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Susan M. Murray,1 Alastair J. Tulloch,1 Eunice Y. Chen,2 and Nicole M. Avena1*

1 Department of Pharmacology and Systems Therapeutics, Icahn School of Medicine at Mount Sinai, New York, New York, USA
2 Department of Clinical Psychology, Temple University, Philadelphia, Pennsylvania, USA

Binge eating is seen across the spectrum of eating disorder diagnoses as well as among individuals who do not meet
diagnostic criteria. Analyses of the specific types of foods that are frequently binged upon reveal that sugar-rich items
feature prominently in binge-type meals, making the effects of binge consumption of sugar an important focus of study.
One avenue to do this involves the use of animal models. Foundational and recent studies of animal models of sugar
bingeing, both outlined here, lend insight into the various neurotransmitters and neuropeptides that may participate in
or be altered by this behavior. Further, several preclinical studies incorporating sugar bingeing paradigms have
explored the utility of pharmacological agents that target such neural systems for reducing sugar bingeing in an effort
to enhance clinical treatment. Indeed, the translational implications of findings generated using animal models of
sugar bingeing are considered here, along with potential avenues for further study.
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Introduction

Binge eating is observed across eating disorder diagnoses
[ie, binge eating disorder (BED), bulimia nervosa (BN),
and the binge-purge subtype of anorexia nervosa].
Further, depending on how it is defined, binge eating is
not necessarily limited to those who meet diagnostic
criteria for an eating disorder.1 Binge eating is associated
with higher body mass index (BMI) and greater
prevalence of overweight or obesity, as well as increased
risk for several excess weight–related comorbidities, such
as hypertension, hypertriglyceridemia, and insulin
resistance.2 In addition to physical health risks, binge
eating is associated with several markers of psychological
distress, including depression, stress, and work-related
impairment.3 In light of these concerns, binge eating has
been the focus of several research efforts aimed at
understanding the factors that motivate, perpetuate, and
may help to attenuate this behavior. One such avenue of
study includes the use of animal models of binge eating.
In addition to reducing the variability that exists in
clinical studies, animal models provide an opportunity to

study with greater precision both the acute neural effects
of bingeing as well as neural adaptations that occur as a
result of prolonged periods of binge eating.

Animal models of binge eating also provide a means to
isolate the effects of overeating specific diets or macro-
nutrients. During studies of binge meals in humans,
women increase their intake of dessert and snack foods,4,5

indicating an important role for palatable foods and sugar-
rich items in particular in binge eating behavior. Addi-
tionally, both lean and overweight/obese women who
binge eat show a preference for sweet foods,6 and craving
sweets has been identified as one antecedent for binge
eating.7 Thus, studies from our laboratory and others
investigating the behavioral and neural effects of binge
consumption of sucrose solutions using animal models
may lend insight into patterns of binge eating in humans.

Behavioral and Neural Effects of Binge Eating Sugar

Animal models of sugar bingeing

Several approaches have been successful in promoting
binge eating in rodents.8 For instance, bingeing behavior
has been elicited by offering sugar on a limited,
intermittent schedule of 2 h per day on Monday,
Wednesday, and Friday9 or by offering palatable food to
rats with a history of combined dieting and stress.10

In our laboratory, we have employed an intermittent access
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paradigm to elicit binge eating that involves 12 h food
deprivation and 12 h access to both sugar and chow, which
are offered 4 h into the dark (active) period.11 Over time,
rats on this schedule tend to increase their consumption of
sugar when it is first made available each day (see
Figure 1). Thus, this initial meal is considered a “binge.”12

Concomitant with this behavior are neurochemical
aberrations that may serve to perpetuate sugar bingeing
(see Avena and Bocarsly13). For instance, though
dopamine (DA) release in the shell of the nucleus
accumbens (NAc), a brain region implicated in reward,14

typically wanes with repeated access to a food, even
sugar,15 rats with intermittent sugar access show a
persistent release of DA in the NAc shell in response to
sugar (see Figure 2).16 Notably, this pattern of non-
abating DA release is also observed in response to drugs
of abuse.17 Although food deprivation has been shown to
enhance the release of NAc DA,18 this persistent pattern
of DA release is not seen in rats with intermittent food
deprivation and access to chow but no sucrose,16 which
suggests that the combination of sugar and intermittent
food deprivation contributes to this effect. Interestingly,
sucrose sham feeding (during which the contents of the
stomach are drained via a gastric fistula) on this

intermittent schedule also results in increased NAc DA
release, an effect that persists with repeated exposure,19

suggesting that the taste of sucrose, and not just its
caloric contribution, is important in eliciting this effect.
Exposure to this intermittent sugar paradigm is also
associated with altered gene expression of DA receptors
and opioid peptides in the NAc,20 alterations that
resemble in some ways those seen following morphine
exposure, such as increased D3 mRNA in the striatal
forebrain21 and decreased D2 mRNA in the NAc.22

Intermittent sugar access is also associated with a
delayed release of acetylcholine (ACh) in the NAc, which
has been implicated in satiety,23,24 though there is some
debate surrounding its precise role on the receptor level
in satiety signaling.25 Consistent with this, ACh release is
significantly attenuated in sucrose sham-fed rats.19

Further, with prolonged food restriction, underweight
rats with a history of intermittent sugar access show even
greater DA release and lower ACh release in the NAc in
response to sugar.26

Food deprivation and administration of the opioid
antagonist naloxone both precipitate symptoms of with-
drawal, such as anxiety and somatic signs of distress,
including teeth chattering, among sugar bingeing rats

FIGURE 1. Sugar or chow intake during microdialysis sessions on day 1 and 21. For the sugar drinking groups (top panel), there was no significant difference in
sugar intake on day 1. By day 21, only the Daily Intermittent Sugar group showed a difference in intake relative to day 1. Rats in the Daily Intermittent Chow
group ate the same amount on day 21 as on day 1 (bottom panel). Top panel: Daily Intermittent Sucrose (black bars); Sucrose Twice (gray bars); Daily Ad
Libitum Sucrose (open bars). Bottom panel: Daily Intermittent Chow. *p< 0.05. Reprinted with permission from Rada P, Avena NM, Hoebel BG. Daily bingeing on
sugar repeatedly releases dopamine in the accumbens shell. Neuroscience. 2005;134(3):737–744.
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exposed to this model.27,28 Using a paradigm similar to
that used in our laboratory, which involves 12 h food
deprivation and 12 h sugar and chow access, Wideman
et al29 observed lower body temperature among rats
during a 1-week period of abstinence from the sugar
solution, which was restored with renewed sugar
access. In addition, during abstinence, rats with previous
intermittent sugar intake displayed shaking, teeth
chattering, and biting. Additionally, rats consumed
significantly more sugar in the week following
abstinence than previously, suggesting enhanced motiva-
tional salience. Compared with control animals, rats with
intermittent sugar access also showed increased blood
glucose levels. In terms of neural alterations during
abstinence, we have observed that 36 hours of with-
drawal from both chow and sugar following a period of
sugar-bingeing results in reduced DA and increased ACh
in the NAc27,28—a pattern similar to what has been seen
during withdrawal from drugs of abuse.30

Rats with a history of intermittent sugar access also
show increased locomotor activity in response to the DA
agonist amphetamine, suggesting sensitization of the

dopamine system,31 as well as increased intake of a
9% ethanol solution.32 Rats with intermittent access to
chow also show relatively high levels of consumption of
this alcohol concentration—though less than those with
intermittent sugar access—suggesting a role for food
deprivation in producing this effect. This is not surpris-
ing given previous reports demonstrating enhanced
ethanol consumption in food-deprived rats.33

Sucrose bingeing has also been elicited using a food
deprivation paradigm that allows 20 min daily access to
sucrose, which is followed shortly thereafter by brief
access to chow. Rats on this paradigm show an escalation
of sucrose intake, accompanied by increased dopamine
active transporter (DAT) binding in the NAc and ventral
tegmental area (VTA),34 integral components of the
mesolimbic dopamine pathway, and increased DAT
mRNA in the VTA. Notably, these effects were limited
to rats that were food deprived and predictably received
sugar access at the same time each day. This paradigm
has also been found to result in lower D2 receptor
binding in the NAc than is seen in response to normal
food restriction.35

FIGURE 2. Daily Intermittent Sucrose rats maintain high DA release for 3 weeks. Microdialysis samples were collected on days 1, 2, and 21 of access. DA levels
increased for the Daily Intermittent Sucrose rats (open circles) on days 1 and 2 and again on day 21. DA levels also increased significantly for the Sucrose
Twice (filled circles), Daily Ad Libitum Sucrose (filled squares), and Daily Intermittent Chow (open squares) control groups on day 1, but there was a blunting of
this effect by day 21. The ordinate indicates the hour (0–60 min) of sucrose or chow availability for this test. *p< 0.05. Reprinted with permission from Rada P,
Avena NM, Hoebel BG. Daily bingeing on sugar repeatedly releases dopamine in the accumbens shell. Neuroscience. 2005;134(3):737–744.
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Recent insights

To further elucidate the neural mechanisms that may
underlie binge eating, a number of recent studies have
assessed appetite regulatory signals in the hypothalamus, a
key brain region implicated in the control of feeding
behavior, in the context of bingeing behavior. One study
did not find differences in appetite regulatory neuropeptides
such as neuropeptide Y (NPY), agouti-related peptide
(AgRP), pro-opiomelanocortin (POMC), and cocaine-
and-amphetamine-regulated transcript (CART) within the
hypothalamus of rats and mice after a month of daily 2 h
binge access to a sucrose solution (and otherwise ad libitum
chow access), nor did the authors find altered gene
expression of opioid peptides and D2 and D3 receptors
within the NAc.36 Thus, the paradigm used to model sugar
bingeing (ie, ad libitum chow access vs. intermittent food
deprivation, 2 vs. 12 h sugar access) appears to be important
in eliciting certain neural effects. Further, the authors of this
study also point out that samples were collected immediately
before the normally scheduled binge period. In our previous
study that found reduced and increased NAc expression of
D2 and D3 receptors in sugar bingeing rats, respectively,
samples were selected immediately following binge access.20

Recent research using a drinking in the dark (DID)
procedure (in which alcohol or sugar is offered for a
period of 2–4 h, 3 h into the dark period) has shown
reduced orexin mRNA in the lateral hypothalamus (LH)
of mice following 2 h binge consumption of sucrose or
saccharin37 and reduced orexin immunoreactivity in the
LH of both ethanol- and sucrose-bingeing mice.38 Orexin
is known to stimulate feeding; thus, it has been
speculated that this reduction may be an appropriate
compensatory response to bingeing.37

In addition to the DID procedure, several other
paradigms to induce sugar bingeing have recently been
tested. For instance, an anticipatory contrast paradigm,
which involves giving animals 30min access to a 4%
sucrose solution followed by 30min access to either an
unsweetened solution or a 20% sucrose solution, has
recently been shown to elicit high amounts of sucrose
licking in rats.39 Additionally, sucrose bingeing has
recently been observed in mice given 4 h access to sugar
and chow following 20 h of food deprivation.40 In
response to these conditions, mice progressively
increase their intake of sugar over time and during the
first hour of access in particular. Interestingly, in this
study, neither systemic administration of glucose nor a
chow preload deterred sucrose bingeing; however,
repeated access to greater periods of chow access did
serve to attenuate sucrose bingeing.

Novel Pharmacological Treatment Approaches

Studying various pharmacological treatments for sugar
bingeing imparts additional information regarding the

underlying neural mechanisms involved in bingeing on
this macronutrient. For instance, antagonism of the
orexin type-1 receptor with SB-334867 during the DID
paradigm mentioned previously reduces binge-like con-
sumption of sucrose and saccharin.37,38 This suggests
that orexin receptors may be a useful target to reduce
sugar bingeing behavior. Additionally, during a limited,
intermittent schedule of 2 h access, the D2 receptor
antagonist raclopride reduced sucrose intake.41 Methyl-
phenidate, which acts on both dopamine and norepi-
nephrine, also reduces sucrose bingeing but increases
chow intake, presumably to compensate for lower caloric
intake from sugar. Concomitant with this, methyl-
phenidate treatment leads to increased DAT and D2
receptor binding in the NAc shell.42 GS 455534, an
aldehyde dehydrogenase-2 inhibitor that reduces DA
synthesis,43 has also been shown to selectively reduce
binge consumption of sugar (as opposed to ad libitum
sugar access) in the 12 h access paradigm discussed
earlier.44 In this same study, GS 455534 attenuated DA
release in the NAc in response to sugar by approximately
50%. However, in this experiment, binge sugar con-
sumption was not reduced.44 Together, these data
implicate the dopaminergic system and D2 receptors in
particular in sugar bingeing behavior.

The opioidergic system also appears to play a role in
sugar bingeing. The opioid receptor antagonist naltrex-
one reduces sucrose intake in rats with limited sugar
access41 and in rats consuming sucrose in the
anticipatory contrast paradigm mentioned earlier.39

Similar results were seen with administration of the
irreversible mu-opioid receptor-specific antagonist,
beta-funaltrexamine, into the NAc, indicating that
mu-opioid receptor signaling in the NAc is involved in
sugar bingeing.39 The combination of drugs that act on
different neural systems is also an emerging application
of pharmacological agents that may prove beneficial in
reducing sugar bingeing. Concomitant administration of
naltrexone and baclofen, a GABAB agonist, reduces sugar
intake, with the effect approaching statistical signifi-
cance in the 12 h access paradigm.45 In summary, several
different neural circuits, including those involving
orexin, dopamine, and opioids, appear to participate in
sugar bingeing and represent promising targets for
alleviating bingeing behaviors. It is worth noting that
pharmacological agents that target the serotonergic
system have not yet been studied within this context,
despite evidence suggesting their efficacy in clinical
populations.46

Translational Implications

Animal models provide unique evidence for a model of
the etiology and maintenance of binge eating, in part by
drawing upon addiction models. For instance, they have
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provided insight into the neurobiological changes that
can occur with the onset of a binge, which may promote
the maintenance of this behavior. In line with reports
from individuals who binge with BED or BN and who
recall an initial binge episode as providing the onset for
their disorder,47,48 the animal literature has shown how
truly powerful a 1-trial sugar reinforcement experience
can be on the neural reward system in leading to a
pattern of compulsive binge eating.

Certain animal studies have provided insights into
how the neural changes associated with drug abuse are
similar to those associated with binge eating. In human
studies, this has spawned further investigation of neural
substrates that overlap in addiction and in BED49,50; how
compulsive overeating overlaps with disorders of
addiction51; and whether individuals can substitute one
addiction or reinforcer for another. Examples of the
latter include switching food for alcohol after bariatric
surgery52 or carbohydrates for nicotine after smoking
cessation.53 However, cross-sensitization between
sucrose and nicotine may not be as straightforward, with
other data suggesting that smokers who quit and use
sucrose to cope with acute withdrawal find that although
it reduces anxiety, drowsiness, and cravings for carbohy-
drates and fats, it does not reduce agitation, irritability,
or concentration difficulties.54 Hopefully, animal studies
will continue to further untangle these human findings
and in doing so provide more insights as to how to
increase the likelihood of drug cessation without weight
gain as well as prevent the escalation of drug use
following weight loss surgery.

There are other clinical observations that animal
studies will be important in elucidating. For instance, we
know that individuals who engage in regular binge eating
need to consume more food to feel sated,55 and, despite
eating more after a fast, the duration of feeling satiated
after a meal is shorter.56 However, we still do not
understand the underlying neurobiology of the satiation
process of individuals who engage in binge eating,
although a variety of peripheral neuropeptides have
been ruled out.57,58 The finding that the neurotransmit-
ter orexin, which is associated with satiety, is reduced
following an episode of sugar bingeing in animals is an
exciting one that may lead to the development of
pharmacological treatments for BED and obesity.
However, loss of control binge eating is characterized
in some by binge eating even when one is not hungry,
suggesting that exclusively targeting neural circuitry
involved in promoting satiety may not prevent or
attenuate all instances of binge eating.

Animal studies are also adding to our understanding of
the consequences of binge eating, such as the phenomenon
of “withdrawal.” However, we do not understand
sugar binge withdrawal in individuals with BED and
whether this maintains subsequent binge eating.

Behavioral experiments with humans, in order to assess
whether a prolonged period of abstinence leads to a “sugar
crash” or elicits signs of withdrawal, are unfortunately
lacking.

In concert with human studies,59 animal models of
binge eating have provided evidence of the importance of
dietary restraint as an antecedent to sugar binges.
Depriving oneself of food for a period leads to over-
consumption or consumption of a “forbidden food” and
is the basis of maintenance models for bulimia nervosa
and the binge-purge subtype of anorexia nervosa.60

Indeed, the finding that sugar bingeing was reduced
with repeated regular access to chow suggests that
maintaining consistent periods of healthy food consump-
tion serves to protect against binge eating. The impor-
tance of dietary restraint in maintaining binge eating and
of eating regularly forms the basis of the first-line
treatment for BED—guided self-help cognitive behavior
therapy.61 However, as mentioned, we know that binge
eating is not always driven by energy deficit and can be
precipitated by other factors. For instance, with regard to
stress, negative affect appears to be an important
antecedent to loss of control binges as seen in ecological
momentary assessment studies.62–64 Similarly, some
animal models have observed binge eating of highly
palatable food in response to stressful stimuli.10

Finally, we hope that animal studies will continue to
shed light on our understanding of individual differences in
response to factors such as stress, sleep deprivation, and
possibly interpersonal factors, and how these may or may
not promote binge eating. They may also help us under-
stand why despite some shared neurobiological vulnerabil-
ities, one individual binge eats while another engages in
drug abuse. Untangling these factors may be best achieved
by the cross-talk and cross-questioning that is occurring
between animal and human studies of binge eating.

Conclusion

Knowledge of the physiological mechanisms underlying
bingeing behavior is important for both better under-
standing and treating eating disorders associated with
bingeing. Laboratory animal studies continue to reveal
many of the neurochemical adaptations associated with
this behavior. Specifically, foundational models of sugar
bingeing provide evidence of a unique neural and
behavioral profile seen in animals that binge on sugar
that reflect patterns observed in response to drugs of
abuse. This has led to recent findings that elucidate the
involvement of additional neural circuitry in binge
eating and, as a result, provide a broader picture of the
different neural systems involved in or affected by sugar
bingeing. Moreover, novel pharmacological agents
shown to reduce sugar bingeing in animals may be used
to treat individuals who struggle with binge eating

534 S. M. MURRAY ET AL.

https://doi.org/10.1017/S1092852915000656 Published online by Cambridge University Press

https://doi.org/10.1017/S1092852915000656


sugar-rich foods. Together, animal studies may inform
clinical treatment of binge eating and explain salient
features of this behavior.
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