orexin/
hypocretin (ORX) and melanin-concentrating hormone
(MCH) (Nahon et al., 1989; Broberger et al., 1998;
Elias et al., 1998; Sakurai et al., 1998; Swanson et al.,
2005; Morton et al., 2006; Hahn, 2010). Interestingly,
ORX and MCH are expressed in separate neuronal
populations (Broberger et al., 1998; Elias et al., 1998;
Peyron et al., 1998; Swanson et al., 2005; Hahn,

0306-4522/12 $36.00 © 2012 IBRO. Published by Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.neuroscience.2012.08.036


http://dx.doi.org/10.1016/j.neuroscience.2012.08.036
mailto:gorica.petrovich@bc.edu
http://dx.doi.org/10.1016/j.neuroscience.2012.08.036

G. D. Petrovich et al./Neuroscience 224 (2012) 70-80 71

2010), and their functions in the control of food intake are
also distinct.

Converging evidence has established a critical
regulatory function for MCH in energy homeostasis
(e.g., Qu et al.,, 1996; Shimada et al., 1998; Ludwig
et al.,, 2001), and as such MCH would be an effective
substrate for cue-induced feeding. In contrast, ORX’s
role in feeding is more complex. ORX stimulates feeding
(e.g., Sakurai et al., 1998; Rodgers, 2000; Clegg et al.,
2002), but it is also important for other motivated
behaviors driven by food and drug rewards (e.g., Harris
et al.,, 2005; Thorpe et al., 2005; Nair et al., 2008;
Borgland et al., 2009; Choi et al., 2010; Sharf et al.,
2010a; for reviews see Cason et al., 2010; Sharf et al.,
2010b), and it is critical for wakefulness and arousal
(e.g., de Lecea et al., 1998; Chemelli et al., 1999; Mieda
et al., 2004; Berridge et al., 2010; Boutrel et al., 2010).
These diverse functions have been conceptualized to
reflect the role of ORX in coordinating the current
motivational state with adaptive physiological and
behavioral responses (e.g., Yamanaka et al., 2003; for
reviews see Willie et al., 2001; Saper, 2006; Tsujino and
Sakurai, 2009), a role which is supported by its
widespread connectional network and extensive
receptor distribution (e.g., Peyron et al., 1998; Marcus
et al., 2001; Baldo et al., 2003; Yoshida et al., 2006).
There is also evidence that distinct ORX subsystems
might mediate arousal and reward-seeking functions
(e.g., Harris and Aston-Jones, 2006). As such, ORX
might be an important motivational and appetite
substrate for cue-driven feeding.

Thus, here we examined whether a learned food-cue
functionally activates ORX- or MCH-producing neurons.
We identified immediate early gene (IEG) c-fos protein
product (Fos) induction in ORX- and MCH-identified
neurons using a fluorescent double-label immuno-
histochemistry method. We used our recently developed
behavioral preparation, which allowed us to map food-
cue Fos induction independent of the training context,
and in the absence of food (Reppucci and Petrovich,
2012a). This is important because the training context,
as well as food presentation and consumption, could
stimulate Fos induction in the brain areas of interest.

In brief, here we trained rats to associate a discrete
cue, a tone (conditioned stimulus, CS) with food pellets
(unconditioned stimulus, US) distinct from their regular
chow diet. Then during testing sated rats were given
tone (CS) presentations in their home cages. Following
CSs, one group of rats was left undisturbed until
sacrifice to examine cue-induced Fos expression in ORX
and MCH neurons (brain analysis group), while another
group of rats was given access to food pellets to assess
the cue’s effects on feeding (food consumption group).

EXPERIMENTAL PROCEDURES

Subjects

Forty experimentally naive, male Long—Evans rats approximately
2 months of age (Charles River Laboratories; Raleigh, NC, USA),

were individually housed and maintained on a 12-h light/dark
cycle (lights on at 6:00). Upon arrival, subjects were allowed
1 week to acclimate to the colony room, during which time they
had ad libitum access to standard laboratory chow and water
and were handled daily. All housing and testing procedures
were in compliance with the National Institutes of Health
Guidelines for Care and Use of Laboratory Animals, and
approved by the John Hopkins University and Boston College
Institutional Animal Care and Use Committees.

Apparatus

The behavioral training was conducted in two sets of behavioral
chambers (Set 1: 30 x 24 x 30cm, Set 2: 30 x 28 x 30 cm;
Coulbourn Instruments, Allentown, PA, USA) located in rooms
that were different from the colony housing rooms, and different
from the rooms used for testing (see Behavioral procedure
section). All chambers had aluminum tops and sides, a
transparent Plexiglas back and front, a recessed receptacle for
food (“food cup”, 3.2 x 4.2cm), and grid floors. One set of
chambers had a black Plexiglas panel placed on top of the grid
floor, and were enclosed in isolation cubicles (79 x 53 x 53 cm;
Coulbourn Instruments, Allentown, PA, USA) composed of
monolithic rigid foam walls, which isolate chambers from
ambient sound and light. All chambers were dimly illuminated,
and a ventilation fan provided masking noise (55—60 dB) during
training sessions. Stimulus presentation was controlled by
software (LabView: National Instruments, Austin, TX, USA or
GraphicState 3.0: Coulbourn Instruments, Allentown, PA, USA).
Video cameras recorded behavior during training.

Behavioral procedure

Experimental design is outlined in Fig. 1. Before behavioral
training, rats were gradually reduced to 85% of their ad libitum
weight. Additionally, prior to the start of the conditioning
protocol all rats received one magazine training session in
which they learned to eat from the food cup. During this
session rats received 16 trials of food pellet delivery (45-mg
pellets, formula 5TUL; Test Diets, Richmond, IN, USA); no
other stimuli were presented. After the magazine session, rats
received 10 training sessions (one session per day, excluding
weekends) each approximately 32 min in length. For half of the
rats (conditioned group, Paired), these sessions each consisted
of eight presentations of the CS, a 10-s tone (1.5-2kHz,
75 dB), immediately followed by delivery of the US, two food
pellets, into the food cup. For the other half of the rats (control
group, Unpaired), the sessions consisted of the same number
of tone and food presentations as the Paired group, but
delivered in a non-conditional random order. After the last
training session, rats had ad libitum access to standard
laboratory chow for 10-16 days to allow rats to reach at least
110% of their pre-training body weight. During this time, rats
were habituated to a new testing room on two occasions. For
the first habituation rats were brought to the testing room and
left undisturbed in their home cages for 15 min. The second
habituation was the same except that lab chow was removed
immediately prior to transporting the rats to the testing room to
acclimate them to the food removal that would occur prior to
testing. Additionally, a group of rats that would be given food
after testing was habituated to the glass dish (107 x 87
x 70 mm) that would be used for food pellet presentation. For
these rats, on three occasions that were separate from testing
room habituation, the empty glass dishes were left for one hour
in the rats’ home cages in the colony room.

On test day rats were transported to the testing room, and all
food was removed from the cage just prior to transport. During
the test, rats remained in their home cages and were given 10
presentations of the CS (10-s tone) over 5 min. After the test
one group of rats (n = 24; brain analysis group) was
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Fig. 1. Experimental design. The behavioral training consisted of 10 sessions over the course of two weeks. Sessions were conducted in behavioral
chambers, and each consisted of eight pairings of a tone with food pellet delivery (conditioned group, Paired; n = 20) or the same number of tones
and food pellets presented at random (control group, Unpaired; n = 20). Rats were maintained on a food-restricted feeding regimen throughout
training. Following training rats were allowed ad libitum access to chow (satiation), and then tested while sated. During testing rats remained in their
home cages and were given 10 presentations of the tone over 5 min. One group of rats (food consumption group; n = 8/experimental condition) was
then allowed to consume food pellets ad libitum for 75 min, while a second group (brain analysis group; ORX: n = 12/experimental condition, MCH:

n = 4/experimental condition) was left undisturbed for 75 min until sacrifice.

immediately returned to the colony room and left undisturbed
without access to any food for 75 min, at which time the
animals were sacrificed. The second group of rats (n = 16;
food consumption group) was given 20 g of chow in the wire
cage top and 20 g of food pellets in the glass dish immediately
following the test, and returned to the colony room. After
75 min all uneaten chow and pellets were removed, weighed,
and the amount consumed was calculated.

All training and testing was conducted during the light phase,
approximately between 9:00 and 15:00, with the exact time
counterbalanced across groups. This period of the light-dark
cycle corresponds to the lowest baseline Fos induction in orexin
neurons (Estabrooke et al., 2001). The experiment was
completed in three replications. The training procedure was
identical for all replications. One replication was used solely for
the food consumption analysis, and the two other replications
were used for the brain analysis. Each replication had an equal
number of rats in the conditioned and control groups. In the first
replication, subjects (n = 16) completed their behavioral training
at Johns Hopkins University, and the brain tissue was transported
to Boston College for processing and analysis (ORX + Fos). The
other two replications were completed at Boston College, and one
set of subjects (n = 8) was also used for brain tissue processing
and analysis (ORX + Fos and MCH + Fos), while the other set
(n = 16) was used in the food consumption test.

Behavioral observations

Conditioned responses (CRs) were assessed from videos
recorded during the last training session. The expression of
food cup behavior was the primary measure of conditioning.
Food cup behavior included nose pokes into the recessed food
cup, and standing in front of and facing the food cup.
Observations were paced by a metronome set to 48 beats per
minute and thus were made every 1.25s by observers “blind”
with respect to the training condition of the animals observed.
At each observation (indicated by a beat from the metronome),
only one behavior was recorded (“food cup” or “none”). Food
cup behavior was scored during the 10-s tone (CS) and during
the 10s immediately preceding the tone (Pre-CS). The
percentage of time rats spent expressing food cup behavior
during these two periods was then calculated.

Histological procedures

Rats were briefly anesthetized with isoflurane, then deeply
anesthetized with an intraperitoneal injection of tribromoethanol
(375mg/kg) or Nembutal (100 mg/kg) depending on the

institution where the surgery was performed (see Subject
section). Rats were then transcardially perfused with 0.9%
saline followed by 4% paraformaldehyde in 0.1 M borate buffer.
Brains were extracted and post-fixed overnight in the solution
used for perfusion with 12% sucrose. The brains were then
rapidly frozen in hexanes cooled in dry ice, and stored at
—80 °C. Brains were sliced in 30-um sections using a Leica
SM200R sliding microtome and were collected accordingly into
four series. Two adjacent tissue series were collected into trays
containing a cryoprotectant solution (0.025M sodium
phosphate buffer with 30% ethylene glycol and 20% glycerol)
and stored at —20 °C until immunohistochemical processing. A
third series was collected into a 0.02 M potassium phosphate-
buffered saline (KPBS) solution, mounted onto slides
(SuperFrost Plus; Fisher Scientific, Pittsburgh, PA, USA), and
stained with Thionin (Simmons and Swanson, 1993) for
identification of brain structures as defined in Swanson’s rat
brain atlas (Swanson, 2004). Brain perfusions, collection,
slicing, and storage were counterbalanced across the
experimental conditions (Paired, Unpaired). Additionally, tissue
processing was conducted in pairs (Paired, Unpaired) in the
same staining tray to balance for possible minute solution
differences.

Fos detection in ORX neurons. For visualization of Fos
protein induction in ORX neurons, one series of brain tissues
(n = 24) underwent fluorescent double immunohistochemical
processing for combined identification of ORX and Fos. The
brain sections that encompass the lateral hypothalamic area
with ORX neurons (Swanson, 2004; Swanson et al., 2005;
Hahn, 2010) were identified and rinsed from cryoprotectant
storage solution with several washes in KPBS. The tissue was
incubated for 72h at 4°C in a solution of KPBS containing
0.3% Triton X-100 (Sigma—Aldrich, St. Louis, MO, USA), 2%
normal donkey serum (017-000-121; Jackson
ImmunoResearch, West Grove, PA, USA), and the primary
antibodies: anti-c-fos antibody raised in rabbit (1:5000; SC-52;
Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), and
anti-orexin-A antibody raised in goat (1:2000; SC-8070; Santa
Cruz Biotechnology Inc., Santa Cruz, CA, USA).

After rinses in KPBS, tissue was incubated for one hour in the
dark in a KPBS solution containing 0.3% Triton X-100, 2% normal
donkey serum, and the secondary fluorescence antibodies: Alexa
488 anti-rabbit raised in donkey (1:200; A21206; Invitrogen,
Carlsbad, CA, USA) and Alexa 546 anti-goat raised in donkey
(1:200; A11056; Invitrogen, Carlsbad, CA, USA). Tissue was
then mounted in semi-darkness onto slides (SuperFrost Plus),
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Fig. 2. Image acquisition and analysis. (A) Representation of the sampling regions is shown on a modified rat brain atlas template (level 29,
Swanson, 2004). Images were taken within the outlined regions shown, and the exact location within each region was determined by the peptide
distribution. Images were taken in three sampling regions: directly above fornix (perifornical, P), medial to fornix (M), and lateral to fornix (L). (B)
Image shows representative types of labeled neurons. Arrows point to a representative of each type of labeled neuron: single-labeled Fos (green),
single-labeled neuropeptide (red, in this example ORX), and double-labeled neuropeptide and Fos. Nuclear counterstain, DAPI, is shown in blue. In
panel B, Scale bar = 15 um. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

left to dry, coverslipped with Vectashield HardSet Mounting
Medium with DAPI (4',6-diamidino-2-phenylindole; H-1500;
Vector Labs, Burlingame, CA, USA), and stored at 4 °C.

Fos detection in MCH neurons. An adjacent series of brain
tissue was processed for visualization of Fos induction in MCH
neurons in one set of brains (n = 8). All processing methods
were as described above, except that anti-pro-MCH antibody
raised in goat (1:1000; SC-14507; Santa Cruz Biotechnology
Inc., Santa Cruz, CA, USA) was used as the primary antibody,
in place of the anti-orexin-A antibody.

Image acquisition and analysis

Processed tissue was imaged using the 20x objective on a Zeiss
Axioplan Il fluorescence microscope with attached Hamamatsu
camera (Bridgewater, NJ, USA). Images of the tissue were
taken bilaterally at the best available representation of
anatomical level 29 (Swanson, 2004) for three different
locations within the lateral hypothalamus (Fig. 2A): directly
above fornix (perifornical), medial to fornix (medial), and lateral
to fornix (lateral). Sampling in the perifornical area for ORX and
MCH neurons was in the same location directly above the
fornix as shown in Fig. 2A; this corresponds to the
suprafornical region defined by Swanson (Swanson, 2004;
Swanson et al., 2005). Medial and lateral sampling locations
were determined by each peptide’s distribution, and thus were
somewhat topographically distinct within the regions shown in
Fig. 2A. Because of broader distribution of MCH neurons in the
lateral area, two images within the lateral region (one dorsal
and one ventral) were taken in a majority of the brains (two
lateral images: n = 5, single lateral image: n = 3; balanced
across experimental conditions). Additionally, the specific
location for each image within the outlined borders of the
sampling regions shown in Fig. 2A was determined for each
brain by the exact location of a dense peptide-positive group. It
should be noted that we observed a similar pattern of ORX and
MCH distribution in our Long-Evans rats as has been
previously reported in Sprague—-Dawley rats (Swanson et al.,
2005; Hahn, 2010). Images were pseudocolored with red for
neuropeptide (ORX or MCH), green for Fos, and blue for DAPI
(nuclear counterstain), then stacked wusing Improvision
OpenLab (PerkinElmer, Waltham, MA, USA) imaging software
(Fig. 2B).

All neuron counting was conducted from the triple-merged
images, however, single images were consulted as needed to
confirm the cell and stain types. Three types of neurons were
identified and counted: single-labeled neuropeptide-positive,
single-labeled Fos-positive, and double-labeled neuropeptide-
positive and Fos-positive neurons (Fig. 2B). Single-labeled
neuropeptide-positive neurons were characterized by distinct
cytoplasmic staining, single-labeled Fos protein-positive
neurons were characterized by distinct nuclear staining, and
double-labeled neurons (neuropeptide + Fos) had both
cytoplasmic-neuropeptide and nuclear-Fos labeling (Fig. 2B). A
neuropeptide-containing neuron was counted as positive only if
both the cell body and the nucleus were clearly visible in the
image. Fos-labeled neurons were counted as positive if the
Fos-labeling intensity was clearly above the background and
contained within the nucleus. Nuclear counterstain, DAPI, was
used in all images to identify nuclei. Cell identification and
counts analysis was conducted by an experimenter unaware of
the experimental condition of the images observed.

Total counts from images of the left and right hemispheres
were pooled to calculate the total number of Fos-positive
neurons, the total number of neuropeptide-positive neurons,
and the total number of double-labeled (neuropeptide + Fos)
neurons within each sampling region (perifornical, medial, and
lateral) for each brain. To perform a more accurate analysis of
the degree of ORX and MCH neuron recruitment the
percentage of the total number of neuropeptide-specific
neurons that were double-labeled with Fos, and the percentage
of the total number of Fos-positive neurons that were double-
labeled with a neuropeptide were then calculated for each
sampling region. Additionally, the total number of Fos-positive
neurons and total number of neuropeptide-positive for each of
the three regions was expressed per brain side, and was
calculated by averaging total numbers for the left and right
hemispheres. Due to poor tissue quality or tissue damage two
brains were excluded from all ORX analyses, and only
unilateral counts were available for three ORX brains.

Statistics

Data were analyzed using analysis of variances (ANOVAs),
t-Tests, Mann—Whitney tests, and Wilcoxon matched-pairs
tests when appropriate in SPSS. In all cases, p < 0.05 was
considered significant.
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RESULTS
Training

Learning was assessed during the last training session.
Conditioning of rats in the Paired group was clearly
evident from observations of the CRs directed toward
the food cup during the presentation of the CS. To
confirm that learning was similar across all three
replications, 2 x 3 (test group x replication) ANOVAs
were conducted. There were no differences in the
expression of CRs between replications during the Pre-
CS or CS time periods (p > 0.05, all). There was a
significant effect of test group during the presentation of
the CS (F(1,39) = 384.38, p < 0.001); rats in the
Paired group expressed high levels of CRs during the
CS compared to their behavior during the Pre-CS
period, while the CRs of the rats in the Unpaired
condition were low during both periods (Fig. 3). A
repeated measures ANOVA collapsed for replication
showed a significant effect of Pre-CS vs. CS time period
(F(1,38) = 442.50, p < 0.001), a significant effect of
training group (F(1,38) = 68.65, p < 0.001), and
significant time period by test group interaction
(F(1,38) = 421.43, p < 0.001).

Testing

Testing was conducted in the home cages and consisted
of presentations of the tone, CS, in the absence of any
food. Following the tone test rats in the food
consumption group were immediately given food to
examine CS effects on consumption, while rats in the
brain analysis group were left undisturbed until sacrifice.

Food consumption test. Rats in the Paired group ate
more food pellets than rats in the Unpaired group during
the food consumption test (Fig. 4), which is in
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Fig. 3. Conditioned responses during the last training session. Mean
(£ SEM) percent of the total time rats expressed food cup behavior
during the Pre-CS and CS periods; *p < 0.05.
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O_—_ﬁ

Chow Pellets

Fig. 4. Food consumption test. Mean (+ SEM) consumption in grams
of food pellets and chow following CS presentations. *Indicates a
significant difference (p < 0.05) in food pellet consumption between
groups.

agreement with our previous work using similar
procedures (Reppucci and Petrovich, 2012a,b).
Shapiro—Wilk tests indicated that the consumption data
were not normally distributed (pellets: p = 0.058, chow:
p < 0.001), thus nonparametric tests were used for all
food consumption analysis measures. A Mann—Whitney
test confirmed that the Paired group ate significantly
more pellets than the Unpaired group (U = 10,
p < 0.05). Both groups ate little chow, and there were
no differences in chow consumption between the groups
according to a Mann-Whitney test (p > 0.05). Rats in
both groups showed a strong preference for the pellets
over chow, and Wilcoxon matched-pairs tests confirmed
that both the Paired and Unpaired groups consumed
significantly more pellets than chow (P: Z = 2.37,
p <005 U Z=252 p<0.05). The chow
consumption measurement for one subject (6.54 g) was
much greater than (more than six standard deviations
above) the mean consumption of all other subjects
(0.11 g), and thus data from this subject were excluded
from the food consumption analysis.

Rats in the Paired and Unpaired groups had similar
body weights prior to the beginning of the training (P:
313 £ 49, U: 313 £ 4g), while maintained at 85%
body weight during training (P: 272 +3g, U:
274 + 4 g), and following the satiation period prior to
testing (P: 380 £ 6g, U: 383 +£4g). Independent
samples t-Tests confirmed there were no significant
differences in body weight between groups at any time
point (p > 0.05 for all).

Fos induction in ORX neurons. We examined |IEG
c-fos protein product expression in ORX neurons within
three areas of the lateral hypothalamus: perifornical,
medial, and lateral. Overall we found a greater
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Fig. 5. Fos induction in ORX neurons. Images show Fos induction (green) in ORX neurons (red) in the perifornical area following CS presentation in
the Paired (A) and Unpaired (B) condition. Nuclear counterstain, DAPI is shown in blue. Scale bar = 30 pum. (C) Graph shows the proportion of ORX
neurons that were co-labeled with Fos in each sampling region. Data are shown as mean (+SEM) percent of ORX neurons that were double-
labeled (ORX + Fos). *Indicates a significant difference (p < 0.05) between groups. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

percentage of double-labeled ORX neurons (ORX + Fos)
in the Paired compared to the Unpaired condition at all
three sampling locations (Fig. 5). Two-way (Replication
by Test Group) ANOVAs showed that this increase was
statistically ~significant for the perifornical region
(F(1,23) = 6.35, p < 0.05), but not for the medial or
lateral areas (p > 0.05, both). There was no effect or
interaction with Replication for any region (p > 0.05,
all); the data from both replications used in the analysis
were statistically similar.

We also analyzed the percent of the total number of
Fos-positive neurons that were double-labeled with ORX
and found that roughly half of the Fos-positive neurons
in our sampling areas were labeled with ORX; an
independent samples t-Test showed that there were no
significant differences between groups (P: 46.85 +
3.62%, U: 53.80 + 5.71%; p > 0.05). This indicates that
although rats in the Paired group had a higher
percentage of activated ORX neurons, the percentage
of activated non-ORX neurons in the ORX-dense
sampling area was similar between the Paired and
Unpaired groups.

We also conducted independent samples t-Tests to
confirm that there were no differences between groups
in the average number of ORX neurons per side for any
sampling region (p > 0.05, all). Data from the sampling
regions were then collapsed to calculate the total
average number of ORX neurons per side, and a two-
way (Replication by Test Group) ANOVA confirmed
there were no group differences (P: 57.91 + 3.26, U:
59.36 + 4.81), and indicated that there was no effect or
interaction with Replication on the number of ORX-
positive neurons (p > 0.05). Thus, training did not alter

baseline levels of neurons expressing ORX, and we
sampled from a similar number of ORX neurons across
experimental conditions.

Fos induction in MCH neurons. We found very low and
sporadic Fos induction in MCH neurons; less than 6% of
MCH neurons were double labeled in any image in
either group (Fig. 6). For this reason MCH was
assessed using data from one replication. Additionally,
the counts from the three sampling regions for each
brain were pooled together (perifornical +
medial + lateral) and the total percent of MCH-double-
labeled neurons per brain was compared between
groups. Independent samples t-Tests showed there
were no significant differences in the percentage of
double-labeled MCH neurons (MCH + Fos) between
groups (P: 2.27 + 0.91%, U: 3.12 + 0.84%; p > 0.05).
Similarly, we found that only a very small percentage of
Fos-positive neurons were double-labeled with MCH; an
independent samples t-Test showed that there was no
significant difference between groups (P: 2.45 + 0.91%,
U: 6.54 + 1.57%; p > 0.05. As a control, we
conducted an independent samples t-Test which
confirmed that there were no differences between
groups in the average number of total MCH neurons per
side (P: 96.88 + 14.32, U: 121.88 + 16.59; p > 0.05).
Thus, training did not alter baseline levels of neurons
expressing MCH, and we sampled from a similar
number of MCH neurons between groups.

Total Fos induction. We compared the total number of
Fos-positive neurons within our sampling areas across
ORX and MCH stained tissue, and found that even
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Fig. 6. Fos induction in MCH neurons. Images show Fos induction (green) in MCH neurons (red) in the perifornical area following CS presentation
in the Paired (A) and Unpaired (B) condition. Nuclear counterstain, DAPI is shown in blue. There was very low Fos-induction within MCH neurons for
either condition, however there was substantial Fos induction in non-MCH neurons particularly in the Paired condition. Scale bar = 60 um. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1. Total number of Fos-positive neurons. Data are presented as
the mean + SEM average total number of Fos-positive neurons per
hemisphere for each of the three sampling locations (perifornical,
medial, lateral) in the ORX and MCH-stained tissue

Sampling region  Group ORX series MCH series

Perifornical Paired 23.82 + 3.38" 31.25 + 3.82*
Unpaired 14.73 + 2.78 20.63 + 3.49

Medial Paired 27.86 + 5.33 32.25 £ 6.70
Unpaired 21.32 + 5.00 20.75 + 5.05

Lateral Paired 11.68 + 2.20 18.63 + 6.92
Unpaired 7.86 £ 2.43 18.63 + 5.30

* Pvs. U, p<0.10.

though Fos induction was much lower in MCH neurons
compared to ORX neurons, the total number of Fos-
positive neurons was similar in samples from both sets
of tissues (Figs. 5 and 6, Table 1). Paired f-Tests
showed no differences in the total number of Fos-
positive neurons for any sampling region between ORX
and MCH stained tissue for either group (p > 0.05, all),
demonstrating that the low occurrence of MCH + Fos
double-labeled neurons was not due to overall lower
Fos induction in the MCH compared to ORX tissues.
For both ORX and MCH stained tissues, we found a
larger number of Fos-positive neurons in the Paired
compared to the Unpaired group, and independent
samples f-Tests showed that this increase neared
significance within the perifornical region in both sets of
tissues (ORX stained tissue, #(20) = 2.08, p = 0.05;
MCH stained tissue, #(6) = 2.06, p = 0.09).

DISCUSSION

Our aim here was to determine whether cue-induced
feeding mechanisms involve recruitment of
hypothalamic orexigenic peptide systems. We examined
whether a learned food-cue functionally activates (as
measured by Fos induction) lateral hypothalamic
neurons that express orexigenic neuropeptides, ORX or
MCH, in the absence of food or physiological hunger
(food-deprivation). We found that exposure to food-cues
selectively recruited ORX but not MCH neurons.

We used our recently developed cue-induced feeding
protocol (Reppucci and Petrovich, 2012a,b), which is

suitable for IEG mapping because its design minimizes
non-specific IEG induction. In this preparation rats are
tested in their home cages to eliminate IEG induction
due to exposure to the training context, which alone
could serve as a CS and has been shown to modulate
food intake (Le Merrer and Stephens, 2006; Petrovich
et al.,, 2007a,b; Boggiano et al., 2009; Bouton, 2011).
Furthermore, during testing the cue presentation and
food consumption are temporally separated; food
access is provided immediately after cue presentations.
This is important since exposure to the sensory
properties of the food (e.g. sight, smell, taste) as well as
the act of consumption could potentially stimulate Fos
induction in the areas of interest. Thus, the preparation
allowed us to examine the brain substrates recruited by
the food-cue alone. Importantly, in this setting the cue
stimulates intake once the food is provided (current
results, Reppucci and Petrovich, 2012a).

Using this preparation, we found Fos induction in ORX
neurons, but not in MCH neurons in the conditioned rats
compared to the controls following CS presentations.
There were more double-labeled ORX and Fos neurons
in each of the three sampling regions (medial,
perifornical, and lateral) in the conditioned compared to
the control group, and this increase was statistically
significant within the perifornical region. In contrast, we
found very low and sporadic Fos induction in MCH
neurons, less than 6% of MCH neurons were double-
labeled in any region for either group, and there were
no significant differences between groups. The lack of
Fos induction in MCH neurons was not due to a non-
specific decrease of Fos expressing neurons in the
MCH-stained tissue. We examined the total Fos
induction and found it to be similar between the tissue
processed for ORX + Fos and the adjacent tissue
processed for MCH + Fos. Thus, our results show that
the CS selectively recruited ORX, but not MCH neurons
under the same conditions in the same animals.

The dissociation in recruitment between ORX and
MCH neurons found here is in agreement with prior
rodent studies that also examined Fos induction in these
neurons. Microinjections of the GABA-A receptor
agonist muscimol into the nucleus accumbens, a
manipulation well known to stimulate feeding (Stratford
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and Kelley, 1997), recruited ORX but not MCH neurons in
the absence of food (Zheng et al., 2003; Baldo, 2004),
and similar to the current findings, ORX recruitment was
found in the perifornical region (Zheng et al., 2003). In
another behavioral model, morphine withdrawal
precipitated by an opioid receptor antagonist also
induced Fos in ORX but not in MCH neurons
(Georgescu et al., 2003). Similarly, in a dehydration-
anorexia model, rehydration and subsequent feeding
(reversal of dehydration-induced anorexia) induced Fos
in ORX but not MCH neurons (Watts and Sanchez-
Watts, 2007).

Collectively, prior and current studies found minimal,
non-selective Fos induction in MCH neurons in the
same settings that produced substantial and selective
Fos induction in ORX neurons. These studies used
different behavioral preparations, however, all were
conducted under non food-deprived conditions (except
for dehydration-anorexia (Watts and Sanchez-Watts,
2007)), and thus it is possible that the lack of MCH
recruitment observed was due to the physiological state.
Fasting dramatically upregulates MCH expression (Qu
et al., 1996), and as such might be required for MCH
recruitment. Thus, MCH might be important during the
acquisition phase of cue-induced feeding, which occurs
under food-restricted conditions. In agreement with this
hypothesis, recent evidence from experiments with MCH
receptor (MCH-1R) deficient mice and experiments with
pharmacological manipulation using an MCH-1R
antagonist showed that functional MCH-1R signaling
was necessary for cue-induced feeding (Johnson et al.,
2011).

To our knowledge, the current study is the first to show
that a discrete learned cue for food induces Fos in ORX
neurons in the absence of food or physiological hunger.
Nevertheless, these findings are in agreement with prior
work with contextual cues associated with food (Harris
et al., 2005; Harris and Aston-Jones, 2006; Choi et al.,
2010). Harris, Aston-Jones and colleagues
demonstrated Fos induction in ORX neurons after
exposure to a food-associated environment in the
conditioned place preference task (Harris et al., 2005;
Harris and Aston-dones, 2006). These studies also
showed topographically distinct recruitment of ORX
neurons located lateral to the fornix, but not in the ORX
neurons located in the perifornical or the area medial to
the fornix. Interestingly, the opposite pattern was found
in response to footshock, suggesting that reward
seeking and arousal are supported by distinct ORX sub-
systems (Harris and Aston-Jones, 2006; Cason et al.,
2010). Here we found that a discrete CS most potently
induced Fos in the perifornical area. The discrepancy
might be due to the difference in behavioral
preparations, or other methodological differences.
Nevertheless, in agreement with our current findings
another recent study showed Fos induction in ORX
neurons in the perifornical area after placement into a
context previously associated with food consumption
(Choi et al., 2010).

The recruitment of the perifornical area has intriguing
implications for cue-induced feeding mechanisms. This

region of the lateral hypothalamus is a potent
stimulation site for feeding and motivation. Feeding can
be induced in sated rats by electrical stimulation in this
region, as well as by direct infusions of neuropeptides,
glutamatergic agonists, and GABA antagonists (e.g.,
Stanley et al.,, 1993; Gillard et al., 1998; Lee and
Stanley, 2005, for reviews see Wise, 1974; Stanley
et al.,, 2011). The perifornical area is also a site where
the motivation to self-stimulate for electrical reward
(“brain stimulation reward”) (Olds and Milner, 1954) is
sensitive to physiological hunger and energy state. Food
deprivation enhances brain stimulation reward when
electrode placement is in the perifornical area (Blundell
and Herberg, 1968; Carr and Wolinsky, 1993), while the
opposite effect was produced by leptin (Fulton et al.,
2000), a hormone released in proportion to body fat that
acts in the brain as a satiety signal (for reviews see
Friedman and Halaas, 1998; Morton et al., 2006). Rats
worked harder to obtain the same electrical reward
when chronically food restricted and this effect was
attenuated by intracerebroventricular leptin injections
(Fulton et al., 2000).

Notably, the perifornical region is the most effective
hypothalamic site for neuropeptide Y (NPY) induced
feeding in sated animals (Stanley et al., 1985, 1993).
NPY is one of the most potent brain orexigens
(Leibowitz, 1994), and importantly, it acts in part by
changing the motivation to eat (Flood and Morley, 1991;
Ammar et al., 2000). ORX neurons receive input from
NPY neurons located in the arcuate nucleus of the
hypothalamus (Elias et al., 1998), and ORX-induced
feeding requires functioning NPY receptor signaling
(Dube et al., 2000; Jain et al., 2000; Yamanaka et al.,
2000; also see Campbell et al., 2003) for non-NPY
ligand on Y4) receptors. There is also evidence for a
reciprocal role, where NPY-driven mechanisms might be
assisted by the ORX system. NPY-induced feeding is
mediated in part by the ORX system (Niimi et al., 2001),
and an increase in ORX expression precedes an
increase in NPY expression in response to sleep
deprivation and subsequent hyperphagia (Martins et al.,
2010). ORX input to NPY neurons in the arcuate nucleus
is supported by anatomical evidence (Horvath et al.,
1999; Marcus et al.,, 2001). Relevant for cue-driven
mechanisms, the NPY-ORX bidirectional microcircuitry
is well positioned to mediate information sharing
between the lateral hypothalamic area, which is under
telencephalic influence (see below), and energy-sensing
signals from the arcuate nucleus. Nevertheless, whether
the ORX-NPY microcircuitry mediates cue-driven
motivation to consume food remains to be determined.

How the food-cue information might be conveyed to
ORX neurons, and specific inputs that may drive Fos
induction in these neurons are not known. Our prior
work has shown that the basolateral amygdala and the
ventromedial prefrontal cortex, and their communication
with the lateral hypothalamus are critical for cue-induced
feeding (Holland et al., 2002; Petrovich et al., 2002,
2005, 2007b; for review Petrovich, 2011). However,
future work is needed to determine whether these areas
are integrated with ORX neurons specifically.
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Interestingly, the regions of the basolateral area of the
amygdala (basomedial and basolateral nuclei) that send
direct projections to the lateral hypothalamus do not
reach the perifornical area, and instead innervate the
ventrolateral region of the lateral hypothalamus
(Petrovich et al., 2001, 2005; Reppucci and Petrovich,
2011). On the other hand, the ventromedial prefrontal
cortex innervates the perifornical area, and thus might
be able to directly influence ORX neurons (Floyd et al.,
2001; Reppucci and Petrovich, 2012b). A recent study
offers an intriguing possibility for the ventromedial
prefrontal cortex influence on hypothalamic orexigenic
substrates. Stimulation of p-opioid system within the
ventromedial prefrontal cortex was shown to drive
palatable food (carbohydrate) intake in sated rats (Mena
et al., 2011). Nevertheless, whether that system acts via
the ORX system remains to be determined.

Another intriguing possibility for the role of the
ventromedial prefrontal cortex glutamatergic input is in
learning plasticity. In this regard, the NMDA-receptor
mediated feeding in the lateral hypothalamus was
shown to be sensitive to tyrosine kinase inhibition, and
phosphorylation changes of tyrosine kinases in the
perifornical region were found during food deprivation
(Khan et al., 2004). However, whether similar changes
might contribute to plasticity underlying the learned
food-cue’s ability to stimulate feeding, and the source of
the critical glutamatergic input remains to be determined.

The current finding of ORX neuron recruitment by a
food-cue offers appealing functional implications for cue-
induced feeding mechanisms. Indeed, this result
suggests that ORX recruitment may be part of the
CS-driven anticipatory motivational mechanism that
primes an organism to eat. This hypothesis is in
agreement with ORX stimulatory effects on feeding and
arousal, and its proposed role in regulating coordinated
behavioral responses according to the current
motivational state (for reviews see Willie et al., 2001;
Saper, 2006; Boutrel et al., 2010). The distribution of
ORX neuron outputs and ORX-receptors is extensive
(e.g., Peyron et al.,, 1998; Marcus et al., 2001; Baldo
et al., 2003), and allows for communication with
forebrain and brainstem areas critical for feeding,
arousal, and motivation (Swanson, 2000; Grill and
Kaplan, 2002).

Less is known, however, about the specific
connections of the perifornical ORX neurons, although
there is evidence for selective connections with the
hypothalamic and brainstem regions regulating
homeostatic and arousal functions (e.g., Zheng et al.,
2005; Yoshida et al., 2006). Interestingly, a population
of orexin neurons within this region sends projections to
multiple sympathetic systems (Geerling et al., 2003),
suggesting a possible role of these neurons in
integrating conditioned cues, feeding, and autonomic
function. A recent comprehensive analysis of afferent
and efferent connections of the suprafornical region,
which corresponds well with the perifornical sampling
region in the current study, revealed that this region is
preferentially connected with the ingestive behavior
network (Hahn and Swanson, 2010). Importantly, that

connectional network includes all functional divisions of
the nervous system, underscoring an integrative role for
this area (Hahn and Swanson, 2010). Nevertheless,
future research is necessary to determine the role ORX
might play in cue-induced feeding and the efferent
systems through which that role is exerted.

CONCLUSION

The present results indicate that a learned food-cue
selectively recruits ORX, but not MCH neurons, in a
preparation that stimulates feeding in sated rats. These
results suggest a role for ORX in cue-induced feeding
that occurs in the absence of physiological hunger.
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