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a b s t r a c t

Food intake is mediated, in part, through brain pathways for motivation and reinforcement. Dysregu-
lation of these pathways may underlay some of the behaviors exhibited by patients with eating disor-
ders. Research using animal models of eating disorders has greatly contributed to the detailed study of
potential brain mechanisms that many underlie the causes or consequences of aberrant eating behaviors.
This review focuses on neurochemical evidence of reward-related brain dysfunctions obtained through
animal models of binge eating, bulimia nervosa, or anorexia nervosa. The findings suggest that alter-
ations in dopamine (DA), acetylcholine (ACh) and opioid systems in reward-related brain areas occur in
response to binge eating of palatable foods. Moreover, animal models of bulimia nervosa suggest that
while bingeing on palatable food releases DA, purging attenuates the release of ACh that might otherwise
signal satiety. Animal models of anorexia nervosa suggest that restricted access to food enhances the
reinforcing effects of DA when the animal does eat. The activity-based anorexia model suggests alter-
ations in mesolimbic DA and serotonin occur as a result of restricted eating coupled with excessive wheel
running. These findings with animal models complement data obtained through neuroimaging and
pharmacotherapy studies of clinical populations. Information on the neurochemical consequences of the
behaviors associated with these eating disorders will be useful in understanding these complex disorders
and may inform future therapeutic approaches, as discussed here.

This article is part of a Special Issue entitled ‘Central Control of Food Intake’.
� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The treatment of eating disorders, such as binge eating disorder,
bulimia nervosa or anorexia nervosa, poses a unique challenge for
clinicians. These disorders are complex, of unknown etiology, and
particularly in the case of anorexia nervosa and bulimia nervosa,
sometimes theorized as being caused or perpetuated by cultural
pressures onwomen to be thin (Strober,1995). Indeed,while culture
and society may be an influence, it is now widely recognized that
there exists a biological basis to these disorders (Bulik, 2004).
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Understanding the biology of aberrant eating is an important step in
the development of appropriate pharmacotherapies. Several
neurotransmitter systems have been proposed to be perturbed in
these disorders (Avena et al., 2009a; Fava et al., 1989; Kaye, 2008;
Kaye et al., 2009; Nathan and Bullmore, 2009), with much atten-
tion given to the role of monoamine systems, particularly dopamine
(DA) and serotonin (5-HT). This review describes findings focused
on these and other systems obtained with animal models of eating
disorders, focusing on binge eating disorder, bulimia nervosa, and
anorexia nervosa. While different in their overt phenotype, these
disorders do share some characteristics and are believed to have
commonalities of dysfunction in brain areas associatedwith reward.

There are data emerging on a variety of neurotransmitters and
hormones thatmay be involved in eating disorders (Barbarich et al.,
2003; Casper et al., 2008; Gaetani et al., 2008; Kaye et al., 2009).
This review will focus on a select few that are particularly relevant
to preclinical laboratory animal models and specificity to areas of
the brain that process reward and suggest pharmacological inter-
ventions based on the present laboratory animal research.
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2. Feeding behavior and reward

Eating is regulated, in part, by areas of the brain that reinforce
behavior. The neurocircuitry underlying food intake and reward is
complex, and a thorough review of this topic is beyond the scope of
this paper. However, detailed reviews of the multiple brain systems
underlying food and reward, and how they interact, can be found
elsewhere (Kelley et al., 2005; Wise, 2006). In brief, taste-sensory
input from the mouth is relayed to cortical areas that must
receive satiety signals from the gut via subcortical mechanisms
(Rolls, 2006, 2007). Limbic areas play a crucial role in this process;
notably the thalamus relays information from energy control
systems in the hypothalamus (Kelley et al., 2005). The hypothal-
amus is also a place where many feeding-related neuropeptides
exert their effects on macronutrient selection (Leibowitz and
Wortley, 2004), under the control of hormones that signal
nutrient stores in the periphery (Leibowitz and Hoebel, 2004;
Strader and Woods, 2005).

The hypothalamus has projections directly to the nucleus
accumbens (NAc) (Yoshida et al., 2006). The NAc is of interest
because it is indicated in the reward of natural behaviors, such as
exercise, sex and feeding. Fig. 1 illustrates some of the specific
neural pathways involved in the eating disorders discussed in this
chapter. Specifically, the NAc is a terminal field of the mesolimbic
dopaminergic system involved in hedonic andmotivational aspects
of feeding (Wise, 2006), as well as a location in which endogenous
opioids act to both modulate DA release (Kalivas et al., 1993) and
affect hedonic processes associated with food evaluation,
consumption and orosensory reward processes (Bakshi and Kelley,
1993; Baldo and Kelley, 2007; Bodnar et al., 2005; Evans and
Vaccarino, 1990; Pecina and Berridge, 2005). There is also a role
for 5-HT in the hypothalamus and other limbic areas in feeding
behavior (Halford and Blundell, 2000b; Leibowitz et al., 1988).
Specifically, 5-HT has been linked to satiety. Serotonergic drugs are
appetite suppressants and can induce weight loss in both labora-
tory animals and humans (Blundell, 1977; Halford and Blundell,
2000a), and these effects have been strongly linked to the
consumption of fat (Blundell et al., 1995). Likewise, ACh from
interneurons in the NAc has been associated with ingestive
behavior (Hoebel et al., 2007; Pratt and Blackstone, 2009; Pratt and
Kelley, 2005), and while the exact mechanisms are not yet clear, it
seems to promote satiety based on findings that show extracellular
increases in ACh levels to be associated with the cessation of
Fig. 1. Dopamine (blue), serotonin (green), acetylcholine (red) and the opioids
(orange) have each been indicated in disordered eating. This schematic illustrates
some of the neuronal projections that research indicates are of particular interest in
the regulation and deregulation of food intake as revealed through preclinical and
clinical studies of eating disorders.
feeding (Mark et al., 1991, 1992, 1995; Rada and Hoebel, 2000). The
effects of activation of specific cholinergic receptors on feeding
behavior are still being explored (Perry et al., 2009; Pratt and
Blackstone, 2009). Based on this behavioral neuroscience, it is not
surprising that a dysregulation in these feeding-reward-related
neurotransmitters and brain areas is seen in studies of eating
disorders.

3. Utility of animal models in eating disorders research

While today it is believed that there is a biological basis for
eating disorders (Bulik, 2004), it is acknowledged that social,
cultural and psychological factors can influence their development
and progression, perhaps more so than in any other psychiatric
disorder. These contributing factors pose a problem for clinicians
developing treatment approaches. Moreover, researchers are often
limited by the fact laboratory animal models cannot fully recapit-
ulate the complexity of the human experience. Nonetheless, animal
models of eating disorders are important to understanding the
biochemical basis of the behaviors associatedwith eating disorders,
as they allow insight into specific neurotransmitter systems that
are involved with the behaviors associated with the disorders, with
social and cultural variables removed. Thus, animal models allow
for an isomorphic assessment of eating disorders in that they can
recreate conditions associated with these disorders (Smith, 1989).

4. Binge eating

Binge eating is most often thought of as a maladaptive behavior
associated with bulimia nervosa. However, binge eating is also
noted in patients with obesity, and itself is a disorder (i.e., binge
eating disorder) (American Psychiatric Association, 2010; Stunkard,
1959). Recent statistics suggest that binge eating is more common
than other eating disorders, affecting approximately 6% of the
non-clinical population, as well as the 2% of the population that
suffers from bulimia nervosa (Hudson et al., 2007). Moreover, binge
eating has been linked to obesity (Hudson et al., 2007; Stunkard,
1959), which presently affects 33% of the population in the USA
(Ogden et al., 2007). Binge eating is characterized by consuming an
unusually large amount of food in a discrete period of time
(American Psychiatric Association, 2000). Foods that are consumed
during a binge episode are typically high in calories, fat, and/or
sugar, and are normally considered as foods meant to be consumed
in moderation (Guertin and Conger, 1999; Hadigan et al., 1989;
Kales, 1990).

4.1. Animal models of binge eating

Several paradigms have been developed for the study of
binge-eating behavior (see (Corwin and Buda-Levin, 2004; Corwin
et al., 2011) for review, and (Avena et al., 2006a; Boggiano and
Chandler, 2006; Corwin and Wojnicki, 2006; for specific details
on some of these paradigms)). Some models encourage voluntary
binge eating in sated animals by offering limited access (e.g., 2-h/
day) to a palatable food, such as one high in fat or sugar (Berner
et al., 2008; Dimitriou et al., 2000), in addition to ad libitum
access to standard rodent chow, for several weeks. Other models
incorporate cyclic periods of food deprivation and feeding in order
to stimulate animals to binge eat when a palatable food is pre-
sented (Avena et al., 2008b). Stressors, such as footshock, can also
precipitate binge eating in rats (Boggiano et al., 2005).

Animal models of binge eating appear to have clinical validity.
Binge eating in humans can occur in sated and hungry individuals
(Marcus and Kalarchian, 2003). Periods of food restriction and
bingeing have been shown in laboratory animal models to impact



N.M. Avena, M.E. Bocarsly / Neuropharmacology 63 (2012) 87e96 89
food consumption long after restriction has ceased (Hagan and
Moss, 1997), a finding that models reports in humans (Polivy,
1996). There is also a connection between stress and binge-type
eating in humans (Cattanach et al., 1988) similar to that observed
in animalmodels. Anxiety is comorbidwith binge eating in humans,
and signs of anxiety-like behavior have been observed in animal
models of binge eating using somatic indications and behavioral
tests (Avena et al., 2008a; Chandler-Laney et al., 2007; Colantuoni
et al., 2002; Galic and Persinger, 2002; Wideman et al., 2005).
4.2. Animal models of binge eating: DA

Data generated from laboratory animal models of binge eating
have yielded important insights pertaining to physiological and
neurochemical alterations thatmay be the cause, or consequence, of
binge eating. Daily binge eating of a palatable sucrose solution has
been shown to affect multiple neurotransmitter systems in reward-
related brain areas. In a model developed in Bart Hoebel’s labora-
tory, rats are food deprived for 12 h and then offered 12-h access to
a 10% sucrose solution, along with standard rodent chow, for
approximately 1 month (Avena et al., 2006a). This feeding schedule
precipitates binge-eating behavior. Binge eating a 10% sucrose
solution causes the repeated release of DA in the NAc (Avena et al.,
2008b), whereas in the case of normal food intake DA release
attenuateswith repeated access to a palatable food (Bassareo andDi
Chiara, 1997). Other laboratories have shown similar, aberrant DA
functioning when binge eating high-fat diets (Liang et al., 2006).
Further, the effect of binge eating on DA release in the NAc is
enhanced when rats are binge-eating sucrose while at a reduced
body weight (Avena et al., 2008c) (Fig. 2). Further dysregulation of
the mesolimbic DA system is seen when rats that are bingeing on
sucrose show an increase in D1-receptor binding in the NAc and
a decrease in D2-receptor binding in the dorsal striatum
(Colantuoni et al., 2001). Similar findings with D2-receptor binding,
Fig. 2. Accumbens DA and ACh release when rats binge on sucrose at a normal body weigh
access to sucrose twice (day 1 and 21), and was similarly reduced in body weight. (A) DA is re
and (B) this release is enhanced (to 179% of baseline) when animals binge on sucrose at a re
(C) ACh rises as the sucrose meal progresses for both groups when at normal body weight. (D
body weight. *P < 0.05 from baseline. Figure reprinted with permission from (Avena et al.
as well as an upregulation in DA transporter, have been reported by
other researchers using a similar paradigm of restricted access to
sucrose (Bello et al., 2002, 2003). Further, bingeing on sucrose
results in changes in dopaminergic gene expression,with a decrease
in D2-receptor mRNA in the NAc and an increase in D3 receptor
mRNA in the NAc and caudate-putamen compared to chow-fed
controls (Spangler et al., 2004). These brain changes are also
summarized in Table 1. It is of interest to note that many of these
changes in DA seen in response to binge eating sucrose are similar to
the changes observed with drug dependency and obesity (Johnson
and Kenny, 2010; Koob and Volkow, 2010; Wang et al., 2004; Wise,
2006), and it has been suggested that binge eating of palatable foods
may result in addictive-like behavior and concomitant neuro-
chemical changes (see Avena et al., 2008b for review).

Pharmacological studies using limited-access precipitation of
binge eating sucrose or fat have shown that the D2 antagonist
raclopride can reduce binge intake of fat, while having no effect on
ad libitum intake of the same food, but attenuates sucrose intake
regardless of availability schedule (Corwin and Wojnicki, 2009).
Further, raclopride differentially effects binge intake of sugar-fat
mixtures, with the largest effect seen when a moderate amount
of sucrose (10%) is added to vegetable shortening (Wong et al.,
2009). These studies are important in that they suggest potential
pharmaceutical DA targeting treatments, while also indicating that
there may be differences in the effects of bingeing with respect to
different macronutrients (Avena et al., 2009b). Further, this
provides evidence that the efficacy of pharmaceutical interventions
targeting the DA system may depend on the individualized
sugar-to-fat ratio in any given binge episode.
4.3. Animal models of binge eating: opioids

A role for opioids in binge eating has been suggested. Rats
bingeing on sucrose or a sweet-fat, liquid diet show a decrease in
t and then again at a reduced body weight (85% body weight). The control group had
leased in response to drinking 10% sucrose on day 21 of access at a normal body weight,
duced body weight. Rats with access to sucrose only two times do not show this effect.
) This effect on ACh release is blunted for the sucrose bingeing group when at a reduced
, 2008c).
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Selected findings in reward-related brain areas using animal models.
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enkephalin expression in the NAc (Kelley et al., 2003; Spangler
et al., 2004). Moreover, rats with binge access to sucrose show an
increase in mu-opioid receptor binding in multiple brain regions,
including the NAc (Colantuoni et al., 2001). Pharmacological studies
suggest that the mu-antagonist naltrexone can suppress binge
eating of sucrose and fat (Corwin andWojnicki, 2009). In a subset of
obese animals that binge eat, chronic opioid antagonism via
intracerebroventricular administration of the kappa antagonist
nor-binaltorphimine dynorphin has been shown to decrease body
weight and food intake (Jarosz and Metzger, 2002). The para-
ventricular nucleus of the hypothalamus has been identified as one
brain region in which a mu-agonist (DAMGO) can stimulate fat
intake in rats that are binge eating, but this effect seems to be
dependent on the animal’s individual dietary preference (Naleid
et al., 2007).

Targeting the opioid system might also be effective in treating
binge eating, in that local injections of the opioid antagonist,
naltrexone, in the reward-related brain regions, has been shown to
decrease intakeof preferred fat andsucrosediets (Naleid et al., 2007).
Further, the opioid antagonist, naloxone, has been shown to block
stress induced eating in rats with a feeding-restriction-refeeding
history (Boggiano et al., 2005). Additional studies show that
naloxone suppresses palatable food intake in animals eating oil
emulsions, sweet solutions, solid fats, and sweet-fat mixtures
regardless of intake pattern, but with a larger effect in animals
engaging in binge consumption (Corwin andWojnicki, 2009; Wong
et al., 2009). Nalmefene, a mu- and kappa-opioid antagonist, has
been shown to attenuate binge eating of a sweet-chocolate diet in
rats (Cottone et al., 2008).

4.4. Animal models of binge eating: ACh

Animalmodels have also unveiled a role for NAc ACh (Rada et al.,
2005) in binge-eating behavior. Normally, ACh release in the NAc
increases as a meal progresses and peaks at the end when the
animal stops eating (Mark et al., 1992). With regard to binge eating,
when rats binge on sucrose there is a delay in the peak release of
ACh in the NAc, as revealed by in vivo microdialysis (Rada et al.,
2005). This may be related to a delay in satiety that could occur
as a result of binge eating. Support for this theory comes from data
showing that when rats binge eat sugar while at a reduced body
weight, or when they sham feed the sucrose, accumbens ACh
release is blunted (Avena et al., 2008c, 2006b).

4.5. Clinical correlates of animal models of binge eating

Clinical findings have supported and enhanced the information
derived from animal models of binge eating (Table 1). Brain
imaging studies suggest a ventral limbic circuit comprised of the
amygdalae, insula, ventral striatum and ventral regions of the
anterior cingulated cortex (ACC) and orbitofrontal cortex are
important in both high-level regulation of feeding behavior (Beaver
et al., 2006; Holsen et al., 2005; Killgore et al., 2003; LaBar et al.,
2001; Morris and Dolan, 2001) and in identifying the emotional
significance of stimuli and affective response (Phillips et al., 2003).
Atrophy or dysregulation in this region has been noted in some
patients who binge eat (Marsh et al., 2009; Woolley et al., 2007).
Moreover, patients diagnosed with binge eating disorder show
stronger orbitofrontal cortex activation while viewing pictures of
food compared with normal weight controls (Schienle et al., 2009).
In a recent PET study of fasted obese binge and nonbinge eaters,
food stimuli specifically increased DA in the caudate and putamen
in the binge eaters, indicating a role for DA in the striatum inde-
pendent of obesity (Wang et al., 2011). A role for DA in binge-eating
behavior has been suggested by findings of short allele 30-UTR
VNTR polymorphisms of the DA transporter gene, which
also suggests that dysregulation of DA reuptake may act as
a common pathophysiological mechanism in eating disorders
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with binge-eating behavior and substance abuse (Shinohara et al.,
2004). With regard to the opioid systems, there is some evidence
that the mu-antagonists can reduce the subjective pleasantness of
palatable food in patients who binge eat (Drewnowski et al., 1995).
Single-photon emission tomography (SPECT) coupled with the
radioligand 123I-labeled nor-beta-CIT, which specifically labels
5-HT transporters, showed decreased 5-HT transporter binding in
obese binge eaters compared to obese controls, providing another
potential pharmaceutical target (Kuikka et al., 2001).

5. Bulimia nervosa

Bulimia nervosa is characterized by binge eating in conjunction
with inappropriate means of compensating for the excess calories
consumed, and it is not always associatedwithweight loss (American
Psychiatric Association, 2000). These patients have an unremitting
drive to restrain their food intake, a fear of gaining body weight, and
often a distorted perception of their body image. Bulimia nervosa is
divided into two subtypes: the purging-type, which is characterized
by purging behavior, usually via emesis, and the lesser-common
non-purging type, which is characterized by fasting or excessive
exercise as ameans bywhich to compensate for the calories obtained
from the binge. There is a noted comorbidity between bulimia
nervosa and other disorders, including substance abuse, affective
disorders, and attention disorders (Altman and Shankman, 2009;
Hatsukami et al., 1984; Sandager et al., 2008).

5.1. Animal models of bulimia nervosa

Modeling bulimia nervosa in the laboratory animal is a challenge.
In part, this is due to the extreme nature of the behaviors associated
with this disorder.Whileno “gold standard” exists, several paradigms
have been used to study aspects of bulimia nervosa. The paradigms
described above for binge eating can all be applied to the study of the
binge-eating component of bulimia nervosa. For instance, cyclic
bingeing coupled with food deprivation may serve as a useful tool in
studying the type of bulimia nervosa in which fasting is involved.
Models that have imposed periods of food restriction followed by
periods of refeeding (Hagan and Moss, 1991, 1997) demonstrate long
term effects on feeding behavior when rats are subjected to restric-
tionerefeeding cycles for several months. When they return to
a normal body weight and feeding regimen, rats with a history of
restriction and refeeding continue to exhibit binge-eating behavior,
even when sated. Food restriction has also been linked with
decreased levels of 5-HT driven by a low rate of synthesis (Haleem
and Haider, 1996) as well as down-regulates the density of 5-HT
transporters (Huether et al., 1997), leading to the clinical use of
fluoxetine (Prozac), a selective serotonin reuptake inhibitor (SSRI), for
the treatment of bulimia (Wong et al., 2005). The restric-
tionerefeeding model also highlights the role that stress can play in
perpetuating a binge in humans (Lattimore, 2001); when laboratory
animals are stressed with a footshock (Hagan et al., 2002) or
confinement (Inoue et al., 2006), they become hyperphagic. When
given voluntary access to palatable food paired with increasing
intensity of footshock, rats designated as binge-eating prone,
consumed significantlymore and tolerated higher levels of footshock
for palatable food than those classified as binge-eating resistant
(Oswald et al., 2011). Thismodelmay be of particular relevance to the
non-purging subtypeof bulimianervosa andmayunderscoreways in
which negative emotions can trigger abnormal eating responses.

While many models have been proposed to assess the bingeing
behavior associatedwith bulimia nervosa, it has beenmore difficult
to assess the purging component. Rats do not have the emetic
reflex, so regurgitation studies are not possible in this laboratory
animal. Gorillas have been reported to engage in regurgitative
behavior, and thus have been proposed as an animal in which to
study bulimia nervosa (Gould and Bres, 1986), but others suggest it
may be a better model for childhood rumination disorder as
opposed to bulimia nervosa (Casper et al., 2008).

Sham feeding has been proposed as an animal model of bulimia
nervosa through its simulation of a defect in satiety mechanisms
(Casper et al., 2008; Davis and Campbell, 1973; Mook and Wagner,
1987; Smith, 1989). The sham feeding preparation allows for the rat
to taste food but retain minimal calories or nutrients, as the food is
expelled through a cannula inserted in the stomach or the esoph-
agus (Smith, 1998). To incorporate the aspects of both binge eating
and purging into one animal model, binge eating has been
combined with gastric sham feeding in the laboratory rat (Avena
et al., 2006b). In this paradigm, when rats are allowed to binge
on a sucrose solution with an open fistula, they ingest copious
amounts of sucrose.

5.2. Animal models of bulimia nervosa: DA and ACh

The section on binge eating describes neurochemical findings
that also relate to the binge eating that may be associated with
bulimia nervosa, therefore this discussion will focus on the findings
obtained with the model of binge eating combined with sham
feeding to simulate the bingeing and purging that together charac-
terize bulimia nervosa. When in vivo microdialysis was used to
measure DA release in rats that were sham feeding while binge
eating, itwas shown that bingeing releasedDA in theNAc, evenwhen
the stomach contentswere immediately purged (Avena et al., 2006b)
(Fig. 3). Since the release of DA occurs in response to the taste of the
sucrose when animals are binge eating with an open gastric fistula,
the release of accumbensDA is not contingent on the full digestion of
the nutrients obtained from the sucrose. It may be that the oro-
sensory reward obtained frombinge eating is repeatedly stimulating
the release of DA in theNAc. It was also noted that the release of ACh,
which as described above is thought to be associated with satiety,
was attenuated when animals were sham feeding (Fig. 3). This
suggests that the ACh satiety effect might be attenuated when
animals purge. Elevated ACh also has been linked to aversive
behavior (Hoebel et al., 2007); so perhaps purging the contents of the
stomach, which reduces ACh release, invariably reduces aversion.

5.3. Clinical correlates of animal models of bulimia nervosa

Data obtained from clinical studies support and validate the
findings obtained with animal models of bulimia nervosa. Imaging
studies have suggested perturbations in reward-related brain areas,
including the insula (Schienle et al., 2009), and executive control and
self-regulatory areas, such as the ACC (Marsh et al., 2009; Penas-
Lledo et al., 2007), in bulimic patients. A role for DA is suggested by
the finding that bulimic patients have low central DA activity as
reflected in analysis of DA metabolites in the spinal fluid (Jimerson
et al., 1992). In addition, bulimic patients have low b-endorphin
levels (Brewerton et al., 1992; Waller et al., 1986), and they also have
decreased mu-opioid receptor binding in the insula compared with
controls, which correlates with recent fasting behavior (Bencherif
et al., 2005). Bulimic patients will binge excessively on non-caloric
sweeteners (Klein et al., 2006), suggesting that they derive benefits
from sweet orosensory stimulation.

6. Anorexia nervosa

As with binge eating, anorexia is both a disorder and a symptom
of other disorders, both psychiatric and organic in nature. Accord-
ing to the DSM-IV-TR, the diagnosis of anorexia nervosa is char-
acterized by a distinct refusal to maintain a normal body weight



Fig. 3. Changes in extracellular DA and ACh release in the NAc when rats are bingeing and purging via sham feeding. Significant differences between groups are indicated by
asterisks (P < 0.05). Significant differences from baseline are indicated by z (P < 0.05). (A) DA release is increased in bingeing rats when both real-feeding and sham-feeding. (B) ACh
increased for real-feeding rats during sugar intake, but there was no change in response for sham-feeding rats during this time marked by black rectangles along the ordinate.
Asterisks indicate that the ACh levels were significantly higher for the real- compared with sham-feeding rats. Figure reprinted with permission from (Avena et al., 2006b).
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(less than 85% of what is expected for age and height), an intense
fear of gaining weight, and amenorrhea for postmenarcheal
females (American Psychiatric Association, 2000). It is estimated
that less than 1% females suffer from anorexia nervosa (Hoek et al.,
1995; Hudson et al., 2007).

Just as some of the findings with binge eating apply to bulimia
nervosa, some of the findings obtained with models of bulimia
nervosa may apply to the study of anorexia nervosa. While these
disorders seem to be opposites in terms of their behavioral char-
acterization, they share the common feature originating from
restrained eating behavior and dysfunctional cognitions related to
body weight and body image (Kaye et al., 2005). This is particularly
evident with the binge-eating/purging subtype of anorexia nerv-
osa, in which patients regularly engage in binge-eating/purging
behaviors while at a low body weight. The other subtype of
anorexia nervosa, restricting type, is characterized by a lack of
bingeing or purging behavior. Further, patients are also known to
cross over between anorexia and bulimia nervosa (Kendler et al.,
1991), and patients with these disorders tend to have increased
levels of anxiety, obsessive behaviors, and perfectionism (Kaye
et al., 2005; Strober, 1980).
6.1. Animal models of anorexia nervosa

The most well-known animal model of anorexia is activity-
based anorexia (ABA) (Routtenberg and Kuznesof, 1967). In this
model, rats are maintained on a severely restricted feeding
schedule, usually 1 h per day of food access, with free access to
a running wheel. Over just a few days, this combination leads to
excessive wheel running and a decline in body weight, amenorrhea
and ultimately death in many cases without experimenter inter-
vention. These behaviors are similar to the core features of anorexia
nervosa as described above.

There are a multitude of other potential animal models that
could apply to the study of anorexia. There are numerous models of
food restriction andmodels of under nutrition that possess features
that apply to aspects of anorexia nervosa (see Carr, 2007; Casper,
1998 for review). Other models that have assessed the effect of
stress on appetite loss are also applicable (Wang, 2002), as anorexic
patients are known to have inappropriate responses to stress
(Miller et al., 2003) and stressful encounters may instigate
anorectic behaviors.
6.2. Animals models of anorexia nervosa: DA

It is known that food restriction andweight loss can enhance the
release of DA in the limbic system in response to rewarding
substances, including drugs of abuse and palatable food (Avena
et al., 2008b; Cadoni et al., 2003; Carr, 2002, 2007; Pothos et al.,
1995; Stuber et al., 2002). Moreover, DA has been shown to have
a role in ABA, particularly in relation to reward and hyperactivity
(Scheurink et al., 2010). Pharmacological experiments show that
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treatment with a non-selective DA antagonist, cis-flupenthixol,
reduces activity levels, and increases body weight and food
intake in ABA animals, but has no effect on food-anticipatory
behavior (Verhagen et al., 2009a). It is interesting that the
hormone leptin, which has been shown to suppress ABA behaviors
(Exner et al., 2000; Hillebrand et al., 2005), is also known to
attenuate the effects of DA and some motivated behaviors in
reward-related brain areas (Fulton et al., 2006, 2000; Shalev et al.,
2001). Thus, leptin’s ability to suppress ABA behavior may be
explained by a direct effect of leptin on the midbrain DA system
(Hillebrand et al., 2008).

6.3. Animal models of anorexia nervosa: 5-HT

The discussions above for binge eating and bulimia nervosa
contrasted the findings with DA with ACh in the NAc, as it has
previously been reported that these neurotransmitters appear to
work in balance to modulate food intake and dysphoric state
(Hoebel et al., 2007). Limited research has been donewith regard to
cholinergic mechanisms underlying anorexia nervosa, but some
studies have assessed the effects of ACh on growth hormone
(Muller et al., 1995; Rolla et al., 1991; Tamai et al., 1990). In contrast,
a large body of research on anorexia has focused on 5-HT systems,
which have also been proposed to serve as aversive motivational
systems that might oppose a DA-related appetitive system (Cools
et al., 2008; Daw et al., 2002). In animals, very low-fat diets, typi-
cally consumed by anorectic patients, have been found to diminish
neuronal 5-HT activity (Muldoon et al., 1992). Further, laboratory
animal studies using ABA show that 5-HT release is reduced in the
NAc (Verhagen et al., 2009b). Moreover, pharmacological
suppression of the serotonergic systems using 8-OH-DPAT reduces
hyperactivity and weight loss in ABA animals, suggesting that
reduction of serotonergic activity can inhibit the development of
ABA (Atchley and Eckel, 2006).

6.4. Animal models of anorexia nervosa: opioids

It has been suggested that endogenous opioid systems are
disturbed in patients with anorexia nervosa whereby patients
become “dependent” on the opioids released as a result of sus-
tained starvation (Luby et al., 1987). This hypothesis has been
supported by findings that female BALB/c mice have a tendency to
be hyperactive and anorexic in response to morphine (Marrazzi
et al., 1990). Opioid dysregulation in brain reward systems is also
suggested by findings of signs related to opiate-like drug with-
drawal in ABA rats that are administered the opioid antagonist
naloxone (Kanarek et al., 2009). Plasma levels of b-endorphin have
been reported to be elevated in ABA rats, as have increases in
hypothalamic b-endorphin and dynorphin-A (Aravich et al., 1993).

6.5. Clinical correlates of animal models of anorexia nervosa

An interesting bridge between preclinical and clinical work on
anorexia nervosa has emerged from the use of imaging in the rat.
MicroPET allows cerebral glucose metabolism to be determined,
and this technique has been applied to rats in the ABA model. Low
metabolism has been noted in several brain areas, including the
ventral striatum, along with a positive correlation noted between
body weight loss and brain metabolism in the cingulate cortex (van
Kuyck et al., 2007).

Clinical studies of anorexia nervosa lend support to the findings
described above. It is interesting to note that patients who have
recovered from anorexia nervosa have exaggerated activation in
the caudate/dorsal striatum and in some cortical regions that
project to this area (Wagner et al., 2007). This may underlie their
strategic, rather than hedonic, approach to tasks and explain the
hyperactivity in the neurocircuitry that mitigates planning and
consequences (Kaye et al., 2009). The DA system has been sug-
gested to have a role in anorexia nervosa through the observation of
reduced cerebrospinal fluid levels of DA metabolites in ill and
recovered patients (Kaye et al., 1999), and PET studies have shown
that patients recovered from anorexia nervosa have increased
D2/D3 receptor binding in the ventral striatum (Frank et al., 2005).
Further, D2 gene polymorphisms have been seen in patients with
anorexia nervosa (Bergen et al., 2005).

In terms of 5-HT, patients with anorexia nervosa have a reduc-
tion in basal concentrations of the 5-HT metabolite 5-HIAA in
cerebrospinal fluid, but these levels are elevated in recovered
patients (Kaye et al., 1984). PET studies using a radioligand for 5-HT
receptors suggest that 5-HT1A and 5-HT2A receptors and the 5-HT
transporter are dysregulated in cortical and limbic regions in
patients recovered from anorexia nervosa (Bailer et al., 2005; Kaye
et al., 2005). It has been suggested that the feeding-provoked
dysphoric mood characteristic of anorexia nervosa (Kaye and
Weltzin, 1991) may be due, in part, to food-induced increases in
5-HT, which drive anxiety through stimulation of the 5-HT1A
receptors (Kaye et al., 2009). Polymorphisms in the 5-HT-1D
receptor gene have been associated with restricting-type anorexia
(Brown et al., 2007). However, SSRIs have been proven inadequate
in effecting the core eating disorder symptoms. Animal models as
well as clinical research indicates an interesting relationship
between DA and 5-HT in anorexia, suggesting an imbalance in the
two is driving the symptoms (Walter et al., 2009). For this reason,
atypical antipsychotics, such as olanzapine, which have effects on
both DA and 5-HT receptors, might be effective in treating anorexia
(Bissada et al., 2008).

With regard to the opioids, endogenous opioids are elevated in
patients with anorexia nervosa (Marrazzi et al., 1997) and gene
polymorphisms of the delta-1 receptor have been linked to
restricting-type of anorexia nervosa (Brown et al., 2007). Although
changes are seen in opioid levels in both the ABA animal model and
in some clinical studies, treatment with opioid antagonists have
only been successful in some individuals, particularly those with
the bingeepurge subtype (Marrazzi et al., 1995).
7. Summary and conclusion

The findings reviewed here suggest that animal models of
eating disorders have contributed to the growing literature on the
perturbations in brain reward systems as they relate to binge
eating disorder, bulimia nervosa and anorexia nervosa. Many
models of binge eating have been proposed, all of which are unique
in that they highlight various aspects that contribute to binge
eating (e.g., stress, food deprivation). Data from animal models of
binge eating have demonstrated alterations in DA, ACh, 5-HT and
opioid systems, and these data are consistent with the findings of
clinical studies. Further, animal models of binge eating allow for
variables, such as macronutrient consumption, to be controlled,
which may ultimately lead to awell-defined characterization of the
effects that overeating of certain nutrients can have on brain
chemistry. Further, by combining binge eating with sham feeding,
the binge/purge aspect of bulimia nervosa can be modeled. When
purging, animals continue to release DA in the NAc, and satiety
may be delayed as reflected by the late rise accumbens ACh. Finally,
models of anorexia nervosa are discussed, with the most
well-characterized being ABA. Findings reveal that both DA and 5-
HT are perturbed in animals maintained on this feeding/exercise
regimen, in ways that are supported by data derived from clinical
cases.
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Preclinical data highlight both similarities and differences that
exist among eating disorders in terms of their influence on
neurotransmitters and gene expression. Further, they offer the
ability for translational research to build upon and complement
animal models of eating disorders. Together with clinical data, the
findings obtained with future studies using animal models will
undoubtedly shed light on the functions of neural circuits in rela-
tionship to aberrant eating behaviors characteristic of these disor-
ders, as well as aide in the development of pharmacotherapies
targeted at specific eating disorders.
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