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Abstract
The peptide hormone ghrelin regulates a variety of eating behaviors. Not only does it potently
increase intake of freely-available food, but it also shifts food preference towards diets rich in fat,
enhances operant responding for food rewards, and induces conditioned place preference for food
rewards. Here, we postulated that ghrelin also enables cue-potentiated feeding, in which eating is
enhanced upon presentation of a food-conditioned stimulus. To test this hypothesis, a novel cue-
potentiated feeding protocol adapted for use in mice was designed and validated, and then the
effects of pharmacologic ghrelin receptor (GHSR) antagonism and GHSR transcriptional blockade
(as occurs in GHSR-null mice) were assessed. Sated C57BL/6J mice indeed demonstrated cue-
potentiated intake of grain-based pellets specifically upon presentation of a positive conditioned
stimulus (CS+) but not a negative conditioned stimulus (CS-). Treatment with a GHSR antagonist
blocked potentiated feeding in sated C57BL/6J mice in response to the CS+. In contrast, while
GHSR-null mice also lacked a potentiation of feeding specifically in response to the CS+, they
displayed an enhanced intake of pellets in response to both the positive and negative conditioned
stimuli. The pattern of immediate early gene expression within the basolateral amygdala -- a brain
region previously linked to cue-potentiated feeding -- paralleled the observed behavior of these
mice, suggesting uncharacteristic activation of the amygdala in response to negative conditioned
stimuli in GHSR-null mice as compared to wild-type littermates. Thus, although the observed
disruptions in cue-potentiated feeding are different depending upon whether GHSR activity or
GHSR expression is blocked, a key role for GHSRs in establishing a specific positive cue-food
association has now been established.
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1. Introduction
The rates of obesity have been steadily and dramatically increasing [1]. Understanding the
pathways that regulate complex eating behaviors and ultimately disturb homeostatic control
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of food intake is crucial for the development of effective obesity treatments. While genetic
factors undoubtedly contribute to obesity, an individual's environment and upbringing are
also likely involved [2–4]. The human environment is replete with visual, auditory, and
olfactory cues which, via associative learning and Pavlovian conditioning, can become
intimately linked to food, resulting in the induction and maintenance of eating [5]. Prime
examples include logos of commercial enterprises that sell food [6]. With continued
exposure, these cues can form such a strong association with eating that they may override
satiety signals that otherwise would normally lead to eating cessation [5]. Recurrent
exposure to these cues potentially can lead to an overabundance of food intake resulting in
an increased risk for obesity. Of note, the motivational salience of food cues as measured by
visual attention is greater in obese individuals than in lean subjects, suggesting that higher
sensitivity to cues associated with food may contribute to their lack of control over food
intake [7].

The cue-potentiated feeding paradigm models habitual eating that occurs with strong cue
associations linked to food. Several studies have found that food-sated rats increase food
consumption after presentation of a conditioned stimulus previously paired with food during
a period of caloric restriction [8–9]. These elegant studies were performed with bland pellets
similar to regular chow, signifying the strength of a conditioned cue's ability to enhance
feeding behavior even without savory taste as a rewarding component. The amygdala and
prefrontal cortex play a major role in this behavior as lesions of the basolateral amygdala
(BLA) or medial prefrontal cortex (mPFC) in rats abolish the cue-induced potentiation of
eating [9–12] and as connections from the BLA/basomedial amygdala and mPFC to the
lateral hypothalamic area in rats are strongly activated by the positive conditioned stimulus
[13]. While these studies using rats have determined some of the neural pathways and
regional networks involved in cue-potentiated feeding, to our knowledge, this behavioral
model has never been performed in mice using a non-savory food, which is an important
distinction since a tasty or rewarding food adds another dimension to the learning aspect of
conditioning. The use of mice in place of rats in this paradigm will facilitate studies that aim
to identify the molecular mediators involved in shaping and activating these neural
networks, as mice can be more easily genetically manipulated.

One potential mediator in the development of cue-potentiated feeding is the
gastrointestinally-derived peptide hormone ghrelin [14]. Ghrelin potently induces intake of
freely-available food upon binding to its receptor, the growth hormone secretagogue
receptor (GHSR), in regions including the hypothalamus and brainstem, and it is through
these pathways that endogenous ghrelin is thought to affect body weight homeostasis [15–
17]. GHSR localization to the ventral tegmental area (VTA), hippocampus, and amygdala
provides evidence that ghrelin also may mediate more complex eating behaviors that involve
different aspects of learning, memory, and reward [18–20]. Indeed, several studies have
investigated a role for ghrelin in complex eating behaviors. Ghrelin helps to define food
preference -- shifting consumption towards sweet diets and those high in fat, and ghrelin
also enhances operant responding for sweet and fatty food rewards [21–26]. Furthermore,
ghrelin enables acquisition of conditioned place preference for food rewards upon its
pharmacologic administration or upon its natural elevation as induced by caloric restriction
or psychosocial stress [21, 27–28]. Several studies have indicated that blockade of ghrelin
action, by pharmacologic blockade of or genetic deletion of GHSRs, blocks many of these
same complex eating behaviors [21–22, 28–30]. To our knowledge, only one study, using a
Pavlovian-to-instrumental transfer protocol to study motivational incentive learning, has
reported an enhancement in reward behavior upon blockade of ghrelin action [31]. The
ability of ghrelin to enhance performance in tests of behavioral memory also may be
relevant to the pathways required for cue-potentiated feeding [32–33]. Here, we test the
hypothesis that in addition to its previously-reported effects on homeostatic eating, food
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preference, and reward-based eating, ghrelin also participates in the development and
expression of cue-potentiated feeding as well as the regulation of BLA activity in response
to conditioned cues.

2. Materials and methods
2.1. Animals

C57BL/6J mice (Charles River, Wilmington, MA) were used in Experiments 1 and 2.
GHSR-null and wild-type littermates, used in Experiments 3 and 4, were generated by
breeding mice heterozygous for the GHSR-null allele, obtained after more than 10
generation backcrossing onto a C57BL/6J genetic background [34]. All studies were
approved by the UTSW Institutional Animal Care and Use Committee.

2.2. Primary cue-potentiated feeding paradigm
Conditioning—This protocol (Figure 1A, used for Experiments 1, 3, and 4) was modeled
after reported cue-potentiated protocols designed for use in rats with standard chow [9, 11–
13]. Two-month-old mice, housed 2–3 per cage, were placed on a restricted feeding
schedule which provided access to standard chow (Teklad Global Diet #2016 Madison, WI,
which provides 3.0 kcal/g of energy and contains 16.4 g% protein, 4.0 g% fat, and 48.5 g%
carbohydrates) for 3 ½ hr per day. Such was maintained during a run-in period (Days 1–5)
and throughout a “simple” conditioning phase (Days 6–12) and a subsequent
“discrimination” conditioning phase (Days 13–26).

Conditioning sessions were performed by placing individual mice into conditioning
chambers (Model ENV307A, Med Associates, Inc., St. Albans, VT) just before the 3 ½– hr
period of food availability. During the first, “simple” conditioning phase (Days 6–12), daily
conditioning sessions were performed by pairing a light cue, which would become the
conditioned positive stimulus (CS+), with delivery of a single 14-mg grain-based Dustless
Precision Pellet (BioServ, Frenchtown, NJ, which provides 3.6 kcal/g of energy and contains
18.7% protein, 5.6% fat, and 59.1% carbohydrates). The CS+ was assigned to each mouse in
a counterbalanced fashion as either the main “house” light (affixed near the ceiling) of the
chamber or its central “nose-poke” light (affixed to the lower wall area of the chamber).
Cues lasting 2-sec in duration were given at random intervals every 30 – 90 sec. A single
food pellet was dispensed immediately after each CS+ into a food hopper using a
programmed automatic pellet dispenser. Thirty cues were delivered per each 30 min-long
simple conditioning session. During the second, “discrimination” conditioning phase (Days
13–26), daily conditioning sessions were performed using both positive light cues
[conditioned positive stimuli (CS+)] and negative light cues [conditioned negative stimuli
(CS−)]. A single food pellet was dispensed upon presentation of the CS+; no food pellet was
dispensed upon presentation of the CS−. The CS− was assigned as whichever light cue was
not used as the CS+. Twenty CS+ and 20 CS− cues of 2-sec duration each were delivered in
random order and at random intervals every 30 – 90 sec during each 40 min-long
discrimination conditioning session. When not in the conditioning chambers, mice were
housed in their home cages.

Test sessions—During the first three days following completion of the conditioning
(Days 27–29), mice were kept in their home cages with ad lib-access to standard chow. For
Experiment 1, acquisition of cue-potentiated feeding was assessed on Day 30 by placing
mice in the conditioning chambers for three 10-min test sessions: a baseline session where
no cue was presented (Session 1), a session where only the CS+ was presented (Session 2 or
3), and a session where only the CS- was presented (Session 2 or 3). Ten cues of 2-sec
duration were delivered at random intervals every 30 – 90 sec during Sessions 2 and 3. The
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orders of the CS+ test session and CS- test session were counterbalanced between animals.
During these three test sessions, mice had free access to 30 food pellets within the food
hopper. Between sessions, mice were placed into their home cages briefly while the pellets
remaining were counted.

2.3. Cue-potentiated feeding with ghrelin receptor antagonist
For Experiment 2, the above protocol was modified slightly to allow more time for the mice
to adapt to receiving an oral gavage of either a ghrelin receptor antagonist or its vehicle prior
to each conditioning session (Figure 2). As such, the “simple” conditioning phase was
extended to two weeks rather than one (Days 6–19), while the “discrimination” conditioning
remained two weeks in length (Days 20–33). Also, for this modified protocol, mice were
allowed free access to 20-mg grain-based Dustless Precision Pellets (BioServ, which
provides 3.35 kcal/g of energy and contains 21.3 g% protein, 2.8 g% fat, and 54 g%
carbohydrates) instead of standard chow during the 3 ½ hr-long daily feeding periods
provided in the home cages after each conditioning session. These grain-based pellets were
provided ad lib in home cages in the days following the conditioning phases. Neither
antagonist nor vehicle was administered during the 5 day run-in period or the 3 days
following conditioning.

Ghrelin receptor antagonism was achieved by administering Compound 26 [also known as
LXG-9342, and by its chemical name, (6-(4-Fluorophenoxy)-3-{[(3S)-1-
isopropylpiperidin-3-yl]methyl}-2-methylquinazolin-4(3H)-one], which was synthesized by
the UTSW Synthetic Chemistry Core, based on published protocols [35–36]. One hr prior to
each conditioning session (Days 6–33), freshly-prepared Compound 26 suspended in
PEG400:water (80:20), at a concentration of 30 μg/10 μL was orally administrated via
gavage to provide 30 μg per gram body weight; vehicle-treated control mice were similarly
treated with 10 μL PEG400:water (80:20) solution per gram body weight. The initial
descriptions of Compound 26 demonstrated a relatively potent affinity to GHSR, high
bioavailability, moderate clearance, and a very high volume of distribution including high
brain penetrance [35–36]. Previously, Compound 26 at a gavage dose of 10 μg/g body
weight was shown to reduce glucose excursion in a rat i.p. glucose tolerance test by 20%
and to reduce body weights of diet-induced obese C57BL/6J mice by about 3–4% over a 9-
day period [35]. Compound 26 at a gavage dose of 30 μg/g body weight previously was
shown to significantly reduce food intake in C57BL/6J mice subjected to a fasting-refeed
protocol, but not in similarly-treated GHSR-null mice, suggesting its specificity for GHSR
[21, 35–36]. This same 30 μg/g body weight gavage dose of Compound 26 also previously
was shown to block the acquisition of conditioned place preference for high-fat diet in
chronically calorie-restricted C57BL/6J mice, but not the compensatory hyperphagia
associated with chronic calorie restriction (greater than 1 wk restricted, 4-hr-long daily
access to standard chow) [21].

The first test day (Day 37) was performed in the same manner as in Experiment 1, without
Compound 26 or vehicle. A second test day (Day 38) involved administration of Compound
26 (30 μg/g body weight) or vehicle 1 hr prior to the baseline session. The length and order
of test sessions were the same as described for Experiment 1.

2.4. Cue-potentiated feeding in GHSR-null mice
Experiment 3 involved the use of GHSR-null mice and wild-type littermates. The protocol
was identical to that used in Experiment 1 (Figure 1A), except two additional test days were
performed on Days 31 and 32 (Figure 1B). On Day 31, the same three 10-min sessions from
Day 30 were performed on the mice following a 16-hr overnight fast imposed in their home
cages. On Day 32, after the mice had again been provided ad lib access to standard chow,
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cue-potentiated feeding was again assessed, only this time, Sessions 2 and 3 lasted 20 min
each.

2.5. Cue-potentiated feeding paradigm for gene expression study
For Experiment 4, the above protocol was adjusted for a separate cohort of GHSR-null and
wild-type littermates to determine whether the conditioned stimuli acutely activate BLA
neurons (Figure 1B). A single, alternate test day was performed on Day 30 consisting of
three 5-min sessions. In between Sessions 2 and 3, the mice were placed back in their home
cages for 25 min in order to match the timing of specific immediate early gene peak
expression levels to neuronal activation. Tissue collections occurred directly after Session 3.
Control mice consisting of both GHSR-null and wild-type littermates (“no cue” group)
underwent Days 1–29 of the protocol, as usual, but did not undergo Day 30 testing; tissue
collections were done on Day 30.

2.6. Sample collection and quantitative real-time PCR (qPCR)
Mice were euthanized by live decapitation. Brains were extracted, placed in cold
diethylpyrocarbonate-PBS, and then sectioned into 1 mm-thick coronal slices by use of a
stainless steel mouse brain matrix and standard razor blades. Bilateral tissue punches
corresponding to the locations of the BLA, mPFC, and VTA were frozen with liquid
nitrogen after being excised using a 15-g needle. Quantitative PCR was performed on total
RNA that was extracted and reverse transcribed, as described previously [28, 37]. Arc,
Homer1a, c-Fos, GHSR, and cyclophilin primers (Table 1) were previously used and/or
validated for the appropriate specificity and efficiency using template titration and
dissociation curves [28, 38–39] and were designed to span exon-exon junctions. Cyclophilin
expression levels were used for normalization, and relative levels were calculated by the
comparative threshold cycle (ΔΔCt) method, with comparison of the wild-type control (no-
cue) group as the baseline.

2.7. Statistical Analyses
A one way ANOVA was performed when analyzing the effect of cue on pellet consumption
(Experiment 1). Repeated measures two way ANOVA was performed when analyzing the
effects of administered compound (Experiment 2) or genotype (Experiment 3) and cue on
pellet consumption. Two way ANOVAs were performed when analyzing the effects of
genotype and cue presentation on relative immediate early gene mRNA expression
(Experiment 4). Bonferroni post-hoc analysis was used for all comparisons with significant
P values. Linear regression analysis was performed on correlation plots for gene expression
and pellet consumption, allowing us to determine coefficients of determination (R2) for the
goodness of fit; slopes that were statistically significantly different from a slope of zero were
considered as indicating significant correlations (Experiment 4). Data are expressed as mean
± SEM, with P < 0.05 considered statistically significant. Analyses were performed using
GraphPad Prism 5.0.

3. Results
3.1. Experiment 1: Cue-potentiated feeding of grain-based pellets in mice

A cue-potentiated feeding protocol (Figure 1) was adapted for use in mice in order to
recapitulate the behavior observed by others in rats. These adaptations mostly reflect the
slower learning curve of mice and were done to ensure adequate conditioning. Male C57BL/
6J mice were first subjected to a 5-day run-in period during which home cage access to
standard chow was made available for 3 ½ hrs per day. Next, while still on this caloric
restriction regimen, mice were subjected to a “simple” conditioning session on 7 successive
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days followed by a “discrimination” conditioning session on 14 successive days.
Conditioning sessions were performed in special chambers just prior to the 3 ½ hrs of daily
food availability in the home cages. During these conditioning sessions, a single14-g grain-
based pellet was dispensed into a food hopper upon the randomly-timed presentation of each
positive conditioned stimulus (CS+), whereas no pellet was dispensed upon the randomly-
timed presentation of negative conditioned stimuli (CS−). The stimuli consisted of either the
chamber's ceilinged house light or its mural central nose-poke light. As described more fully
in Materials and Methods, the “simple” conditioning sessions included CS+ cues whereas
the “discrimination” conditioning sessions included a mixture of CS+ and CS− cues.
Following the conditioning period, mice were given ad lib access to standard chow in their
home cages and subsequently were tested for the acquisition of cue-potentiated feeding.

Caloric restriction reduced body weights by 18.8 ± 0.5% by Day 6, which persisted
throughout the conditioning period (Figure 3A). A similar, 4-hr per day restricted food
availability protocol previously was shown to stimulate a two-fold elevation in circulating
acyl-ghrelin [21]. By Day 3, the mice had learned to eat all of the pellets dispensed into the
food hopper (Figure 3B). After completing both conditioning phases, the mice regained their
original weights after only two days of ad lib feeding, signifying a presumed sated state
(Figure 3A).

The primary outcome of the study was assessing the acquisition of cue-potentiated feeding.
Indeed, on Day 30, the CS+ induced a specific potentiation of feeding as compared to
baseline and the CS−, as indicated by the 2-fold increase in number of pellets consumed
(Figure 3C). Thus, even without a savory component to the food, mice are capable of
forming strong specific cue-food associations that manifest in the sated state.

3.2. Experiment 2: Effects of ghrelin receptor antagonism on cue-potentiated feeding
To assess the role of ghrelin in mediating the development of the cue-food associations, we
performed the cue-potentiated feeding experiment using a GHSR antagonist, Compound 26
[21, 35–36]. Caloric restriction resulted in reductions of 16.6 ± 0.5% (vehicle-treated group)
and 17.2 ± 0.4% (Compound 26-treated group), with no statistically-significant differences
between the groups (Figure 4A). Although Compound 26 initially was associated with an
increased number of pellets leftover after conditioning sessions as compared to vehicle
during the majority of the “simple” conditioning phase, throughout the “discrimination”
conditioning phase, both groups were eating all of the pellets presented during the
conditioning sessions (Figure 4B).

As expected based on the Experiment 1 results, mice receiving vehicle displayed a
significant enhancement of food intake in response to the CS+ as compared to baseline and
the CS−. In contrast, Compound 26 given during the conditioning period only but not on the
test day completely blocked the acquisition of cue-potentiated feeding, as the number of
pellets eaten was not enhanced by the positive cue (Figure 4C). The same was true when
Compound 26 was also given on the test day (Figure 4D).

3.3. Experiment 3: Effects of deleted GHSR expression on cue-potentiated feeding
In an attempt to corroborate the findings with Compound 26, we next utilized GHSR-null
mice, which lack ghrelin receptor expression, in the cue-potentiated feeding paradigm [34].
GHSR-null and wild-type littermates were calorically restricted and conditioned for cue-
potentiated feeding. Mice of both genotypes lost 16.4 ± 0.2% of their original body weights
upon caloric restriction (Figure 5A). In contrast to Experiment 2, mice of both genotypes
quickly learned to eat all the pellets dispensed during the conditioning sessions, with no
difference between genotypes (data not shown).
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Similar to previous experiments, wild-type mice ate significantly more during the CS+
session than during the CS− or baseline sessions (Figure 5B). GHSR-null mice instead
increased their intake of pellets with both the CS+ and the CS− cues (Figure 5B). Slightly
modified tests of cue-potentiated feeding were performed over the next two days. On Day
31, the mice were assessed after first having been fasted in their home cages overnight.
Among many other changes, such overnight fasting is known to raise plasma acyl-ghrelin
levels [21] although it is presumed that only wild-type mice with intact GHSR expression,
and not GHSR-null mice, can respond to this elevated acyl-ghrelin. Both wild-type and
GHSR-null littermates ate more pellets during the baseline session (in the absence of either
the CS+ or CS−), as compared to during the previous Day 30 baseline session, as expected
since this was their first exposure to food since the overnight fast began 16 h earlier (Figure
5C). Furthermore, wild-type mice maintained an increase of food intake with presentation of
the CS+ as compared to the CS−, although not compared to baseline (Figure 5C). GHSR-
null mice again displayed no significant difference in the amount eaten between the CS+ and
CS− test sessions. Upon prolongation of the test sessions to 20 min each (Day 32) using
mice under ad lib-fed conditions, wild-type mice again ate significantly more pellets during
the CS+ session than the CS− session. GHSR-null mice showed an elevated intake of pellets
during both cue sessions as compared to baseline, with no significant difference in pellets
eaten between the two cue sessions (Figure 5D).

3.4. Experiment 4: Effect of deleted GHSR expression on BLA activity in response to cues
A directed examination of GHSR gene expression within the mPFC and BLA was
performed given their known roles in cue-potentiated feeding [9, 11, 13]. GHSR levels in
BLA brain punches were on par with those in the VTA, which is a region well-characterized
for GHSR expression, while the mPFC displayed a lack of significant GHSR expression,
confirming previous reports [18, 28, 30] (Figure 6A).

Given the observations that GHSR-null mice responded with a non-specific increase of
feeding in response to both positive and negative cues, we next examined the activity of the
BLA in response to the cues. In order determine whether BLA neuronal activation was
specific to the CS+, expression of a set of immediate early genes was examined using a
protocol previously used in rats [13]. We employed an alternate version of the Day 30 Test
Sessions, with the timing of the sessions designed such that the immediate early gene qPCR
data would inform the timing of neuronal activation. In particular, this method relies on
differential, unique peak mRNA expression signatures for the tested immediate early genes
in relation to neuronal activation: c-Fos and Arc are not expressed at high levels until about
30 min after neuronal activation, while Homer1a is expressed highly at about 5 min
following neuronal activation but is degraded by 30 min [40–43]. By spacing the CS+ test
and CS− test 25 min apart from each other (with the order still counterbalanced) and
obtaining BLA brain punches from mice directly following Test Session 3, it is possible to
determine whether neurons are activated by the Session 2 cue or by the Session 3 cue by
assessing mRNA levels for these immediate early genes (Figure 6B). As such, elevated
Homer1a levels (as compared to control mice given no cues) indicate neuronal activation by
the Session 3 cue (second cue); elevated Arc and c-Fos levels indicate neuronal activation
by the Session 2 cue (first cue).

In wild-type mice, elevated BLA Homer 1a expression did not occur when the CS+ was
exhibited during Session 2 (CS+ first) but was observed when the CS+ was exhibited during
Session 3 (CS+ second), suggesting specific BLA neuronal activation in response to the CS+
but not the CS− (Figure 6C). Supporting these data, in wild-type mice, c-Fos and Arc levels
were both increased when the CS+ was tested first but not when the CS− was tested first
(Figures 6E,G). In contrast, GHSR-null mice demonstrated elevated Homer1a regardless of
which cue was first. Similarly, in GHSR-null mice, both c-Fos and Arc levels were elevated
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when either the CS+ or CS− was tested first. These data suggest BLA neuronal activation by
both cues in GHSR-null mice.

Immediate early gene expression within the BLA of GHSR-null and wild-type littermates
was also compared to the number of pellets eaten by these animals during Test Sessions 2
and 3. Relative expression of Homer1a positively correlated with the number of pellets eaten
by the mice during Session 3, while the relative expression of c-Fos positively correlated
with the number of pellets eaten during Session 2 (Figures 6D, F). No statistically
significant correlation between the relative expression of Arc and the number of pellets
eaten during Session 2 was observed.

4. Discussion
In the present study, we describe the design and validation of a cue-potentiated feeding
protocol for enhanced consumption of a non-savory food in mice. Previous studies using the
cue-potentiated feeding paradigm in rats, on which the current mouse protocol was modeled,
have already provided some key insights into the neural pathways regulating this habitual
eating behavior. A related behavioral model, Pavlovian-Instrumental Transfer, which
assesses the willingness to lever press in response to a cue previously paired with a
rewarding food substance, has been reported for mice in addition to rats [31, 44–45]. The
new mouse protocol described here reduces the complexity of these previous Pavlovian
Instrumental Transfer studies to focus primarily on the importance of developing a cue-food
association rather than motivation. This protocol also successfully employs the use of non-
savory, bland food pellets for the cue-potentiated feeding design, as in the classic studies
with rats, so as to avoid adding the additional component of a food reward that has a
naturally high hedonic value. Thus, the success of this design permits future opportunities to
tease apart any distinctions between molecular mediators involved in the simple cue-induced
potentiation of food intake as opposed to potentiated intake of food rewards with a high
hedonic value.

After validating the appropriate cue-potentiated feeding response for grain-based pellets in
C57BL/6J mice, we assessed the involvement of ghrelin signaling in this behavior due to
ghrelin's numerous roles in other feeding behaviors. Given ghrelin's previously described
roles in stimulating intake of freely-available food and multiple reward-based eating
behaviors – we had predicted that neither the CS+ nor the CS− would potentiate feeding. As
predicted, upon administration of a GHSR antagonist before each conditioning session, mice
no longer displayed a potentiation of food intake in response to cues, regardless of whether
the antagonist was additionally given prior to the test sessions or not. Such suggests the
requirement for intact ghrelin signaling in the acquisition of the cue potentiated feeding
behavior.

A potential caveat in the interpretation of the GHSR antagonist studies is that during the
initial “simple” conditioning phase, mice receiving Compound 26 seemed slower to adapt to
the conditioning and failed to consume all of the pellets provided with the CS+. That said,
by the “discrimination” phase of training, mice in both the vehicle-treated and Compound
26-treated groups were eating all or nearly all of the pellets provided during each
conditioning session. Therefore, we believe that both groups consumed enough pellets
during the “discrimination” sessions to have received appropriate conditioning to the cues.

As a means of corroborating the effects of pharmacologic blockade of ghrelin action on cue-
potentiated feeding, we next compared the performance of mice lacking GHSRs with that of
wild-type littermates in the cue-potentiated feeding protocol. Utilizing GHSR-null mice and
wild-type littermates, it was determined that lack of GHSRs disrupts the specific
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potentiation of eating in response to a CS+ that is otherwise exhibited by wild-type mice.
However, while we had expected a similar response in mice lacking GHSRs to the mice
receiving Compound 26 (no potentiation of feeding with either the CS+ or the CS− cues),
instead both the CS+ and the CS− potentiated feeding. While the reasons for this observed
behavior are not yet clear, it does seem that GHSR-null mice form an abnormal association
with the negative cue, resulting in enhanced food intake. It could be that GHSR-null mice
have a harder time learning the specific association of a single cue with receiving food and
automatically associate any cue in that particular environmental context with the receipt of
food. Therefore, the GHSR-null mice may simply respond to any change in the
environment, such as the short presentations of light, with an increase in food intake.
Otherwise stated, the GHSR-null mice may have difficulties discriminating the two discrete
cues, and therefore, cannot distinguish between the two as separate prompts.

Failure of GHSR-null mice to discriminate the CS+ and CS− cues makes sense from the
standpoint of most of the reported effects of ghrelin on learning and memory. Learning
deficits might also have contributed to the prolonged number of conditioning sessions taken
by Compound 26-treated C57BL/6J mice to finish all of the pellets provided upon
presentation of the CS+ during conditioning. .Previously, ghrelin-KO mice were shown to
perform poorly in tests of behavioral memory such as novel object recognition, while
ghrelin administration reverses these deficits [32]. Upon chronic caloric restriction,
administration of ghrelin to supraphysiological levels improves novel object recognition in
wild-type mice [46]. Direct microinjection of ghrelin into the hippocampus, which is a well-
known learning and memory regulatory region, as well as into the amygdala, dose-
dependently increase memory retention in wild-type mice [33]. Also, GHSR-KO mice have
deficits in contextual fear conditioning, which is mediated by the amygdala [47–48].
Performance of GHSR-KO mice in the Morris water maze has been mixed, with one study
showing reduced and another showing improved spatial learning [47, 49]. Regarding the
hippocampus, GHSRs are found throughout all its regions, peripherally-administered
radiolabeled ghrelin is taken up by the hippocampus, and ghrelin can increase hippocampal
spine synapse density [32]. These findings are thought may be relevant to cue-potentiated
feeding since a strong learning component is involved in the development of specific cue-
food associations and reduced learning capacity may cause problems with cue
discrimination.

Notwithstanding the above-described GHSR expression in and ghrelin action at the
hippocampus, previous lesioning studies in rats have demonstrated that the BLA and mPFC
are required for the cue-potentiated feeding response [11–12]. Thus the effects of GHSR
deletion on cue-potentiated feeding likely also reflect direct and/or indirect effects of ghrelin
at the BLA and/or mPFC. Any direct effects of ghrelin would necessitate GHSR expression
at those sites. Here, GHSR expression was indeed localized to the BLA but not to the mPFC,
using qPCR methodology. Of note, our previous in situ hybridization histochemistry
characterization study of GHSR expression in the rat and mouse brains did not reveal
amygdala expression [18], although this likely underrepresents the actual amygdala GHSR
expression and is in contrast to several subsequent studies: GHSR expression has been
localized to the rat amygdala by qPCR [50]; GHSR-IRES-tauGFP and GHSR-eGFP reporter
mice display fluorescent signal in the amygdala [19, 51]; β-galactosidase expression occurs
in the anterior cortical amygdala in GHSR-KO mice in which LacZ-reporter gene expression
marks the sites of usual GHSR expression [52]. Importantly, ghrelin injection into the BLA
increases memory retention in rats, and in humans, ghrelin modulates the amygdala in
response to food cues [53–54].

While GHSR localization to the BLA does not prove that direct ghrelin action at the
amygdala mediates ghrelin's effects on cue-potentiated feeding, we hypothesized that the
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abnormal behavioral responses of GHSR-null mice upon testing in the cuepotentiated
feeding paradigm would manifest in the BLA. More specifically, we questioned whether
BLA neuronal activation in response to the cues would parallel the cue-potentiated feeding
behavior observed in wild-type and GHSR-null mice. Similar to previous studies with rats
which demonstrated specific activation of BLA/basomedial amygdala neurons in response to
a CS+ [13], here, elevations in Homer1a, Arc, and c-Fos mRNA levels in wild-type mice
correlated with the timing of presumed neuronal activation during the CS+ test session and
not the CS− session. In GHSR-null mice, the pattern of immediate early gene mRNA
elevations correlated with BLA neuronal activation following presentation of both the CS+
and CS− cues. This suggests a non-discriminatory activation of the BLA in GHSR-null mice
in response to cues, supporting the notion that GHSR deletion prevents formation of a
specific association with the CS+, as otherwise occurs in wild-type mice. Importantly, the
relative levels of Homer1a and c-Fos expression correlated with the number of pellets eaten
in GHSR-null and wild-type mice, verifying the importance of the BLA in the expression of
cue-potentiated feeding. Future studies should include those that can definitively confirm the
requirement and sufficiency for GHSR expression in the BLA and/or other sites, such as the
hippocampus or VTA, for ghrelin's effects on cue-potentiated feeding. .

While it is surprising that genetic GHSR deletion resulted in a potentiation of feeding with
both cues rather than the complete absence of potentiated feeding as in mice receiving
Compound 26, such may provide insight as to differences between life-long absence of
GHSR expression and pharmacologic competitive GHSR antagonism in adults. A caveat of
the GHSR-null mouse model is that these mice have developed without the presence of
GHSR expression from inception. Such may impact neurodevelopment including that of
compensatory pathways, which in turn could influence the cue-potentiated feeding behavior
investigated here [55]. Fundamental differences between the two methods employed here to
alter ghrelin/GHSR signaling may also be a result of differential effects of these methods on
GHSR interactions with other cell surface receptors. As a prime example, recent
developments into GHSR function have revealed the formation of heteromers between
GHSR and subtype-2 dopamine receptors, and it was found that the presence of GHSRs
influence D2 receptors independently of actual GHSR activity [56].

5. Conclusions
The multitude of food-related cues to which we are exposed may very well contribute to the
obesity epidemic. The cue-potentiated feeding model is a useful tool for studying the
neuroanatomical circuitry and molecular mechanisms that contribute to habitual eating
behaviors. Blockade of ghrelin action by either GHSR antagonist administration or genetic
GHSR deletion both disrupt the development of the usual cue-potentiated feeding response.
However, while GHSR antagonist blocks potentiated feeding specifically in response to a
positive conditioned stimulus, life-long GHSR deletion results in non-specific cue-food
associations, as evidenced by potentiated feeding in response to both positive and negative
conditioned stimuli. Although the sources of the observed discrepancies are unclear, these
studies nonetheless demonstrate the importance of intact ghrelin signaling in the
development of cue-potentiated feeding. Further studies are needed to better understand the
degree to which and the mechanisms by which ghrelin influences this important feeding
behavioral response.
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Highlights

• A novel cue-potentiated feeding protocol has been adapted for use in mice.

• We examine the role of the peptide hormone ghrelin in cue-potentiated feeding.

• Ghrelin receptor antagonist blocks feeding potentiated by a positive conditioned
stimulus.

• Ghrelin receptor-deficient mice eat in response to both negative and positive
conditioned cues.

• A role for ghrelin in establishing a specific positive cue-food association has
been established.
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Figure 1.
Schematic timeline of the primary cue-potentiated feeding protocol adapted for use in mice.
A) This protocol consists of a 5 day run-in period during which mice are permitted 3 ½-hr
daily access to food in their home cages. While still on this home cage caloric restriction
protocol, the mice are exposed to 1 wk of daily “simple” conditioning sessions followed by
2 wks of daily “discrimination” conditioning sessions. For the next 3 days, mice are kept in
their home cages with ad lib access to food, after which cue-potentiated feeding responses
are tested on Day 30 (Experiments 1 and 4) or Days 30–32 (Experiment 3). B) Test days
consist of 3 Test Sessions (Baseline, 1st Cue, and 2nd Cue) in the conditioning apparatus, as
indicated.
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Figure 2.
Schematic timeline of cue-potentiated feeding protocol modified for use in mice
administered GHSR antagonist. Modifications of the primary protocol include the following:
a prolonged simple conditioning period (2 wks), use of 20 mg grain-based pellets instead of
standard chow during the 3 ½ hour-long daily home-cage feeding period, and 2 test days (1st

test day - no gavage, 2nd test day - gavage 1 hr before test).
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Figure 3.
Responses of C57BL/6J mice to the cue-potentiated feeding protocol (Experiment 1). A)
Body weights of mice throughout the time course of the cue-potentiated feeding protocol
(arrow indicates return to ad-lib feeding). B) The number of pellets remaining after each
conditioning session. C) Test Day 30 cue-potentiated feeding responses. [n=14; * represents
significant difference from other test sessions (*P <0.05)].
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Figure 4.
Cue-potentiated feeding responses of wild-type mice receiving Compound 26 or vehicle
(Experiment 2). A) Body weights of mice throughout the time course of the cue-potentiated
feeding protocol, during which either Compound 26 or vehicle was provided 1 hr prior to
each conditioning session (arrow indicates return to ad-lib feeding). B) Number of pellets
remaining after each conditioning session. C) Test Day 37 feeding responses to positive and
negative cues by mice. D) Test Day 38 feeding responses to positive and negative cues by
mice given oral gavage of Compound 26 or vehicle 1 hr before testing. [n=10/group; **, ***
represent cue sessions significantly different from baseline (**P <0.01, ***P <0.001); #, ###
represent cue sessions significantly different from each other (#=P <0.05, ###P <0.001)].
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Figure 5.
Responses of GHSR-null and wild-type littermates to the cue-potentiated feeding protocol
(Experiment 3). A) Body weights of mice throughout the time course of the cue-potentiated
feeding protocol (arrow indicates return to ad-lib feeding). B) Test Day 30 feeding responses
to positive and negative cues by ad lib-fed mice. C) Test Day 31 feeding responses to
positive and negative cues by overnight-fasted mice. D) Test Day 32 feeding responses to
positive and negative cues by ad lib-fed mice when permitted extended access to the pellets.
Legend in Panel B also applies to panels C–D. [n=10/group; *, ** represent cue sessions
significantly different from baseline (*P <0.05, **P <0.01); #, ## represent cue sessions
significantly different from each other (#=P <0.05, ##P <0.01)].
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Figure 6.
GHSR and immediate early gene expression in the basolateral amygdala. A) Expression
levels of GHSR mRNA in selected brain regions of wild-type and GHSR-null littermates, as
determined by qPCR. (n=7/group). B) Schematic illustrating the timing of BLA neuronal
activation based on qPCR detection of peak expression levels of mRNA encoding Arc, c-
Fos and Homer1a (peak c-Fos and Arc mRNA levels occur at time of sacrifice if neurons
activate during first cue test; peak Homer1a mRNA levels occur at time of sacrifice if
neurons activate during second cue test). C,E,F) Immediate early gene expression levels, as
determined by qPCR, in BLA tissue punches of mice sacrificed immediately following the
second cue test. Legend in Panel C also applies to panels E,F. [n=3–4/group; *, ** represent
groups significantly different from “no cue” control group (*P <0.05, **P <0.01); #, ##
represent groups significantly different from each other (#=P <0.05, ##P <0.01)]. D,F,G)
Correlation plots showing relative gene expression as compared to number of pellets eaten
for representative test session [n=16]. Each point represents a single mouse including both
GHSR-null and wild-type littermates. Correlation coefficients of determination (R2) are
displayed along with the P-values.
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Table 1

Primers utilized for ghrehn receptor expression and immediate early gene expression.

Gene Primer

Arc Forward 5'-AATGCAGCTGAAGCAGCAGACCTG-3'

Reverse 5'-TCTCAGCAGCCTTGAGACCTGGTGT-3'

Homer1a Forward 5'-CAAACACTGTTTATGGACTG-3'

Reverse 5'-TGCTGAATTGAATGTGTACC-3'

c-Fos Forward 5'-CTACTACCATTCCCCAGCCG-3'

Reverse 5'-GTTGGCACTAGAGACGGACAGA-3'

GHSR Forward 5'-CACAGTGAGGCAGAAGACCG-3'

Reverse 5'-ACCGTGATGGTATGGGTGTCG-3'

cyclophilin Forward 5'-TGGAGAGCACCAAGACAGACA-3'

Reverse 5'-TGCCGGAGTCGACAATGAT-3'
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