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Bingeing on High- Fat Food Enhances Evoked Dopamine 
Release and Reduces Dopamine Uptake in the Nucleus 
Accumbens
Sara R. Jones1 and Steve C. Fordahl 2

Objective: Binge- eating disorder (BED) disrupts dopamine neuron 
 function, in part by altering dopamine transporter (DAT) activity. This study 
characterized the effects of high- fat bingeing on presynaptic dopamine 
terminals and tested the hypothesis that acute low- dose amphetamine 
would restore DAT function.
Methods: C57BL/6 mice were given limited access (LimA) to a high- fat 
diet (2 h/d, 3 d/wk) or standard chow (control). After 6 weeks, ex vivo fast- 
scan cyclic voltammetry was used to characterize dopamine- terminal ad-
aptations in the nucleus accumbens. Prior to undergoing fast- scan cyclic 
voltammetry, some mice from each group were given amphetamine (0.5 
mg/kg intraperitoneally).
Results: Escalation of high fat intake, termed bingeing, occurred in the 
LimA group and coincided with increased phasic dopamine release, re-
duced dopamine uptake rates, and increased dopamine receptor 2 (D2) 
autoreceptor function. Acute amphetamine selectively reversed dopa-
mine uptake changes in the LimA group and restored the potency of am-
phetamine to inhibit uptake.
Conclusions: High- fat bingeing enhanced dopaminergic signaling in the nu-
cleus accumbens by promoting phasic dopamine release and reducing clear-
ance. This study’s data show that amphetamine was efficacious in restoring 
impaired DAT function caused by high- fat bingeing but did not reduce dopa-
mine release to normal. These presynaptic changes should be considered if 
amphetamine- like dopamine releasers are used as treatments for BED.

Obesity (2021) 29, 721-730. 

Introduction
Binge- eating disorder (BED), which was acknowledged as a distinct eating disorder in the 
fifth edition of the Diagnostic and Statistical Manual of Mental Disorders, was previously 
categorized as a maladaptive eating behavior and grouped with bulimia nervosa. BED is 
defined as eating a larger portion of food than usual in a discrete period, accompanied 
by lack of control over intake. Additional criteria outline psychological constructs like 
embarrassment, disgust, and guilt centered around episodic binges. BED can occur in the 
absence of obesity (clinically defined as BMI ≥ 30 kg/m2), but patients with BED have a 
higher prevalence of obesity and develop metabolic disorders earlier in life (1). Evaluating 
the emotional perceptions of binge eating is unique to clinical studies in humans; however, 
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Study Importance

What is already known?

►	Binge- eating disorder (BED) is linked to 
alterations in dopamine system function.

►	Dopamine release in the nucleus accum-
bens (NAc) contributes to appetitive and 
consummatory aspects of food intake.

►	Some amphetamine- like dopamine ago-
nists are used to treat BED off label.

What does this study add?

►	Bingeing on high- fat food reduced the 
dopamine uptake rate in the NAc and 
augmented the capacity for phasic do-
pamine release.

►	Bingeing on high- fat food enhanced 
dopamine receptor 2 (D2) autoreceptor 
function in the NAc.

►	Acute amphetamine administration 
(intraperitoneal) reversed dopamine- 
terminal changes in the NAc by restoring 
the dopamine uptake rate in mice that 
binged on high- fat food.

How might these results change the 
direction of research or the focus of 
clinical practice?

►	Our data provide mechanisms as to 
how bingeing on high- fat food changes 
dopamine- terminal function in the NAc 
and as to how low- dose amphetamine 
can restore dopamine neurotransmis-
sion in mice that binge. These results 
show how dopamine agonists are ef-
ficacious with limited clinical use but 
highlight neurochemical changes that 
may contribute to abuse potential with 
longer- term use.
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rodent models of BED have been developed to examine the appetitive 
and consummatory aspects, as well as the neurochemical adaptations 
that contribute to, or arise from, binge- like intake of palatable food (2). 
Elucidating changes in neurochemistry may also provide insight into 
susceptibility to common comorbidities like depression, anxiety, and 
substance- use disorders.

Clinical evidence of BED altering dopamine neurochemistry is linked 
to the dopamine transporter (DAT) and dopamine receptor 2 (D2) pro-
tein levels and/or function (3). Patients with BED are reported to have 
an increased incidence of polymorphisms of the DAT gene (solute 
carrier family 6 member 3 [SLC6A3]) that reduce DAT function but 
increase sensitivity to the anorexic effects of methylphenidate (4) and 
enhance the dopaminergic response to visual food cues in the presence 
of DAT uptake inhibitors (5). Similarly, polymorphisms in the Taq1A 
allele, which has been linked with increased D2 availability, are com-
mon in individuals with BED (6). Increased D2 availability with BED is 
distinct from reduced D2 binding in patients with obesity who carry the 
1A allele (6), indicating unique genotypes for each clinical phenotype. 
Collectively, clinical evidence of reduced DAT function and altered D2 
binding in BED shows that dysregulated dopamine neurotransmission 
occurs in clinical BED, with DAT and D2 likely influencing dysregu-
lated food intake.

Although clinical studies implicate DAT and D2 in BED, there are lim-
ited reports on how BED causes specific neuroadaptations to dopamine 
terminals, where DAT and D2 facilitate dopamine neurotransmission. 
Instead, most reports showing adaptations to the dopamine system 
use obesogenic models with continuous access to palatable foods that 
engender hyperphagia, not episodic binges. Hyperphagic models of 
obesity align with clinical reports in patients with obesity and show 
impaired DAT- mediated dopamine uptake (7,8), along with reduced 
DAT protein levels (9) and reduced D2 function that is associated with 
compulsive eating (10) and addiction- like reward deficiency (11). 
Evidence that reduced DAT and D2 function in rodent models of obesity 
influences reward circuitry is supported by reports of behavioral cross- 
sensitization between amphetamine or cocaine with palatable foods 
(12,13). Engagement of the mesolimbic reward system is a common 
feature of substance abuse; however, whether dysregulated food intake 
should be labeled as a type of “food addiction” is up for debate.

Animal models of BED engage the mesolimbic reward system in a 
manner similar to that of obesogenic food intake. After bingeing on 
high- fat food, mice exhibit elevated c- Fos expression (a marker of neu-
ronal activity) in the nucleus accumbens (NAc), ventral tegmental area, 
and lateral hypothalamus (14). These brain regions coordinate dopami-
nergic responses to food (15), specifically in the NAc core, where the 
reinforcing properties of abused drugs and palatable food are encoded 
(16). Only a few preclinical studies have directly examined DAT and D2 
with binge eating. One study by Halpern and colleagues (17) reported 
that a D2 antagonist, raclopride, blocked the ability of deep brain 
stimulation to reduce high- fat binges in mice. Another by the Corwin 
group (18) showed that D2 in the prefrontal cortex may limit binge 
consumption. Additionally, binge- like consumption of high- fat food 
in mice increased D2 autoreceptor sensitivity and enhanced behavioral 
sensitization to amphetamine (19). Interestingly, repeated exposure to 
amphetamine in mice that binge on high- fat food attenuated amphet-
amines’ effects on dopamine release and uptake, indicating a resilience 
to these adaptations in the NAc. Considering reports that amphetamine 
dose- dependently decreased high- fat bingeing in mice (20) and that a 
mouse model of high- fat bingeing blocked NAc terminal adaptations to 

repeated amphetamine administration along with paradoxically reduced 
DAT function but enhanced sensitivity to DAT agonists in patients with 
BED, the purpose of this study was to further characterize DAT func-
tion in the NAc core of mice after bingeing on high- fat food by (1) mea-
suring how high- fat bingeing impacts phasic dopamine release, which 
resembles intrinsic dopamine neuron activity in response to salient cues 
or rewarding stimuli (21,22), and (2) characterizing the effect of acute 
amphetamine administration on dopamine terminals in the NAc in mice 
that binge on high- fat food.

Methods
Animals and diet
Six- week- old male C57BL/6 mice (N = 28) (Jackson Laboratories, Bar 
Harbor, Maine) were housed in groups of two to three in shoe box cages 
and were maintained on a reverse light– dark cycle. Mice were sepa-
rated into a control group given standard rodent chow (3.46 kcal/g; 26% 
protein, 14% fat, and 60% carbohydrate) (Prolab RMH 3000, catalog 
number 5P00; LabDiet, St. Louis, Missouri) (Figure 1A) or into a limited- 
access (LimA) group given 2- hour access to a high- fat diet (5.21 kcal/g; 
20% protein, 60% fat, and 20% carbohydrate) (Diet- Induced Obesity 
[DIO], catalog number D12492; Research Diets, New Brunswick, New 
Jersey) (online Supporting Information) 3 d/wk beginning 3 hours into 
the dark cycle (Figure 1B). Standard chow was not available during the 
2- hour high- fat access. Food intake for each cage was measured daily 
for both groups and after 30- minute and 2- hour high- fat access periods 
in the LimA group. Cage intake was divided by number of mice per 
cage to calculate daily kilocalories. Animal protocols were approved by 
the Institutional Animal Care and Use Committee of the Wake Forest 
School of Medicine, in accordance with the NIH and Association for 
Assessment and Accreditation of Laboratory Animal Care guidelines.

Fast- scan cyclic voltammetry
Fast- scan cyclic voltammetry was used to measure dopamine in the NAc 
core. One hour prior to decapitation, an intraperitoneal (i.p.) bolus of am-
phetamine (0.5 mg/kg) or saline vehicle was given in a total volume of 
0.1 mL (Figure 1B). This amphetamine dose has been shown to reverse 
dopamine- terminal changes caused by cocaine self- administration (23,24). 
All voltammetry experiments began 3 to 4 hours into the dark cycle on a 
day just before mice would have received limited access to the high- fat 
food, and they were performed as previously described (8). Briefly, mice 
were anesthetized using isoflurane and decapitated, and then their brains 
were swiftly removed. One hemisphere of the brain was coronally sliced 
(300- µm slices), and NAc tissue was excised from the other hemisphere 
for Western blotting. Brain slices equilibrated for 60 minutes at 32.5ºC in 
oxygenated (95% O2 to 5% CO2) artificial cerebral spinal fluid (126mM 
NaCl, 25mM NaHCO3, 11mM d- glucose, 2.5mM KCl, 2.4mM CaCl2, 
1.2mM MgCl2, 1.2mM NaH2PO4, and 0.4mM l- ascorbic acid; pH ad-
justed to 7.4) at a flow rate of 1 m/min. We used a triangular wave form 
scanning from −0.4 to +1.2 to −0.4 V/s versus Ag/AgCl at 400 V/s every 
100 milliseconds, using carbon fiber microelectrodes to detect the peak do-
pamine release evoked with 4- millisecond pulse stimulations (monopha-
sic, 350 μA) from a bipolar electrode (catalog number 8IMS3033SPCE; 
Plastics One, Roanoke, Virginia) every 3 minutes. This technique mea-
sures synaptic dopamine every 100 milliseconds by detecting a change 
in the current when dopamine is oxidized at +0.6 V on the voltage ramp 
and is then reduced when the voltage sweeps back to −0.4 V. The current 
reflects synaptic dopamine concentrations and DAT- mediated dopamine 
removal from the synapse. We report dopamine release as the dopamine 
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concentration when the current reaches its peak. Phasic dopamine release 
was measured by applying stimulation trains of five pulses at 5, 10, 20, 40, 
or 100 Hz. Data were acquired and modeled using Demon Voltammetry 
Software (Wake Forest Innovations, Winston- Salem, North Carolina), 
based on Michaelis- Menten kinetics using 160 nM as the affinity of dopa-
mine for the DAT (Km) (25). Dose– response curves for quinpirole (catalog 
number 1061; Tocris, Bristol, UK) or d- amphetamine (catalog number 
A5880; Sigma- Aldrich, St. Louis, Missouri) were applied to ex vivo slices 
in a cumulative half- log manner. Electrodes were calibrated after each ex-
periment with 3μM dopamine (catalog number 3548; Tocris). The total 
numbers of brain slices and animals are reported in each figure.

Western blot protein quantification
NAc tissue was flash frozen in 2- methylbutane (catalog number M32631; 
Sigma- Aldrich) and stored at −80ºC. Membrane and cytosolic fractions 
were isolated using differential centrifugation in a sucrose fractionation 
buffer (250mM sucrose, 20mM HEPES, 10mM KCl, 1.5mM MgCl2, 
1mM ethylenediaminetetraacetic acid (EDTA), and 1mM EGTA, with 
Halt Protease Inhibitor Cocktail [catalog number 78430; Thermo Fisher 
Scientific, Waltham, Massachusetts]). Tissue was homogenized and cen-
trifuged at 720g for 5 minutes, and then the supernatant was removed and 
centrifuged at 10,000g for 10 minutes. The resulting supernatant was re-
moved and ultracentrifuged at 100,000g for 1 hour. After ultracentrifuga-
tion, the supernatant retained was used as the cytosolic fraction. The pellet 

was lysed (Pierce IP Lysis Buffer, catalog number 87787; Thermo Fisher 
Scientific) for an enriched membrane fraction. Blots used 15 µg of protein 
in NuPAGE 4% to 12% Bis- Tris protein gels (catalog number NP0322; 
Thermo Fisher Scientific) and were then transferred to polyvinylidene 
fluoride membranes (catalog number 88518; Thermo Fisher Scientific). 
Primary antibodies for DAT (catalog number AB2231; Millipore, 
Burlington, Massachusetts) and β- actin (catalog number A2228; Sigma- 
Aldrich) were diluted 1:8,000 and 1:20,000, respectively, in Pierce block-
ing buffer (catalog number 37570; Thermo Fisher Scientific). Secondary 
anti- rabbit and anti- mouse antibodies (catalog numbers G- 21234 and 
A16072; Thermo Fisher Scientific) were diluted 1:5000 for DAT and 
1:8,000 for β- actin. Imaging was performed on a ChemiDoc XRS using 
chemiluminescence, and densitometry was analyzed using Quantity One 
software (Bio- Rad Laboratories, Hercules, California).

Statistics
GraphPad Prism version 8 (GraphPad Software, San Diego, 
California) was used for statistical analyses. Two- way repeated- 
measures ANOVA compared differences within and between treat-
ment groups for body weight and voltammetry dose– response 
curves. Two- way ANOVA also tested the effect of diet (control or 
LimA) and drug (saline or amphetamine) as sources of variation for 
all voltammetry experiments. Tukey or Sidak post hoc analysis de-
termined significant differences between experimental groups when 

Figure 1 Experimental design. Mice were divided into two dietary groups: (A) the control (CN) group received standard rodent chow exclusively 
(n = 14), and (B) the limited- access (LimA) group (n = 14) received 24- hour access to standard chow on Tuesday (T), Thursday (Th), Saturday 
(Sa), and Sunday (Su) and limited access to a high- fat diet for 2 hours on Monday (M), Wednesday (W), and Friday (F), with standard chow the 
remaining 22 hours on high- fat days. (C) After 6 weeks on each feeding paradigm, mice from each group received 0.5 mg/kg of intraperitoneal 
amphetamine (AMPH) or an equal volume of saline 1 hour before proceeding to ex vivo voltammetry to measure dopamine release and uptake 
in the nucleus accumbens. Vmax, maximal rate of dopamine uptake. [Color figure can be viewed at wileyonlinelibrary.com]
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appropriate. Data normality and outlier analysis were assessed using 
a D’Agostino- Pearson omnibus K2 test followed by the Grubbs test 
(α = 0.05). Group data are presented as the group mean ± SEM.

Results
LimA to high- fat food engendered binge- like 
consumption of high- fat food
Weight gain was similar between groups (Figure 2A), consistent with 
comparable average daily energy intakes (Figure 2B). However, on days 
with high- fat access, the LimA group consumed 61% of daily kilocal-
ories in the 2- hour high- fat access widow (Figure 2C), including 48% 
within the first 30 minutes and only 13% in the following 1.5 hours. This 
indicated a binge- like feeding pattern of the high- fat food. Moreover, 
the percentage of kilocalories consumed during the first 30 minutes and 
throughout the 2- hour access to high- fat food was significantly greater 
than the percentage of kilocalories consumed during the entire 22- hour 
access to standard chow (39%) (P = 0.035 and P < 0.0001, respectively) 
(Figure 2B). The numbers of total kilocalories consumed were similar 
between the LimA and control groups in weeks 1 and 6 (Figure 2D); 
however, in the LimA group, kilocalories from chow were significantly 
reduced (P = 0.025) from week 1 (63%) to week 6 (38.5%) (Figure 2E), 
indicating a shift in preference toward the high- fat food and a voluntary 

restriction of the standard chow. We also observed escalated binge- like 
feeding on high- fat food, measured by an increase in the percentage of 
total daily kilocalories consumed during these feeding bins over time: 
2 hours (37%- 61%, weeks 1- 6; P = 0.013) (Figure 2F) and 30 minutes 
(27%- 48%, weeks 1- 6; P = 0.037) (Figure 2G).

High- fat bingeing increased phasic dopamine 
release and reduced presynaptic dopamine 
uptake rate
Next, we sought to determine whether high- fat bingeing altered dopa-
mine release and uptake in the NAc. Dopamine release evoked by a 
single pulse of electrical stimulation is considered to model “tonic,” low- 
frequency release events, and it was not statistically different between the 
control (2.8 ± 0.5 µM) and LimA (1.9 ± 0.3 µM) groups or between the 
control group receiving saline and the control group receiving 0.5 mg/
kg of i.p. amphetamine (CN- AMPH) 1 hour before decapitation (2.6 ± 
0.3 µM). However, a nearly significant increase in the dopamine release 
occurred in the LimA group receiving 0.5 mg/kg of i.p. amphetamine 
(LimA- AMPH) compared with the LimA mice receiving i.p. saline 
(3.3 ± 0.5 µM and 1.9 ± 0.3 µM, respectively; P = 0.057) (Figure 3A). 
Dopamine release after a “phasic” burst of five stimulation pulses at 5, 
10, 20, 40, or 100 Hz was greater in the LimA group than in the control 
group (Figure 3B), with main effects of diet (F(1,10)  = 5.751; P = 0.037) 

Figure 2 Body weight and food intake. (A) Body weight gain over the 6- week feeding period. (B) Daily energy intake in kilocalories averaged per mouse, including all food over 
6 weeks. (C) Percentage breakdown of kilocalories consumed from chow or high- fat food in the limited- access (LimA) group on days with access to high- fat food. (D) The 
overall kilocalorie intake was stable from week 1 to week 6, but (E) mice in the LimA group consumed significantly less standard chow in week 6 than in week 1 (P < 0.05), 
coinciding with a significantly higher percentage of kilocalories from high- fat food (F) after 2 hours (P < 0.05) and (G) after 30 minutes (P < 0.05) using paired Student t tests. 
All data reflect the mean ± SEM (*P < 0.05). [Color figure can be viewed at wileyonlinelibrary.com] 
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and stimulation frequency (F(4,40)  = 48.47; P < 0.001). Amphetamine 
(i.p.) did not alter phasic dopamine release in the CN- AMPH or LimA- 
AMPH mice (Figure 3C- 3D).

Regarding the maximal rate of dopamine uptake (Vmax), we observed 
a main effect of i.p. amphetamine (F(1,40)  = 9.520; P = 0.0037) and 
an amphetamine- by- diet interaction (F(1,40)  = 9.327; P = 0.004). The 
Vmax in the LimA group (1.7 ± 0.2 µM/s) was significantly attenuated 
compared with that in the control group (3.7 ± 0.6 µM/s) (P = 0.019). 
Amphetamine (i.p.) did not affect the Vmax differently in the control 
group receiving saline and in CN- AMPH (3.7 ± 0.4 µM/s) but sig-
nificantly increased the Vmax in the LimA- AMPH group (4.6 ± 0.5 
µM/s) compared with the LimA group receiving i.p. saline (P < 0.001) 
(Figure 3E). Visual representations of single- pulse dopamine release 
and uptake are illustrated, with aggregated line traces showing group 
differences in dopamine release (peak height) and uptake (angle of the 
descending slope) (Figure 3F).

DAT function was impaired after high- fat 
bingeing but was restored with i.p. amphetamine 
administration
The reduced Vmax in the LimA group indicates that bingeing on high- 
fat food impaired DAT- mediated dopamine uptake. To further charac-
terize DAT function, we measured the potency of amphetamine as an 
uptake inhibitor using voltammetry and compared DAT protein levels in 
membrane and cytosolic fractions with Western blotting. Amphetamine 
potency was determined by bathing ex vivo brain slices with amphet-
amine in a dose– response curve and identifying changes in the affinity 
(apparent Km) of the DAT for dopamine. Increased potency is measured 
by greater uptake inhibition at a lower concentration of amphetamine 
(26). A two- way ANOVA identified a main effect of amphetamine 
dose on uptake inhibition within groups (F(4,100)  = 101.2; P < 0.001) 
and a treatment group- by- dose interaction (F(12,100)  = 2.059; P = 0.027) 
(Figure 4A- 4D). Tukey post hoc analysis revealed significantly reduced 
amphetamine potency in the LimA group compared with the control 

Figure 3 Difference in dopamine release and uptake in the nucleus accumbens after intraperitoneal (i.p.) saline or amphetamine (AMPH) administered in vivo. (A) Dopamine 
release evoked by a single pulse in mice receiving i.p. saline or 0.5 mg/kg of AMPH 1 hour prior to brain removal. (B- D) Dopamine release evoked by phasic five- pulse 
stimulation over 5- , 10- , 20- , 40- , and 100- Hz frequencies. (E) Maximal rate of dopamine uptake (Vmax). (F) Visual comparison of averaged line traces showing dopamine 
release (peak height) and Vmax (downward slope) representing the mean ± SEM current in the shaded area with a representative pseudocolor plot for each group. The control 
group included n = 9 slices from n = 5 mice, the limited- access (LimA) group included n = 9 slices from n = 7 mice, the control group receiving 0.5 mg/kg of i.p. AMPH (CN- 
AMPH) included n = 14 slices from n = 9 mice, and the LimA group receiving 0.5 mg/kg of i.p. AMPH (LimA- AMPH) included n = 12 slices from n = 7 mice. All data reflect the 
mean ± SEM (*P < 0.05; ***P < 0.001). [Color figure can be viewed at wileyonlinelibrary.com]
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groups (P < 0.05) (Figure 4A) and LimA- AMPH (P < 0.01) (Figure 4C) 
at 10µM. Interestingly, i.p. amphetamine restored the potency of amphet-
amine as an uptake inhibitor after high- fat bingeing while not changing 
the potency in the control group. Aggregated line traces show uptake 
inhibition in response to 10µM amphetamine (Figure 4E). Finally, am-
phetamine caused a dose- dependent reduction in dopamine release in 
all groups (Figure 4F), consistent with amphetamine causing depletion 
of exocytotic vesicles and DAT- mediated reverse transport of dopamine 
over time.

To examine whether our reported effects on amphetamine potency cor-
responded with DAT protein levels, we conducted Western blot anal-
ysis on enriched membrane and cytosolic fractions of NAc tissue. A 
one- way ANOVA of DAT band density, relative to β- actin, identified 
a significant effect of treatment group (F(3,20)  = 8.672; P < 0.001) on 
the 68- kDa molecular weight band in the plasma membrane fraction 

(considered the immature DAT isoform), with Tukey post hoc analysis 
indicating significantly lower DAT levels in the LimA (P < 0.001), CN- 
AMPH (P < 0.05), and LimA- AMPH (P < 0.05) groups compared with 
the control group receiving saline (Figure 5A,5C). There were no treat-
ment group differences in membrane levels of the mature DAT isoform 
(78 kDa) or the 150- kDa molecular weight band corresponding with 
DAT dimers. No treatment effects were observed on any DAT isoform 
in cytosolic fractions from the NAc.

High- fat bingeing increased presynaptic 
sensitivity to the dopamine D2 receptor agonist 
quinpirole
To examine presynaptic control of dopamine release by dopamine D2 
autoreceptors, the dopamine D2 agonist quinpirole was used to mea-
sure autoreceptor sensitivity. Two- way repeated- measures ANOVA 
revealed main effects of diet (F(1,6)  = 8.047; P < 0.05) and quinpirole 

Figure 4  Amphetamine (AMPH) potency at the dopamine transporter (DAT). (A- D) The potency of AMPH as an uptake inhibitor 
at the DAT, measured as apparent Km (app. Km) for dopamine in the presence of AMPH, applied cumulatively to the slice bath in 
half- log doses. (E) Averaged dopamine traces showed impaired clearance in the presence of 10µM AMPH. (F) Finally, AMPH dose- 
dependently depleted stimulated dopamine release similarly in all treatment groups. Two- way repeated- measures ANOVA was used 
to determine the effects of the drug and diet in the experimental group. The control group included n = 7 slices from n = 5 mice, the 
limited- access (LimA) group included n = 6 slices from n = 6 mice, the control group receiving 0.5 mg/kg of intraperitoneal (i.p.) AMPH 
(CN- AMPH) included n = 8 slices from n = 8 mice, and the LimA group receiving 0.5 mg/kg of i.p. AMPH (LimA- AMPH) included n = 7 
slices from n = 6 mice. All data reflect the mean ± SEM (*P < 0.05; **P < 0.01). [Color figure can be viewed at wileyonlinelibrary.com]
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dose (F(4,24)  = 153.6; P < 0.0001), with Sidak post hoc analysis identi-
fying a significant difference between the LimA and control groups at 
10 nM quinpirole (P < 0.05) (Figure 6A). There was also a main effect 
of diet (F(1,14)  = 52.10; P < 0.0001) and a diet- by- amphetamine (i.p.) in-
teraction (F(1,14)  = 62.17; P < 0.0001) on the quinpirole half- maximal 
inhibitory concentration (IC50), with a significantly lower IC50 in the 
LimA group (6.8 nM) than in the control group (16.3 nM) (P < 0.0001) 
(Figure 6D) indicating enhanced sensitivity to quinpirole- induced inhi-
bition of dopamine release. In controls, i.p. amphetamine reduced the 
IC50 compared with i.p. saline (P < 0.0001).

Discussion
Here, we report that intermittent limited access to high- fat food en-
gendered binge- like feeding that escalated over time and corresponded 
with presynaptic dopamine- terminal adaptations in the NAc core. We 
showed that high- fat bingeing slowed the rate of dopamine uptake, 
enhanced phasic dopamine release, and increased the sensitivity of 
D2 autoreceptors. Increased phasic release, coupled with reduced up-
take, suggests augmented synaptic dopamine signaling after high- fat 
bingeing, possibly leading to an adaptive increase in D2 autoreceptor 
activity to counter increased synaptic dopamine. It is possible that high- 
fat bingeing primes phasic dopamine- release capacity, which could 
heighten dopamine- dependent processes like the salience of drugs, 
palatable high- fat foods, or cues predicting their availability. We also 

showed that i.p. amphetamine administration selectively increased do-
pamine uptake and restored the reduced amphetamine potency in mice 
that binged on high- fat food but had no effect in control mice. This is 
consistent with previous reports of amphetamine reversing dopamine- 
terminal adaptations caused by cocaine self- administration, presumably 
through restoration of normal DAT function (23,24).

Dopamine neurons fire with a tonic pacemaker- like frequency (<5 Hz), 
but salient stimuli initiate phasic burst firing at 15 to 20 Hz (22). Burst 
firing facilitates learning and memory, arousal, assignment of emo-
tional valence, and contextual awareness that collectively contribute to 
the reward salience of abused substances (21). Phasic release elevates 
synaptic dopamine, which increases binding to postsynaptic dopamine 
receptor 1 (D1) and D2 and contributes to behavioral outcomes down-
stream of the NAc (22). We observed that high- fat bingeing had no 
effect on tonic dopamine release (single pulse) but significantly elevated 
dopamine release in response to phasic five- pulse 20- Hz stimulations. 
Microdialysis experiments show a gradual elevation in dopamine with 
food intake (27). The dopamine rise is likely an accumulation of phasic 
dopamine release in response to food, showing a gradual rise in dopa-
mine from baseline after meal onset. The magnitude of phasic dopamine 
release in response to food is related to visual cues and the amount of 
palatable food received (28) but is also triggered by unpredicted food 
delivery (29). Interestingly, depleting dopamine in the NAc reduced 
operant responding for food but enhanced ad libitum food intake (30). 
Together, these data suggest that phasic dopamine release drives appeti-
tive aspects of food intake, whereas reduced tonic levels may encourage 

Figure 5 Dopamine transporter (DAT) protein levels. Western blot quantification of DAT protein (normalized to β- actin) from enriched membrane and cytosolic fractions of 
nucleus accumbens brain tissue. Normalized DAT protein in each group was expressed as a percentage of that of the control group. (A) Histological representation of DAT 
band density at ~150, 78, and 68 kDa in membrane fractions and (B) cytosolic fractions showed a reduced density of only the 68- kDa DAT band in all groups compared with 
the control group. Representative blots showing DAT band density at 150, 78, and 68 kDa, as well as the 46- kDa β- actin band containing (C) membrane and (D) cytosolic 
samples. All data reflect the mean ± SEM (*P < 0.05; ***P < 0.001). [Color figure can be viewed at wileyonlinelibrary.com]
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hyperphagia. This is consistent with the anhedonia theory of food intake, 
which posits that food consumption may compensate for reduced dopa-
mine levels (11), and with the “signal- to- noise” theory, which postulates 
that a greater change in synaptic dopamine is achieved with phasic burst 
firing to stimuli (i.e., palatable food) and that a lower baseline would 
increase the dopamine signal relative to the background noise (21). It is 
possible that high- fat bingeing primes the NAc for phasic dopamine sig-
naling, which may increase dopaminergic responses to palatable food or 
food cues. Intact insulin signaling may contribute to this dopaminergic 
response, given that insulin enhances flavor preferences and synaptic 
dopamine release (31). We have previously reported normal insulin lev-
els in this limited access paradigm (19). Primed phasic signaling would 
be consistent with previous findings that show that intermittent, but not 
continuous, access to high- fat food enhanced the progressive ratio of 

responding to the food (32). Additionally, conditioning to the limited 
access schedule of high- fat delivery may also contribute to the synaptic 
adaptations we observed, as dopamine release is known to shift from the 
reward to cues signaling its future availability with behavioral training 
(33). Together, increased phasic capacity and dietary entrainment may 
promote escalated high- fat bingeing, as we observed in the LimA group. 
Although we cannot measure psychological criteria like embarrassment, 
disgust, or a sense of lacking control, the LimA group matched the 
Diagnostic and Statistical Manual of Mental Disorders criteria for food 
consumption: that is, eating significantly more food in a discrete period 
of time than normal and eating more rapidly than normal. Moreover, 
escalation of high- fat bingeing resembles binge intake of cocaine or 
alcohol in similar restricted- access paradigms (34,35), indicating a sim-
ilar consummatory phenotype between palatable food binges and drug 

Figure 6 Presynaptic dopamine receptor 2/dopamine receptor 3 (D2/D3) autoreceptor function. All groups 
showed a dose- dependent reduction in evoked dopamine release with increasing concentrations of the 
D2/D3 agonist quinpirole. (A) Two- way repeated- measures ANOVA revealed a significant increase in 
D2/D3 sensitivity in the limited- access (LimA) group compared with the control group, whereas post 
hoc analysis identified a significant difference between groups at 10 nM (−8.0 log M) (P < 0.05). The 
quinpirole dose responses were similar between (B) the control group and the control group receiving 
0.5 mg/kg of intraperitoneal (i.p.) amphetamine (CN- AMPH) and (C) the LimA group and the LimA group 
receiving 0.5 mg/kg of i.p. amphetamine (LimA- AMPH). Overall, increased sensitivity is indicated by a 
leftward shift in the regression- curve fit and (D) a reduction in the half- maximal inhibitory concentration 
(IC50) for quinpirole in the LimA group compared with the control group, and amphetamine reduced 
the IC50 for quinpirole in the control group. The control group included n = 4 slices from n = 4 mice, the 
LimA group included n = 4 slices from n = 4 mice, the CN- AMPH group included n = 5 slices from n = 4 
mice, and LimA- AMPH included n = 5 slices from n = 4 mice. All data reflect the mean ± SEM (*P < 0.05; 
****P < 0.0001). [Color figure can be viewed at wileyonlinelibrary.com]
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self- administration. Importantly, mice that binged did not develop obe-
sity in our study. Clinically, there is a higher prevalence of obesity with 
BED, and a possible limitation of our study is the short length of expo-
sure that did not engender obesogenic weight gain. However, our model 
does show neurochemical similarities to behavioral comorbidities like 
substance- use disorders.

We also observed reduced dopamine uptake after bingeing on high- fat 
food, which is consistent with previous reports (19). Reduced uptake 
may prolong dopaminergic signaling, particularly when coupled with 
enhanced phasic release. Reduced uptake did not correspond with 
changes in the mature DAT protein isoform (78 kDa) at the plasma 
membrane, which contain multiple N- glycosylation sites associated 
with a Vmax that is enhanced in comparison with that of the immature 
less N- glycosylated isoform (36). That there were no changes in the 
mature isoform suggests that high- fat bingeing impairs DAT function 
without affecting membrane protein levels. Clinical reports of reduced 
DAT function in patients with BED are linked with polymorphisms in 
the DAT gene (SLC6A3), resulting in a short allele variant containing 
seven or nine tandem repeats (37). This short DAT variant is linked to 
reduced DAT binding availability (38), whereas a longer variant with 
10 repeats enhanced binding of DAT ligands by ~50%. With reduced 
binding availability in patients with BED expressing short DAT vari-
ants, it is interesting that patients with BED are more sensitive to the 
appetite- suppressive effects of DAT uptake inhibitors (4). However, if 
basal dopamine is reduced by high- fat bingeing, as reported in mice 
(19), the elevation in synaptic dopamine by DAT uptake inhibition 
may be sufficient to activate postsynaptic D2 receptors and reduce the 
threshold of burst firing needed to produce enough dopamine to occupy 
lower- affinity D1 receptors, both of which suppress food intake (39,40). 
It is interesting that patients with BED are reported to have increased D2 
availability but that clinical obesity is associated with reduced D2 bind-
ing (6). With respect to BED, this is counterintuitive, considering that 
D2 activation generally reduces food intake. This highlights the com-
plexity of the brain’s neurochemical changes in BED and suggests that 
D2 projections via an “indirect pathway” and other neurotransmitters in 
downstream circuits are worthy of future investigation. Consistent with 
elevated D2 in BED, we observed an increase in presynaptic D2 autore-
ceptor function, which was similar to enhanced D2 sensitivity in alcohol 
withdrawal (41). In this study, however, it is likely that greater phasic- 
release capacity at dopamine terminals caused an adaptive increase in 
D2 autoreceptor sensitivity to limit dopamine activity.

Amphetamine derivatives like methylphenidate, phentermine, and lis-
dexamfetamine are dopamine agonists and DAT ligands used for weight 
management and attention- deficit disorder but they are sometimes used 
off label to treat BED. Long- term use of these drugs is discouraged, 
however, because of high abuse potential. We found that acute amphet-
amine restored DAT function, which likely contributes to the short- term 
efficacy of these DAT ligands for BED treatment. It is also important 
to note that the amphetamine dose we found to improve DAT func-
tion in our study was not found to be anorectic in mice and it may 
cause a protracted increase in food intake (20). It remains to be seen 
whether slightly higher doses of amphetamine that are anorectic also 
restore DAT function. Amphetamine has a transient effect on DAT pro-
tein levels, causing membrane recruitment in the short term (42) but 
internalization over time (43). Amphetamine also disrupts DAT oligo-
meric complexes (44) into more efficient monomer and dimer isoforms. 
These mechanisms contribute to amphetamine’s ability to reverse 
dopamine- terminal changes caused by cocaine, by restoring DAT- 
mediated uptake after a single low- dose treatment (23,24). Repeated 

amphetamine exposure produces behavioral sensitization and increases 
DAT- mediated uptake (19). Interestingly, intermittent access to high- fat 
food attenuates this effect and further enhances behavioral sensitization 
to amphetamine (19). It appears that acute amphetamine administra-
tion normalizes NAc terminal changes caused by high- fat bingeing, but 
repeated amphetamine exposure is unable to sustain these corrective 
effects in mice that binge. This resistance to lasting beneficial NAc- 
terminal changes may contribute to the abuse liability of prolonged 
amphetamine- derived treatments for weight management or BED. This 
raises an important question: does enhancing amphetamine potency 
in a BED phenotype known to have twice the prevalence of stimulant 
and polydrug use (45) and higher impulsivity support a transition to 
stimulant drug use? Considering this question, it may be necessary 
to reexamine whether dopamine agonists that alter DAT function are 
appropriate for a population that may be more susceptible to the neuro-
logical effects of these pharmacotherapies. If so, it begs the question of 
what treatment frequency or duration can be used safely. Future stud-
ies should examine whether high- fat bingeing increases the reinforcing 
efficacy of amphetamine in behavioral studies to further outline treat-
ment parameters and possible abuse potential.O
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