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ABSTRACT
Multiple eating disorders show dramatic onsets during childhood or adolescence,
and involve conditioned avoidance to previously accepted foods. Anorexia Nervosa (AN)
has the highest fatality rate of any psychiatric disorder. Currently, animal models of the
disease focus on anorexia associated with food restriction, extreme stress, and/or excess
physical activity. No model captures the disease’s key characteristics of visceral
hypersensitivity leading to learned food avoidance, adolescent onset, and female
dominance. Avoidant/Restrictive Food Intake Disorder (ARFID) is slightly more
prevalent in males, appears earlier developmentally, and in some cases may transition
into AN. The purpose of this study was to evaluate sex and age differences in conditioned
taste/food aversion (CTA, CFA) to determine if sex differences and ontogenetic pattern
resembles either of these two important eating disorders, and to examine developmental
changes in CTA relevant to their onset. The results demonstrate that adolescent females
already exhibit adult-typical conditioned taste/food aversion, while marked changes occur
in males from adolescent insensitivity to marked adult sensitivity to CTA/CFA. These
results suggest that rodents could provide a feasible model to study the development of
neural circuits relating to the appearance of AN in females, but may be less relevant to
ARFID in males.
This study aimed to develop a new rodent model for disordered eating that more
accurately reflects certain human phenotypes, such as gut hypersensitivity, self-imposed
food restriction, female dominance, and adolescent onset. By studying the behaviors and
brain activations and development associated with this model, we aimed to gain a greater
understanding of the biological mechanisms and vulnerability markers for disordered
eating. Understanding these biological aspects will both help to de-stigmatize patients
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and families suffering from the effects of eating disorders and may lead to the
development of better treatments for disorders such as Anorexia Nervosa and ARFID.
INTRODUCTION
Anorexia Nervosa
Anorexia Nervosa is a serious psychiatric illness with the highest fatality rate of
any psychiatric disorder (Keel, et al., 2003). However, there currently exist no functional
animal models of AN that capture certain key aspects of the disease. Most current animal
models of Anorexia Nervosa are activity-based, in which rodents, after being foodrestricted by investigators and given access to a running wheel, begin to voluntarily
restrict their food intake, favoring exercise even when food is available (Aoki et al.,
2012). Although activity based anorexia (ABA) models involve voluntary food
restriction, they require initial external food restriction, involve the potential confounding
variable of overactivity, and are potentially fatal in animals of all ages and sexes. While
over-exercising is a commonly observed component of human anorexia, ABA models are
unable to capture the unusually large sex and age differences present in Anorexia
Nervosa.
The onset of AN is most common during adolescence, and includes significant
female dominance: 90–95% of diagnosed Anorexia Nervosa cases occur in females (Aoki
et al., 2012). Another core aspect of AN not commonly expressed in models of the
disease is gastrointestinal (GI) hyper-vigilance and increased visceral sensitivity (Zucker
& Harshaw, 2012). Over 95% of AN patients express GI symptoms such as bloating,
discomfort, or nausea after eating, and such symptoms can appear before disease onset
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and persist after treatment (Boyd et al., 2010). Patients may originally restrict food intake
with the goal of avoiding unpleasant GI sensations, which can develop into a learned
avoidance of food associated with the activation of amygdala - cortex circuits that are
involved in fear learning (Kaye et al., 2009). Therefore, we hypothesized that visceral
hypersensitivity and anxiety in response to gastrointestinal discomfort may lead to
conditioned food aversion as a preventative measure against future visceral distress,
which may further increase in food restriction during adolescence, developing into
Anorexia Nervosa.
ARFID
Avoidant/Restrictive Food Intake Disorder (ARFID) is a more newly-recognized
eating disorder only included in the fifth edition of the DSM. Considered “extreme picky
eating,” a diagnosis of ARFID is meant to identify patients with clinically significant
restrictive eating problems resulting in a persistent failure to meet nutritional needs.
(Norris et al., 2016). Common characteristics include limitations in the variety of food
eaten, food neophobia, and disgust (Dovey et al., 2008). While selective eating is
common in young children, a significant subset of these extreme picky eaters remain so
through adolescence; an ARFID diagnosis results from selective eating-related nutritional
impairment in early adolescence (Zucker et al., 2015). Unlike Anorexia Nervosa, ARFID
is most common (67% of reported cases) in males (Eddy et al., 2011). Given the
prevalence of self-reported gastrointestinal and food sensitivity issues in ARFID patients
(Nicely et al., 2014), our above hypothesis that conditioned food aversion as a response
to visceral distress may also apply to the development of Avoidant/Restrictive Food
Intake Disorder.
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What About Body Image?
A major complaint from psychologists about animal models of Anorexia Nervosa
and other eating disorders is that they cannot account for environmental and social factors
such as body image, widely recognized as a contributing factor in disorder onset (Watson
et al., 2010; Skrzypek et al., 2001). While body image and the drive for thinness certainly
contribute to Anorexia Nervosa, they do not fully explain its onset. Biological aspects as
stated above make certain groups more vulnerable to developing the disease: there is a
significant correlation (p<0.001) between self-reported negative body image and visceral
sensitivity in adolescents with AN (Zucker, 2012). In ARFID, body image preoccupation,
fear of weight gain, and drive for thinness are absent altogether – in fact, an absence of
body image distortion is required for a diagnosis of ARFID. However, reports of
gastroenteritis, nausea, vomiting, abdominal cramps, and other GI distress symptoms are
common precedents to ARFID diagnosis (Norris et al., 2016). Gastrointestinal
hypersensitivity is likely to contribute to at least part of both disorders examined here,
regardless of environmental or social factors.
Conditioned Taste Aversion
Conditioned Taste Aversion (CTA) is a form of aversive conditioning in which a
palatable novel substance, when paired with the sensation of nausea, leads to distaste for
or avoidance of the substance. In rodents, the nauseating agent used is often Lithium
Chloride (LiCl), which results in an aversive GI stimulus (Reilly & Schachtman, 2009).
LiCl CTA has previously been shown to correlate with activity-based models of Anorexia
Nervosa: ABA rats developed a CTA response to sucrose earlier than controls and
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extinguished the response more slowly (Liang et al., 2011). This suggests that the
biological and physiological changes brought on through CTA may lead to future
development of food avoidance. As rats are incapable of emesis, their discomfort/nausea
level after LiCl injection can be quantifiably observed through pica (consumption of nonfood items, such as bedding), which occurs even at low doses of LiCl (Takeda et al.,
1993). To date, developmental studies of conditioned taste aversion use sweetened
solutions such as saccharin (Reilly & Schachtman, 2009), while none have explored the
question using nutritive substances or food, making these studies less translational to
disordered eating.
Brain Areas
Conditioned Taste Aversion utilizes similar neural mechanisms to fear learning,
namely amygdala - insula interactions. The amygdala is widely acknowledged to play a
large role in fear and aversive conditioning, and as such is a similarly major component
of CTA. Specifically, the basolateral amygdala (BLA) is shown to have an important role
in taste aversion acquisition: BLA lesions dramatically reduced CTA acquisition to a
novel stimulus (St. Andre & Reilly, 2007). St. Andre and Reilly also hypothesize that the
BLA is involved in detecting taste novelty and contributes to neophobia. The insular
cortex (IC) is connected with many of the most important structures for interoceptive
cues such as emotions and bodily experience, and has been shown in fMRI studies to be
highly active in Anorexia patients (Berner et al., 2017). Anorexia Nervosa is correlated
with impaired neural circuits in certain cortical and subcortical structures for which the
insular cortex works as an integrative function; therefore it would be reasonable to
hypothesize that a dysfunction of insula-integrated circuitry could contribute to AN
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(Nunn et al., 2008). While the amygdala and insular cortex are major components of
conditioned taste aversion, the paraventricular nucleus (PVN) of the hypothalamus,
shown to play a role in stress and appetite regulation (Sominsky & Spencer, 2014;
Mangieri et al., 2018), is also implicated, as is the frontal cortex. We hypothesized that
the maturation of connections between these areas through adolescence (as shown in
other fear learning processes) may increase the generalizability of conditioned taste/food
aversion and contribute to the onset of disordered eating.
Histology: Mapping CTA through c-Fos Expression
C-Fos, a mediating immediate early gene (IEG), couples short-term neuronal
activity with a change in gene transcription and thus acts as a marker for neurons
undergoing experience-based modification (Reilly & Schachtman, 2009). Increases in cfos immunoreactivity have been reported in brain regions implicated in CTA, specifically
the IC and amygdala, both after exposure to the stimuli and during behavioral expression
of a CTA response (Swank & Bernstein, 1994). Expression of c-fos after the aversive
visceral stimulus (i.e. LiCl injection) is required for establishing conditioned taste
aversion, and its expression during CTA behavioral response reflects conditioned
associative learning. Thus, it is immensely valuable as a way to examine the mediating
neurobiological mechanisms of CTA. Furthermore, the blockade of LiCl-induced c-fos
expression in the amygdala has been shown to impair several memory-related and
behavioral aversive conditioning tasks (Lamprecht & Dudai, 1996), supporting the idea
that c-fos induction fills a critical role necessary for the encoding of taste aversion
memory. We observed developmental changes in c-fos activation in response to LiCl, and
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hypothesized that activation would increase in the areas mentioned above during
development from adolescence to adulthood.
METHODS
Animals
Male and female adult (PN 70) and adolescent (PN 28) CD-1 Sprague-Dawley
rats from Charles River Laboratories (Raleigh, N.C.) were used for all experiments. Prepubertal adolescent rats were used since they showed the most contrast to adult
phenotypes. All animals were given a week to acclimate to laboratory housing facilities
prior to any experimental procedures to minimize any stress response that may have been
induced by factors unrelated to the experiment. Animals were pair-housed (four per cage
for adolescents) and maintained in a temperature- and humidity-controlled room on a
12/12-hour light/dark cycle during all experiments and given ad libitum access to water
and Purina 5002 rodent chow from within the cages. Care of all animals was carried out
in accordance with Duke University’s Institutional Animal Care and Use Committee.
All experiments were conducted in feeding cages with rats separated by wire mesh.
Both studies were conducted with modified CTA/CFA procedures, which involved no
food or water restriction and used nutritive substances rather than saccharin or other
sweetened solutions.
Study 1 (Boost)
Note: The Boost study was a preliminary experiment conducted in summer 2016
by Rylee Wander and Gabriela Ocampo in the Kuhn lab. Its methods and findings form
the basis of my thesis work (solid food CFA and c-fos expression).
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Rats were placed in feeding cages containing bedding, separated by wire mesh, on
Day 0 and given water to drink for habituation. On Day 1 (24 hours later), they were
placed in feeding cages, given the nutritional liquid Boost™ and allowed to drink for one
hour. They were then given intraperitoneal (IP) injections of NaCl or LiCl (19, 38 or 80
mg/kg) and left in the cages for one hour. Total Boost consumed and incidences of pica
(chewing on bedding) were quantified by an observer blinded to treatment conditions (03 for intensity, time-sampled for 1 hr). On Day 2, they were placed again in drinking
cages and allowed to choose between Boost and water. CTA is expressed as ratio Day 2 /
Day 1 volume consumed (ml/kg body weight).
Study 2 (Cereal)
The procedure was conducted as described in Study 1, except that on Day 0, rats
were given a novel food (Cheerios) for habituation (scattered on bedding). On Day 1,
they were given a second novel food (Froot Loops), allowed to eat for one hour, and then
treated with NaCl or LiCl (19 mg/kg) via IP injection as in Study 1. On Day 2, animals
were placed back in feeding cages, and allowed to choose between Froot Loops or a third
novel cereal, Apple Jacks (AJ), in order to examine the generalization of the CFA
response to another novel food. Conditioned Food Aversion is expressed as ratio Day 2 /
Day 1 grams of Froot Loops consumed (g/kg body weight).
C-Fos Induction and Brain Fixation Methods
Rats were treated with NaCl or LiCl (38 mg/kg) via IP injection and allowed to
rest for 15 minutes before anesthetization. After induction of deep anesthesia by an
injection of Urethane (3x kg body weight), rats were perfused transcardially with 1x
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phosphate buffered saline and 4% paraformaldehyde solution. Brains were removed,
post-fixed in fresh vials of paraformaldehyde overnight at 4˚C, then transferred to 30%
sucrose solution for cryoprotection. Brains were sectioned frozen using a cryostat into 40
µm slices, which were stored in a 1:1 solution of glycerol and tris-buffered saline (TBS)
at 4˚C until staining.
Immunohistochemistry Methods
After glycerol removal by washing in TBS-T (TBS containing 0.2% Triton, 10%
stock from Roche), sections were blocked in a buffer of 5% normal goat serum
(Invitrogen) in PBS-T (PBS containing 0.3% Triton) for one hour at room temperature.
Sections were incubated for 72 hours in mouse anti-biotin (Jackson, 594), 1:1000 in
blocking buffer. With 24 hours left, anti-c-Fos primary antibody (Millipore ABE 457),
also 1:1000 in blocking buffer, was added to the well. Sections from animals that did not
undergo BDA injection surgery were incubated only for 24 hours in the anti-cFos
primary. After washing in blocking buffer, sections were then incubated in AlexaFluor™
488 goat anti-rabbit fluorescent secondary antibody (1:200, Lifetech) in a solution of
TBS with 5% normal goat serum and 0.3% Triton, and washed once more in blocking
buffer. Slices were mounted in Vectashield™ mounting medium with DAPI (Vector
Labs).
Microscopy and C-fos quantification methods
A minimum of four sections per animal (N of 32 total animals: 8 animals per agesex group; 4 LiCl/ 4 Sal in each) were imaged on an Axio Imager upright microscope. Zstacks (20 slices at 2.0 µm each at 20x magnification) were taken in each area of interest.
C-fos staining was quantified in Imaris x64 9.0.0 software using the Spots feature,
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selecting for GFP-labeled ‘spots’ of >8.0 µm diameter in order to filter out background
staining and spotting. C-fos staining was quantified in Imaris x64 9.0.0 software using the
Spots feature, selecting for GFP-labeled ‘spots’ of >8.0 µm diameter in order to filter out
background staining and spotting (see Figure 14 for example).
Statistical Analysis
Age-related differences, sex-related differences, and treatment /dose effects were
tested for using three-way ANOVA tests with NCSS 2007 software. Two-way ANOVAs
(sex x treatment, age x treatment, sex x age) were also used for interaction effects. Agerelated differences, sex differences, and LiCl/NaCl treatment effects were considered
significant at p < 0.05. GraphPad Prism 6 was used for graphical representation and
interpretation, and data are presented as group mean ± standard error of the mean (SEM).
RESULTS
Lithium Chloride Dosing and Developmental CTA
In Wander and Ocampo’s Boost experiment, doses of 0, 19, 38, and 80 mg/kg
were tested (Figures 1 and 2) in order to establish a dose-response curve. As expected,
LiCl dosage was strongly correlated with both pica and conditioned taste aversion
expressed as D2/D1 volume consumed. Adolescents exhibited less pica and less CTA
than adults. For both pica and CTA, the differences were most apparent at the lowest
dose of LiCl. Therefore, this dose was used in the subsequent cereal experiment. There is
a significant developmental effect on CTA from adolescence to adulthood in males (p <
0.012 effect of age), but in females, CTA remained relatively consistent throughout
development (Figure 2).
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Correlation of Pica and CTA - Boost
As expected, Pica and CTA are significantly correlated (Figures 3 and 4) in all
groups except adult females, with adolescent and adult males having the most correlation.
The females show lower CTA/CFA than males in adulthood despite, both sexes having
comparably high levels of pica (Figure 1).
Pica and Conditioned Food Aversion
In the cereal study (Figure 5), there was no significant age difference in pica, but
adult males showed the highest incidence of pica after a dose of 19 mg/kg LiCl, which
was also indicated in the Boost study (Figure 1). This is quite different from what was
observed in the 19 mg/kg LiCl dose in the Boost study, which shows a marked difference
in pica from adolescence to adulthood in both sexes. Conditioned Food Aversion also
occurs (Figure 6), in both sexes and at both ages. Again, the males show a dramatic
development in CFA from adolescence to adulthood in conditioned food aversion. In the
adolescents, the CFA response (p< 0.004 effect of treatment) is considerably more robust
than drinking CTA was. In looking at an individual scattergram for variance (Figure 7),
the source of variance is in the controls: animals who received saline injections are
variable in their D2 / D1 consumption ratio across the board, while those that received
LiCl injections decreased consumption in a dose-dependent way.
Generalization of CFA to Novel Food and Developmental Changes
In the choice test of the cereal study, animals were given a choice between the
conditioned stimulus (Froot Loops) and a novel but similar food (Apple Jacks). We
initially hypothesized two potential results: rats would either generalize their conditioned

BURNETTE: CFA & DISORDERED EATING

13

aversion to the new food and avoid both the Froot Loops and the Apple Jacks, or they
would avoid the conditioned Froot Loops but be willing to try the Apple Jacks. Adult
Females were the only group to significantly generalize their CFA to a novel food
(p<0.03 effect of age, p<0.001 effect of treatment).
CTA / CFA ratio changes developmentally in males and females. Females acquire
generalization of conditioned aversion to novel foods between adolescence and adulthood
(Figure 8), while males develop more robust CTA responses to specific illnessassociated foods as they mature (Figures 2 and 6).
C-Fos Activation in BLA, Insula, Hypothalamus, and Frontal Cortex
In every brain region of interest, LiCl/NaCl treatment has a significant effect (p <
0.0001) on C-Fos expression, as expected (Figures 9-12). In the insula, (Figure 9)
significant differences between adolescents and adults’ expression levels are seen, with
adult females showing the highest expression (p < 0.001 effects of sex, age, treatment,
age x sex, sex x treatment, age x treatment, and age x sex x treatment). Within females
and within males (each group filtered separately by secondary ANOVA), treatment, age,
and age-treatment interactions are significant (p < 0.0001 for all). Within adults,
treatment, sex, and sex-treatment interactions are also significant (p < 0.0001). Within
adolescents, sex and treatment are significant (p < 0.0001), as are sex-treatment
interactions (p < 0.0005).
Expression levels in the BLA (Figure 10) are similar to those in the
insula, with significant differences between adolescents and adults’ expression levels.
Adult females again show the highest expression (p < 0.001 effects of sex, age, treatment,
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age x sex, sex x treatment, age x treatment, and age x sex x treatment). Within females
and within males (each group filtered separately by secondary ANOVA), treatment, age,
and age-treatment interactions are significant (p < 0.0001 for all). Within adults and
within adolescents, treatment and sex are also significant (p < 0.0001). However, in
adults, sex x treatment interactions are significant (p < 0.0001), while in adolescents they
are not.
In the frontal cortex (Figure 11), developmental differences between the sexes are
most apparent in adolescents (p < 0.0001 effects of age, sex, treatment, age x treatment,
and age x sex x treatment; p < 0.05 effect of sex x age). Adolescent females approach
adult females’ levels of c-fos expression, while adolescent males’ expression remains far
below that of adult males. Within adults, sex and treatment are highly significant (p <
0.0001), while sex-treatment interactions are marginally significant (p < 0.05). Within
adolescents, treatment, sex, and sex-treatment interactions are all significant (p < 0.0001).
Finally, in the PVN of the hypothalamus (Figure 12), c-fos expression levels are
similar across all ages and sexes, with adolescent and adult females slightly higher than
adolescent and adult males. Treatment and sex are significant (p < 0.0001), but while
treatment-sex, treatment-age, and age-sex-treatment interactions are statistically
significant (p < 0.05), their biological significance is doubtful.
DISCUSSION
Significance
Current animal models capture certain characteristics of Anorexia Nervosa
voluntary such as food restriction, high stress, and extreme physical activity (an effect
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seen in some cases), but neglect other facets of AN, including visceral hypersensitivity
and interoception leading to learned food avoidance, female dominance, and adolescent
onset. To address the limitations of other animal models of disordered eating, we aimed
to use CFA to develop a more robust model that addresses these under-studied aspects.
The development of this new model may provide a more accurate animal representation
of human eating disorders, through which we can study the physiology and neural circuits
involved and eventually advance treatment development.
Sex and Age Differences in the Model
Females showed decreased CFA compared to males in adulthood, despite similar
levels of pica. Therefore, adult females’ decreased CTA is unlikely to be due to a
somehow altered response to LiCl, but rather they simply do not suppress their food
intake as much as the other groups. This may indicate multiple forces at play: a drive for
survival or reproduction may be partially over-riding the female CFA response, while
still ensuring caution regarding new foods. For example, a previous study on nutritional
infertility found that dietary restriction negatively influenced reproduction in female rats
(Kumar & Kaur, 2013). The acknowledgement of these competing forces gives nuance to
the model, and should be studied further. Additionally, conditioned food aversion is
significantly more robust in adolescence than fluid-based CTA was. While previous
literature states that adult rats show stronger aversion and neophobia than younger rats
(Morón & Gallo, 2007; Misanin et al., 1997), these studies were conducted with nonnutritive solutions. Our findings regarding solid food challenge the established literature
and suggest a need for further study of food neophobia and aversion.
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A major developmental difference seen in this model is the divergent
development of the CFA response in males and females from adolescence to adulthood.
While adult females did not show the highest baseline CFA levels, females attain adult
levels of pica earlier than males, and adult females are the only group to significantly
generalize their CFA to a novel food. While males developed a significantly stronger
CFA response to the specific foods associated with LiCl and accompanying illness, this
response did not carry over to a novel food. The development of females’ ability to
generalize an initial aversive response toward entirely new foods may be an important
marker for vulnerability to the development of disordered eating, as food-related anxiety
has been shown to be an important characteristic of Anorexia Nervosa (Zucker et al.,
2012). Adolescent males also showed strong treatment-dependent neophobia to this novel
food, which may relate more to ARFID (Dovey et al., 2008).
C-Fos Expression
LiCl injection significantly stimulated C-fos expression in all 4 brain areas
sampled, as reported previously (Swank & Bernstein, 1994; Reilly & Schactman; 2009).
Sex and age differences indicate that adult females express the most c-fos in the Insula,
BLA, and frontal cortex, despite showing equal or diminished CFA response compared to
males.
Remarkable developmental differences in c-fos stimulation by LiCl were noted in
the frontal cortex, as adolescent females expressed adult levels of c-fos, while adolescent
males did not, suggesting that the female frontal cortex may develop earlier in
adolescence compared to males. As studies have shown the frontal cortex in both humans
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and rats to develop earlier in females than in males, this finding aligns with the literature
(Lenroot & Giedd, 2010, Kolb et al., 2012). Furthermore, in the PVN, there is little
evidence of biologically significant age differences, leading us to believe that the PVN is
developed to an adult level in these adolescent rats. Indeed, studies suggest that the
hypothalamus is fully developed by PN 16 (Schmidt et al., 2003), so our findings agree,
as the hypothalamus of our PN 28 adolescents likely had fully matured.
Age and sex differences in c-fos expression in the BLA (Figure 10) are
remarkably similar to those observed in LiCl-stimulated pica (Figure 1), suggesting that
the basolateral amygdala plays a role in the sensation of nausea. This finding is supported
by previous studies showing that NK-1 receptors and their ligand, Substance P, both of
which are highly expressed in the basolateral amygdala and brainstem, play a role in
emesis (Horii et al., 2012).
As there were differences in control c-fos expression levels (saline groups) in the
Insula, BLA, and Frontal cortex, we carried out an exploratory (non-statistical) analysis
controlling for variation in these baseline levels using a dependent variable of the ratio of
average c-fos expression in the LiCl group / expression in the saline group. Since this
preliminary analysis uses averages, we are unable to perform statistical analysis, but the
graphs alone are informative and show age differences in LiCl/Sal ratios in the insula.
Adolescents’ ratios are considerably lower than adults,’ indicating the insular cortex is
not fully mature in these adolescents.
In the basolateral amygdala, using the LiCl/Sal ratio once again to control for
variation in baseline c-fos levels, we again see developmental and sex effects in the
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ratios. Here, adult males and females’ ratios differ, and adolescent males express an
adult-like, approximately twofold increase in c-fos. While LiCl-treated adolescent
females express a similar twofold increase from those treated with saline, they do not
approach the level of expression of adult females.
Future Studies
In summary, this study characterized sex and age-related differences in behavioral
conditioned taste and food aversion responses, as well as illustrating neurobiologic
differences across sex and age through the observation of C-Fos response. Future
behavioral investigation of generalization to novel foods, especially non-cereal foods,
could lend further strength to the hypothesis that CFA generalization in females through
maturation may be an important marker of vulnerability to eating disorder development.
If CFA could be generalized to, for example, a new brand of standard rat chow, this
would most accurately reflect the conditions of CFA and disordered eating in humans.
Further studies arising from the analysis of c-fos data lead to two main questions:
what are the causes of the observed sex differences and what are the causes of the
developmental differences? A potential study to examine sex differences might be to
ovariectomize adolescent females and see which, if any, brain areas cease to show these
sex differences. Another less surgically invasive study would be to take females’ estrous
cycles into account as another variable. Previous literature shows that estradiol receptors
ERα and ERβ are both expressed in the BLA, and estradiol is suggested to modulate fear
extinction processes (Cover et al., 2014), an area in which we see strong sex differences.
We also do not yet know what type of neurons expressed c-fos in our areas of interest.
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Further studies co-staining for c-fos and a retrograde tracer could give insight regarding
the types of neurons expressing c-fos, and where they connect. Developmental
differences are most marked in the frontal cortex, where adolescent females seem to
approach adult levels of c-fos expression earlier than males do. A future study injecting a
retrograde tracer into the frontal lobe to visualize connections may aid us in
understanding the mechanisms that allow this area to develop earlier in females than in
males.
Finally, anterograde tracing of amygdala-cortical projections can aid in directly
showing the development of connections between the BLA, insula, frontal cortex, and
PVN mentioned above across age and sex. Biotinylated Dextran Amine (BDA) is a
powerful marker for the tracing of nerve pathways and can easily be co-stained for along
with c-fos (Brandt & Apkarian, 1992). By injecting BDA into the BLA, we can visualize
tracts connecting the amygdala, cortex, and other aforementioned areas of interest. We
hypothesize that these connections will increase from adolescence to adulthood, and may
develop earlier in females than in males. Pursuit of this study would provide a compelling
visual way to test this hypothesis, and would allow us to more deeply understand the
mechanisms through which conditioned taste/food aversion develops in the brain.
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FIGURES

Figure 1: Pica behavior in Adult and Adolescent animals after Boost drinking followed
immediately by NaCl or LiCl. Pica was rated for one hour. Results expressed as mean ±
SEM. N = 6-13/group p < 0.0001 effect of dose, p < 0.005 age x dose. Adolescents p <
0.0001 effect of dose; Adults p < 0.0001 effect of dose.
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Figure 2: CTA in Adult and Adolescent animals drinking Boost 24 hours after Boost
followed immediately by NaCl or LiCl. Consumption presented as D2/D1. Results
expressed as mean ± SEM. N = 6- 13/group. p < 0.0001 effect of sex, p < 0.0001 effect of
treatment, p < 0.053 age x sex x treatment. Males p < 0.012 effect of age, p < 0.0001
effect of treatment. Females p < 0.0001 effect of dose. Adults p < 0.0001 effect of sex, p
< 0.0001 effect of treatment, p < 0.014 sex x treatment.
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Figure 3: Correlation of Pica with D2/D1 after Boost followed by LiCl (NaCl animals
not included) in adults. Linear regression indicated significant correlations in males but
not females.

22

BURNETTE: CFA & DISORDERED EATING

23

Figure 4: Correlation of Pica with D2/D1 after Boost followed by LiCl (NaCl animals
not included) in adolescents. Linear regression indicated significant correlations in both
sexes.
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Figure 5: Pica after FL and NaCl or LiCl (Day 1). Results expressed as mean ± SEM. N=
12-18/group. P < 0.024 effect of age, p < 0.0001 effect of treatment, p < 0.032 age x sex
x treatment. Adolescents p < 0.0001 effect of treatment, Adults p < 0.0001 effect of
treatment, p < 0.034 sex x treatment.
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Figure 6: CFA in Adult and Adolescent animals eating Froot Loops 24 hours after FL
followed immediately by NaCl or LiCl. Consumption presented as D2/D1. Results
expressed as mean ± SEM. N = 12- 18/group. p < 0.015 effect of age, p < 0.0001 effect
of treatment, p < 0.012 age x sex x treatment. Adolescents p < 0.004 effect of treatment.
Adults p < 0.0001 effect of treatment, p < 0.04 effect of sex.
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Figure 7: Scattergram of CFA in Adult and Adolescent animals eating Froot Loops 24
hours after FL followed immediately by NaCl or LiCl. Consumption presented as D2/D1.
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Figure 8: Consumption of Novel Food (Apple Jacks) on Day 2. Results expressed as
mean ± SEM. N = 12-18/group. p < 0.01 effect of age, p < 0.02 effect of sex, p < 0.001
effect of treatment. Females p < 0.03 effect of age, p < 0.001 effect of treatment.
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Figure 9
C-Fos Quantification

Figure 9: Quantification of C-Fos expression in the Insula. Results expressed as mean ±
SEM. N = 4 per group. P < 0.0001 effects of sex, age, treatment, age x sex, sex x
treatment, age x treatment, and age x sex x treatment. Females p < 0.0001 effect of
treatment, age, age x treatment; Males p < 0.0001 effect of treatment, age, age x
treatment. Adults p < 0.0001 effect of treatment, sex, sex x treatment; Adolescents p <
0.0001 effect of treatment, sex; p < 0.0005 sex x treatment.

BURNETTE: CFA & DISORDERED EATING

29

Figure 10
C-Fos Quantification

Figure 10: Quantification of C-Fos expression in the Basolateral Amygdala (BLA).
Results expressed as mean ± SEM. N = 4 per group. P < 0.0001 effects of sex, age,
treatment, age x sex, sex x treatment, age x treatment, and age x sex x treatment. Females
p < 0.0001 effect of treatment, age, age x treatment; Males p < 0.0001 effect of treatment,
age, age x treatment. Adults p < 0.0001 effect of treatment, sex, sex x treatment;
Adolescents p < 0.0001 effect of treatment, sex.
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Figure 11
C-Fos Quantification

Figure 11: Quantification of C-Fos expression in the Frontal Cortex. Results expressed
as mean ± SEM. N = 4 per group. P < 0.0001 effects of sex, age, treatment, age x
treatment, sex x treatment, and age x sex x treatment; p < 0.05 sex x age. Adults p <
0.0001 effect of treatment, sex; p < 0.05 sex x treatment; Adolescents p < 0.0001 effect
of treatment, sex, sex x treatment.
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Figure 12
C-Fos Quantification

Figure 12: Quantification of C-Fos expression in the Paraventricular Nucleus of the
Hypothalamus (PVN). Results expressed as mean ± SEM. N = 4 per group. P < 0.0001
effect of sex, treatment; p < 0.001 effect of sex x treatment, age x treatment; p < 0.05
effects of sex x age, age x sex x treatment.
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Figure 13
C-Fos Expression Ratios (LiCl/Sal)

Figure 13: Quantification of C-Fos expression, controlled for variation in the controls, in
the insula and BLA. Ratios are expressed as [mean c-fos expression in lithium-treated
animals] / [mean c-fos expression in saline-treated animals].
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Figure 14
Reference Slice – C-Fos Fluorescent Imaging

Figure 13: Example of a section from Adult Female LiCl Frontal Cortex z-stack, stained
for c-fos (GFP, green) on a background of DAPI nucleus stain (blue). Counts of cells
expressing c-fos were obtained automatically through Imaris software.
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APPENDIX: Statistics Tables
1. Boost: Pica by LiCl Dose (Figure 1)
3-Way ANOVA: Age x Sex x Dose
Effect

DF

F-Ratio

P-Value

Dose

3

55.76

0.000

Age x dose

3

4.55

0.0048

2-Way ANOVA by Age: Sex x Dose
Effect

DF

F-Ratio

P-Value

Adolescent: Dose

3

37.23

0.000

Adult: Dose

3

24.25

0.000

2. Boost: CTA by LiCl Dose (Figure 2)
3-Way ANOVA: Age x Sex x Dose
Effect

DF

F-ratio

P-Value

Sex

1

37.27

0.000

Dose

3

66.70

0.000

Age x Sex x Dose

3

2.63

0.053

2-Way ANOVA by Sex: Age x Dose
Effect

DF

F-ratio

P-Value

Males: Age

1

6.65

0.012

Males: Dose

3

43.70

0.000

Females: Dose

3

28.12

0.000
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2-Way ANOVA by Age: Sex x Dose
Effect

DF

F-ratio

P-Value

Adults: Sex

1

35.05

0.000

Adults: Dose

3

35.28

0.000

Adults: Sex x Dose

3

3.85

0.014

3. Cereal: Pica and LiCl associated with food (Figure 5)
3-Way ANOVA: Age x Sex x Rx
Effect

DF

F-Ratio

P-Value

Age

1

5.20

0.025

Rx

1

131.24

0.000

Age x Sex x Rx

1

4.72

0.032

2-Way ANOVA by Age: Sex x Rx
Effect

DF

F-Ratio

P-Value

Adults: Rx

1

45.74

0.000

Adults: Sex x Rx

1

4.78

0.034

Adol: Rx

1

93.98

0.000

4. Cereal: Age/Sex/Treatment differences in CFA (Figure 6)
3-Way ANOVA: Age x Sex x Rx
Effect

DF

F-Ratio

P-Value

Age

1

6.05

0.015

Rx

1

39.42

0.000

Age x Sex x Rx

1

6.43

0.013
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2-Way ANOVA by Age: Sex x Rx
Effect

DF

F-Ratio

P-Value

Adults: Rx

1

34.77

0.000

Adults: Sex x Rx

1

4.48

0.039

Adol: Rx

1

13.98

0.0004

5. Cereal: CFA Generalization to Apple Jacks (Figure 8)
3-Way ANOVA: Age x Sex x Rx
Effect

DF

F-Ratio

P-Value

Age

1

15.61

0.0002

Sex

1

10.30

0.002

Rx

1

28.50

0.000

2-Way ANOVA by Sex: Age x Rx
Effect

DF

F-Ratio

P-Value

Females: Age

1

8.94

0.0038

Females: Rx

1

12.03

0.0009

6. C-Fos Expression in Insula (Figure 9)
3-Way ANOVA: Age x Sex x Rx
Effect

DF

F-Ratio

P-Value

Sex

1

2539.46

0.000

Age

1

1801.12

0.000

Rx

1

7600.03

0.000

Age x Sex

1

116.90

0.000

Sex x Rx

1

1484.17

0.000

Age x Rx

1

233.65

0.000

Age x Sex x Rx

1

81.18

0.000
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2-Way ANOVA by Sex: Age x Rx
Effect
Females: Age
Females: Rx
Females: Age x Rx
Males: Age
Males: Rx
Males: Age x Rx

DF
1
1
1
1
1
1

F-Ratio
1461.92
4097.24
881.81
1089.80
3595.30
605.98

P-Value
0.000
0.000
0.000
0.000
0.000
0.000

F-Ratio
1176.37
6555.04
244.87
629.35
1489.29
24.78

P-Value
0.000
0.000
0.000
0.000
0.000
0.0003

2-Way ANOVA by Age: Sex x Rx
Effect
Adults: Sex
Adults: Rx
Adults: Sex x Rx
Adol: Sex
Adol: Rx
Adol: Sex x Rx

DF
1
1
1
1
1
1

7. C-Fos Expression in BLA (Figure 10)
3-Way ANOVA: Age x Sex x Rx
Effect
Sex
Age
Rx
Age x Sex
Sex x Rx
Age x Rx
Age x Sex x Rx

DF
1
1
1
1
1
1
1

F-Ratio
463.29
1283.22
1929.49
108.71
281.42
676.77
269.42

P-Value
0.000
0.000
0.000
0.000
0.000
0.000
0.000

2-Way ANOVA by Sex: Age x Rx
Effect
Females: Age
Females: Rx
Females: Age x Rx
Males: Age
Males: Rx
Males: Age x Rx

DF
1
1
1
1
1
1

F-Ratio
615.97
1061.11
518.43
1222.55
1397.35
174.73

P-Value
0.000
0.000
0.000
0.000
0.000
0.000
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2-Way ANOVA by Age: Sex x Rx
Effect
Adults: Sex
Adults: Rx
Adults: Sex x Rx
Adol: Sex
Adol: Rx

DF
1
1
1
1
1

F-Ratio
393.52
1885.68
424.63
87.60
228.19

P-Value
0.000
0.000
0.000
0.000
0.000

8. C-Fos Expression in Frontal Cortex (Figure 11)
3-Way ANOVA: Age x Sex x Rx
Effect
Sex
Age
Rx
Sex x Rx
Sex x Age
Age x Rx
Age x Sex x Rx

DF
1
1
1
1
1
1
1

F-Ratio
213.24
766.23
1222.85
99.01
7.36
28.62
48.34

P-Value
0.000
0.000
0.000
0.000
0.012
0.000
0.000

2-Way ANOVA by Age: Sex x Rx
Effect
Adults: Sex
Adults: Rx
Adults: Sex x Rx
Adol: Sex
Adol: Rx
Adol: Sex x Rx

DF
1
1
1
1
1
1

F-Ratio
105.38
1211.95
6.70
112.79
329.98
107.47

P-Value
0.000
0.000
0.024
0.000
0.000
0.000

9. C-Fos Expression in PVN (Figure 12)
3-Way ANOVA: Age x Sex x Rx
Effect
Sex
Rx
Sex x Rx
Sex x Age
Age x Rx
Age x Sex x Rx

DF
1
1
1
1
1
1

F-Ratio
51.76
2462.25
15.32
7.00
17.91
11.46

P-Value
0.000
0.000
0.001
0.014
0.0003
0.002
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