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Abstract

Stressors are known to impact eating behaviors. However, recapitulating the intricate interplay
between chronic stress and aberrant human eating patterns in an animal model remains a
challenge. Notably, binge eating, a diagnostic feature associated with many types of eating
abnormalities, particularly pertains to the binge eating disorder. To more closely investigate the
etiology underlying eating behavior-associated maladaptation, the present study provides a
novel and ethologically relevant animal model based on predatory odor stress. My data show
that chronic stress in female mice selectively increases consumption of highly palatable, but not
the regular, diet, when it is presented during a limited time following stress exposure. In
addition, the nucleus accumbens (NAc), a key component in the neural circuitry of reward, is
also an established neural substrate susceptible to the effects of stress. Given the cellular
complexity in NAc, identifying the neuronal subtypes that are selectively involved in chronic
stress-elicited physiological and behavioral alterations will provide grounds for further
understanding in the underlying cellular changes. Because deficits in the somatostatin (SOM)
neurons have been implicated in mice exhibiting traits of anxiety and depression, this neuron
subtype may play an important role in modulating negative behavioral emotionality. Here I report
an abundance of somatostatin neurons, majority of which are located in the rostral-ventral
region of the NAc and are activated by chronic stress exposure. Together, these results provide
the first line of evidence in linking chronic stress and the somatostatin neurons within the NAc to
binge eating. Further fluorescent labeling quantification and cell-type-specific optogenetic
manipulation will be needed to further delineate the role of SOM neurons in orchestrating the
inhibitory components of stress-modulated reward circuitry.

Thesis Supervisor: Ki Goosens
Title: Assistant Professor of Brain and Cognitive Sciences
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Specific Aims

Prolonged exposure to stressful experiences can lead to a variety of maladaptive
behavioral and physiological changes 1. Moreover, stress and negative affect are commonly
associated with increased susceptibility for eating disorders 2,3. A core symptom for several
eating disorders is characterized by recurrent episodes of binge eating 4. Research using animal
models of stress has begun to yield physiological and biochemical insights underlying aberrant
eating behaviors 5-7. Nonetheless, stress does not generate a uniform effect on the animals'
responses toward food, which vary greatly, in part, depending on the type of stressor used.
Such inconsistency warrants an experimental design for a more ethologically natural model,
preferably one that incorporates innate anxiety into emotional stress-elicited eating.

Furthermore, it is widely recognized that chronic stress-induction procedures profoundly
affect motivated behaviors V . Notably, the mesolimbic system, including the nucleus
accumbens (NAc), contributes significantly to basic motivational processes 8-12. The NAc is
composed of heterogeneous cell types, including the somatostatin (SOM) neurons. Chronic
inhibition of SOM cells in the frontal cortex produces anxiety and depression-like behaviors in
mice 13. Despite implications that SOM neurons may play a role in mediating behavioral
emotionality, SOM neuronal subtype in the NAc remains largely unexplored. Using cell-type-
specific Cre-dependent recombination technologies, this study aims to elucidate the functional
role of SOM neurons within the NAc in a modified binge-eating animal model that is manifested
by protracted stress and anxiety.

Aim 1: Establish and characterize a binge-eating animal model driven by chronic
predator stress. Prior to the induction of stress, wild type (WT) female mice will be randomly
assigned to one of two groups: stressed (S) or non-stressed (NS). On successive days of
stress, the S group will be presented with the predator odor stressor, whereas the NS group will
be placed in a cage with clean bedding. Immediately following stress sessions, both groups of
animals will have limited access to food pellets containing high fat and high sucrose (HFHS). To
examine the resulting behavioral and physiological outcomes, measurements such as the
amount of HFHS intake, daily body weight and standard chow (STD) consumption will be
recorded. The animals will also be subjected to multiple behavioral assays, as well as a
corticosterone test to confirm the state of stress-dependent affect. Presumably "primed" by
stress-associated changes, such as elevated anxiety levels, I hypothesize that animals from the
S group show increased HFHS intake compared to the NS group.

Aim 2: Investigate the role of SOM neuronal activation within the NAc in stress
experience-dependent bingeing behavior. Two transgenic mouse lines, the SOM-Cre and
tdTomato (tdT) fluorescent reporter, will be crossed to generate SOM-tdT mice. Examining the
SOM-specific fluorescent labeling in those mouse brains will allow one to identify specific
locations of the SOM neuronal ensembles within functionally distinct regions of the NAc. A
group of SOM-tdT animals will either be subjected to predator stress or clean cage exposure as
described in Aim 1 and sacrificed 1 hr after the final stressor or NS context exposure session.
The tdT expression within the NAc from these animals will then be quantified in combination
with a neuronal activation marker, c-Fos. Because the NAc has been established as a key
mediator of appetitive behavior and a neural substrate for stress 14, activity of the SOM neurons
in this region are well-situated to be affected by stress. The expected outcome is an increased
co-localization between c-Fos and SOM labeling in the S group. Furthermore, Cre-dependent
ArchT-GFP or GFP virus will be injected and optic fibers will be implanted in the NAc of the
SOM-Cre mouse. After 1 month of recovery, the mice will be divided into S and NS groups
within mice that received either ArchT or GFP infusion. Green light will then be delivered to
every mouse undergoing S or NS exposures. I hypothesize that SOM-specific inhibition in the
ArchT-S group will generate the most pronounced reduction in HFHS bingeing behavior
compared to mice from the GFP-N, GFP-S, or ArchT-N groups.
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Background and Significance

Stressful experiences have been long established as a potent trigger for a range of

behavioral abnormalities. Although acute stress is generally considered adaptive, chronic

stress, particularly when coupled with a perceived lack of control, contribute to affective and

emotional deficits and cause physiological and behavioral changes 1. Importantly, human eating

behaviors are highly susceptible to the effects of stress and anxiety 3,15,16. In a retrospective

human study, findings from Oliver and Wardle (1999) reported approximately 40% of college

participants exhibited hyperphagia under stress. More importantly, the same study showed the

majority of the respondents (73%) reported increased frequency in snacking when under stress,

with greater consumption in energy-dense foods, such as sweets and chocolate (70%), than the

less calorie-compact bread (29%). Parallel observations were found by Zellner et al. (2006),

where a shift toward choosing higher calorie or highly palatable foods like M&Ms increases

under stress.

Given these earlier findings, it is not surprising that a growing number of human and

animal studies suggest an association between stress and the development of eating disorders.

Multiple clinical findings provide evidences linking stress, including adverse life events and

physical or emotional abuse, with the onset and expression of eating disorders 17-19. Binge

eating disorder, which affects approximately 5% of the general population as well as 2% of the

population that suffers from bulimia, is the most common form of eating disorder 20. Patients

afflicted with binge eating disorder are often overweight or obese, and have an increased

cardiovascular disease and type 11 diabetes symptoms, presenting multiple long-term adverse

public health concerns 20,21. Interestingly, a core symptom for several eating disorders, such as

binge eating disorder, bulimia nervosa, and binge/purge subtype of anorexia nervosa, is

recurrent episodes of binge eating 4. Specifically, binge eating involves a rapid and excessive

4food consumption that is not propelled by hunger
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In animal models of eating disorders, the effects of chronic stress on food intake has

been studied extensively. To replicate features of human binge eating conditions, most animal

studies involve the use of physical stressors, food restriction, or a combination of both 5,22,23, and

often focus on the actual amount of food consumption following a stress manipulation 24

Nevertheless, conclusions drawn from these animal studies often vary considerably from one

another and also differ from clinical observations 25. One study comparing chronic physical

stress (footshock) with emotional (witness) stress in rats revealed that physical stress reduced

consumption and preference for saccharin drink, whereas emotional stress increased saccharin

preference and consumption compared to water 26. Taken together, such disparate results occur

largely due to variation in the type, intensity, and duration of the stressors applied, highlighting

the challenges in recapitulating the complexity of human experiences. In the present study, a

more naturalistic predatory stress paradigm will be established. Exposure of rodents to natural

predators or to their odors has been shown to induce anxiety-like states 27. Because generalized

anxiety is a part of a range of stress manifestations, it is conceivable that a more naturalistic

animal model for stress and anxiety can be used to generate stress-associated binge eating

behavior in mice.

Much of the literature on binge-like feeding neural correlate in the brain focuses on the

reward circuit, specifically the mesolimbic dopaminergic pathway 28. According to the pioneering

work of Bart Hoebel, neuronal alterations underlying hedonic, reward-based (non-homeostatic)

feeding, often involves excessive consumption of highly palatable food, may produce similar

physiological changes in the brain reward circuit as in drug addiction 2830. Namely,

administration of drugs of abuse in rats led to increased extracellular dopamine (DA) release in

the NAc 31. Similar dysregulation has been observed in sugar-addicted 30 and high-fat binge

eating 32 animals. Moreover, based on the consumption and taste-reactivity measures of

palatability in rodents exhibiting sugar addiction, several groups have reported that mu-opioid

receptor binding is significantly enhanced in the NAc shell, among other brain regions, in
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mediating hedonic processing or reward "liking" 8,33-35. Conversely, the administration of the

opioid antagonist, naloxone, precipitates signs of withdrawal 36, indicating that excessive sugar

intake can alter the endogenous opioid system specifically in the NAc. Collectively, these

neurochemical results strongly posit a role for the NAc in mediating binge-eating of the calorie-

dense food.

Interestingly, the reward circuitry involving the NAc can be shaped by aversive

experiences as well . Using the social defeat paradigm, findings from Berton et al (2006)

demonstrates a robust and long-term elevation in the brain-derived neurotrophic factor (BDNF)

levels within the NAc region in the brains of the socially-defeated mice. Additional work by Lim

et al. (2012) revealed that, in chronically-stressed animals, a melanocortin 4 receptor (MC4R)

knock-down specifically in the NAc resulted in the prevention of stress-induced reduction in

sucrose preference, indicating potential interaction between NAc, stress, and feeding

dysregulation. To further parse the common neural substrates involved in stress-potentiated

maladaptive food behavior, it is important to dissect the role of specific neuronal cell-types

located in the NAc. Even though the majority of the NAc is composed of medium spiny y-

aminobutyric acid (GABA)ergic neurons (MSN), approximately 5% of this structure contains

other GABAergic cell types, including cholinergic, parvalbumin, calretinin, and the SOM-

interneurons, that are classified on the basis of distinct morphology, protein content, and

electrophysiological properties 39,40. The SOM cells have been shown to regulate various

aspects of physiological and behavioral stress responses 13,41,42. However, little is known about

the functional role of the SOM neuronal population located in the NAc. It is conceivable that

stress-potentiated hedonic feeding likely involves the NAc, and further investigation in this

circuit, particular at a cell-type-specific level, may yield important insights in the etiology of the

binge eating disorder.
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Research Plan

Innovation

Increasing evidence in humans and animals suggests that chronic stress and negative

affect state may present potent triggers to the onset of eating disorder endophenotypes 4144. In

addition, the use of chronic stress in affecting the animal's eating behavioral patterns has

gained traction over the years. However, major limitations arise from the current animal models.

First, binge eating can manifest without the need for prior food deprivation . Second, the

stressors used do not produce consistent eating patterns across studies. Third, the most

commonly used physical stressors are rarely encountered by the animals in nature. As a result,

it potentially confounds the interpretations of the type of emotional affect generated. To

overcome the drawbacks outlined, the model proposed here will utilize predatory odor to

potentiate binge-like stress eating in mice. This stressor has been established as an

ethologically relevant threat in rodents and, in large part, produces anxiogenic effects without

eliciting depression-like symptoms, which might more closely reproduce the loss-of-control

emotional component often observed in human individuals with bingeing conditions 27.

Additionally, food is provided ad libitum based on the current design, avoiding potential

complications in interpretation when two stressors are used. Together with an experimental

focus on female animals' feeding behaviors, the observations based on the present animal

model can be utilized to gain insights into the mechanism of the onset of stress-potentiated

binge eating and subsequent findings may provide a foundation for intervention work in female

individuals with binge eating disorder.

Another goal of the present study is to identify and characterize the cellular substrate

within the NAc that may potentially contribute to the neuronal processes underlying stress-

elicited behavioral plasticity that particularly pertains to binge feeding behavior. The use of
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multiple means, including neurochemical markers, has revealed a heterogeneous cellular

composition in the NAc. However, due to a paucity of research focusing on the investigation of

the SOM neurons located in the NAc, whether and how this particular cell type might play a role

in the aversive experience-driven appetitive behavior await further investigation. By taking

advantage of the genetically engineered SOM-Cre mice and delivering Cre-dependent AAV

virus carrying archaerhodopsin TP009 (ArchT) specifically into the NAc region of the mouse

brain, I will be able to directly manipulate the SOM neurons within NAc as the animals are

behaving under the predatory stress. The resulting observations will provide valuable insights

into the functional role of the SOM cells in the NAc for regulating stress-driven feeding

behavioral dysfunction observed in an animal model of binge eating.

Approach

Aim 1: Establish and characterize a binge-eating animal model driven by chronic predator stress

Accumulating data have implicated chronic stress as a precipitating factor in major

eating disorders, of which binge eating is a core symptom 46. Interestingly, Zellner et al. (2006)

reported a shift in food choice from healthy, low fat foods to highly palatable, yet fat- and sugar-

enriched foods within the subjects under stress. Thus, stress not only facilitates hyperphagia,

but it may also lead to an over-consumption of high caloric foods upon availability 47. Additional

studies have shown a correlative relationship between stress/negative affect and increased

intake of high fat and high sugar food among women compared to men 48,49. These findings

provide some basic evidence that gender differences, among other factors, may also contribute

to the development of stress-induced eating.

Much of the animal work used for modeling the effects of stress on food choice and

eating behavior suggests that various forms of stress can produce diverse, often conflicting,
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feeding behaviors 24,50,51. For example, findings from Pecoraro et al. (2004) revealed that when

rats underwent chronic restraint stress, they exhibited increased comfort food ingestion. In

contrast, Patterson et al. (2010) demonstrated that WT mice subjected to chronic variable stress

decreased both their weight gain and caloric intake, which might serve as a more appropriate

model for depression. In addition, most commonly employed physical stressors, including

restraint, foot shock, chronic variable stress, and forced swim, do not resemble the animal's

natural threats, whereas the use of social defeat stress is not amenable to the study of female

bingeing conditions. Hence modeling human stress-induced alterations in food intake using

animals has not been straightforward.

Interestingly, caloric restriction coupled with physical stressors as opposed to imposing

stress alone has been shown to yield consistently elevated palatable or non-palatable food

consumptions in female animals 6. One caveat is that limited food access presents an added

layer of (metabolic) stressor. More importantly, not all individuals suffering from binge eating

have a history of caloric restriction 52,. In fact most humans with binge eating conditions do not

overeat because of physical hunger or metabolic needs 4 . Rather, binge eating is often

accompanied by emotional distress and loss of control, indicative of the contribution of social

circumstances 4,55. Furthermore, in individuals with binge eating disorder, elevated perceived

stress and increased incidence of life stressors have been demonstrated to precede the onset

of binge eating 46,56.

Taken together, these studies impart the need for an animal model to more closely

emulate key aspects of human, particularly female, stress-associated binge eating conditions.

To this end, I propose to develop and test an animal bingeing model involving predator stress.

Natural contexts such as the predatory stimuli are ecologically relevant for the animal's survival

and recognition of such stimuli involves the activation of the animal's innate mechanisms 57,58. i

has been proposed that behaviors exhibited to the presence of a predator reflect fear

responses, whereas the behaviors evoked by a cat odor reflect anxiety 51. Similar conclusions
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were drawn to a rat-exposed mouse 58. Moreover, rats have been observed, in nature as well as

in a lab setting, to kill and consume mice, hence they are considered as valid natural predators

60,61 to mice.

In the present study, predatory stress was induced by exposing female mice to a

separate cage containing rat bedding. I hypothesized that a variety of predatory sensory stimuli,

including odor (rat urine), tactile (rat feces), and visual (sight of rat feces) inputs, would induce

elevated anxiety levels in these mice and result in overindulgence of the HFHS food. Of note,

the HFHS food used was a chow formulated to model a typical high fat (20% vs. 7% in STD)

and high sucrose (34% vs. 1% in STD) Western diet. Specifically female wild-type mice were

handled for two to three days and baseline body weight, as well as total STD food consumption

were recorded at 5:00 PM daily. During handling, less than 0.30 g of HFHS chow would be

provided for food acclimation purposes. In this protocol, the animals were never food-deprived;

binge-eating was elicited in mice by combining predatory odor stress and limited access to

HFHS pellets in satiated mice. The animals from the S group were subjected to four consecutive

days of predatory stress (15 min per day), whereas the animals from the N group were exposed

to an equal-length of non-stress-inducing, neutral environment consisted of a clean cage with

new bedding materials.

Immediately following the stress or no-stress experience, all animals were presented

with HFHS pellets and their consumption in palatable food was recorded each hour for two

hours. At the end of the HFHS presentation, the animals were placed back under the STD lab

chow. Additionally, a parallel experiment was conducted, in which the same paradigm applied,

with the exception that no HFHS food was given during the stress period. All animals within this

group received only STD chow during the daily 2 hr post-stress period. This experimental

design was used to control for any potential feedback influences from the HFHS intake that

might confound subsequent anxiety behavioral readout. The animals fed only STD food

throughout the study were subjected to measures of anxiety, including open field test (OF) and
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elevated plus maze (EPM) one day after the last stress day. Tail suspension test (TST) was

also administered to test whether predator stress might potentiate depression-like symptoms.

Finally a separate group of animals will undergo the stress paradigm (with STD only) as

described and blood will be drawn and plasma corticosterone levels will be tested using

enzyme-linked immunosorbent assay. Unlike previous two experiments, this group of animals

will not be subjected to any behavioral testing to prevent any fluctuations in corticosterone

levels. The S group will presumably show increased corticosterone level compared to the N

group due to stress induction.

A. ** B.

1.4 1.4 N
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6 6
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06 .6
.

4 .4,
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Successive Stress Days Successive Stress Days

Figure 1. Effects of predatory stress (S, stressed group; N, non-stressed group) on food intake within the
first two hours following stress on successive stressed days. (A) High-fat-high-sucrose (HFHS) food
consumption during the first post-stress hour. Main day effect: F(3,24) = 5.642, p<0.01; n=4. (B) HFHS
food consumption during the second post-stress hour. Main stress effect: F(1,24) = 11.824, p<0.05, and
main day effect: F(3,24) = 14.997, p<0.0001; n=4. (C) Standard (STD) food consumption during the first
post-stress hour. Main day effect: F(3,48) = 3.661, p<0.05; n=6-8. (D) STD food consumption during the
second post-stress hour; n=6-8. Error bars denote s.e.m.; Two-way ANOVA and Bonferroni/Dunn tests;
*P<0.05, **P<0.01, ***P<0.001.
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Preliminary results from the group with HFHS access are compared with those from the

group exposed only to STD food (Fig. 1). As predicted, when fed only STD diet, stress was not

able to potentiate any over-eating behaviors, as there was no added reward value encoded in

the non-palatable food, hence the animals were not motivated to over-eat. Both the N and S

subgroups consumed comparable amount of food when only STD chow was available. On the

other hand, both subgroups under the stress-HFHS regiment already ate visibly more than the

STD-only group (Fig. 2). This is, perhaps, unsurprising due to the elevated reward value

encoded by the HFHS content compared to the STD chow. However, when comparing just the

two subgroups with post-stress access to HFHS, the animals that underwent predatory odor

stress showed a marked increase in HFHS consumption compared to the N subgroup.

A. B.

30 30 HFHS, N
HFH S. S

C25 IM25 STD, N
I S TD, S

20- 20*

15- 15.

100
HFHS, N ****

0 HHS SD, 5

0 
STD, S L

s1 s2 s3 S4 0 1 2 s3 s4

Successive Stress Days Successive Stress Days

Figure 2. Effects of predatory stress (S, stressed group; N, non-stressed group) on calorie intake
[normalized to body weight (BW)] within the first two hours following stress on successive stressed days.
(A) High-fat-high-sucrose (HFHS) or standard (STD) calories consumed as a percentage of body weight
during the first post-stress hour. Main food group effect: F(1,72) = 277.131, p<0.0001; n=4-8. (B) HFHS or
STD calories consumed as a percentage of body weight during the second post-stress hour. Main food
group effect: F(1,72) = 28.462, p<0.0001 and main day effect: F(3,72) = 11.130, p<0.0001; n=4-8. Error
bars denote s.e.m.; Two-way ANOVA and Bonferroni/Dunn tests; ***P<0.001, ****P<0.0001.

Upon closer examination, the HFHS-fed S subgroup showed a significant and sustained

elevation in the amount of calories ingested across stress days. Here the caloric intake was

normalized to body weight. Collectively, these data indicate that predator stress can serve as a
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robust driver for the animals to develop binge-eating-like phenotype. Interestingly, the stressed

animals were bingeing not simply to meet metabolic demands (mice were kept satiated) or

merely due to the palatability-induced hyperphagia (a more generalized feeding process). Thus,

it is conceivable that stress is able to increase the "liking" of the HFHS food either by priming the

reward circuit or enhancing the hedonic value of the HFHS food. In all, these results are highly

suggestive of the loss-of-control bingeing episodes typically exhibited by individuals with binge

eating disorder

A. B.
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100 100 HFHS, S

4O) FSTH, N
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0 80 0 8

0 0
60. 60
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M 2 STD, N CUoTD 20 COs 20

D1 D2 D3 D4 D5 D6 D3 D4 D5 D6

:Irecator St~re3-

Experimental Days Successive Stress Days

Figure 3. Effects of predatory stress (S, stressed group; N, non-stressed group) on calorie intake derived
specifically from standard (STD) food consumption (expressed in terms of percentage of daily total calorie
intake). (A) High-fat-high-sucrose chow (HFHS)-exposed or STD chow-exposed subgroups' peri-stress
(excluding the 2-hr post-stress period) STD food calorie intake, expressed as a percentage of the daily
total calories consumed. Main food group effect: F(1,108) = 127.242, p<0.0001; main day effect: F(5,108)
= 199.730, p<0.0001; day x food effect: F(5,108) = 60.390, p<0.0001; n=4-8. (B) HFHS-exposed or STD-
exposed subgroups' HFHS or STD, respectively, food calorie intake during the 2-hr post-stress period,
expressed as a percentage of the daily total calories consumed. Main food group effect: F(1,72) =
127.242, p<0.0001; main day effect: F(3,72) = 20.691, p<0.0001; day x food effect: F(3,72) = 12.313,
p<0.0001; n=4-8. Error bars denote s.e.m.; Two-way ANOVA test; ***P<0.001, ****P<0.0001.

Findings from Rada et al (2005), comparing rats with intermittent access to just chow or

rats that tasted sugar only twice, revealed that a blunted DA response develops as the food

loses its novelty. It is tempting to postulate based on the present findings that bingeing on HFHS

might produce a neurological response that is quite different from that of consuming HFHS

without bingeing (as demonstrated in the N group under the HFHS condition). In fact, stress
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seems to contribute to a gradual shift in food preference, though not significantly different from

the N group), from the daily consumption of STD food to the HFHS food only accessible post-

stress (Fig. 3). These observations are consistent with the clinical observations by Zellner et al.

(2006), in which stressed college students bypassed healthy food in favor of the calorie-dense

snacks. In addition, the body weight for N and S groups from either HFHS- or STD-experiments

did not differ during the span of the study, despite a significant weight gain over time (Fig. 4).

Notably overeating can occur independent of obesity 62. This particular animal stress model

allows for the identification of variables contributing specifically to overeating without introducing

an increased body weight, as increased body mass index and obesity are well known to also

impart a deleterious effect on physiology. Finally, the tail suspension test analysis revealed a

significantly less amount of time spent in immobilization in mice from the S group compared to

the N group (Fig. 5). This might be an indication that predator stress potentiates more anxiety-

than depressive-like traits, and that the S group devoted more energy on finding escape routes.

Validation with the OF or EPM tests are needed to further confirm this speculation

A. B.

20 20
17.5 17.5

15 15
5 12.5 9 12.5
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2.5 2.5

0 0
DO D1 02 D3 64 15 D6 DO D1 D2 D3 D4 DS D6

Predator S.-ess Predator Stress

Experimental Days ExperImental Days

Figure 4. Effects of predatory stress (S, stressed group; N, non-stressed group) on daily body weight
(8W) throughout experiment. (A) Standard (STD) food group's BW over time. Main day effect: F(6,84) =
11.936, p<0.0001; n=6-8. (B) High-fat-high-sucrose (HFHS) food group's BW over time; Main day effect:
F(6,42) = 4.503, p<0.01; n=4. Error bars denote s.e.m.; Two-way ANOVA test; **P<0.01, ****P<0.0001.
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Figure. 5. Effects of predatory stress (S, stressed group; N, non-stressed group) on the percent of time
the animals spent in immobilization during tail suspension test. Main stress effect: F(1,294) = 4.813;
p<0.05; n=4. Two-way ANOVA; *P < 0.05.

Aim 2: Investigate the role of SOM neuronal activation within the NAc in stress experience-

dependent bingeing behavior

The NAc is a heterogeneous brain region known to be an important mediator for both

reward-driven behavior and aversive experiences 7,30,17. Regarding food intake in particular,

repeated stimulation of the reward pathway through highly palatable food may lead to neuronal

maladaptation that eventually increases the compulsive nature of binge-eating 63. Work from

Hoebel's group demonstrated via microdialysis studies that excessive intake of palatable foods,

similar to drug addiction, produces bouts of DA neurotransmitter release in the NAc 29 ,30. In

addition, pharmacological studies targeting the opioid, GABAB, and dopamine D2 receptors

specifically in the NAc may also affect palatable food liking, suggesting a complex interplay of

neurotransmitter systems converges onto the NAc in determining the animal's response to food

34,64 Collectively, these data lend support for a role of the NAc in animal models of binge eating.

In addition to the presentation of palatable food, stress has also been found to impact

the NAc. Following repeated social defeat stress, an increased BDNF levels were observed in

the NAc of stress-susceptible mice 31. A follow-up study from the same group demonstrated that
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the stress-related peptide, corticotropin-releasing factor (CRF), signaling in the NAc was

necessary for the social defeat stress-induced BDNF increase, as intra-NAc administration of

the CRF antagonist was able to block this effect 7. Moreover, work from Lim et al. (2012) applied

8 d of chronic restraint stress to the animals, which was found to cause a reduction in sucrose

preference, an increased immobility, and changed physiology in the dopamine D1 receptor. It

was shown that knocking down the MC4R in the NAc selectively prevented these stress-

induced effects; interestingly, incubation of the brain slices from naive animals with MC4R

ligand recapitulated the D1-MSN physiological changes occurred under stress without altering

that of D2-MSN. These results uncovered a mechanism through which a feeding-related peptide

can affect stress-induced sucrose preference changes by altering a specific cell-type in the NAc.

Taken together, these data support a role of specific cell types in the NAc to mediate stress-

associated feeding aberrance.

Although SOM deficits are implicated in disorders with stress and mood disturbances 13

such that ablation of SOM cells in the frontal cortex increases anxiety levels in adult mice, there

is a paucity of research on the functional significance of this particular NAc neural subtype in the

etiology of stress eating. I will approach this question by performing the following experimental

steps. First, the SOM-Cre-expressing mouse line will be crossed with a fluorescent reporter line

such as TdT for genetic cell targeting. Selective expression of the TdT will presumably be

restricted in the SOM cells as a result. Only female SOM-TdT mice will be used in the predator

stress paradigm as outlined in Aim 1. Similar to the no-HFHS experimental procedure in Aim 1,

these animals will not be exposed to the HFHS diet throughout the study and free access to

STD food will be provided except during the 15-minute stress period on a daily basis. Moreover,

four groups of animals are required by this experimental design, namely 4-d S, 4-d N, 1-d S,

and 1-d N, in which the 4-d S group will be subjected to 4-d repeated stress, while 1-d acute

stress will be applied to the 1-d S group. Subsequently, the mouse brains will be perfused 1-1.5

hr immediately following the final stress or NS context exposure and then sectioned for
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immunohistochemistry. Subsequently, confocal images of selective brain sections with SOM

fluorescence (594 laser line; R) as well as c-Fos (488 laser line; G) and DAPI (405 laser line; B)

immunofluorescence will be quantified using ImageJ.

This experiment serves to confirm the presence of SOM cells in the NAc region as well

as to survey chronic predator stress-induced SOM-neuronal c-Fos expression profile. Because

the SOM cells within the NAc are expected to be susceptible to chronic stress manipulations, I

expect to observe a differential amount of R, G, and B channel co-labeling compared to R and B

double-labeling between SOM cells from 4-d S group compared to the 4-d N group. The

measurement will indicate the percentage of SOM cells that are activated by stress, with the 4-d

S group hypothesized to show a higher ratio of R, G, B co-labeling than the 4-d N group.

Moreover, to ensure the expected difference stems from the chronicity of the stress treatment,

similar quantification will be performed for the 1-d groups, for which no significant amount of

overlapping fluorescence is expected of either the S or N subgroups.

My preliminary data (Fig. 6) are composed of images focusing on several major regions

belonging to the limbic system, including the basolateral amygdala, central nucleus of

amygdala, (posterior-ventral) medial nucleus of amygdala, CA1 and dentate gyrus regions of

hippocampus, as well as the NAc. Surprisingly, the NAc contains an abundance of SOM

neurons compared to other brain regions, with the exception of CeA, which is enriched in SOM

cells. Notably, the SOM cells are concentrated in the shell part of the NAc. Chronic predator

stress indeed led to marked activation in the NAc SOM population (Fig. 7). However, it is

surprising that the difference between triple-labeled cells is hardly discernible in the brain of a

chronically stressed mouse compared to the NS mouse. Further concrete quantification of the

images obtained from a higher magnification using a 40x objective and an increase in sample

size will be performed for clarification. Alternatively, immunofluorescent staining for FosB, a

more sensitive neuronal activation marker able to detect compounded neural activation, will be

compared across the 4-d and 1-d groups in order to isolate the chronic stress effects.
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Figure. 6. Confocal images (10x objective; coronal sections) showing somatostatin (red) and DAPI (blue)
fluorescence co-localization in a range of limbic system structures. (A) BLA (basolateral amygdala) and
CeA (central amygdala). (B) CA1 and dentate gyrus (DG) regions of hippocampus. (C) MeA (medial
nucleus of amygdala).
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Figure. 7. Confocal images (10x objective; coronal sections) showing somatostatin (red), c-Fos (green),
and red-, green- and DAPI (blue)-merged fluorescence in the ventral part of NAc (nucleus accumbens)
following exposure to a (A) non-stress-inducing (N) or (B) predator stress-inducing (S) environment.

Finally, long-term behavioral and physiological consequences of manipulating NAc SOM

neurons in behaving animals remain to be investigated. To this end. I will couple the use of

FLEX (Cre recombinase-dependent viruses using loxP flanked doubled inverted open reading

frames)-ArchT-GFP or control FLEX-GFP viruses with SOM-Cre transgenic mouse line.
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Specifically I will express either FLEX-ArchT-GFP (Arch) or FLEX-GFP (GFP) control adeno-

associated virus (AAV) viruses into the ventral rostral part of the NAc via microinjection. The

viral injection surgery will be performed at the same time as optic fiber implant. Because peak

expression of AAV normally requires at least 3 weeks, the animals will be allowed to recover for

1 month prior to the induction of chronic predator stress. Subsequently, the animals transduced

with either ArchT or GFP control virus will be further divided into 4-d S or 4-d N subgroups.

Across stress days, regardless of whether stress is applied, green laser light (532 nm) will be

delivered while the animals encounter either a stressful environment (S group) or an innocuous

environment (NS group). The light delivery will last for the entire duration of stress or non-stress

context exposure for four days. Behavioral measurements such as the amount of HFHS intake

during stress, daily body weight and STD food intake will be recorded and compared across

groups. Lastly, half of each group will be subjected to OF, EPM, and TST behavioral testing one

day after the final stress exposure, while the brains from the other half of the animals will be

perfused and sectioned to confirm the sites of viral infusion and optic fiber implant.

Immunostaining for c-Fos will be performed to confirm a decreased level of neuronal activation

specifically in ArchT virus- as opposed to the GFP virus-infected SOM cells.

Under the previous postulation, which posits that prolonged stress might lead to the

activation of the SOM cells contained in the NAc, and selectively inhibiting this neural cell type

will presumably mitigate stress-induced bingeing effect at the behavioral level. In comparison,

both of the N subgroups (GFP or ArchT) will still display a high intake of HFHS pellets, due to

food palatability. Moreover, the S group infected with the GFP virus is expected to exhibit the

highest HFHS intake yet of the four groups. Finally, the rescued behavioral phenotype (from

bingeing to non-bingeing) expected of the ArchT-S group should also accompany reduced

anxiety levels, testable via OF, as well as an ameliorated corticosterone level. By directly

silencing the SOM neuron ensembles residing in the NAc, it is conceivable that the axons

coursing through the structure are also silenced, producing a non-cell-type-specific optical
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inhibition. One way to circumvent this problem is to first trace the projections from these SOM

cells by examining the expression of the FLEX-AAV-GFP virus, and then to stimulate the axon

terminals by placing the optic fibers at a selected downstream feeding-related target structure,

such as the ventral pallidum.

Significance of Proposed Study

The work proposed here will provide a preliminary characterization of the SOM neurons

residing in the NAc at the cellular and functional levels. Moreover, by providing a more

naturalistic animal stress model, many aberrant eating conditions in individuals with eating

disorders can now be more closely studied. Because one in three people in the U.S.A. suffer

from binge eating 65, finding key cellular substrates for stress-facilitated dysfunction in the

reward neural circuit is likely to have implications for distinct cellular basis to stress-eating

vulnerability, as well as to provide better therapeutic targets in the future.
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