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Reward sensitivity deficits in a rat model of compulsive eating
behavior
Catherine F. Moore1,2, Michael Z. Leonard3, Nicholas M. Micovic1, Klaus A. Miczek3,4, Valentina Sabino1 and Pietro Cottone1

Compulsive eating behavior is hypothesized to be driven in part by reward deficits likely due to neuroadaptations to the
mesolimbic dopamine (DA) system. Therefore, the aim of this study was to assess deficits in reward system functioning and
mesolimbic DA after alternating a standard chow with palatable diet, a model of compulsive eating. In this model, rats in the
control group (Chow/Chow) are provided a standard chow diet 7 days a week, while the experimental group (Chow/Palatable) is
provided chow for 5 days a week (“C Phase”), followed by 2 days of access to a highly palatable sucrose diet (“P Phase”). We first
tested the sensitivity to d-Amphetamine’s stimulatory, reward-enhancing, and primary rewarding effects using a locomotor activity
assay, an intracranial self-stimulation (ICSS) procedure, and a conditioned place preference test, respectively. We then quantified DA
release in the nucleus accumbens (NAc) shell after treatment with d-Amphetamine using in vivo microdialysis, quantified levels of
tyrosine hydroxylase (TH) and dopamine transporter (DAT) mRNA using quantitative polymerase chain reaction (qPCR), and lastly,
quantified baseline extracellular DA and function of DAT in vivo using quantitative “no-net-flux” microdialysis. Chow/Palatable rats
displayed blunted d-Amphetamine-induced locomotor activity, insensitivity to d-Amphetamine potentiation of ICSS threshold, and
decreased place preference for d-Amphetamine during the P Phase. We found that Chow/Palatable rats had blunted DA efflux
following d-Amphetamine treatment. Furthermore, DAT mRNA was increased in Chow/Palatable rats during the P Phase. Finally,
quantitative “no-net-flux” microdialysis revealed reduced extracellular baseline DA and DAT function in Chow/Palatable rats.
Altogether, these results provide evidence of reduced reward system functioning and related neuroadaptations in the DA and DAT
systems in this model of compulsive eating. Reward deficits, resulting from repeated overeating, may in turn contribute to the
perpetuation of compulsive eating behavior.
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INTRODUCTION
Obesity and eating disorders are characterized by compulsive
eating behavior, an emerging construct similar to compulsive drug
use in substance use disorders [1]. Compulsive eating behavior is
complex and multifaceted: overeating to relieve a negative
emotional state is considered to be a key element of compulsive
eating [1–3], rooted in evidence from both preclinical and clinical
research [3, 4]. Overeating to relieve a negative emotional state is
thought to be driven by two processes: diminished reward
sensitivity and the emergence of negative affect [1, 5, 6].
Similar to drug use, consumption of palatable food is

hypothesized to result in repeated stimulation, and ultimately in
desensitization, of the mesolimbic dopamine (DA) system, a major
substrate of reward and reinforcement [7–9]. Continued overeating
may therefore reflect the need to reactivate a hypofunctional
reward circuit [10, 11]. Animal models of obesity and binge eating
have observed downregulated DA signaling, lower DA turnover,
and reduced activity of the dopamine transporter (DAT), which
regulates synaptic concentrations of DA via reuptake [10, 12–14].
Preclinically, one way to model compulsive eating behavior is to

implement an intermittent access schedule to a palatable diet,
consisting of alternating access to a highly palatable, high-sucrose,

chocolate-flavored diet (preferred) with a lesser preferred,
standard chow diet [4, 15]. This model has been shown to
comprise core features of compulsive eating behavior in rats [16],
namely, overeating despite negative consequences [15] as well as
overeating to alleviate a negative emotional state [1, 17]. This
model is especially relevant, as all food is given without food
restriction and rats do not become obese, therefore decoupling
any effects of overeating from an overweight/obese phenotype
[15, 17, 18]. Furthermore, this model allows us to investigate any
dissociable effects of present feeding state (current palatable food
exposure vs. withdrawal) on reward sensitivity deficits.
Therefore, the first aim of this series of experiments was to

assess deficits in reward system functioning in the aforemen-
tioned animal model of compulsive eating. For this purpose, we
tested sensitivity to d-Amphetamine, a drug which acts by
inhibiting DA reuptake as well as promoting its release, in rats
with a history of alternating a standard chow with palatable diet.
Specifically, we tested response to d-Amphetamine’s stimulatory,
reward enhancing, and primary rewarding effects (using a
locomotor activity assay [19], an intracranial self-stimulation (ICSS)
procedure [20], and a conditioned place preference (CPP) test [21],
respectively). We also directly quantified DA release in the nucleus
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accumbens (NAc) shell after treatment with d-Amphetamine using
in vivo microdialysis [22]. The second aim of our study was to
investigate functional neurobiological changes to the DA and DAT
systems in rats with a history of alternating a standard chow with
palatable diet. We quantified levels of tyrosine hydroxylase (TH)
and DAT mRNA in the ventral tegmental area (VTA). We then
employed the quantitative “no-net-flux” microdialysis procedure
[23] to assess function of DAT and quantify baseline extracellular
DA in vivo. We hypothesized that after a history of alternating
standard chow with palatable diet, rats would display reduced
reward system functioning and associated downregulation of the
mesolimbic DA system.

MATERIALS AND METHODS
Supplemental material accompanies this paper
Subjects. Male Wistar rats (n= 134; Charles River, Wilmington,
MA) were single-housed in a 12-h reverse light cycle (lights off at
11:00 a.m.) in an AAALAC-approved humidity-controlled and
temperature-controlled vivarium. Rats had access to corn-based
chow (Harlan Teklad LM-485 Diet 7012; 44% kcal carbohydrate,
5.8% fat, 19% protein, metabolizable energy 310 cal/100 g; Harlan,
Indianapolis, IN) and free access to water at all times with the
exception of certain experimental test procedures. Procedures
used in this study adhered to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and were
approved by Boston University Medical Campus Institutional
Animal Care and Use Committee (approval no. 15174). Each
experiment used an independent cohort of animals, with the
exception of CPP, which took place prior to ICSS experiments.

Drugs. d-Amphetamine (Sigma Aldrich, St. Louis, MO) was
dissolved in 0.9% sterile saline for intraperitoneal (i.p.) injections.

Ad libitum alternation of a standard chow with palatable diet. Ad
libitum alternation of a standard chow with palatable diet was
performed as described previously [4, 17, 24, 25] and continued for
≥5 weeks preceding all experiments. Briefly, control rats were
provided with free access to a chow diet 7 days a week (Chow/Chow)
and experimental rats were provided with free access to chow for
5 days a week, followed by 2 days of free access to a palatable diet
(Chow/Palatable). The “chow” diet was the above-described corn-
based chow, and 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 (45mg, 5TUL: 66.7% kcal carbohydrate, 12.7% fat,
20.6% protein, metabolizable energy 344 kcal/100 g; TestDiet,
Richmond, IN). For brevity, the first 5 days (chow only) and the
last 2 days (chow or palatable diet according to the experimental
group) of each week are referred to in all experiments as C and
P Phase, respectively. Diets were never concurrently available.

Locomotor activity. A locomotor activity assay was used to test
sensitivity to the stimulating effects of d-Amphetamine. One day
after food switch, rats (Chow/Chow, n= 12; Chow/Palatable, n= 12)
were injected with saline or d-Amphetamine (0.1, 0.3, and 1mg/kg,
i.p.) using a counterbalanced, within-subject, Latin square design.
All rats received each dose during both the C and P Phase, >5 days
apart, and were compared against the Chow/Chow rats run on the
same day. Locomotor response to d-Amphetamine is operationa-
lized as the increase in locomotor activity as compared to
locomotor activity under vehicle baseline conditions.

Intracranial self-stimulation (ICSS). An ICSS procedure was used to
assess how d-Amphetamine potentiates brain stimulation reward
(BSR) (i.e. lowers the BSR threshold), a measure of reward system
functioning). BSR thresholds were determined using the
rate-independent discrete-trial current intensity procedure

[26, 27]. In each session, rats were required to lever press for
electrical stimulation at varying current intensities. There were six
total sets of trials (termed “columns”) where current intensities
were varied in either ascending or descending patterns. Within
each column, rats performed five trials at each current intensity:
≥3 out of 5 responses was considered a positive response at that
intensity, while ≤2 responses was considered a negative response.
The threshold (i.e. current intensity where self-stimulation
behavior ceases, defined as the midpoint between the last
“positive response” intensity and the first “negative response”
intensity) was determined for each column and averaged over the
last four columns of each session. A decrease in the reward
threshold reflects an increase in reward function as measured by
ICSS [26, 28, 29]. On test days, rats were administered saline or d-
Amphetamine (0.1, 0.3, 1.0 mg/kg, i.p.) immediately prior to the
session start (one day post-diet switch), in a counterbalanced,
within-subject, Latin square design (final group sizes: Chow/Chow,
n= 7; Chow/Palatable, n= 16).

Conditioned place preference (CPP). A biased CPP procedure was
used to test the rewarding effects of d-Amphetamine in
diet alternated rats. Following 6 weeks of diet alternation,
Chow/Palatable rats were maintained on either the chow food
(C Phase group) or the palatable food (P Phase group) for the
duration of CPP training/testing (7 days) and each group was
run simultaneously with a Chow/Chow control group. During
preconditioning, rats were allowed to freely explore the
apparatus for 15 min. On alternate days, rats (C Phase testing:
Chow/Chow, n= 8, Chow/Palatable: C Phase, n= 13; P Phase
testing: Chow/Chow, n= 6, Chow/Palatable: P Phase, n= 12)
were given an injection of saline or d-Amphetamine (1.0 mg/kg,
i.p.) and confined to one chamber for 25 min, three pairings
each (d-Amphetamine= unbiased chamber; saline= biased
chamber). The day after the last conditioning session, rats were
tested following the same procedure as the preconditioning
test. A CPP score was calculated (time in d-Amphetamine paired
chamber–time in unpaired chamber [30, 31]).

In vivo microdialysis. An in vivo microdialysis procedure was used
to determine NAc shell DA efflux in response to d-Amphetamine.
Rats were stereotaxically implanted with a unilateral, intracranial
cannula in the NAc shell, as described previously [32–34]. In vivo
microdialysis occurred in rats one day post-diet switch (either C to P,
or P to C Phase) for Chow/Palatable rats with Chow/Chow controls
run simultaneously. Samples were collected at 10min intervals at
baseline (30min), after saline injection (i.p.; 30min), and after
injection with d-Amphetamine (1mg/kg, i.p.; 2 h). Samples were
frozen and stored at -80 °C until high performance liquid
chromatography (HPLC) analysis (final n sizes: Chow/Chow, n= 6;
Chow/Palatable: C Phase, n= 8; Chow/Palatable: P Phase, n= 9).

Quantitative “no-net-flux” microdialysis. In order to determine
baseline extracellular DA and DAT function, quantitative “no-net-
flux” microdialysis methods were used. Methods were identical to
in vivo microdialysis methods described above, unless otherwise
noted. Quantitative “no-net-flux” microdialysis was performed in
rats (Chow/Chow, n= 8; Chow/Palatable: C Phase, n= 7; Chow/
Palatable: P Phase, n= 10) one day post-diet switch (either C to P or
P to C Phase) for Chow/Palatable rats, with Chow/Chow controls run
simultaneously. Varying concentrations of DA (0, 2.5, 5, and 10 nM)
were added to the perfusate (1:3 mixture of aCSF and antioxidant,
pH 6.8). A 90-min equilibration period was allowed after changing
perfusate. Samples were collected at 10-min intervals for 30min.
Loss or gain of DA into the perfusate was calculated [DA
concentration in perfusate−DA concentration in collected sample]
and plotted in a regression against DA concentration in perfusate.
The slope (extraction fraction) and x-intercept were then calculated
using linear regression for each animal.
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High-performance liquid chromatography (HPLC). DA was mea-
sured by HPLC (HTEC-510, WE-3G electrochemical detector,
Amuza Inc., San Diego, CA) [35, 36]. DA concentrations were
determined by using standard curves with known amounts of DA
in a range of 0.5–20 pg, with a detection limit of 0.02 pg. Retention
times for DA were verified daily using standard solutions.

Histology. Rats that underwent in vivo microdialysis were
sacrificed for brain histology placement at the culmination of
the experiment.

Quantitative polymerase chain reaction (qPCR). For the quantifica-
tion of TH and DAT mRNA in the VTA, a separate, untested cohort
of rats was sacrificed 24 h post-diet switch either from chow to
palatable (P Phase, n= 8) or from palatable to chow (C Phase,
n= 9), along with Chow/Chow controls (n= 6). Procedures were
performed as described previously [37]. Results were analyzed by
second derivative methods and expressed in arbitrary units
(normalized to the reference gene Cyclophilin A, Cyp; (see
Supplemental Table 1 for primers and conditions).

Statistical analysis. Data from locomotor activity, ICSS, CPP, PCR,
and quantitative no-net-flux (slope and x-intercept) experiments,
as well as body weights, were analyzed with simple or factorial
ANOVAs. To control for unspecified day effects, locomotor activity
and CPP were analyzed against the simultaneously run control
group. In vivo microdialysis data were analyzed using linear mixed
effects modeling in order to account for missing at random data.
Pairwise post hoc comparisons were made using

Newman–Keuls after significant ANOVAs. For mixed linear effects
analysis, we used Bonferroni correction, a more conservative post
hoc. Partial eta squared is reported as effect size for ANOVAs (main
effects and interactions), while Cohen’s d was calculated according
to Cohen [38] in the event of significant differences between
groups as determined by post hoc analysis.
The software/graphic packages used were SigmaPlot 12.0

(Systat Software Inc., Chicago, IL), SPSS Statistics 24 (IBM Corp.,
Armonk, NY), and Statistica 7.0 (StatSoft, Tulsa, OK).

RESULTS
Chow/Palatable rats show blunted stimulatory response to d-
Amphetamine: locomotor activity
During the P Phase, Chow/Palatable rats showed higher baseline
locomotor activity compared to Chow/Chow rats (1388.5 ± 128.9
vs. 2138.2 ± 167.1 beam breaks of Chow/Chow and Chow/Palatable

rats tested during the P Phase; data not shown). An ANOVA
of baseline locomotor activity revealed a main effect of Diet
(F(1,22)= 8.69, p= 0.01, partial η2= 0.28). Baseline locomotor
activity was not different between groups during the C Phase.
During the P Phase, Chow/Palatable rats displayed reduced

locomotor response to d-Amphetamine compared to Chow/
Chow rats when tested with the highest dose (1.0 mg/kg;
Fig. 1a). ANOVA of locomotor response to d-Amphetamine when
tested in the P Phase revealed main effects of Diet (F(1,66)=
13.00, p= 0.002, partial η2= 0.37) and Dose (F(3,66)= 286.27,
p < 0.0001, partial η2= 0.93), as well as an interaction of Dose ×
Diet (F(3,66)= 20.04, p < 0.0001, partial η2= 0.48). Post-hoc
analysis revealed differences between Chow/Chow and Chow/
Palatable at the 1 mg/kg dose (p= 0.0001, Cohen’s d= 2.12). An
ANOVA of rats’ locomotor response to d-Amphetamine when
tested in the C Phase revealed no main effect of diet (F(1,66)=
0.36, p= 0.55, partial η2= 0.02), but a main effect of Dose (F
(3,66)= 166.22, p < 0.0001, partial η2= 0.88) and a trend for a
Dose × Diet interaction (F(3,66)= 2.47, p= 0.07, partial η2=
0.10). Post hoc tests did not indicate significant differences
between diet groups, but there was a trend for a difference
between Chow/Palatable and Chow/Chow rats at the 1 mg/kg
dose when tested in the C phase (p= 0.07, Cohen’s d= 0.62).
Body weights were not different between groups in C Phase
(t(1,22)= 0.55, p= 0.59, partial η2= 0.01) or P Phase (t(1,22)=
−0.01, p= 0.99, partial η2= 0.00; data not shown).

Chow/Palatable rats are less sensitive to d-Amphetamine
enhancement of BSR: ICSS
BSR thresholds of Chow/Palatable rats were insensitive to pre-
treatment with d-Amphetamine during the P Phase (0.3 < p’s < 0.8;
Fig. 1b), while d-Amphetamine pre-treatment decreased BSR
thresholds from baseline in both Chow/Chow rats and Chow/
Palatable rats during the C Phase (p’s < 0.05). An ANOVA on BSR
threshold after pre-treatment with d-Amphetamine or vehicle
indicated a main effect of Dose (F(3,108)= 10.71, p < 0.0001,
partial η2= 0.23), though there was no main effect of Diet Group
(F(2,108)= 0.37, p= 0.70, partial η2= 0.02), nor a Diet Group ×
Dose interaction (F(6,108)= 0.57, p= 0.75, partial η2= 0.03). Body
weights were not different between groups (F(1,22)= 1.22, p=
0.73, partial η2= 0.01; data not shown).

Chow/Palatable rats are less sensitive to the rewarding effects of d-
Amphetamine: CPP
When conditioned and tested in the P Phase, Chow/Palatable
rats showed a lower preference for the d-Amphetamine paired

Fig. 1 Palatable diet alternated rats show a blunted response to d-Amphetamine when tested in the P Phase. Data are Mean ± SEM.
a Locomotor activity after d-Amphetamine treatment (% vehicle activity) n= 24. *** p < 0.001 vs. Chow/Chow group, § p= 0.07 vs. Chow/Chow
group. b ICSS thresholds after d-Amphetamine treatment. n= 23. *p < 0.05 compared to the Vehicle treatment within the same group.
c Conditioned place preference to a 1mg/kg d-Amphetamine paired compartment. n= 39. * p < 0.05 compared to the post test CPP score of
the Chow/Chow group
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chamber compared to Chow/Chow rats in the post-conditioning
test (Fig. 1c; p= 0.03, Cohen’s d= 1.46). ANOVA of CPP scores of
rats conditioned and tested in the P Phase revealed main effects
of Day (F(1,16)= 32.65, p < 0.0001, partial η2= 0.67) and Diet
Group (F(1,16)= 7.17, p= 0.02, partial η2= 0.31), as well as a
trend for an interaction of Diet Group × Day (F(1,16)= 3.43, p=
0.08, partial η2= 0.18). When conditioned and tested in the
C Phase, Chow/Palatable and Chow/Chow rats showed equiva-
lent increased preference for the d-Amphetamine paired
chamber. ANOVA revealed main effects of Day (F(1,19)= 26.1,
p < 0.0001, partial η2= 0.58), but not Diet Group (F(1,19)= 0.22,
p= 0.65, partial η2= 0.01), and the interaction of Diet Group ×
Day was not significant (F(1,19)= 0.05, p= 0.83, partial η2=
0.002). CPP scores on the pre-test day were not different
between diet groups. Body weights were not different between
groups tested in the C Phase (F(1,19)= 0.94, p= 0.36, partial
η2= 0.05) or P Phase (t(1,16)= 0.44, p= 0.66, partial η2= 0.01);
data not shown).

d-Amphetamine-induced DA efflux is impaired in Chow/Palatable
rats
DA efflux in response to d-Amphetamine was reduced in Chow/
Palatable rats (C and P Phase) compared to Chow/Chow rats (20
min post-injection; Fig. 2, p’s < 0.05, Cohen’s d= 0.80 and 1.42 for
Chow/Palatable: C Phase and Chow/Palatable: P Phase, respec-
tively). Chow/Palatable: P Phase rats continued to show lower DA
compared to Chow/Chow 30min after d-Amphetamine injection
(p= 0.003, Cohen’s d= 1.25). Chow/Palatable: C Phase rats also
tended to have lower DA compared to Chow/Chow rats at 30 min
post-injection (p= 0.07, Cohen’s d= 0.75). An ANOVA of DA efflux
following d-Amphetamine revealed a trend for a main effect of
Diet Group (F(2, 29.55)= 3.12, p= 0.06), a main effect of Time (F
(11,173.75)= 31.94, p < 0.0001), and an interaction of Diet
Group × Time (F(22,173.81)= 2.02, p= 0.01). Body weights were
not different between groups (F(1,22)= 0.00, p= 0.99, partial
η2= 0.00; data not shown).

DAT mRNA is increased in Chow/Palatable rats during the P Phase
Chow/Palatable rats during the P Phase had increased DAT mRNA
expression compared to Chow/Chow rats (p= 0.03, Cohen’s d=
−0.96) and Chow/Palatable rats during the C Phase (p= 0.01,
Cohen’s d=−1.59; Fig. 3a, b). ANOVA revealed a main effect of
Diet Group on DAT mRNA in the VTA (F(2,20)= 5.74, p= 0.01,
partial η2= 0.37). There were no differences in DAT mRNA
between Chow/Palatable: C Phase and Chow/Chow rats (p= 0.42,
Cohen’s d= 0.60). TH mRNA was not affected by Diet Group
(F(2,20)= 0.013, p= 0.88, partial η2= 0.01). Body weights were
not different between groups (F(1,22)= 2.34, p= 0.12, partial
η2= 0.19; data not shown).

Baseline DA and DAT function is reduced in Chow/Palatable rats
Chow/Palatable rats in both C Phase and P Phase had lower
baseline DA compared to Chow/Chow rats (p’s < 0.05; Cohen’s d=
1.13 and 0.95 for Chow/Palatable: C Phase and Chow/Palatable:
P Phase, respectively; Fig. 4a). An ANOVA revealed significant main
effects of Diet Group on baseline extracellular DA (F(2,22)= 3.67,
p= 0.04, partial η2= 0.25).
Clearance of DA was lower in Chow/Palatable rats: C Phase (p=

0.03, Cohen’s d= 1.13), and tended to be lower in Chow/Palatable
rats: P Phase rats compared to Chow/Chow rats (p= 0.06, Cohen’s
d= 1.10; Fig. 4b). ANOVA revealed a main effect of Diet Group on
the clearance rate of DA by DAT, indicated by the slope (extraction
fraction) of regression lines (F(2,22)= 3.87, p= 0.04, partial η2=
0.26; plots of regression lines can be seen in Fig. 4c; see Fig. 5a–c
for cannula placement for all microdialysis experiments). Body
weights were not different between groups (F(1,24)= 1.54, p=
0.24, partial η2= 0.12; data not shown).

DISCUSSION
Reduced sensitivity to d-Amphetamine
These results provide experimental evidence that alternation of a
standard chow with palatable diet, a validated animal model of
compulsive eating behavior [4, 17, 24, 39], reduces sensitivity to d-
Amphetamine, suggestive of a hypofunctional reward system.
Specifically, Chow/Palatable rats displayed blunted d-Ampheta-
mine-heightened locomotor activity, no potentiation of BSR
threshold by d-Amphetamine, and decreased place preference
for d-Amphetamine, when access to highly palatable diet was
renewed.
Preclinical studies investigating the effects of overconsumption

of high-fat and/or high-sucrose diets on sensitivity to psychosti-
mulants have shown mixed results in part due to the hetero-
geneity of the experimental conditions (diet formulations,
access types, stimulant-type, etc). For example, in a study by
Fordahl et al. [40], mice with limited access to a high-fat diet
showed increased locomotor activity (% of baseline) after

Fig. 2 Reduced DA efflux following treatment with d-Amphetamine
(1mg/kg) in Chow/Palatable rats. Data are Mean ± SEM. n= 23. * p <
0.05 Chow/Palatable: P Phase group vs. Chow/Chow group, # p < 0.05
and § p= 0.07 Chow/Palatable: C Phase group vs. Chow/Chow group

Fig. 3 DAT mRNA is increased in Chow/Palatable rats in the P Phase.
a Schematic of VTA section harvested for qPCR analysis. b mRNA
expression (normalized to Cyp) of TH and DAT is expressed relative
to Chow/Chow group levels. Data are Mean ± SEM. n= 23. * p < 0.05
vs. Chow/Chow group; # p < 0.05 vs. Chow/Palatable: C Phase group
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treatment with d-Amphetamine (3.0 mg/kg after receiving 0.5 mg/
kg the previous day) compared to control mice. However, in this
study, baseline activity was actually lower in the high-fat diet fed
mice, and therefore the total locomotor activity (i.e. not expressed
as a % of baseline) that was increased by the first low dose
(0.5 mg/kg) of d-Amphetamine, prior to the start of the sensitiza-
tion protocol, was likely lower compared to controls [40], which
would be more in line with results from the present study.
However, inconsistent results between the existing and the
present study are not surprising and likely due to differences in
the administration protocol (spacing of injections, doses used),
species (mice vs. rats), and diets (high-fat vs. high sucrose) [40]. In

the current study, we observed lower d-Amphetamine heightened
locomotor activity in Chow/Palatable rats compared to controls.
Though we did not directly compare across phases due to
nonspecific day effects in Chow/Chow control animals, our data
did not suggest any differential effects of diet phase on locomotor
response in Chow/Palatable rats; rather they, if anything, would
indicate differences in magnitude.
We confirmed that the ad libitum alternation of a standard

chow with palatable diet does not alter brain reward threshold
per se (i.e. no differences in baseline BSR in discrete-trial current
intensity procedures, including no differences between C and P
Phase) [17]. Reward deficits in the form of increased brain

Fig. 4 Quantitative ‘no-net-flux’ microdialysis reveals DA system neuroadapatations in Chow/Palatable rats. Data are Mean ± SEM.
a Extracellular DA concentration *p < 0.05 vs. Chow/Chow group. b Extraction fraction (Ed; slope) * p < 0.05 vs. Chow/Chow group, § p= 0.06
vs. Chow/Chow group. c plotted regression analysis. * p < 0.05 Chow/Palatable: C Phase group vs. Chow/Chow group; § p= 0.06 Chow/Palatable:
P Phase group vs. Chow/Chow group. n= 25 for all panels

Fig. 5 Cannula placement for microdialysis experiments; a in vivo microdialysis after d-Amphetamine and b quantitative “no-net-flux”
microdialysis. c Representative photomicrographs of NAc shell placement
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stimulation thresholds have been observed in rats following the
development of high-fat diet induced obesity [41]. The fact that
we did not observe differences in baseline BSR threshold in our
model may be due to a lack of an overweight phenotype, as rats
with intermittent access to a palatable diet maintained equivalent
body weight compared to controls. In the same study, and
consistent with our results, Johnson and Kenny [41] observed that
rats with intermittent restricted daily access to a high-sugar/high-
fat diet did not become obese, and did not display changes in
baseline BSR thresholds compared to controls. Nonetheless, using
a more sensitive probing of reward system function via assess-
ment of d-Amphetamine’s potentiating effects on BSR threshold
[42], here we observed decreased reward system function in
Chow/Palatable rats re-exposed to the highly palatable diet. Thus,
similarly to what was observed with the locomotor-stimulating
effects of d-Amphetamine, rats re-exposed to the palatable diet
were less sensitive to the potentiating effects of d-Amphetamine
on brain reward function.
Our results of blunted place conditioning to d-Amphetamine

in Chow/Palatable rats suggest reduced sensitivity to the
primary rewarding effects of d-Amphetamine following a history
of intermittent palatable diet acess. Accordingly, both rats fed a
high-fat diet ad libitum and allowed to develop obesity or rats
fed a restricted amount of high-fat diet to limit weight gain did
not show CPP for d-Amphetamine (1.0 mg/kg) [13]. In contrast to
our findings, rats allowed continuous access to a sucrose
solution in addition to laboratory chow showed a higher CPP
score for a low dose of d-Amphetamine (0.33 mg/kg) compared
to chow rats [43], suggesting increased sensitivity. The
discrepancy between this study and ours is most likely due to
differences in pattern of palatable food access (intermittent vs.
continuous); indeed, different intake patterns often produce
distinct behavioral and neurobiological outcomes [44, 45],
where intermittent access more reliably produce maladaptive
binge- and compulsive-like intake compared to continuous
access. The importance of the intermittency of the palatable diet
access in the development/expression of reward deficits is not
fully understood, in large part due to the confounds of increased
body weight that occurs with continuous access to a palatable
diet. There is difficulty in disentangling schedule of access
effects (for example, here through the inclusion of a continu-
ously palatable diet fed group) in food studies without also
introducing a confounding factor of obesity or increased body
weight. Furthermore, running a continuous ad libitum palatable
food group would necessarily leave a mismatch in a different
control variable (e.g. days of access allowed or quantity (kcal) of
palatable food eaten). Controlling for intermittency inevitably
results in disruptions of amount of palatable food eaten
between groups, not allowing for full control of all interpretative
factors of interest.
Interestingly, blunted behavioral sensitivity to d-Ampheta-

mine was observed during the P Phase, but not the C Phase.
While it has been hypothesized that compulsive eating to relieve
a negative emotional state can be driven by both elevated stress
and diminished reward capacity [1, 5], it was previously
unknown whether these factors are related, or manifest
independently. Our previous studies show that withdrawal from
palatable food during the C Phase produces anxiety- and
depressive-like behavior [17, 46, 47], which indicates elevated
stress. However, the present experiments demonstrate dimin-
ished reward sensitivity outside of the withdrawal state, when
palatable food was available (i.e. P Phase). This temporal
dissociation suggests that the impact of stress and reward
deficits on compulsive eating may be mediated by independent
mechanisms. It is currently unknown if this is shared with drug
addiction, as testing reward deficits in animal models of drug
dependence is often confounded by drug intoxication. Investi-
gations into reward deficits in the context of food may therefore

represent a unique opportunity to uncover distinctions between
these dual components in an addiction-like disorder.

Functional changes to DA system in Chow/Palatable rats
Our results show that DA efflux in the NAc shell following an
injection of d-Amphetamine was significantly reduced in Chow/
Palatable rats as compared to controls. This neurochemical
evidence of impaired DA system functioning in response to d-
Amphetamine may, therefore, represent the neural mechanism of
the insensitivity to d-Amphetamine we observed.
Furthermore, using qPCR, we observed increased DAT mRNA in

Chow/Palatable rats during the P Phase. To follow up on this
finding, we investigated DAT function using quantitative “no-net-
flux” microdialysis methods, and observed reduced DA clearance
(i.e. lower DAT function) in Chow/Palatable rats. This method also
allowed for the quantification of extracellular DA at baseline,
which was also reduced in Chow/Palatable rats. Taken together,
these experiments show multiple functional neuroadaptations to
the DA system in Chow/Palatable rats, manifesting as an overall
downregulation of the mesolimbic DA system.
In accordance with these findings, a study of female rats made

obese through continuous access to a palatable diet also exhibited
reduced baseline DA, as well as lower electrically evoked and d-
Amphetamine induced DA [10, 11]. In our experiments, the
reduced DA efflux following d-Amphetamine observed in Chow/
Palatable rats is most likely mediated via reduced baseline
extracellular DA and lower DAT function. As DAT is the main
substrate of d-Amphetamine, dysfunctional DAT reduces the
efficacy of d-Amphetamine [48]. This hypothesized mechanism is
confirmed by the results obtained from the “no-net-flux” experi-
ment, where we observed reduced baseline extracellular DA and
lower DAT function in Chow/Palatable rats. As “no-net-flux”
methods assess the functional status of DAT in vivo, the reduced
reward sensitivity to d-Amphetamine observed in Chow/Palatable
animals could reflect either lower number of functional
membrane-bound DAT or less-efficient membrane-bound DAT.
Furthermore, our observation of increased DAT mRNA in Chow/
Palatable rats suggests that reductions in DAT function (i.e.
reduced number and/or efficiency of DAT) may be responsible
for a compensatory increase in mRNA that is observable during the
P Phase. Other preclinical studies have also observed increases in
DAT mRNA in obesity-prone [49], or sucrose bingeing [50] rats. In
support of our findings, a study looking at effects of intermittent
high-fat diet access also found reductions in DAT function,
observed using fast-scan cyclic voltammetry [40].
We observed that Chow/Palatable rats in the C Phase showed

evidence of DA system dysfunction, but did not display
observable differences in behavioral response to d-Amphetamine.
Specifically, Chow/Palatable rats showed lower DA efflux after
d-Amphetamine treatment, as well as reduced baseline extra-
cellular DA and DAT function, but when tested in the C Phase,
behavioral measures of d-Amphetamine sensitivity were spared. A
speculative explanation for these findings may be that DA is
reduced in both C and P Phase, but the stores of DA are further
depleted by recent palatable food intake in P Phase, resulting in
lower overall DA efflux in response to d-Amphetamine and
observable differences in behavioral sensitivity to d-Ampheta-
mine. Therefore, the observed reward sensitivity deficits are due to
an interaction between a history of alternation of a standard chow
with palatable diet and present feeding state. An alternative
explanation for the discrepancy between DA efflux and behavioral
response is that compensatory changes to postsynaptic DA
receptor expression counteract the observed changes to DA
release—effectively masking the underlying neurochemical dys-
function. Therefore, future studies should examine additional DA
signaling components that might undergo changes throughout
feeding cycles to hone our understanding of DA system
neuroadaptations that occur in compulsive eating.
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CONCLUSIONS
A neurobiological underpinning of compulsive eating behavior is
overeating to relieve a negative emotional state of which the
neural mechanisms are (1) an increase in negative emotional
states upon withdrawal and (2) a downregulation of brain reward
function. We have previously characterized the emergence of a
negative emotional state in palatable diet alternated rats [4, 17].
The experiments presented here provide evidence for a con-
current reduction in brain reward function, thus suggesting that
intermittent overeating of palatable food causes reward deficits,
perhaps through neuroadaptations to mesolimbic DA, which may
then in turn contribute to the perpetuation of compulsive eating
behavior.
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