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Abstract
Background—Ghrelin is a potent orexigenic hormone that likely impacts eating via several
mechanisms. Here, we hypothesized that ghrelin can regulate extra-homeostatic, hedonic aspects of
eating behavior.

Methods—In the current study, we assessed the effects of different pharmacological, physiological
and genetic models of increased ghrelin and/or ghrelin signaling blockade on two classic behavioral
tests of reward behavior: conditioned place preference (CPP) and operant conditioning.

Results—Using both CPP and operant conditioning, we found that ghrelin enhanced the rewarding
value of high-fat diet (HFD) when administered to ad lib-fed mice. Conversely, wild-type mice
treated with ghrelin receptor antagonist and ghrelin receptor-null mice both failed to show CPP to
HFD normally observed under calorie restriction. Interestingly, neither pharmacologic nor genetic
blockade of ghrelin signaling inhibited the body weight homeostasis-related, compensatory
hyperphagia associated with chronic calorie restriction. Also, ghrelin's effects on HFD reward were
blocked in orexin-deficient mice and wild-type mice treated with an orexin 1 receptor antagonist.

Conclusions—Our results demonstrate an obligatory role for ghrelin in certain rewarding aspects
of eating that is separate from eating associated with body weight homeostasis and that requires the
presence of intact orexin signaling.
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Introduction
Food intake involves a well-integrated regulatory system in which hormones that sense changes
in the body's energy stores interact with homeostatic brain circuits to maintain body weight
and also interact with reward circuits to drive the consumption of rewarding foods (1).
However, little is known about those processes mediating food reward or the relative
contributions of feeding-related hormones to homeostatic vs. hedonic controls of feeding
behavior.

One likely candidate to mediate both body weight homeostasis and food reward processing is
the orexigenic hormone ghrelin (2). Preprandial and calorie restriction-associated increases in
plasma ghrelin and hypothalamic expression of ghrelin receptors (GHSRs) suggest a role for
ghrelin in body weight homeostasis-related eating (3-6). GHSRs also are expressed in and
ghrelin interacts with several brain regions involved with reward processing (7-9). For instance,
ghrelin increases action potential frequency in ventral tegmental area (VTA) neurons and
induces dopamine release into the nucleus accumbens (10-12). VTA microinjection of ghrelin
increases food intake while VTA microinjection of a GHSR antagonist decreases food intake
in response to i.p.-injected ghrelin (10,13). Ghrelin also activates orexin neurons and increases
food intake when microinjected into the lateral hypothalamic area (LHA) (14-17). Furthermore,
ghrelin is taken up by and increases spine synapse density within the hippocampus (18). Thus,
it has been hypothesized that ghrelin can affect various reward behaviors (7,10). Such is
supported by work showing that ghrelin augments cocaine hyperactivity, lowers the threshold
dose of cocaine required to establish a CPP, is required for alcohol reward and itself can elicit
CPP (19-22). Ghrelin induces anti-depressant-like properties, which are known to involve
regulation of brain reward circuits including those in which orexin participates (23).
Importantly, ghrelin also increases neuronal activity in brain reward centers in humans shown
images of appealing foods (24). However, whether ghrelin affects specific behaviors associated
with rewarding aspects of eating remains unknown. The experiments within this report were
designed to further characterize ghrelin's effects on food reward.

Methods and Materials
Animals and housing

Male mice were housed in a 12-h light/dark cycle with regular chow (RC; 4 g% fat, diet #7001,
Harlan-Teklad, Madison, WI), which provides 2.9 kcal/g of energy, and water available ad
lib, except when indicated. All animal procedures were carried out in accordance with NIH
guidelines and UTSW Institutional Animal Care and Use Committee guidelines. Adult (8-10
weeks old) C57BL6/J mice were from Jackson Laboratory. Orexin-deficient mice and GHSR-
null mice with their respective wild-type littermates were generated as reported previously
(25,26). Study animals of both genetic models were derived from crosses between
heterozygous animals back-crossed > 10 generations onto a C57BL6/J genetic background.

Conditioned place preference task
We used a balanced paradigm in a three-chamber apparatus (Med Associates Inc., St Albans,
VT), which consisted of a central, brightly-lit shuttle chamber (4.5 × 6 inches) between two
dimly-lit, larger conditioning chambers (9.5 × 6 inches each), which differed from each other
in wall pattern and floor texture. The animal's location within the chamber was monitored by
photobeams (Med PC IV software, Med Associates Inc.). On Day 0, animals were exposed in
their home cage to a HFD pellet weighing ∼1.0 g to avoid neophobia during the task. A pretest
session was performed on Day 1, during which a single mouse was placed in the shuttle chamber
of the CPP apparatus and allowed free access to the adjacent conditioning chambers in the
absence of food, for 20 min. The amount of time the mouse spent in each chamber was used
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to calculate a pretest CPP score upon subsequent assignment of the conditioning chambers to
either RC or HFD (CPP score = time spent in chamber paired to HFD minus time spent in
chamber paired to RC). We assigned the HFD-paired side in a balanced manner such that the
mean pretest CPP score was close to zero. Conditioning sessions were performed on Days
2-13. On even days, mice were confined to one conditioning chamber in the presence of a HFD
pellet for 30 min. On odd days, mice were confined to the other conditioning chamber in the
presence of an RC pellet for 30 min. The RC and HFD pellets used each contained 2.4 kcal.
The RC pellets are described above. The HFD pellets were from Research Diets [Rodent Chow
#D12331, New Brunswick, NJ, which provides 5.56 kcal/g of energy (35.8 g% of fat or 58
kcal% of fat)]. The test session was performed on Day 14, during which the mice were placed
in the shuttle chamber and allowed free access to the adjacent conditioning chambers, in the
absence of food, for 20 min. Test CPP scores were determined, as above.

Operant Responding Task
Mice were trained to poke their nose into a lit portal to obtain a 20 mg custom-prepared HFD
pellet reward (see Supplementary Materials) in standard operant conditioning chambers
(Model ENV307A, Med Associates Inc.) equipped with three nose poke portals. Mice were
rewarded for nose poking in the middle portal only; the side portals were inactive but
monitored. During the training period, mice were allowed access to an amount of RC
corresponding to 60% of their average daily food intake. For the training sessions, mice initially
received the HFD pellet rewards under a fixed ratio schedule (from a fixed ratio 1 schedule up
to a fixed ratio 5 schedule). Then, mice were moved to a stepped progressive ratio reinforcement
schedule, whereby the response requirement for each successive pellet was raised by
progressive increments according to the following series: 5, 10, 20, 30, 50, 70, 100, 130, etc.
Breakpoint was defined as the last progressive ratio which an animal successfully completed
to receive a reinforcement within a 10 min period. Once mice demonstrated a stable 10 min
breakpoint for 3 successive days, they were allowed ad lib access to RC, and continued to be
challenged in the operant chambers. When they again showed a stable 10 min breakpoint in
the ad lib-fed condition for 3 successive days, testing began.

Immunohistochemistry
Free-floating coronal sections of mouse brains (25 μm thickness) were processed sequentially
by dual-label immunohistochemistry for c-Fos expression and then orexin expression, as
previously described, with minor modifications (29). Antisera used included anti-c-fos
antibody (Calbiochem/Oncogene, Temecula, CA, cat# PC38, 1:30,000) and anti-orexin
antibody (Phoenix Pharmaceuticals, cat# H-003-30, 1:10,000). Quantitative analysis was
performed in four animals per condition (ghrelin vs. saline administration during conditioning).
All orexin neurons on both the left and right sides of every fifth section of the brain were
counted (486 ± 39 and 529 ± 24 neurons, per mouse in saline- and ghrelin-treated groups,
respectively).

Statistics
Data are expressed as mean ± s.e.m. The paired t-test was used to compare pretest vs. test CPP
scores within each CPP group. For the operant conditioning experiments, paired t-test was used
to compare the ghrelin vs. saline breakpoint in each group of mice (vehicle-pretreated wild-
type mice, SB-334867-pretreated wild-type mice, and vehicle-pretreated orexin-deficient
mice). ANOVA was performed when assessing the effects of genotype or treatment on ghrelin-
induced food intake. p < 0.05 was considered statistically significant for all the experiments.
0.05 ≤ p < 0.09 was considered evident of a statistical trend. No significant differences (p >
0.09) were observed between the three groups of wild-type animals (those from Jackson
Laboratory vs. wild-type littermates of the orexin-deficient mice vs. wild-type littermates of
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the GHSR-null mice) in any measures taken, and thus their data were pooled. See
Supplementary materials for further details about the experimental procedures.

Results
To investigate a role for ghrelin in the rewarding properties of HFD, we adapted a version of
the CPP task which is typically used in drug abuse studies. In this task, mice were conditioned
to associate one chamber of the CPP apparatus with HFD and a 2nd chamber with an equal
calorie amount of regular chow (RC). After a 12 day conditioning period (6 days on the HFD-
paired side alternating every-other-day with 6 days on the RC-paired side), mice were permitted
free access to both chambers in the absence of food. CPP scores were calculated by subtracting
the time spent in the RC-paired chamber from the time spent in the HFD-paired chamber. Place
preference for HFD was demonstrated by a positive CPP score, meaning that the mice preferred
to spend time in the chamber that they associate with the more rewarding food. To ascertain
whether ghrelin modulates CPP for HFD, ad lib-fed wild-type mice were injected with ghrelin
(2 μg/g BW) or saline 20 min prior to placement in the CPP apparatus on the test day. Saline-
treated mice spent a similar amount of time in each chamber after the conditioning period (on
the test day) as before the conditioning period (on the pretest day; Fig. 1A, n=29). In contrast,
mice treated with ghrelin prior to testing spent significantly more time in the HFD-paired
chamber after the conditioning period (Fig. 1A, n=15). This finding suggests that rises in
ghrelin are sufficient to induce expression of CPP for HFD or may act like a cue used in the
expression of CPP for HFD. Next, mice were treated with ghrelin (2 μg/g BW) prior to each
conditioning session, but not on the test day. Mice treated this way displayed a clear preference
for the HFD-paired chamber (Fig. 1A, n=22), indicating that rises in ghrelin also enable
acquisition of CPP for HFD. To confirm the specificity of our findings, we repeated the
experiment using GHSR-null mice (Fig. 1B). Saline-treated GHSR-null mice spent a similar
amount of time in each chamber after and before the conditioning period (n=20). In contrast
to wild-type mice, GHSR-null mice did not elicit CPP for HFD upon administration of ghrelin
(2 μg/g BW) either prior to testing (n=16) or prior to each conditioning session (n=16).

It is well known that ghrelin is physiologically increased upon calorie restriction, and that in
this situation there is an enhancement in food CPP performance (30,31). To determine whether
the enhanced food CPP performance associated with calorie restriction is due to the elevated
levels of endogenous ghrelin associated with calorie restriction, we performed CPP
experiments using a recently reported GHSR antagonist, Compound 26 (27,28). Calorie-
restricted mice were provided ad lib access to RC in their home cages between 12:00 p.m. and
4:00 p.m. Mice required one week to adjust their food intake amount to this 4-h calorie
restriction experimental paradigm. Thus, during the first week of calorie restriction, mice
gradually increased and then stabilized their daily intake of RC during the 4 h that food was
available, as follows: 1.36±0.10, 1.55±0.18, 1.84±0.13, 2.13±0.07, 2.11±0.09, 2.27±0.12, and
2.42±0.13 g of RC. Behavioral studies on calorie restricted mice were started following this
initial adjustment week. Throughout the remaining days of the experiment, the mice ate an
average of 2.87±0.15 g of RC (nearly 8.0 kcal/day), which represents approximately 70% of
the daily food intake of ad lib-fed wild type mice in our experimental condition (4.09±0.14 g
or nearly 11.9 kcal of RC). After the initial adjustment week, calorie restricted mice maintained
body weights that were about 85% the average body weights of the ad lib-fed wild- type mice.
Food CPP tasks were started after the initial adjustment week and were performed just prior
to the 4 h period of food availability, when plasma acylated ghrelin levels were found to be
increased two-fold (13.2±1.0 vs. 5.8±0.6 pg/mL in calorie-restricted vs. ad lib-fed mice,
p<0.01). Compound 26 (30 μg/g BW) was administered either 1 h before the test or 1 h before
each conditioning session to calorie-restricted mice. As expected, calorie-restricted mice
treated with vehicle spent more time in the HFD-paired chamber on the test day as compared
to the pretest day (Fig. 2A, n=34). Calorie-restricted mice treated with Compound 26 only on
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the test day also displayed a higher mean test CPP score than pretest CPP score (Fig. 2A, n=10).
In contrast, Compound 26 given during the conditioning period completely blocked the
acquisition of food CPP in calorie-restricted mice (Fig. 2A, n=14). Thus, the endogenous rise
in ghrelin that occur in the setting of calorie restriction is required for acquisition but not
expression of CPP for HFD.

To corroborate our findings with Compound 26, we also performed CPP experiments using
GHSR-null mice. For these experiments, GHSR-null and wild-type littermates were calorie
restricted during the week preceding conditioning and throughout the pretest, conditioning and
test days. Instead of the 4-h calorie restriction paradigm used above, here animals were provided
access to an amount of RC corresponding to 80% of their average daily food intake [an average
of 3.31±0.21 g of RC (nearly 9.5 kcal/day)]. Both groups of 80% calorie restricted mice
maintained body weights that were about 95% the average body weights of ad lib-fed mice.
Food CPP tasks were performed just prior to the feeding period. Using this 80% calorie
restriction protocol, wild-type mice spent more time in the HFD-paired chamber on the test
day as compared to the pretest day (Fig. 2B, n=22). In contrast, GHSR-null mice failed to show
a calorie restriction-induced CPP (Fig. 2B, n=22). Thus, both genetic and pharmacologic
interference with endogenous ghrelin signaling have the ability to block CPP to HFD. Of note,
different results were observed with the GHSR-null mice when the more food-limiting 4-h
calorie restriction paradigm was used instead of the 80% calorie restriction. Under the 4-h
protocol, both wild-type mice and GHSR-null littermates demonstrated CPP for HFD (Fig.
S3).

It is well established that following periods of calorie restriction, mice respond with a
homeostatic drive to replenish energy stores through hyperphagia. Interestingly, in our
experiments described above, Compound 26 administration to calorie-restricted mice only on
the test day or only during the conditioning period both failed to block the compensatory
hyperphagia observed at the end of the test when the mice were given free access to RC (Fig.
3A). Similarly, 80% calorie-restricted wild-type mice and GHSR-null littermates both
experienced compensatory hyperphagia at the end of the test when the mice were given free
access to RC (Fig. 3B). As such, while calorie restriction-associated increases in endogenous
ghrelin are required to demonstrate CPP for HFD (a measure of food incentive value), ghrelin
signaling does not appear to be required for the compensatory hyperphagia (a measure of
homeostatic drive) that normally follows chronic calorie restriction.

As previous work indicates that orexin neurons become activated by cues associated with
different rewards, including addictive drugs and food (32), we next investigated whether orexin
neurons contribute to ghrelin's enhancement of CPP for HFD. We assessed c-fos expression,
a marker of neuronal stimulation, within orexin neurons in mice given either saline or ghrelin
prior to each conditioning session but not prior to testing. For this procedure, brains were
collected from mice 2 h following their test day exposure to the CPP apparatus. Mice that
exhibited ghrelin-induced acquisition of food CPP showed increased c-fos expression within
LHA orexin neurons. Quantitative analysis indicated that 29.0 ± 5.2% of orexin-positive
neurons were positive for c-fos in the LHAs of saline-treated mice, while in the LHAs of
ghrelin-treated mice, 43.2 ± 2.3% of orexin-positive neurons were positive for c-fos (p<0.05
vs. saline-treated mice, Fig. 4A-B). The distribution of the orexin-positive neurons positive for
c-fos in the LHA did not show any particular topography within the LHA.

Next, we determined if orexin signaling is required for the ghrelin-induced acquisition of food
CPP. Administration of the orexin receptor 1 selective antagonist SB-334867 (10 μg/g BW)
to mice subsequently receiving ghrelin before each conditioning session blocked the
acquisition of food CPP (Fig. 5A) while pretreatment with SB-334867 alone (without
subsequent ghrelin) did not affect the performance in the food CPP protocol (Fig. S4). This
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dose of SB-334867 was shown to have no anorexigenic (or orexigenic) effect on intake of
freely-available food (data not shown). In addition, orexin-deficient mice (25) failed to show
ghrelin-induced acquisition of food CPP (Fig. 5A). SB-334867-pretreated mice and orexin-
deficient mice both displayed full orexigenic responses to ghrelin (for both HFD and RC) as
measured during the conditioning phase of the CPP trial (Fig. 5B). Thus, orexin pathways
facilitate the ghrelin-induced acquisition of food CPP, however, ghrelin-induced stimulation
of intake of freely-available food seems to be independent of orexin signaling under these
particular experimental conditions.

Finally, we tested mice using an operant conditioning protocol under a progressive ratio
schedule (33). In this measure of food motivation, the number of nose pokes required to obtain
each successive reinforcing HFD pellet increases by progressive increments. The session
continues until a 10 min period elapses during which the mouse does not obtain a HFD pellet.
The last progressive ratio successfully completed before the end of the session is defined as
the breakpoint. Ad lib-fed mice receiving ghrelin (2 μg/g BW) 10 min prior to placement into
the operant chamber showed a higher breakpoint as compared to saline-treated mice (Fig. 6,
n=19). Pretreatment of ad lib-fed mice with SB-334867 (10 μg/g BW) blocked the ghrelin-
induced increase in breakpoint (Fig. 6, n=16), without altering the performance of mice injected
with saline. In addition, orexin-deficient mice treated with ghrelin also failed to show a
significant increase of the breakpoint (Fig. 6, n=5). These results confirm that ghrelin increases
the motivation to obtain HFD pellets, and that this behavior requires intact orexin signaling.

Discussion
The present study identifies a required role for ghrelin in mediating certain hedonic and
motivational components of eating. Our results, together with the previous fMRI findings of
ghrelin-induced increases in the neural response to food pictures within human brain regions
implicated in encoding the incentive value of food cues, allow us to add food reward to a
growing list of other reward behaviors, including cocaine-seeking and alcohol-reward,
influenced by ghrelin (21,22,24). Furthermore, the ghrelin-orexin pathway investigated here
appears to be distinct from those circuitries controlling homeostatic drives that promote food
intake in response to reduced energy stores, and therefore is highly relevant to the current
obesity crisis where food intake occurs in the context of adequate adipose reserves. These
findings raise several interesting considerations.

Mechanism of Action
Our food CPP studies reveal several intricacies regarding ghrelin's roles in modulation of the
rewarding value of HFD and food intake. In particular, pharmacologic increases in ghrelin are
sufficient to enhance both the associative learning of HFD's reward value (or rather, the
acquisition of CPP for HFD) and its retrieval (expression of CPP for HFD). However, our
studies with Compound 26 suggested that the physiological increases in ghrelin associated
with calorie restriction are only important for acquisition of CPP for HFD, but are not required
for expression of the learned association. In this regard, ghrelin signaling pathways seem to
behave similarly to leptin and insulin. Just as does ghrelin, leptin and insulin act at the central
level to regulate energy homeostasis and food reward behaviors [as reviewed in (31)]. In fact,
differential effects on acquisition and expression of food CPP also have been demonstrated for
both leptin and insulin, although in contrast to ghrelin, both hormones specifically block the
expression of food CPP, but not the acquisition of food CPP (34). It is highly likely that ghrelin
works in concert with other satiety and body weight related peripheral hormones, such as leptin
and insulin, to fine tune the body's responses to rewarding substances such as HFD.

In the present study, we also were able to dissociate the obligatory role for ghrelin in food
reward-related eating behaviors from eating that occurs as part of the process to maintain body
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weight homeostasis. In particular, our restricted access to food protocol highlights previous
studies showing that caloric restriction induces not only compensatory hyperphagia when free
access to food is again permitted, but also various food reward behaviors. However, we now
show that while pharmacologic interference with ghrelin action does block HFD reward
behavior associated with chronic caloric restriction, it does not block the rebound overeating
that occurs when animals are switched from restricted to ad lib access to food. Similar results
were observed using a genetic method of interfering with endogenous ghrelin action: mice
lacking GHSR failed to show CPP for HFD upon testing under a moderate calorie restriction
protocol (exposure to 80% of average food intake). Similar to the effects of Compound 26 in
wild-type mice, genetic deletion of GHSR did not affect the compensatory hyperphagia
normally observed in wild-type mice upon cessation of the moderate calorie restriction
protocol. This observed dissociation may be due to inherent redundancies in pathways
responsible for body weight homeostasis-related eating that are not present in the machinery
controlling food reward behavior.

Our CPP results using 80% calorie restricted GHSR-null vs. wild-type mice support our CPP
results using Compound 26-treated vs. vehicle-treated calorie-restricted wild-type mice
(namely, that genetic and pharmacologoic interference with endogenous ghrelin signaling both
block CPP for HFD associated with calorie restriction). However, the same was not true when
the more limiting 4-h calorie restriction paradigm was used for the genetic model. The exact
reason for this discrepancy is unclear. Certainly, mice do experience a more limiting exposure
to food with the 4-h protocol than with the 80% protocol, but it is uncertain how such a change
would offset the effects of GHSR deletion observed with the more moderate 80% restriction
protocol. We speculate but cannot confirm that developmental compensations within the
GHSR-null model, which may not be as obvious under the less food restrictive conditions, may
be at fault. Developmental compensations were proposed previously to explain the finding of
normal rebound hyperphagia in GHSR-knockout mice following an acute fast but blunted
rebound feeding in acutely fasted wild-type mice given a GHSR antagonist (10).

Neural Circuitry
Our data reveal that ghrelin's action on food reward requires orexin signaling as evidenced by
the finding that ghrelin's effects on CPP and operant conditioning were blocked in orexin-
deficient mice and wild-type mice given an orexin 1 receptor antagonist. Yet, the exact neuronal
pathway (or pathways) that link ghrelin and orexin to food reward remains unknown. The most
obvious pathway would involve direct binding of ghrelin to GHSRs present on orexin neurons.
Such would be supported by previous studies demonstrating GHSRs within the LHA of rat
(8) as well as those showing that ghrelin can induce action potentials and depolarization in
isolated orexin neurons (17). In turn, these ghrelin-engaged orexin-containing LHA neurons
presumably would then project to the VTA, where activation of mesolimbic dopaminergic
circuitry would ensue. In fact, previous work has demonstrated that orexin neurons in the LHA
are critical in reward seeking behaviors (32), and that orexin action in the VTA is involved in
activation of mesolimbic dopaminergic reward circuitry (35). Alternatively, ghrelin might
indirectly engage the orexin system by targeting neurons at other locations which, in turn,
project to the LHA. For instance, several studies suggest direct ghrelin action on AgRP/NPY
neurons of the hypothalamic arcuate nucleus as playing a key role in stimulating food intake
[as reviewed in (6,36)]. Not only do AgRP/NPY neurons project to LHA orexin neurons
(37), but also NPY has been shown to have the capacity to induce CPP (38). Indirect activation
of orexin neurons by ghrelin also could occur via other pathways. For instance, neurons of the
nucleus accumbens project to and activate LHA orexin neurons to drive the intake of palatable
foods (39). GHSR-expressing neurons in both the VTA and hippocampus exist, and neurons
in both of these sites are known to project to the nucleus accumbens (40-42). Future studies
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will be required to establish the exact neuronal circuits by which ghrelin increases the rewarding
value of HFD.

Conclusions
The findings of a role for ghrelin in food reward will likely have important implications in our
overall understanding of energy balance regulation in both lean and obese individuals.
Furthermore, the findings of a dissociation between ghrelin's effects on food reward from its
effects on homeostatic eating behaviors suggests the plausibility of the design of pharmacologic
agents that can target specific reward behaviors associated with eating while leaving other
aspects of eating untouched.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Ghrelin affects the rewarding value of HFD in a food CPP task. A. Administration of ghrelin
(2 μg/g BW, s.c.) to ad lib-fed wild-type mice either acutely before the test or before each
conditioning session increases the preference for the HFD-paired chamber. B. Administration
of ghrelin (2 μg/g BW, s.c.) to ad lib-fed GHSR-null mice either acutely before the test or
before each conditioning session fails to affect the preference for the HFD-paired chamber.
Data represent the mean ± s.e.m. ** p<0.01, *** p<0.0001.
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Figure 2.
Ghrelin signaling is required for the enhancement in food CPP performance induced by calorie
restriction. A. The GHSR antagonist Compound 26 (30 μg/g BW, via gavage) blocks the
acquisition of food CPP in calorie-restricted mice when used before each conditioning session,
whereas it is ineffective when administrated only on the test day. B. In contrast to wild-type
mice, GHSR-null mice fail to show food CPP under a mild calorie-restriction protocol. Data
represent the mean ± s.e.m. * p<0.05, **** p<0.000001.
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Figure 3.
Ghrelin signaling is not required for the compensatory hyperphagia that follows chronic calorie
restriction. A. Compound 26 administered before either the test session or each conditioning
session fails to block calorie restriction-associated overeating of freely available food. B. Wild-
type and GHSR-null mice have similar levels of calorie restriction-associated overeating of
freely available food. Data represent the mean ± s.e.m.

Perello et al. Page 13

Biol Psychiatry. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Ghrelin-induced acquisition of food CPP activates orexin neurons in the lateral hypothalamus.
Representative photomicrographs of brains processed by dual-label immunohistochemistry for
orexin (red) and c-fos (brown) (A) and quantification of dual-labeled neurons (B)
demonstrating that mice that exhibited ghrelin-induced preference for the HFD-paired chamber
show increased c-fos induction within LHA orexin cells. Dual-labeled neurons are identified
by arrows. Data represent the mean ± s.e.m. ** p<0.01.
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Figure 5.
Ghrelin's actions on food CPP require intact orexin signaling. A. Orexin 1 receptor antagonist
(SB-334867, 10 μg/g BW, i.p.)-pretreated mice and orexin-deficient mice fail to demonstrate
ghrelin-induced acquisition of food CPP. B. SB-334867-pretreated and orexin-deficient mice
show similar ghrelin-induced increases in food intake for both HFD and RC after 30 min of
treatment. Data represent the mean ± s.e.m. ****, p<0.00001.
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Figure 6.
Ghrelin increases the motivation to obtain HFD pellets in an orexin-dependent manner. Ghrelin
increases the breakpoint for HFD pellets in an operant conditioning trial using a progressive
ratio schedule. In contrast, SB-334867-pretreated (10 μg/g BW, i.p.) and orexin-deficient mice
fail to show a ghrelin-induced increase of breakpoint for HFD pellets. Data represent the mean
± s.e.m. ** p<0.01
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