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We propose a translational approach to the study of anorexia nervosa (AN) based on our human subject studies
where there are characteristic elevations in 5-HT1A receptor binding, associated harm avoidance behaviors,
reduced impulsivity, and comorbid anxiety disorders. Towards this goal, the hyponeophagia assay was
implemented whereby food-deprived mice show increased latency to begin feeding in a novel, anxiogenic
environment. The non-selective serotonin agonist, 5-MeODMT, potentiates feeding inhibition compared to the
inhibition generated by the anxiogenic environment in a drug-by-environment interaction. Thus, using
hyponeophagia inmice, itwas possible to study the following key components of AN: anxiety; feeding inhibition;
and a modulatory role of the serotonergic system. A major prediction of the proposed AN model is that 5-HT1A
receptor activation is necessary for feeding inhibition. In support of this model, the 5-HT1A receptor antagonist,
WAY100635, reverses the 5-MeODMT-dependent potentiation of feeding inhibition. Our findings hint at a
mechanistic role for increased 5-HT1A receptor activation in restricting-type AN. Further implications for the
interplay between anxiety and feeding inhibition in AN are discussed.
© 2009 Elsevier Inc. All rights reserved.
1. Introduction
Serotonin (5-HT) release has been reported consistently tomodulate
impulsive behaviors (Carli et al., 2006). Serotonergic neurons originate
in the raphe nuclei and project to various cortical regions, including the
frontal lobes (Ago et al., 2003; Varnas et al., 2004). Abnormal frontal
inhibition and altered serotonergic signaling likely play important roles
in anorexia nervosa (AN), whereby patients show marked harm
avoidance and have significantly altered 5-HT receptor binding profiles
in cortical regions (Frank and Kaye, 2005). AN is characterized by a
highly distorted body image and a relentless pursuit of weight loss
leading to emaciation and even death. This disorder involves an
abnormally high level of “impulse” control, in which normal food
seekingbehavior is actively inhibited, evenwhen in a state of hungerand
malnutrition (American Psychiatric Association, 2000). Diagnostically,
the onset of AN is often preceded by anxiety disorders and these anxiety
disorders persist as significant comorbid illnesses (Kaye et al., 2004).
Since there are no proven treatments, new insights into neurobiological
mechanisms are needed to identify potential drug targets.

To empirically test the relationship between serotonergic signaling
and the impulse to feed in an anxiogenic setting, we used a
translational approach termed hyponeophagia, where exposure of
mice to novelty inhibits the initiation of feeding (Trullas and Skolnick,
1993). We chose hyponeophagia to explore treatment strategies that
h).
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might be specific to anxiety assayed via feeding inhibition, because
anxiety might involve multiple neuronal circuits that show selective
activation depending on context, stressor, or test condition (Lang
et al., 2000). Most pharmacological studies of hyponeophagia have
been performed in rats, with fewer studies using mice (Dulawa and
Hen, 2005). Rodents are typically exposed to a novel environment
which is anxiogenic, such as an unfamiliar cage or an open field, and
the latency to begin feeding and/ or the amount consumed is
measured. Using latency to feed as a measure has been shown to
have the advantages of reliability and magnitude of response (Merali
et al., 2003). Prior to testing, the rodents are either food deprived
or trained to consume a palatable food that is provided during
the assay. Anxiolytic treatment with benzodiazepines, 5HT1A ago-
nists. or 5-HT re-uptake inhibitors, reduces the latency to feed, while
anxiogenic treatment with the nonselective 5-HT agonist, 5-methoxy-N,
N-dimethyltryptamine (5-MeODMT), increases the latency to feed in
the novel environment. We optimized our assay to limit the need for
training or individual housing and to limit interference from sensor-
imotor deficits by providing ready access to food.

Biochemically, PET imaging in AN reveals an increased ratio of
5HT1A/5-HT2A receptor binding potentials (Frank and Kaye, 2005).
Moreover, harm avoidance, a measure of anxiety and behavioral
inhibition, is positively correlated with 5-HT1A receptor binding in
mesial temporal cortex and subgenual cingulate cortex, andwith5-HT2A
receptor binding inmedial orbitofrontal cortex (Bailer et al., 2004, 2007,
2005; Frank et al., 2002). A better understanding of the relationship
between 5-HT, anxiety, and feeding in AN might lead to better
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treatments. Feeding is anxiogenic for AN, which is paradoxical, as most
people feel relief and comfort after eating (Frank and Kaye, 2005). It is
likely that 5-HT plays a role in this phenomenon, since serotonergic
manipulations that are anxiogenic in healthy human subjects, such as
acute depletion of tryptophan, the precursor of 5-HT, and treatment
withmeta-chlorophenylpiperazine (mCPP), paradoxically show clinical
efficacy for anxiolysis in AN (Frank et al., 2001; Kaye et al., 2003).
Considerable evidence from studies of animals and healthy humans
support the likelihood that 5-HT1A and 5-HT2A receptors plays a role in
anxiety (File et al., 2000; Moresco et al., 2002; Tauscher et al., 2001;
Weisstaub et al., 2006). It is important to note that 5-HT2A and 5-HT1A
postsynaptic receptors are highly co-localized (80%) in rodent frontal
cortex (Amargos-Bosch et al., 2004), and other cortical regions (Varnas
et al., 2004). Postsynaptic 5-HT1A and 5-HT2A receptors mediate,
respectively, the direct hyperpolarizing and depolarizing actions of
5-HT on prefrontal neurons (Santana et al., 2004), which in turn
project to numerous cortical and subcortical areas. Interactions
between 5-HT1A and 5-HT2A receptors in themedial prefrontal cortex
(mPFC) and related regions appear to modulate anxiety, attentional
functioning (Winstanley et al., 2003), impulsivity, compulsive
perseveration (Carli et al., 2006), and exploration of novel environ-
ments (Krebs-Thomson and Geyer, 1998). Mechanistic studies are
needed to further develop a model of AN, whereby an imbalance
between enhanced 5-HT1A and diminished 5-HT2A receptor binding
potentials contributes to feeding and behavioral symptoms.

The purpose of this study is to explore the role of 5-HT1A receptors
in serotonergic potentiation of hyponeophagia. We first validated the
experimental conditions of our assay by showing that mice are
inhibited in beginning to feed in a novel anxiogenic environment and
anxiolytic treatment (i.e. diazepam) can reverse this inhibition. Then,
we confirm a role for the serotonergic system under our assay
conditions by showing that mice treated with the nonselective 5-HT
agonist, 5-MeODMT, show an exaggerated inhibition to begin feeding
in a novel environment compared to placebo, as described previously
in rats (Shephard and Broadhurst, 1982). Second, we hypothesize that
5-HT1A receptor activity is necessary for the 5-MeODMT-driven
inhibition to begin feeding in a novel environment. We tested this
hypothesis by combining the nonselective 5-HT agonist 5-MeODMT
with the 5-HT1A receptor antagonist WAY100635 and asked if this
combination reversed the 5-MeODMT-driven inhibition to begin
feeding. WAY100635 reversed this inhibition driven by 5-MeODMT,
thus supporting our hypothesis and hinting at a mechanistic role for
increased 5-HT1A receptor activity in the inhibition to feed seen in AN.

2. Methods

2.1. Subjects

Briefly, wild-type C57BL/6Nmale mice, were acquired at 6–8 weeks
of age (Charles River, Wilmington, MA) and acclimated to the vivarium.
Mice were group housed under a 12 h light/dark reverse cycle in a
temperature-controlled environment. Behavior was assayed between
noon and 5 pm. All animal testingwas conductedwithin NIH laboratory
animal care guidelines and under IACUC approval.

2.2. Hyponeophagia procedure

We implemented the hyponeophagia assay as previously described
(Jennings et al., 2006; ShephardandBroadhurst,1983)with the following
optimizations to address the corresponding methodological considera-
tions. Wild-type C57BL/6N male mice were food deprived overnight for
18 h before testing. Feeding latency was assayed by placing the mice in a
novel plastic cage,without bedding andunder bright light. On thefloor of
the cagewere 15 evenly spaced food pellets. This procedure ensures that
mouse is immediately aware of the food and minimizes sensorimotor
confounds in the assay. Latency to feed was measured from the time the
mouse was placed in the novel environment until the mice persistently
fed for greater than 3 s while holding the food with their front paws.
Latencies were scored up to a cutoff time of 300 s. After testing, all mice
were returned to their homecages and given free access to food. To assess
feeding in the home cage environment, mice were presented with 15
pellets that were evenly distributed across the home cage in a darkened
roomand latency to begin feedingwas assayed from the timeof exposure
to food as above. Latency was scored by a rater blind to treatment group.
As previous hyponeophagia studies have been established predomi-
nantlyusingmalemice,we followed this path to establishourassay. Since
AN predominantly affects women (American Psychiatric Association,
2000), we hope to extend our studies with female mice in the future.

2.3. Behavioral testing

In experiment 1 and 2, we conducted an initial validation of the
hyponeophagia paradigm, comparing feeding latency across novel and
home cage environments. In addition, we compared the effects of the
anxiolytic treatment diazepam and the anxiogenic treatment 5-MeODMT
in the novel environment. Mice were assayed for feeding latency 25 min
after treatment with vehicle, diazepam, or 5-MeODMT. In experiment 3,
we compared the effects of the anxiogenic treatment 5-MeODMT with
and without pretreatment with the 5-HT1A receptor antagonist
WAY100635 inbothhomeandnovel environments.Micewerepretreated
with WAY100635 10 min before treatment with vehicle or 5-MeODMT.

2.4. Statistics

Data are depicted as means/standard errors and tests of
significance were performed as described below. For experiment 1,
an analysis of variance (ANOVA)was performedwith environment as
a between-subject factor. For experiment 2, two separate two-tailed
t-tests were performed comparing diazepam treatment to vehicle,
and 5-MeODMT treatment to vehicle. For experiment 3, a two-way
ANOVA using 5-MeODMT treatment and environment were used as
between-subject factors. For experiment 4, a two-way ANOVA using
5-MeODMT treatment and WAY100635 treatment were used as
between-subject factors. Statistical analysis was performed using the
BMDP statistical package (Statistical Solutions, Sangus, MA). Post hoc
analyses were also completed when appropriate using Tukey's post
hoc test.

2.5. Drugs

Mice were treated subcutaneously with either drug or vehicle as
described. Vehicle was either saline (0.9% NaCl) or 0.3% Tween-80/
0.9% NaCl (for diazepam experiments only). In experiment 2, when
5-MeODMT and diazepam groups shared the vehicle group, half of
the vehicle animals were treated with saline vehicle while half of
the group was treated with 0.3% Tween-80 vehicle. Because
statistical analyses indicated no difference between the vehicle
groups, data were pooled across them. Diazepam (Abbott, Abbott
Park, IL) was administered at a dose of 1 mg/kg and 5-methoxy-N,
N-dimethyltryptamine oxalate (RBI-Sigma, St. Louis, MO) was ad-
ministered at a dose of 0.625 mg/kg to maximize efficacy, while
limiting sensorimotor side-effects based on data from ongoing
motor assays in the laboratory. WAY100635 (Sigma, St. Louis, MO)
was administered at a dose of 0.3 mg/kg and injected 10 min prior
to the 5-MeODMT or vehicle treatment.

3. Results

3.1. Mice are inhibited from beginning to feed in a novel environment

Under our experimental conditions, mice subcutaneously treated
with vehicle alone show a significantly greater latency to begin feeding



Fig. 2. 5-MeODMT was injected subcutaneously at a dose of 0.625 mg/kg and latency to
feedwas assayed in both the anxiogenic, novel environment aswell as in thehomecage. 5-
MeODMT inhibited feeding compared to vehicle in the novel environment (this data is
depicted from Fig.1 for comparison) but was not significantly different than vehicle in the
home cage. (⁎⁎pb0.01 versus vehicle in novel environment, ++pb0.01 vs. home cage
vehicle, Tukey's test).
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in the novel environment compared to feeding in the home cage (Fig.1;
t(1, 14)=16.07, pb0.01). This inhibition to begin feeding was
significantly reversed when mice in the novel environment were
treated with 1 mg/kg diazepam (Fig. 1; t(1, 14)=9.03, pb0.01).

3.2. Non-selective 5-HT agonist 5-MeODMT potentiates inhibition to
begin feeding in a novel environment-dependent manner

Wenext treatedmicewith 0.625mg/kg 5-MeODMTand assayed for
latency to begin feeding in a novel vs. familiar environment. 5-MeODMT
significantly increased the latency to begin feeding in a novel
environment compared to vehicle (Fig. 2; Drug×Environment interac-
tion: F(1,34)=108.62, pb0.001, 5-MeODMT vs. vehicle in novel
environment, pb0.01 Tukey's post hoc test). 5-MeODMT did not
increase latency to feed in the home cage (Fig. 2, 5-MeODMT vs. vehicle
in home cage, n.s., Tukey's post hoc test).

3.3. 5-HT1A receptor antagonist WAY100635 reverses 5-MeODMT-
dependent potentiation of feeding inhibition

We hypothesized that 5-HT1A receptor activation is necessary for
5-MeODMT to increase the latency to begin feeding in the novel
environment. To test this hypothesis, we pretreated mice with the
5-HT1A receptor antagonist WAY100635 at a dose of 0.3 mg/kg or
vehicle 10 min prior to injecting 5-MeODMT or vehicle and assayed
mice for latency to begin feeding in a novel environment.
Pretreatment with WAY100635 reversed the 5-MeODMT-dependent
increase in latency to begin feeding, but did not affect feeding
when administered alone (Fig. 3, WAY100635×5-MeODMT inter-
action: F(1,25)=313, pb0.001).

4. Discussion

While hyponeophagia studies, especially with pharmacological
interventions, have been performed largely in rats over the years, we
wanted to establish such an assay in mice given the availability of
genetic interventions (Dulawa and Hen, 2005; Jennings et al., 2006).
We modified previous methods to limit sensorimotor confounds as
well as to represent the components relevant for the translational
study of AN: anxiety-induced inhibition to feed while hungry and
manipulation of the serotonergic pathway. As a role for 5-MeODMT in
hyponeophagia has been described previously only in rats, we
Fig. 1. Wild-type C57BL/6N mice were assayed for latency to feed in the novel,
anxiogenic environment as well as in their home cage, as described. Each condition
represents data from 6–8 mice. Diazepam was injected subcutaneously at a dose of
1 mg/kg and 5-MeODMT at 0.625 mg/kg. Vehicle for the 5-MeODMT condition was
saline (0.9% NaCl) and for the diazepam condition, it was 0.3% Tween-80/0.9% NaCl. The
anxiogenic novel environment increased feeding latency and diazepam reversed this
increase. 5-MeODMT further increased feeding latency in the novel environment
compared to vehicle. (⁎⁎pb0.01 versus vehicle in novel environment by T-test).
confirmed this role in mice under our experimental conditions. We
next tested the hypothesis that this effect of 5-MeODMT in
hyponeophagia was a drug-by-environment interaction. Our data
supported this hypothesis as well (Fig. 2). By doing so, we
demonstrated a role for the serotonergic system in potentiating
feeding inhibition in a novel, anxiogenic environment. In sum, we find
that our hyponeophagia assay combines the attributes we seek to
model in a translational approach to AN, i.e. anxiety, feeding inhibition
in a hungry state, and regulation of feeding behaviors by changes in
serotonergic tone.

Using this model, we are able to test a major prediction of our
AN model: when the non-selective 5-HT agonist 5-MeODMT
potentiates feeding inhibition in an anxiogenic environment, is it
doing so via activation of 5-HT1A receptors? First, our experiments
using the 5-HT1A receptor antagonist WAY100635 (Fig. 3) support
our hypothesis that 5-HT1A receptor activation is necessary for the
5-MeODMT-dependent potentiation of feeding inhibition in an
Fig. 3. Mice were pretreated with subcutaneous injections of either vehicle or 0.3 mg/kg
WAY100635, then treated with a second subcutaneous injection of vehicle or 5-MeODMT
and assayed for latency to begin feeding in the novel environment. WAY100635 reversed
the inhibition to begin feeding seen in the presence of 5-MeODMT alone. (⁎⁎pb0.001 vs.
vehicle/ vehicle, ++pb0.001 vs. vehicle/5-MeODMT, Tukey's post test).
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anxiogenic environment. Second, our data suggest that 5-HT1A re-
ceptor activation is not necessary for the inhibition of feeding induced
by the anxiogenic environment alone. Consistent with previous studies
(Rochford et al., 1997), as a validation of both the anxiogenic quality of
the novel environment and our assay conditions, the benzodiazepine
diazepam is able to inhibit the underlyingneurotransmitter pathway(s),
presumably by activating γ-amino butyric acid (GABA) receptors. We
next consider whether the 5-MeODMT-dependent potentiation of
feeding inhibition is related to anxiety. This potentiation of feeding
inhibition is likely anxiety-related since the 5-MeODMT effect shows a
drug-by-environment interaction with the anxiogenic environment.
Furthermore, based on ourmethodsdesigned tominimize sensorimotor
influences and the lack of an effect of 5-MeODMT in the home cage, it is
unlikely that 5-MeODMT causes its effect via generalized sensorimotor
distortions.

An intriguing implicationof our studieswithWAY100635ariseswhen
we consider previous studies that have shown that activating 5-HT1A
receptors via agonists, such as buspirone, reverse the feeding inhibition
derived from the novel anxiogenic environment (Merali et al., 2003).
Studies using a variant of hyponeophagia, called novelty suppressed
feeding, in knockout mice lacking the 5-HT1A receptor, show that
expression in the forebrain but not in the raphe nuclei during early
postnatal development, is necessary for normal anxiety behavior in the
adult (Gross et al., 2002). This study defines a temporal and spatial
parameter for the role of 5-HT1A receptors in anxiety and confirms prior
data (Ramboz et al., 1998) that a loss of 5-HT1A receptor function
specifically duringdevelopment leads to an increase in anxietybehaviors.
In the studies using novelty suppressed feeding (Gross et al., 2002), loss
of 5-HT1A receptorsonlyduring postnatal development led topotentiated
feeding inhibition and re-expression of 5-HT1A receptors during this
period but not adulthood, led to reversal of this potentiation. In our
hyponeophagia assay, antagonizing 5-HT1A receptors in the presence of a
nonselective 5-HT agonist causes reversal of the 5-MeODMT-derived
feeding inhibition but not of the novel environment-derived component.
As discussed above, our results support the AN model where increased
5HT1A/5-HT2A receptor activation promotes the ill anorexic state,
whereas knocking out 5HT1A receptors in an assay of novelty suppressed
feeding also inhibits feeding, instead of reducing feeding inhibition. This
difference in outcome is likely due to the transience of the pharmaco-
logical blockade of the 5HT1A receptor in healthymice (our study) versus
the developmental effects of 5-HT1A gene deletion on novelty suppressed
feeding. Another genetic knockout study using the novelty suppressed
feeding assay that also contradicts ourANmodel (Weisstaub et al., 2006),
finds that knocking out 5HT2A receptors diminishes feeding inhibition
compared to that seen in wild-type mice and that 5HT2A receptor
expression in the frontal cortex is necessary to reverse this effect. In the
studies that disrupt 5HT2A receptor activity, methodological differences
with their corresponding time course of actions, i.e. acute pharmacolo-
gical (Griebel et al.,1997) versus genetic or antisense approaches (Cohen,
2005), do lead to distinct outcomes. Therefore, to accurately reflect the
biological actions of an elevated 5HT1A/5-HT2A receptor profile, future
iterations of our ANmodelwill need to factor in the effect of downstream
signaling from these receptors and the neuroplasticity that likely follows.

Several caveats apply to translational approaches, including those
described above, whereby experiments in rodents are used to test our
model of ANderived fromdata thatwere generated inhumanstudies. As
the neurobiology of AN is largely unknown, our approach cannot have
strict construct and etiological validity at this time (Geyer and Markou,
2002). However, we argue that assaying putative anxiety-induced
inhibition of feeding in mice while hungry, provides a compelling
approach to test our model of serotonergic modulation of feeding and
emotional behavior. Several of the commonlyusedparadigmsof anxiety,
such as elevatedplusmaze, open-field activity and social interaction test
(Belzung and Griebel, 2001), also involve the use of psychogenic
stressors although they lack a measure of feeding behavior. Hyponeo-
phagia provides an ethologically relevant paradigm to assess inhibition
of approach to food, a non-defensive behavior, when mice are placed in
an unfamiliar environment (Merali et al., 2003). Ethologically relevant
paradigms characteristically have substantial face validity, as in the case
of mouse defensive behaviors, which have been proposed as models of
defense-related psychopathology in humans (Blanchard and Blanchard,
2001). Similarly, hyponeophagia provides a useful model for AN,
whereby the majority of a large, well characterized patient sample
met diagnostic criteria for anxiety disorders (Kaye et al., 2004). The fact
that the anxiety diagnoses had onset in childhood and preceded the
onset of AN, underscores the need to investigate the mechanisms of
anxiety symptoms in individuals ill with AN to provide mechanistic
insight for treatment.

Another aspect of the psychogenic-stressor based tests mentioned
above is that they measure “normal” or “state” anxiety by introducing
the rodent to a predator or novel situations and typically assaying
spatiotemporal parameters. A problemwith tests of “state” anxiety has
been that they do not discriminate between anxiolysis from various
classes of anxiolytics, suchasbenzodiazepines, 5HT1A agonists, and5-HT
re-uptake inhibitors. On the other hand, models of “pathological” or
“trait” anxiety do respond specifically to a particular mechanism of
anxiolysis and begin with a higher baseline of anxiety-like behaviors
without the need for anxiogenic stimuli. However, genetic models of
“trait” anxiety inmicemissing a gene for a given neuropeptide, enzyme,
or receptor most accurately model the behavioral manifestations of a
single gene deletion (Belzung and Griebel, 2001), rather than modeling
the genetic complexity of anxiety (Hettema et al., 2001). One solution
that mitigates the limitations of both “state” and “trait” models is to
establish a baseline with a combination of pharmacological and novel
stimuli, as described above, where hyponeophagia was assessed upon
treatment with 5-MeODMT in a novel environment. Such an approach
may facilitate the delineation of anxiety responsive to serotonergic
agonists/antagonists versus that responsive to benzodiazepines.

To predictwhat drugsmight prove effective in AN, itmay be useful to
model the feeding inhibition data in terms of the neurochemical
responses of anxiety assayed in hyponeophagia. Anxiety induced by the
novel environment alone in hyponeophagia responds to anxiolysis by
benzodiazepines, as does anxiety in other psychogenic paradigms
mentioned above (Merali et al., 2003). While symptoms of anxiety
disorders do respond to benzodiazepines (Davidson, 2009), to our
knowledge there are no published reports supporting clinical efficacy in
treating anxiety symptoms in individuals illwithAN.Anxiety inducedby
5-MeODMT in anovel environment is responsive to anxiolysis by 5-HT1A
antagonism, and serotonergic manipulations that are anxiogenic in
healthy human subjects, such as acute tryptophan depletion from the
diet and treatment with meta-chlorophenylpiperazine (mCPP), para-
doxically show clinical efficacy for anxiolysis in AN (Frank et al., 2001;
Kaye et al., 2003). A “two pathway” anxiety circuit that inhibits feeding
maybeused to describe thesefindings: “pathwayone” is engagedby the
novel environment in hyponeophagia and is responsive to anxiolytic
drugs such as benzodiazepines andmodels anxiety disorders; “pathway
two” is engaged by 5-MeODMT in hyponeophagia and is responsive to
paradoxical serotonergic manipulations, but not to anxiolytics such as
benzodiazepines, and models the anxiety in AN. Further translational
work is necessary to understand the neurochemical basis of anxiety in
AN, so that novel pharmacotherapeutic strategies can be developed for
this fatal illness.
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