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Abstract
The increased availability of highly palatable foods is a major contributing factor toward the
development of compulsive eating in obesity and eating disorders. It has been proposed that
compulsive eating may develop as a form of self-medication to alleviate the negative emotional
state associated with withdrawal from highly palatable foods. This study was aimed at determining
whether withdrawal from chronic, intermittent access to a highly palatable food was responsible
for the emergence of depressive-like behavior. For this purpose, a group of male Wistar rats was
provided a regular chow diet 7 days a week (Chow/Chow), whereas a second group of rats was
provided chow for 5 days a week, followed by a 2-day access to a highly palatable sucrose diet
(Chow/Palatable). Following 7 weeks of diet alternation, depressive-like behavior was assessed
during withdrawal from the highly palatable diet and following renewed access to it, using the
forced swim test, the sucrose consumption test, and the intracranial self-stimulation threshold
procedure. It was found that Chow/Palatable rats withdrawn from the highly palatable diet
showed increased immobility time in the forced swim test and decreased sucrose intake in the
sucrose consumption test compared with the control Chow/Chow rats. Interestingly, the increased
immobility in the forced swim test was abolished by renewing access to the highly palatable diet.
No changes were observed in the intracranial self-stimulation threshold procedure. These results
validate the hypothesis that withdrawal from highly palatable food is responsible for the
emergence of depressive-like behavior, and they also show that compulsive eating relieves the
withdrawal-induced negative emotional state.
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Introduction
The increased availability of energy-dense, highly palatable foods (e.g. foods rich in sugars
and/or fats) is believed to be a contributing factor in the emergence of certain forms of
obesity and eating disorders (Yach et al., 2006). Overeating of highly palatable foods is
typically characterized by episodes of excessive, rapid, and compulsive food consumption
within short periods of time (APA, 2000; Corwin, 2006; Avena et al., 2007; Cottone et al.,
2012). Because of perceived cultural norms for thinness or health, episodes of overeating are
typically followed by dieting and restriction to ‘safe’ foods. Dietary restraint, in turn,
sustains cravings for the more appetitive palatable foods and promotes the next binge of
‘forbidden foods’. Therefore, a systematic alternation between foods of different palatability
results in a self-perpetuating vicious circle of a binge/restriction pattern of consumption
(Polivy and Herman, 1985; Laessle et al., 1989; De Castro, 1995; Mela, 2001).

This cycling pattern of consumption has raised the question of whether a ‘food addiction’
may indeed exist (Corwin and Grigson, 2009; Epstein and Shaham, 2010). Obesity and
eating disorders, like drug addiction, have been proposed to be chronic relapsing conditions
with alternating periods of abstinence and relapse from highly palatable foods that continue
despite negative consequences. Many analogies have been drawn between drug dependence
and compulsive eating in obesity and eating disorders, including loss of control over drug/
food, inability to terminate one’s drug use/overeating despite the knowledge of adverse
consequences, distress, and dysphoria when attempting to abstain from drug/food (Willard,
1991; Geliebter and Aversa, 2003; Steiger et al., 2005; Wolfe et al., 2009).

The shift from positive to negative reinforcement is hypothesized to be responsible for the
transition from casual drug use to dependence in drug addiction. (Koob and Kreek, 2007;
Koob, 2008). In the addiction stage, craving and compulsive drug use are believed to be
sustained by the negative emotional state and dysphoria associated with abstinence (e.g.
withdrawal). Similarly, it has been proposed that compulsive eating may result as a form of
self-medication to alleviate the negative emotional state associated with withdrawal from
highly palatable foods (Cottone et al., 2009a, 2009b; Parylak et al., 2011). Abstinence from
highly palatable foods may then be responsible for the emergence of a withdrawal syndrome
characterized by dysphoria, anxiety, and anhedonia, which may, in turn, drive relapse and
binge eating.

In this context, it has been shown recently that chronic, intermittent access to highly
palatable foods results not only in hyperphagia of the highly palatable diet but also in
withdrawal-dependent behaviors, which include hypophagia, motivational deficits to obtain
the less palatable food, and anxiogenic-like behavior (Cottone et al., 2008, 2009a, 2009b).
However, whether the negative emotional state observed upon the removal of a highly
palatable diet also includes a depressive-like behavior is still unknown. Therefore, this study
aimed at determining whether depressive-like behavior occurs following withdrawal from
chronic, intermittent access to a highly palatable diet. To test this hypothesis, we evaluated
the emergence of (i) immobility, using a forced swim test, (ii) anhedonic-like behavior,
measuring the consumption of a sucrose solution, and (iii) brain reward deficit, measuring
the threshold for intracranial self-stimulation (ICSS), in diet cycled rats during both
withdrawal from the highly palatable diet and during renewed access to it.

Methods
Subjects

Male Wistar rats, weighing 180–230 g and 41–47 days old at arrival (Charles River,
Wilmington, Massachusetts, USA), were double housed in wire-topped, plastic cages (27 ×
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48 × 20 cm) on a 12 h reverse light cycle (lights off at 9:00 a.m.), in an AAALAC-approved
humidity-controlled (60%) and temperature-controlled (22°C) vivarium. Rats had access to
corn-based chow (Harlan Teklad LM-485 Diet 7012; 65%kcal carbohydrate, 13% fat, 21%
protein, metabolizable energy 341 cal/100 g; Harlan, Indianapolis, Indiana, USA) and free
access to water at all times unless otherwise specified. The procedures used in this study
adhered to the National Institutes of Health Guide for the Care and Use of Laboratory
Animals (NIH publication number 85-23, revised 1996) and the Principles of Laboratory
Animal Care and were approved by Boston University Medical Campus Institutional Animal
Care and Use Committee (IACUC).

Free-access palatable diet alternation
The free-access palatable diet alternation was performed as described previously (Cottone et
al., 2008, 2009a, 2009b). Briefly, after acclimation, rats were divided into two groups
matched for food intake, body weight, and feed efficiency from the previous 3–4 days. One
group was then provided with free access to a chow diet (Chow) 7 days a week (Chow/
Chow, the control group of this study) and a second group was provided with free access to
chow for 5 days a week, followed by 2 days of free access to a highly palatable, chocolate-
flavored, high-sucrose diet (Palatable; Chow/Palatable). All the behavioral tests were
performed in rats that had been diet-cycled for at least 7 weeks. The ‘chow’ diet was the
above-described corn-based chow from Harlan, whereas the palatable diet was a
nutritionally complete, chocolate-flavored, high-sucrose (50% kcal), AIN-76A-based diet
that is comparable in macronutrient proportions and energy density to the chow diet
[chocolate-flavored Formula 5TUL: 66.7%kcal carbohydrate, 12.7% fat, 20.6% protein,
metabolizable energy 344 kcal/100 g; TestDiet, Richmond, Indiana, USA; formulated as
45mg precision food pellets to increase its preferredness (Cooper and Francis, 1979;
Laboure et al., 2001)]. For brevity, the first 5 days (chow only) and the last 2 days (chow or
palatable according to the experimental group) of each week are referred to in all
experiments as C and P phases. Diets were never concurrently available. The relative diet
preferences, calculated as the percentage of daily intake (kcal) of the first diet in relation to
the second diet, were as follows: 5TUL Chocolate Diet (sugary Palatable diet) vs. Harlan
LM-485 chow (M±SEM preference 90.7±3.6%), as published previously (Cottone et al.,
2009b). Feed efficiency was calculated as mg body weight gained/kcal energy intake
(Cottone et al., 2009b).

Forced swim test
The forced swim test was adapted from the test described by Porsolt et al. (1977) and
Castagné et al. (2011), using a larger diameter cylinder and deeper water to increase
sensitivity, as described previously (Wieland and Lucki, 1990; Detke et al., 1995; Sabino et
al., 2009a). Under light, rats (n=19) were individually placed in two clear polypropylene
cylinders (38 cm height, 27 cm diameter) that were separated by an opaque screen. The
cylinders contained 23–25°C, 24 cm deep water. At this depth, rats are unable to support
themselves by standing (Wieland and Lucki, 1990; Detke et al., 1995). The water was
changed between subjects. Two swim sessions were conducted: an initial 15-min pretest,
followed 24 h later by a 5-min test. Following each swim session, the rats were removed
from the cylinders, dried, placed in heated cages for 10 min, and then returned to their home
cages. Test sessions were videotaped and later scored manually using a timer; the time spent
immobile, swimming, and climbing was determined. Chow/Palatable rats were diet-cycled
for 7 weeks as described above. During the 8th week of cycling, Chow/Palatable rats were
tested during either the C or the P phase, with Chow/Chow rats being concurrently tested in
a between-subject design. The 15-min pretest was performed 1 day after the switches (P→C
or C→P), whereas the 5-min test was performed 24 h later. Chow/Chow control rats were
tested concurrently in a between-subjects design. The respective diet was freely available
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until the time of testing. Rats were approximately 4 months old at the time of the forced
swim test.

Sucrose consumption test
The sucrose consumption test was adapted from Chen et al. (2012). Rats from the ICSS
study (n=15, a subject was removed from the study because of place preference) were
exposed to a 0.8% sucrose solution with food, water, and the sweet solution freely available
in their home cage for at least 1 week to familiarize them to the sweet beverage. Previous
exposure occurred during diet alternation and was used to circumvent the possible avoidance
of the novel taste because of neophobia (D’Souza and Markou, 2010). The positions of the
sucrose and water bottles were alternated every day to prevent place preference. On the first
day of both the P phase and the C phase, rats were allowed to drink the 0.8% sucrose
solution provided in their home cage for 1 h during the dark cycle. Sucrose consumption
was evaluated in both C and P phases in the same animals using a within-subjects design.
Sucrose intake was measured as ml/kg of body weight.

Intracranial self-stimulation
Surgeries for electrode placement—After acclimation, rats (n=16) underwent
unilateral implantation of a 0.125mm diameter bipolar stainless-steel electrode (MS303/3-B/
SPC, length 10.5mm; Plastics One, Roanoke, Virginia, USA) into the left or the right medial
forebrain bundle at the level of the lateral hypothalamus using the following coordinates: AP
− 0.5mm from the bregma, ML ±1.7mm, DV − 9.7mm from the skull with the incisor bar set
5.0mm above the interaural line, according to the atlas of Pellegrino (1979). Four stainless-
steel jeweler’s screws were fastened to the rat’s skull around the electrode. Dental
restorative filled resin (Henry Schein Inc., Melville, New York, USA) and acrylic cement
were applied forming a pedestal that firmly anchored the electrode. The surgery involved
anesthetizing the rats (isoflurane, 2–3% in oxygen) and securing them in a Kopf Instruments
stereotaxic frame (David Kopf Instruments, Tujunga, California, USA; Cottone et al., 2007).
Subjects were allowed to recover from surgery for at least 7 days before the initiation of the
ICSS training.

Apparatus—ICSS training and testing took place in clear polycarbonate/aluminum
modular operant test chambers encased in individual sound-attenuating and ventilated
environmental cubicles (66 × 56 × 36 cm) (Med Associates, St Albans, Vermont, USA)
(Blasio et al., 2011; Sabino et al., 2011). Each chamber had a grid floor and there was a
retractable lever on a side wall (Sabino et al., 2006, 2009b). Subjects were connected to the
electrical stimulation circuit by bipolar leads (Plastics One) and gold contact swivel
commutators (Plastics One). Constant current square wave stimulators (Med Associates)
were used to deliver electrical brain stimulation. All programming functions were controlled
by a computer with a 10-ms resolution.

Intracranial self-stimulation threshold procedure—After recovery from surgery,
thresholds for rewarding brain stimulation were determined using the rate-independent
discrete-trial current intensity procedure designed originally by Kornetsky and colleagues
(Marcus and Kornetsky, 1974; Esposito and Kornetsky, 1977; Kornetsky et al., 1979) and
described in detail by Markou and Koob (1991, 1992). Rats were trained to lever press on a
fixed ratio (FR) 1 schedule of reinforcement to obtain 500-ms trains of electrical
stimulation. Each stimulus consisted of a 500-ms train with a pulse width of 0.2 ms and a
delay of 0.2 ms between the positive and the negative pulses. All rats were first tested at the
50 Hz frequency, and if the current level at which they responded was below 80 or above
120 μA and unstable, then the frequencies were individually adjusted for each animal to
reach the desired range of current and were maintained constant for the entire experimental
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procedure (Kenny and Markou, 2005). Once stable FR1 operant responding for the electrical
stimulus was established, ICSS thresholds were assessed using the following procedure. At
the beginning of each trial, rats received a noncontingent stimulus (S1), after which they had
the opportunity, during a 7.5 s limited period, to lever press, which resulted in the delivery
of a contingent stimulus (S2) that was identical to the previous S1. A 7.5–22.5 s (average 15
s) period of time elapsed between S2 delivery and the delivery of the next S1. If no response
occurred, this time period began at the end of the 7.5-s period allotted for response. These
time periods were randomized so that animals could not ‘predict’ the next S1 delivery.
A‘trial’ consisted of five presentations of S1 at a fixed current intensity (in μA). Three or
more responses at that intensity were scored as a plus (+) for that trial, whereas two or fewer
responses were scored as a minus (−) for that trial. If the animal scored a (+) for the first
trial, the second trial began at an intensity of 5 μA lower than the first. The current intensity
continued to decrease by the same fixed intensity until the animal scored a (−) for two
consecutive trials. When this occurred, the current intensity at the second trial at which a (−)
score was obtained was repeated and the current intensities were then ascended by 5 μA for
each trial until the animal scored a (+) for two consecutive trials. Each set of ascending or
descending current intensities was defined as a ‘column’, and a total of six alternating
descending/ascending columns were performed for each session. The intensity at the
midpoint between (+) and (−) was defined as the column threshold. The threshold for each
session was calculated as the mean of the last four column thresholds; the first and second
column thresholds were, therefore, excluded. An increase in the reward threshold indicated
that stimulus intensities that were previously perceived as reinforcing were no longer
perceived as rewarding, reflecting a decrease in reward function and suggesting a
depressive-like state. Conversely, lowering of the reward threshold reflected increased
reward function (Markou and Koob, 1991).

To discourage the subject from responding during the inter-trial interval, any response
during this period postponed the onset of the S1 for an additional 22.5 s (a length of time
that exceeded or was equal to the original random duration of the inter-trial interval). These
‘punished’ responses were recorded as timeout responses and represented a measure of
impulsivity-like disinhibition of responding. Excessive lever responses within 2 s after the
initial response had no consequences and were recorded as cluster responses.

Response latency was defined as the time between the delivery of the S1 and the animal’s
response on the lever. The average response latency for each test session was defined as the
mean response latency of all trials for which the animal responded. After recovery from
surgery, rats were trained daily in the ICSS procedure 2 h after diet switch. Following
threshold stabilization, rats underwent diet cycling. Given the length of the diet alternation
(7 weeks), animals were tested only once a week to avoid the loss of the electrode implant.
Rats were provided the opportunity to be retrained daily during the 7th week of diet cycling,
and they were finally tested daily during weeks 8, 9, and 10 of the diet-cycling procedure.

Statistical analysis
Immobility, swimming, and climbing time in the forced swim test during the first and the
second day of the test was analyzed using one-way analyses of variance (ANOVAs), with
diet condition as a between-subjects factor. Two-way ANOVAs with diet condition as a
between-subjects factor and time bin as a within-subjects factor were used to analyze the
time course of immobility. Sucrose consumption was analyzed using a two-way ANOVA
with diet schedule as a between-subjects factor and phase as a within-subjects factor.
Planned Bonferroni’s corrected t-tests were used to compare Chow/Chow and Chow/
Palatable groups during the two phases, with the level of significance set at P value less
than 0.025. The daily ICSS thresholds and latencies to respond were averaged within each
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phase during weeks 8, 9, and 10. They were analyzed using three-way mixed ANOVAs with
diet schedule as a between-subjects factor and week and phase as within-subject factors. The
software/graphic packages used were Systat 11.0, SigmaPlot 11.0 (Systat Software Inc.,
Chicago, Illinois, USA), InStat 3.0 (GraphPad, San Diego, California, USA), Statistica 7.0
(Statsoft Inc., Tulsa, Oklahoma, USA), PASW Statistics 18.0 (SPSS Inc., Chicago, Illinois,
USA), and G*Power 3.1 (http://www.psycho.uni-duesseldorf.de/aap/projects/gpower/).

Results
Effects of palatable diet alternation on immobility time in the forced swim test

As shown in Fig. 1a, Chow/Palatable rats withdrawn from chronic, intermittent access to
palatable food showed increased immobility time in both the 15-min pretest [F(2,16)=4.37,
P<0.05] and the 5-min test [F(2,16)= 3.78, P<0.05], compared with Chow/Chow rats. The
increase in the immobility time of palatable food-withdrawn rats was ~97% in the pretest
session and ~187% in the test session, compared with the control rats. Interestingly, the
immobility time of Chow/Palatable rats, when tested when the palatable diet was offered (P
phase), did not differ from that of the control Chow/Chow rats in either the 15-min pretest or
the 5-min test. As the forced swim test cannot be repeated on the same animals, a between-
subjects design was used. However, because of the small sample size of Chow/Chow
subjects available for this study (n=19, effect size=0.4, α probability error=0.05,
power=0.4), the Chow/Chow animals tested in the two phases were pooled into a single
group, as they were not statistically different. For completeness, the forced swim test
immobility data, parsed into C and P phases for all groups, were as follows (mean±SEM):
pretest C phase 107.8±16.4 vs. 323.3±33.3, pretest P phase 201.1±33.5 vs. 180.4±61.5; test
C phase 23.8±14.7 vs. 101.2±19.1, test P phase 42.9±4.8 vs. 61.0±17.1, Chow/Chow and
Chow/Palatable, respectively. Moreover, the two-way ANOVAs performed on the time bins
of immobility across the 15min of the pretest or the 5 min of the test showed significant
main effects of the Diet Schedule [pretest: F(2,16)=4.37, P<0.05; test: F(2,16)=3.78,
P<0.05] and of Time [pretest: F(4,64)=18.55, P<0.001; test: F(4,64)=15.44, P<0.001], but
the Time × Diet Schedule interactions were not significant [pretest: F(8,64)=1.06, NS; test:
F(8,64)=0.97, NS].

Significant effects on swimming time were also observed in both the pretest [F(2,16)=4.50,
P<0.05] and the test session [F(2,16)=5.27, P<0.02], with palatable food-withdrawn Chow/
Palatable rats swimming ~22 and ~27% less than Chow/Chow rats during the two sessions,
respectively (data not shown). Again, the swimming time of Chow/Palatable rats, which
were tested during the P phase, did not differ from the control Chow/Chow rats in either
session. Climbing time did not differ among groups in either the pretest [F(2,16)=0.52, NS]
or the test session [F(2,16)=3.13, NS] (data not shown). There was no difference in body
weight among groups at the time of the test [mean±SEM:558±26.8 vs. 519±21.8 vs.
533±11.4; F(2,16)=0.92, NS, Chow/Chow vs. Chow/Palatable in the P phase vs. Chow/
Palatable in the C phase, respectively].

Effects of palatable diet alternation on the sucrose consumption test
As shown in Fig. 2, rats withdrawn from chronic, intermittent access to the highly palatable
diet showed decreased sucrose consumption compared with Chow/Chow rats that were
continuously fed the standard chow [Diet Schedule: F(1,13)=6.74, P<0.05; Phase: F(1,13)=
26.681, P<0.001; Diet Schedule × Phase: F(1,13)= 0.084, NS]. Indeed, a Bonferroni
corrected t-test showed that during the first day of withdrawal from the chocolate-flavored
diet (C phase), Chow/Palatable rats drank significantly less sucrose compared with Chow/
Chow rats. The sucrose consumption of the Chow/Palatable rats withdrawn from the highly
palatable diet decreased by more than 50% compared with Chow/Chow rats. There was a
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tendency for sucrose consumption to decrease during the P phase; however, this trend was
not statistically significant. There was no significant difference in the absolute body weight
between groups at the time of the test (mean±SEM: 575±28.4 vs. 591±29.5; t(15)=0.69, NS,
Chow/Chow vs. Chow/Palatable, respectively).

Effects of palatable diet alternation on the intracranial self-stimulation threshold
The ICSS threshold of the Chow/Chow and Chow/Palatable groups was analyzed during the
withdrawal phase (C) and the renewing access phase (P) for three consecutive weeks (8, 9,
and 10). As indicated by the three-way ANOVA and shown in Fig. 3, intermittent access to
the highly palatable diet had no significant effect on the ICSS threshold [Diet Schedule:
F(1,14)=0.05, NS; Diet Schedule × Phase: F(1,14)=1.58, NS; Diet Schedule × Week:
F(2,28)=0.29, NS; Diet Schedule × Phase × Week: F(2,28)=0.24, NS]. In the same time
period, highly palatable diet alternation did not affect the latency to respond [Diet Schedule:
F(1,14)=0.54, NS; Diet Schedule × Phase: F(1,14)=2.39, NS; Diet Schedule × Week:
F(2,28)=2.61, NS; Diet Schedule × Phase × Week: F(2,28)=0.30, NS] (Table 1). There was
no significant difference in the absolute body weight among groups at the time of the test
[mean±SEM: 527.89±15.15 vs. 507.0±19.74; t(14)=0.40, NS, Chow/Chow vs. Chow/
Palatable, respectively].

Discussion
The results of the present study show that withdrawal from chronic, intermittent access to
highly palatable food is responsible for the emergence of an increased immobility in the
forced swim test. Moreover, cycled Chow/Palatable rats showed anhedonic-like behavior as
indicated by a decrease in the consumption of a familiar 0.8% sucrose solution.
Interestingly, the intermittent, extended access to a highly palatable food did not increase the
reward threshold in the ICSS paradigm, which would be interpreted as a brain reward
system dysfunction.

Upon removal of the highly palatable diet, cycled rats showed an increase in immobility in
the forced swim test. Equally important, the immobility time in Chow/Palatable rats
reverted to a control level following renewed access to the sugary diet. The paradoxical
therapeutic value of the highly palatable food observed in the forced swim test is consistent
with the protective effects of a high-fat diet against the depressive-like behavioral phenotype
induced by early life stress or chronic stress (Maniam and Morris, 2010a, 2010b, 2010c;
Finger et al., 2011). Indeed, a palatable high-fat diet has been shown to ameliorate the
heightened immobility induced by maternal separation and nonhandling (Maniam and
Morris, 2010a, 2010b, 2010c). Moreover, mice fed a high-fat diet were protected against the
depressive-like effects induced by unpredictable chronic psychosocial stress (Finger et al.,
2011). The alternative interpretation that the increased immobility time in Chow/Palatable
rats could be the result of an improved floating ability because of an increased body weight
can be ruled out as the two groups did not differ significantly in body weight (Cottone et al.,
2008, 2009a). Further studies will be required to ascertain how many weeks of cycling are
required to develop depressive-like and/or anxiety-like behaviors following withdrawal from
intermittent access to highly palatable food, as well as how long the maladaptive behaviors
persist following the switch to the less preferred regular chow diet.

The forced swim test is known to have good predictive validity as it detects clinically used
antidepressants reliably (Borsini and Meli, 1988). However, describing the immobility in the
forced swim test as a depression-related measure is still highly controversial. Over the years,
there have been many explanations and theories regarding the meaning of the immobility
response in the forced swim test. Immobility in the forced swim test is widely interpreted as
a passive behavior and a behavioral correlate of negative mood (Cryan and Mombereau,
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2004; Slattery and Cryan, 2012). The immobility in the forced swim test has been
interpreted as an inability or reluctance to maintain effort, rather than as a generalized
hypoactivity (Willner, 1990); this reluctance correlates with the clinical findings that
depressed patients show pronounced psychomotor impairments in tests that require
sustained expenditure of effort, therefore conferring some construct validity to this test
(Weingartner and Silberman, 1982). Although caution should be exercised to avoid
overextrapolation of the behavioral readout in the forced swim test, it is also noteworthy that
greater immobility in the forced swim test is induced by many factors including genetic
predisposition (West and Weiss, 1998), the effects of stress (Solberg et al., 1999; Alonso et
al., 2000; Tannenbaum et al., 2002), changes in food intake (Alcaro et al., 2002), and acute
drug withdrawal (Cryan et al., 2003). Many of these factors also influence or are altered by
the course of major depression in humans. Therefore, the forced swim test seems to measure
a behavioral dimension that is relevant to depression and presents itself as an attractive
model for assessing depression-related factors in animals.

We showed that rats with intermittent access to highly palatable food show a decreased
consumption of a sucrose solution. Sucrose is a natural reinforcer; therefore, a reduced
consumption or preference for a sucrose solution has been proposed to reflect a decreased
sensitivity to rewards and, more generally, anhedonia (Papp et al., 1991; Muscat and
Willner, 1992; D’Souza and Markou, 2010). A relevant point of discussion is related to the
counterintuitive effect on sucrose consumption observed when rats were withdrawn from the
sugary, palatable diet. One may expect that rats abstained from the sugary diet would
increase, rather than decrease, their intake of sucrose solution because of a sucrose
deprivation effect. However, the solution used to assess anhedonia in this study had a very
low percentage of sucrose (0.8%), as is typical for this type of study (Rygula et al., 2005;
D’Souza and Markou, 2010; Chen et al., 2012), but in clear opposition to the highly
palatable diet, which had a very high percentage of sucrose (~50%). Therefore, the two
tastants were clearly not equally rewarding.

The sucrose consumption of the Chow/Chow and Chow/Palatable groups tended to differ as
a function of the phase, as indicated by a strong trend (P=0.08) of the interaction between
the Diet Schedule and the Phase factors. Post-hoc comparisons showed that the groups
differed only in the C phase, but not in the P phase, suggesting that the renewed access to
the highly palatable diet may relieve the anhedonic-like behavior, analogous to what was
observed in the forced swim test. These results are in agreement with the reported ability of
comfort foods, such as high-fat diets, to reverse the anhedonia induced by maternal
separation, measured as a decrease in the preference for a sucrose solution. However, it is
important to note that, as only a nonsignificant interaction between the two factors was
found, it could also be argued that the general decrease in consumption of 0.8% sucrose
observed in the Chow/Palatable group might be dependent on a sensory adaptation, hedonic
habituation, or negative hedonic contrast because of chronic exposure to the 50% sucrose
diet.

The results of this study confirm the hypothesis that chronic intermittent access to highly
palatable foods is responsible for the emergence of a negative emotional affect and that
renewing access to it is able to relieve the withdrawal-induced negative affective (Cottone et
al., 2008, 2009a, 2009b; Parylak et al., 2011), analogous to what is hypothesized for the
development of drug dependence (Koob and Kreek, 2007; Koob, 2008). Withdrawal from
drugs of abuse has been extensively shown to be accompanied by depressive-like behavior
measured as increased behavioral despair in the forced swim test, decreased sucrose
consumption, or decreased brain reward function in the ICSS. Indeed, increased immobility
in the forced swim test has been shown during withdrawal from nicotine (Picciotto et al.,
2002; Mannucci et al., 2006; Renoir et al., 2012), ethanol (Getachew et al., 2010; Walker et
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al., 2010; Williams et al., 2012), cocaine (Overstreet et al., 2000; Filip et al., 2006; Perrine
et al., 2008), amphetamine (Cryan et al., 2003), MDMA (McGregor et al., 2003; Renoir et
al., 2008), opiates (Anraku et al., 2001; Chartoff et al., 2012), and phencyclidine (PCP)
(Noda et al., 1995). Moreover, a large body of evidence exists showing that chronic
treatment with drugs of abuse including amphetamine (Barr and Phillips, 1999; Der-Avakian
and Markou, 2010), nicotine (Ribeiro-Carvalho et al., 2011), and cannabinoids (Rubino et
al., 2008; Bambico et al., 2010) can produce anhedonia during withdrawal, as measured by a
reduction in sucrose/saccharin consumption. In addition, withdrawal from drugs of abuse
results in a spontaneous increase in reward thresholds for ICSS, an effect shared by
amphetamine (Paterson et al., 2000), cocaine (Markou and Koob, 1991), alcohol (Schulteis
et al., 1995), THC (Gardner and Vorel, 1998), and nicotine (Epping-Jordan et al., 1998).
Elevations in the ICSS threshold have also been observed when withdrawal is
pharmacologically precipitated in opiate and nicotine dependence (Schulteis et al., 1994;
Epping-Jordan et al., 1998; Kenny and Markou, 2006). Precipitated withdrawal is a
procedure in which an antagonist is used to block the ongoing activity of a reinforcing drug
at receptor targets. This procedure brings the timing of withdrawal under experimental
control and is an effective tool for studying dependence processes when spontaneous
withdrawal is difficult to measure or to obtain.

Surprisingly, in this study, intermittent access to a highly palatable diet did not influence the
ICSS threshold. The effects of access to sweet or palatable tastants on the brain reward
function have not been studied extensively, and existing findings are contrasting. Sukhotina
et al. (2003) showed that deprivation from a nondrug reinforcer, saccharin –a non-caloric
sweetener– is not associated with depressive-like behavior and can lower the ICSS
threshold. In contrast, Johnson and Kenny (2010) showed recently that 18–23 h/day access
to a cafeteria diet, which results in the development of obesity, can increase the reward
threshold. Therefore, the lack of effect on the ICSS threshold in our study could be
explained by many different factors, including the tastants used, the duration of access to the
diet, and the development – or not – of obesity. In addition, an alternative explanation for
the lack of any spontaneous alteration in the ICSS threshold in Chow/Palatable rats is that
withdrawal may need to be pharmacologically precipitated to detect a deficit in the brain
reward function. Furthermore, it is possible that diet-cycled rats showed alterations in the
brain reward threshold at a time of day different from the one chosen in the present study.
Therefore, specific training conditions could also potentially account for the lack of effect in
the ICSS paradigm. Future studies will be required to validate these hypotheses. The
discrepancy between the negative results obtained in the ICSS experiment and the positive
results observed in the sucrose intake and forced swim test is an interesting point of
discussion. Although the tests used in this study all assess depressive-like behavior, they
measure markedly different behavioral outcomes: the forced swim test measures immobility
in a putative life-threatening situation; the sucrose consumption test measures a subject’s
motivation for a rewarding stimulus; and ICSS, through the direct stimulation of neurons of
the medial forebrain bundle, measures the minimum intensity of current that reinforces
behavior. Given the profound diversity of the paradigms used, it is likely that the three tests
rely on different neurobiological substrates and that different neurotransmitters are involved.
Therefore, a uniformity of the outcomes in the different tests may not necessarily be the only
possible expected result. For instance, in another study, analogous to what was observed
here, chronic mild stress was able to reduce the intake of a sucrose solution, but did not
modify ICSS performance in PVG hooded rats (Nielsen et al., 2000).

The results of this study further validate the hypothesis that chronic, intermittent access to
highly palatable food is responsible for the emergence of a negative emotional state, which
in turn may trigger compulsive eating. Indeed, extensive preclinical and clinical literature
highlights the strong relationship existing between emotionality and overeating (Adam and

Iemolo et al. Page 9

Behav Pharmacol. Author manuscript; available in PMC 2014 February 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Epel, 2007; Dallman, 2010), and the key role played by the corticotropin-releasing factor
(CRF) system (Ghitza et al., 2006; Teegarden and Bale, 2007; Cottone et al., 2009a; Warne,
2009; Shalev et al., 2010). In the specific context of the animal model we used here, we
have shown previously that in rats exposed to intermittent access to a highly palatable diet,
both compulsive eating and the withdrawal-dependent behavioral adaptations (i.e.
hypophagia of the less preferred diet, the anxiety-like behavior, and the motivational deficit
to obtain the less palatable food) were blocked by the selective CRF 1 receptor antagonist
(Cottone et al., 2009a). In addition, withdrawal from the highly palatable diet was associated
with an increased expression of CRF in the central nucleus of the amygdala, independent of
any HPA axis activation, as indicated by the lack of either differential corticosterone release
or CRF expression in the paraventricular nucleus of the hypothalamus between control and
palatable food cycling subjects (Cottone et al., 2009a). Therefore, although not directly
tested in the present paper, it can be speculated that the depressive-like behaviors resulting
from chronic intermittent access to palatable food may be mediated by neuroadaptations in
the extrahypothalamic CRF system. Indeed, the CRF system mediates the behavioral,
autonomic, and endocrine response to stress, and has been proposed to play a key role in a
variety of pathophysiological conditions involving abnormal responses to stress, such as
depression (Lloyd and Nemeroff, 2011). A large body of evidence, resulting from
observations in both laboratory animals and humans, has pointed to the relevance of an
overactive CRF/CRF1 receptor system in depression. Importantly, the anxiety-related and
depression-related phenotypes that result from chronic exposure to stress in animals have
been shown to be dependent on an overactive CRF1 receptor system in limbic forebrain
regions, including the amygdala, independent of actions of CRF on HPA axis activity
(Nestler et al., 2002; Zorrilla and Koob, 2010).

Conclusion
We have shown previously that rats withdrawn from palatable food show decreased intake
of the otherwise acceptable chow diet, decreased motivational effort to obtain the chow diet,
and pronounced anxiety-like behavior (Cottone et al., 2009a). We now extend these findings
by showing that chronic intermittent access to a sugary diet also induces heightened
immobility and anhedonia, commonly interpreted as depressive-like behavior (D’Souza and
Markou, 2010). The immobility was withdrawal dependent, as this maladaptive behavior
was reverted by renewing access to the highly palatable diet. These results are in agreement
with the hypothesis that withdrawal from chronic, intermittent access to highly palatable
food induces a negative affective state (Cottone et al., 2009a, 2009b). Therefore, compulsive
eating may serve to self-medicate the withdrawal-dependent negative emotional state,
similar to what has been postulated for the development of drug addiction (Koob and Kreek,
2007; Koob, 2008).
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Fig. 1.
Effects of chronic, intermittent access to a highly palatable diet on immobility, assessed
using a forced swim test in Wistar rats (mean±SEM: n =19), in the 15-min pretest (left
panel), and the 5-min test (right panel). *Chow/Palatable (C phase) differs from Chow/
Chow, P<0.05 (Fisher’s least significant difference test).
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Fig. 2.
Effects of chronic, intermittent access to a highly palatable diet on sucrose consumption in
Wistar rats (mean±SEM: n=15). *Chow/Palatable differs from Chow/Chow, P<0.05
(Bonferroni’s corrected t-test).
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Fig. 3.
Effects of chronic, intermittent access to a highly palatable diet on brain reward function
assessed measuring intracranial self-stimulation thresholds (percentage change from control
Chow/Chow) in Wistar rats (mean±SEM: n=16).
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Table 1

Effects of chronic, intermittent access to a highly palatable diet on latencies to respond assessed using an
intracranial self-stimulation procedure in Wistar rats (mean±SEM: n=16)

Week

Chow/Chow Chow/Palatable

C phase P phase C phase P phase

8 3.15±0.17 3.07±0.19 3.13±0.18 3.13±0.19

9 3.13±0.20 3.04±0.20 3.35±0.24 3.47±0.25

10 3.08±0.19 2.99±0.19 3.35±0.29 3.32±0.28
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