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ABSTRACT
Alcoholism is one of the most prevalent psychiatric disorders not only in the United
States, but worldwide. Despite its prevalence, less than 10% of those diagnosed with
alcohol use disorder (AUD) receive treatment each year. Alcoholism is a chronic,
relapsing disorder that is vastly heterogenous in nature, with a combination of biological,
environmental, and genetic factors all contributing to its development. As such,
identifying treatments that are successful in subgroups of alcoholics, perhaps
determined by their psychiatric comorbidities, may be an effective approach. In this
report, we explore the transcription factor nuclear factor kappa light chain enhancer of
activated B cells (NFkB) and the neurokinin-1 receptor (NK1R) in the processes
underlying alcoholism and its comorbidity with depression. Using conditioned place
preference and Daun02 selective inactivation, we report that NFkB is activated in the
nucleus accumbens (NAC) shell during alcohol place conditioning, and that inactivation
of NFkB-expressing cells in this region during conditioning attenuates alcohol CPP. This
data indicates that NFkB has a functional role in the rewarding effects of alcohol. We
then shifted our focus to processes underlying alcoholism and depression comorbidity.
Our group has previously found that forced chronic alcohol exposure via intragastric
gavage increases sensitivity to social defeat stress (SDS). However, it is unknown if

voluntary intermittent ethanol access (IEA) has the same effect. We found that, like



alcohol gavage, voluntary consumption on an IEA schedule increases sensitivity to SDS.
We also assessed effects of IEA and chronic alcohol gavage on components of the
NFkB pathway and found that both of these alcohol exposures increase NFkB in the
central nucleus of the amygdala (CEA). Lastly, we explored the role of the NK1R in the
behavioral phenotypes induced by SDS, including decreased social interaction and
increased alcohol consumption. We found that NK1R antagonism prior to defeat
sessions protected against the decrease in social interaction, but not increased alcohol
consumption, following chronic SDS. In addition, overexpression of NK1R in the NAC
shell increased sensitivity to SDS. Together, these data support the further investigation
of NFKB and NK1R as potential pharmacotherapeutic targets for alcoholism and its

comorbidity with depression.
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CHAPTER 1:

INTRODUCTION AND LITERATURE REVIEW

1.1 Alcoholism Overview

1.1.1 Alcohol Use Disorder (AUD)

Alcoholism is one of the most prevalent psychiatric disorders not only in the
United States, but worldwide. In 2018, 14.4 million adults over the age of 18 in the
United States were diagnosed with an alcohol use disorder (AUD)[1]. This is comprised
of 10.1% of individuals between ages 18-26 and 5.1% of individuals 27 years or older[1].
Out of the 14.4 million adults diagnosed with an AUD, just 6.3% received treatment in
the last year[1]. Alcohol misuse results in a substantial economic burden both in the
country and worldwide[2]. Excessive alcohol use costs the United States nearly $250
billion each year, with 70% of these costs related to binge-drinking, more than 40% of
which was paid by the government[2, 3]. Considering these statistics, both alcohol
misuse and AUD results in an immense societal burden.

Alcoholism is a chronic, relapsing disorder that is vastly heterogenous in nature,
with a combination of biological, environmental, and genetic factors all contributing to its
development. Diagnostic criteria for this disorder are described in the Diagnostic and
Statistical Manual of Mental Disorders (DSM). Historically, AUD was classified as two
distinct diagnoses, alcohol dependence and alcohol abuse, depending on number of
symptoms presented by an individual[4]. Released in 2013, the most recent version of
the DSM (DSM-5) has integrated alcohol dependence and alcohol abuse into one

spectrum diagnosis of AUD (for criteria, see Table 1.1)[5, 6]. Depending on the number



of criteria displayed, AUD diagnosis is further classified as mild, moderate, or severe.
The diagnostic criteria for AUD encompass a variety of symptoms characterized by
compulsivity to seek and consume alcohol, loss of control of consumption, continuation
of consumption despite negative consequences, and signs of withdrawal and unpleasant
symptoms in the absence of alcohol[5, 7, 8].

The negative consequences of alcoholism involve various facets of an
individual’s life, including health, economic, and social ramifications. Related to health,
alcohol-related causes account for nearly 88,000 deaths each year, making it the third
leading preventable cause of death behind tobacco use and physical inactivity/poor
nutrition[9, 10]. In addition to the development of alcoholism, chronic alcohol use can
contribute to the development of more than 200 different diseases including other
psychiatric disorders, infectious diseases, various forms of cancer, diabetes,
cardiovascular disease, and diseases of the liver and pancreas[2, 11-13]. In addition to
these diseases, chronic alcohol use also increases risks of injury to oneself and others.
Alcohol impairs psychomotor activity, increasing the likelihood of unintentional injuries
such as car accidents[14]. Alcohol use also increases risk of intentional injuries, as
AUDs associate with both suicidal ideation and attempt[15]. Further, alcohol use
increases propensity to commit violent crimes, such as aggression and homicide, and
therefore also increases risk of incarceration[16, 17]. Economically, individuals with AUD
are more likely to miss work, be unemployed, and have financial struggles[13]. Socially,
alcohol use can lead to family and relationship disruptions[13]. Together, the negative
consequences resulting from alcohol use and misuse are vast and impact nearly every

aspect of one’s life.



1.1.2 Behavioral Models Used to Assess Alcohol-Related Behavior

Well-established, preclinical rodent models have been developed to assess
alcohol-related behaviors. Behavioral paradigms that are used and discussed in this
report include conditioned place preference (CPP), models of voluntary alcohol
consumption, involuntary chronic alcohol exposure, and self-administration. These
models will be explained here to establish a foundation for understanding and
interpreting the previous findings and data presented in this report.

CPP is an assay used to assess the rewarding properties of drugs of abuse[18-
21]. CPP is preformed using an apparatus that contains two chambers with visual and
contextual differences (for example, black walls with grid flooring, and white walls with
bar flooring). A guillotine door separates the chambers and can be opened or closed
depending on the phase of the protocol. The CPP protocol consists of three phases: a
pretest, a conditioning phase, and a test. During the pretest, the animal is free to roam
the entirety of the chamber and time spent in either compartment is recorded. The
conditioning phase involves the pairing of a drug with confinement in one of the distinct
compartments of the apparatus, while the other compartment is paired with
administration of a physiological inert vehicle such as saline. Following the conditioning
phase, animals undergo a test session that is identical to the pretest and time spent on
each side of the apparatus is recorded. The change in preference from the pretest to the
test is the dependent variable. Administration of drugs with rewarding properties, such
as alcohol, will result in more time spent in the drug-paired compartment compared to
pretest and thus result in a positive change in preference. On the other hand, aversive
drugs will result in less time in, or avoidance of, the drug-paired compartment and a
negative change in preference. Many variations of this protocol exist, for example, the

number of days spent in each phase of the protocol, the number of conditioning



sessions, and the length of each session. Additionally, some CPP apparatuses contain a
third, neutral chamber in between the conditioning chambers that is only accessible
during the pretest and test sessions. Despite these possible variations, the data is
interpreted the same way and change is preference is compared between groups to
provide insight on the rewarding effects of a particular drug.

Two-bottle choice (2BC) allows for the assessment of voluntary alcohol
consumption. This paradigm involves the presentation of two bottles within the mouse’s
homecage, one containing water and one containing an ethanol solution, allowing for
free access to consume alcohol. Access to the alcohol bottle can be continuous (24
hours every day) or intermittent (24 hours every other day)[22]. In 2BC, bottles are
weighed at the same time each day (continuous access) or after each 24-hour alcohol
access period (IEA), and gram per kilogram (g/kg) intake is calculated based on each
mouse’s body weight. This measurement of intake can then be compared between
various treatment groups as a dependent variable. Conversely, access can be allowed
for a predetermined amount of time, such as 4 weeks, in order to assess alterations
following a fixed period of voluntary alcohol access. Continuous access results in
consumption of sub-intoxicating amounts of alcohol[22]. On the other hand, intermittent
ethanol access (IEA), which involves alcohol access on Monday, Wednesday, and
Friday, induces higher levels of consumption compared to continuous access due to the
alternating periods of consumption and deprivation[23-25]. IEA results in intoxicating
levels of alcohol consumption with a fair amount of consistency, particularly in alcohol-
preferring strains such as C57BL6/J mice[22]. In humans, binge-drinking is classified as
reaching blood ethanol concentrations (BECs) over 0.08g/dl, which is also the legal limit
to operate a motorized vehicle[26, 27]. While BECs obtained during continuous 2BC do

not surpass 0.08g/dl, BECs near 0.1g/dl have been observed in IEA studies[25].In



addition to continuous and intermittent schedules, access to 2BC can also be restricted
to a certain number of hours per day, such as 30 minutes[28] or 4 hours each day[27].

Outside of 2BC, other forms of voluntary alcohol consumption have been
developed. This includes “Drinking-in-the-Dark” (DID), which involves placing a single
tube with alcohol in an animal’s cage for 2 hours beginning 3 hours into the circadian
dark cycle for three consecutive days[22]. Alcohol is introduced at this time because it
has been shown that rodents ingest the majority of their daily food and water intake at
the beginning of the dark cycle[29]. The fourth day involves a test session in which the
bottle containing alcohol is available for 4 hours. This test session typically leads to
intoxicating blood alcohol concentrations (BECs) over 0.1g/dI[22]. Thus, DID results in
voluntary consumption of intoxicating amounts of alcohol. However, it is important to
note that while DID is assessing voluntary consumption, there is only one bottle
presented in the cage, and thus rodents only have one fluid to consume. When DID is
performed with a bottle of water in addition to the alcohol bottle, comparable amounts of
alcohol are ingested, but due to water also being consumed, BECs are lower than in the
standard single-bottle test[30]. In addition to the single-bottle DID protocol, other
consumption assays involve the presentation of multiple bottles of alcohol with the
same[31] or increasing[32] concentrations in the animal’s homecage[27]. Interestingly,
alcohol availability through multiple bottles results in higher overall consumption
compared to standard 2BC.

In comparison to voluntary consumption, forced methods of alcohol
administration allow for tight experimenter control over consumption levels. One method
to deliver chronic, large doses of alcohol is via intragastric gavage[33]. Intragastric
administration methods are preferred when using high alcohol doses in order to prevent

irritation and damage of the abdominal cavity that can result from repeated



intraperitoneal injection of high doses of alcohol[34]. Chronic alcohol gavage induces
high levels of intoxication comparable to that of human alcohol abusers[33]. Thus, this
model of alcohol administration induces reliable BECs much higher than those obtained
by voluntary 2BC and is preferred in studies assessing the effects of binge-like alcohol
exposure. An additional method of chronic alcohol exposure exists and consists of
placing a rodent in a vapor chamber in which ethanol is vaporized and breathed in by the
subject[35-37]. Intermittent bouts of ethanol vapor exposure and alcohol consumption or
self-administration sessions (discussed below) reliably induce dependence and
withdrawal, thus allowing for assessment of behavior alterations during these states[22].
Following cycles of CIE, animals display escalated and increased levels of alcohol self-
administration[38] and typically obtain BECs over 0.14g/d| after self-administration
sessions[39]. In addition to assessing self-administration behavior after repeated vapor
inhalation, another, well-established model of CIE involves 4 days of ethanol vapor or air
exposure (16 hours/day, which leads to consistent BECs between 0.15-0.2g/dl), 72
hours of abstinence, then 5 days of limited access 2BC[40]. When exposed to this
protocol, mice display increased alcohol consumption and consume alcohol faster than
air-exposed controls after each repeated CIE cycle[40]. As a result of the increased
amount and speed consumption, vapor-exposed mice display BECs nearly 2-fold higher
than mice exposed to air[41]. Regardless of administration of chronic alcohol
(intragastric gavage or vapor inhalation), these protocols result in higher BECs obtained
from voluntary procedures and thus are relevant models of drinking patterns observed in
individuals with AUDs. As such, various models of alcohol consumption have been
developed, and the particular model used in a given study is selected based on the

goals of the study and the type of behavior being assessed.



Self-administration is a behavioral paradigm that allows for the assessment of the
reinforcing properties of and motivation to seek a drug of abuse[42]. In this operant
conditioning paradigm, animals are trained to perform a response (such as a lever press
or nose poke) under a certain schedule of reinforcement, meaning that responses will
result in a delivery of a reward (such as alcohol) following a certain number of responses
(ratio schedule) or length of time (interval ratio)[43]. Ethanol self-administration studies
typically start with a period of training involving the delivery of saccharin, during which
concentrations of saccharin decrease while concentrations of ethanol are introduced and
increased over a certain number of days. Once the preferred concentration of ethanol is
reached, animals continue self-administering until a stable level of responses is
obtained. When stability is obtained, motivation for the drug can be assessed with a
progressive ratio test[44]. In this test, the number of responses required to obtain a
reward is increased with each reinforcer delivery. The maximum number of lever
responses that an animal will exhibit to obtain a reinforcer is referred to as the
breakpoint. In other words, this measurement describes how hard an animal is willing to
“work” for the reward.

In addition to assessing motivation, relapse-like behavior can be assessed with
the self-administration protocol[45]. After stable responding is obtained, extinction
training begins in which completed responses no longer result in reward delivery. The
lack of a reinforcer delivery following responses results in a decrease in responding.
Once the behavioral response is extinguished, methods of reinstatement are used to
induce relapse-like behavior, or the continuation of responding despite this response
being previously extinguished and the lack of drug delivery. This includes drug-primed,
cue-primed, and stress-induced reinstatement models, which represent various triggers

of relapse in human alcoholics, such as consumption of alcohol, exposure to drug-



related environments or people, and stressful experiences[45]. Drug-primed
reinstatement involves administration of a non-contingent drug injection prior to the start
of the reinstatement session[46]. Early studies have determined that modest, dose-
dependent reinstatement of drug seeking occurs after a priming dose of alcohol[46]. In
cue-induced reinstatement models, discrete cues, such as a light or a tone, accompany
drug delivery upon lever pressing during initial training[45]. Thus, the cue becomes a
conditioned stimulus. During extinction, both the drug and the conditioned stimulus are
removed. The cue-induced reinstatement session involves the reintroduction of the cue
upon lever pressing, which has been found to increase responding in the absence of
drug availability[47]. Stress-induced reinstatement involves the application of a stressor,
such as intermittent footshock[46] or administration of the pharmacological stressor
yohimbine[48], prior to the reinstatement session. Stress-induced reinstatement
protocols reliably result in a robust increase in drug-seeking behavior following
extinction[46]. Together, reinstatement models provide a platform to investigate
mechanisms driving relapse-like behavior following experiences translatable to those
observed in abstinent alcoholics.

1.2 The Addiction Cycle

1.2.1 The Neurocircuitry and Stages of Addiction

Addiction develops when an individual’s patterns of alcohol use shifts from being
impulsive to compulsive in a cycle of three stages, preoccupation/anticipation,
binge/intoxication, and withdrawal/negative affect, with each stage being intensified after
each complete cycle due to plasticity changes within the reward, stress, and executive
function systems[7, 8, 49-52]. Drug use in the binge/intoxication stage is primarily
motivated by a process called positive reinforcement, for example, drinking alcohol due

to positive experiences in the past and a desire to achieve positive mood states induced



by intoxication[51]. As an individual progresses through the various stages of the cycle,
drug use shifts from being impulsive and driven by positive reinforcement to compulsive
and driven by negative reinforcement[51]. At this point of the addiction cycle, the
individual consumes the drug to remove withdrawal effects and negative emotions
associated with drug cessation. The negative affect involved in the withdrawal/negative
affect stage of the addiction cycle involves dysphoria, or a depressed mood, anxiety, and
irritability) and emerges as a direct result of drug abstinence[51]. Motivation to seek the
drug is therefore increased to remove the unpleasant effects following drug removal,
which is described as being driven by negative reinforcement. The individual then enters
the preoccupation/anticipation stage, which is accompanied by the emergence of intense
cravings. These cravings, in combination with the increased motivation to remove the
negative side effects associated with withdrawal, are a key contributor to relapse[51, 53].

Each of the three stages of addiction are mediated by distinct brain regions and
mechanisms. The binge/intoxication stage is driven by positive reinforcement from the
rewarding properties of drugs of abuse[51]. At this stage, impulsive intake is mediated by
the mesolimbic DA system, particularly the dopaminergic projection from the ventral
tegmental area (VTA) to the nucleus accumbens (NAC)[51]. The mesolimbic DA system
is the major target of addictive drugs[54, 55], which increase transmission of this
pathway and release of DA in the NAC[56, 57]. DA release is also increased by
exposure to stimuli associated with the drug, which motivates drug seeking and
consumption[58]. This same pathway is involved in reward following natural reinforcers
that are necessary for survival, such as food, sex, and social interaction[59, 60].
Compared to natural rewards, in which DA release ceases when the reinforcer is
consumed or obtained, drugs of abuse increase DA release not only prior to

consumption, but also during consumption, which further motivates the individual to
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continue to take the drug[57]. This may explain why an individual is more likely to display
compulsive use of drugs of abuse compared to natural reinforcers[57]. Therefore, drugs
of abuse are known to co-opt this system designed to motivate the responses necessary
for survival, and repeated consumption of a drug can result in a dampening of this
circuitry[59].

The withdrawal/negative affect stage is governed primarily by the extended
amygdala (AMY), which is comprised of the central nucleus of the amygdala (CEA), bed
nucleus of the stria terminalis, and the medial subregion of the NAC shell[51]. During this
stage, activity of the mesolimbic DA system is decreased, particularly within the
accumbens[61]. During withdrawal, brain stress systems within the extended AMY, as
well the hypothalamic-pituitary-adrenal (HPA) axis are activated[62, 63]. Further, the
brain’s anti-reward system, composed of the ventral striatum, extended AMY, and
habenula, is recruited during this stage. Activation of these stress and anti-reward
systems induces a negative affective state characterized by dysphoria, anxiety,
emotional distress, sleep disturbance, and irritability[49].

The various symptoms of withdrawal emerge at characteristic timepoints after
drug cessation[64] Three phases of withdrawal exist, called acute withdrawal, early
abstinence, and protracted withdrawal, occurring for periods of 42-78 hours, 3-6 weeks,
and more than three months, respectively[64]. During acute withdrawal, individuals
experience hyperexcitability of the nervous system, which can lead to seizures and
tremors that can be fatal[65]. In this phase, individuals seek alcohol to remove the
intense physical symptoms that emerge shortly after drug consumption is stopped. In
early abstinence, the physical symptoms of acute withdrawal dissipate, while the
anxious, dysphoric mood and sleep disturbances occur and are experienced for a period

of 3-6 weeks[64, 66]. Affective dysregulation continues throughout during protracted
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withdrawal, in which individuals display strong emotional reactivity and negative
affective, and experience drug cravings[67, 68]. Protracted withdrawal can last for
months, even years. While studies have indicated that 70-80% of individuals relapse
within the first year, the vast majority of these relapses occur after the physical
symptoms of acute withdrawal have subsided[69]. However, relapse can also occur
during the acute withdrawal phase, heavily driven by the physical symptoms. On the
other hand, negative affect is a main contributor to relapse while an individual is
experiencing early abstinence and protracted withdrawal[64].

The preoccupation/anticipation stage is characterized by an emergence of
craving and a disruption of inhibitory control. During this stage, drug use transitions to
being habit-like and compulsive due to conditioned drug reinforcement and altered
incentive salience[51]. This shift to compulsive behavior involves NAC input to the dorsal
striatum (DS), a region involved in habit formation[57]. In addition to the DS, additional
regions contribute to craving, particularly the orbitofrontal cortex (OFC), prefrontal cortex
(PFC), basolateral amygdala (BLA), hippocampus (HIP), and insula[51]. Components of
the PFC, such as the OFC, are typically hypoactive in the absence of the drug or drug
related cues, but become hyperactive following exposure to conditioned cues and as a
result increases reward salience/incentive to consume the drug[70]. In addition to
craving, this stage is characterized by reduced inhibitory control attributed to a disruption
of cortical control circuit, composed of the cingulate gyrus, dorsolateral PFC, and inferior
frontal cortex[51, 57, 71]. This system allows for the assessment of predicted and actual
reward outcomes, conveying this information to control pathways and influencing the
actions an individual makes[57]. Typically, activity of control circuitry is controlled by
tonic DA signaling and by assessing reward outcomes, leads to proper decision-making

and executive function[57]. However, signaling within this circuit is dysregulated in
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addicted individuals, which leads to reduced inhibitory control and motivates drug
consumption and relapse[51, 57].

Overall, progression through the various stages of addiction involves maladaptive
neuroadaptations of the brain’s reward, stress, and control systems, culminating in
increased reactivity to drug-related cues, aversive withdrawal systems, a shift from
impulsive to compulsive drug use, and loss of inhibitory control. Together, these factors
work in concert to contribute to drug relapse and continuation through the cycle of
addiction.

1.2.2 Neurotransmitter Responses to Acute and Chronic Alcohol

Unlike other drugs of abuse, alcohol does not act on a specific receptor or have a
clearly defined mechanism of action. As mentioned in the previous section, the effects of
alcohol exposure involve various sites of action and major neurotransmitter systems of
the brain, including DA, serotonin, gamma-aminobutryic acid (GABA), and glutamate.
Alcohol use leads to an imbalance of these systems and dysregulates the delicate
balance of excitatory and inhibitory neurotransmission observed under basal
conditions[52, 72, 73]. In addition, activation of the neurotransmitters corticotropin
releasing factor (CRF) and norepinephrine induce the negative affect and anxiety
associated with withdrawal. Together, these neurotransmitters are responsible for the
effects observed at each stage of the addiction cycle discussed above.

The rewarding effects of alcohol result from both direct and indirect activation of
the mesolimbic DA pathway[54, 55]. Alcohol activates this system by disinhibiting VTA
dopaminergic projections to DA D receptors on medium spiny neurons in the NAC[56,
57]. DA release not only increases following consumption of a drug (the reinforcer), but
also following exposure to contextual or environmental stimuli associated with drug

taking, which is a conditioned response resulting from a process called associative
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learning[57, 74, 75]. As such, this system is also responsible for the evaluation of
incentive to obtain the reinforcer and becomes dysregulated in addicted states[76, 77].
In addition to increased DA release in NAC, alcohol also increases the release of
serotonin, opioid peptides, and gamma-amino butyric acid (GABA) and decreases
glutamate transmission in the NAC, VTA, and AMY[51, 52, 78, 79]. The net effect of
these signals indirectly increases DA release in the NAC and contribute to the
reinforcing properties of drugs of abuse during the binge/intoxication stage of the
addiction cycle[51, 52].

Acute alcohol exposure both increases inhibitory transmission and decreases
excitatory inhibition[80]. The increased inhibitory neurotransmission is mediated by
GABA, the major inhibitory neurotransmitter of the brain, particularly GABA’s actions at
the GABAA receptor[80]. Alcohol’s actions as an agonist at the GABA receptor[81] are
responsible for the depressant effects, such as reduced anxiety and increased sedation,
of alcohol consumption[72]. Additionally, a role of another inhibitory neurotransmitter
glycine and the neuromodulator adenosine have also been indicated as modulators of
the increased inhibitory neurotransmission following acute alcohol exposure[72].
Concurrently, alcohol dampens the activity of the major excitatory neurotransmitter,
glutamate. Glutamate leads to neuronal excitation by activating both N-methyl-D-
aspartate (NMDA) receptors and non-NMDA receptors, including a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) and kainite receptors[72]. Acute exposure to
alcohol inhibits activity of both NMDA and non-NMDA receptors[72]. Related to the
effects of alcohol exposure on memory, long-term potentiation (LTP) is fundamental
process underlying memory formation and requires inhibition of GABAa receptors and

activation of glutamate receptors[82]. Acute alcohol, by activating GABAx receptors and
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inhibiting glutamate receptors specifically within the HIP, can also inhibit LTP and thus
lead to memory impairments while under the influence of alcohol[83, 84].

Following chronic exposure to alcohol, opposing effects on GABA and glutamate
transmission are observed. Chronic alcohol exposure decreases the function of GABAa
receptors by decreasing expression of this receptor, while glutamate receptors adapt to
the inhibitory effects by becoming hyperexcitable[72, 85, 86]. In addition to these effects,
activity of adenosine is dampened, further contributing to the reduced inhibitory
transmission during this state[72]. The desensitization of the GABAa receptor underlies
the development of tolerance, in which increased amounts of alcohol are required to
obtain a desired effect[72]. In addition to this desensitization, serotonin, norepinephrine,
DA, and the hormone vasopressin all contribute to the development and maintenance of
alcohol tolerance[72, 85]. The hyperexcitable state resulting from decreased GABAA
function and increased NMDA signaling contributes to the physical and emotional
components of withdrawal. Increased glutamate signaling leads to excess levels of
calcium that can be taken up by neurons controlling movement, which in combination
with decreased inhibition by GABA, contributes to withdrawal-induced seizures and
physical symptoms experienced during acute withdrawal[72]. This hyperexcitable state
may also contribute to the anxiety symptoms that emerge in early withdrawal[72]. During
protracted withdrawal, symptoms related to negative affect emerge as a result of
decreased activity of the mesolimbic DA pathway[87]. The hypodopaminergic state
experienced during withdrawal results in an anhedonic state, paralleled by an increased
reactivity to drug-related stimuli due to an increase in reward threshold and increased
drug cravings[61, 71, 88, 89]. In addition to the effects on the DA system, CRF,
norepinephrine, and dynorphin (an opioid peptide that activates the kappa-opioid

receptor) activate brain stress systems within the extended AMY and the HPA axis (CRF
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and norepinephrine) and anti-reward systems in the habenula (dynorphin)[62, 63, 90].
During this hypodopaminergic state, exposure to drug-related cues activates
glutamatergic projections from the PFC, HIP, and BLA to the NAC and DS increases DA
signaling and enhances craving for the drug[57, 73]. As such, the negative symptoms
associated with the absence of alcohol, in addition to increased reactivity to drug related
cues, results in increased motivation to consume the drug, thus promoting relapse and
continuation through the addiction cycle.

1.2.3 Approved Treatments for AUD

Current treatments for alcoholism include both psychosocial and pharmacological
therapies. Psychosocial therapies can occur in individual or group settings and are
designed to help individuals with AUD learn how to recognize their alcohol-related cues,
control cravings, and in some cases, reduce or maintain low levels of alcohol
consumption[91, 92]. Various forms of psychosocial therapy exist, including cognitive
behavioral therapy (CBT), contingency management (CM), and motivational interviewing
(MDN[93-95]. The CBT approach involves teaching an individual how to assess their drug
use and understand the consequences that arise from it[96]. In addition, CBT teaches
important skills, such as recognizing relapse triggers, how to avoid situations where
triggers may be present, and how to cope effectively if triggers are encountered[96]. This
approach has strong empirical support for the treatment of AUD[97]. Another form of
psychosocial treatment for AUD with strong empirical support includes CM, an approach
which is based on operant conditioning and positive reinforcement[96]. CM is an
incentive based approach that involves rewarding an individual for their abstinence, for
example, with vouchers for money, goods, and services that are contingent on drug-free
urine or breath samples[96, 98]. An additional approach, Ml, involves guiding an

individual to explore their personal motives for changing their behavior[99]. While this
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approach has also been shown to be successful, there is stronger support for it to be
used in combination with other psychosocial treatment strategies[96]. Overall, these
behavioral approaches for AUD treatment have resulted in positive outcomes, but they
do not work for every individual. As such, these strategies continued to be studied while
new treatments are explored to help those who do not respond to the strategies
discussed above. In addition to behavioral treatment, pharmacotherapies for AUD can
be delivered alone, or in conjunction with psychosocial treatment.

Currently, four medications are approved by the Food and Drug Administration
(FDA) for the treatment of AUD: disulfiram, naltrexone (oral and injectable formulation),
and acamprosate[100]. These pharmacotherapies aim to reduce high levels of
consumption in individuals with alcoholism that are unable to abstain from drinking, while
also to prevent or reduce craving in order to decrease risk of relapse[101-103].
Disulfiram works to prevent alcohol drinking by impacting the metabolism of alcohol.
Alcohol is primarily metabolized in the liver, where the enzyme alcohol dehydrogenase
(ADH) converts alcohol to its metabolite acetaldehyde, which is in turn converted to
acetate by the enzyme aldehyde dehydrogenase (ALDH)[104]. Disulfiram blocks the
metabolism of acetaldehyde, resulting in accumulation of this metabolite which leads to
unpleasant symptoms[105]. These symptoms include flushing, nausea, vomiting,
increased heatrt rate, decreased blood pressure, dizziness, and headache[105], appear
within 15 minutes of alcohol intake, and can last hours[106]. As these symptoms can be
easily avoided by not taking disulfiram, a major issue with this medication is compliance.
However, likelihood of abstinence on this treatment is increased with supervised or
witnessed treatment. As such, disulfiram has been suggested as a second-line treatment

for AUD behind the naltrexone and acamprosate.
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Naltrexone is a honselective opioid antagonist receptor antagonist that has been
found to reduce mesolimbic opioid signaling, an effect which ultimately reduces DA
levels and decreases the rewarding properties of alcohol[100, 107]. Thus, naltrexone
results in decreased cravings for alcohol and decreased alcohol consumption[108, 109].
This is in contrast to acamprosate, as its therapeutic effects on consumption and relapse
are due to a normalization of the dysregulated glutamatergic transmission associated
with AUD via actions on NMDA receptors[100, 110]. It has also been proposed that the
anti-relapse effects of acamprosate are mediated by mechanisms involving calcium, but
there is not substantial evidence in support of this[111]. Clinically, both naltrexone and
acamprosate have shown significant efficacy compared to placebo or abstinent groups,
supporting the use of these drugs as first-line treatment for AUD[101]. Success rates of
these pharmacological treatments have varied, which is likely explained by patient
compliance and the negative side effects of these drugs[102].

In addition to the approved medications for AUD, several other off-label
medications have been investigated for the treatment of AUD. Nalmefene, a mu- and
delta-opioid antagonist used to reverse the effects of opioid drugs, has been approved
for reducing alcohol consumption in Europe[100, 112]. However, studies evaluating the
effectiveness of nalmefene were not comprehensive, only comparing it to placebo as
opposed to an FDA AUD approved treatment[113]. Baclofen, an FDA approved GABA
agonist used to treat spasticity related to multiple sclerosis, has been shown to prolong
abstinence and increase time until relapse, particularly in heavy drinkers[100, 114].
Apart from those outcomes, baclofen has not been observed to decrease other
outcomes such as binge-drinking. Gabapentin is an anti-epileptic medication that has
received some clinical support in the treatment of AUD[100], specifically its ability to

increase abstinence and decrease heavy drinking[115]. However, another study found
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gabapentin to be ineffective on any additional study outcomes[116], highlighting that
additional research is necessary to determine the effectiveness. Other studies have
assessed the ability of topiramate, an anti-seizure, migraine, and weight loss medication,
to reduce alcohol-related outcomes has been explored[100]. Topiramate treatment had a
modest effect of increasing days abstinent and reducing binge-drinking days[117].
Lastly, varenicline, a partial agonist of the o432 nicotinic receptor that is used for the
treatment of nicotine addiction, has been shown to reduce alcohol consumption in
individuals that both drink and smoke heavily[110, 118]. As such, various medications
have been explored for their off-label efficacy at treating alcohol-related outcome
measures and have shown some promise, particualy in specific subsets of alcohlics.
Despite the available psychosocial and pharmacological treatments, the majority
of individuals with AUD do not seek treatment, largely in part due to stigmatization of
seeking treatment for alcoholism and psychiatric disorders in general, lack of health
insurance coverage, and inconsistent insurance coverage for these treatments[119-121].
Considering the heterogenous nature of alcoholism, none of these treatments result in
widespread efficacy. Thus, the efficacy of AUD treatments may improve using
personalized approaches such as pharmacogenetics to tailor the treatment strategy of
each individual[103, 122].
1.3 Comorbidity of Alcoholism and Depression

1.3.1 Prevalence of Alcoholism and Depression Comorbidity

Comorbidity between alcoholism and other psychiatric disorders is extremely
common. According to the National Institute on Alcohol Abuse and Alcoholism (NIAAA),
a substantial portion of alcohol-dependent individuals also meet clinical criteria for
depression (27.9%). Epidemiological studies have indicated that severity of AUD

symptoms predicts onset of depressive disorders[123] and a history of alcohol
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dependence can increase risk for depression by up to 4-fold[124]. In turn, a history of
mood disorders increases risk of substance abuse[125], and severity of depression
symptoms is associated with problematic alcohol use in undiagnosed patients[126].
Stressful experiences can increase motivation to consume alcohol and therefore trigger
relapse in individuals with AUD[127]. The ability of stress to increase motivation to
relapse can generally be explained by the anxiolytic, or anxiety-reducing, properties of
alcohol, which is called the tension/stress-reducing hypothesis of relapse[72, 90, 127-
132]. In addicted individuals, repeated periods of withdrawal dysregulate the HPA axis
and CRF-activated stress systems, and these perturbations further contribute to the
increased motivation to consume alcohol to alleviate the negative affect associated
withdrawal states[62-64, 133]. Additionally, the self-medication hypothesis of alcohol, or
consuming alcohol to alleviate dysphoria and negative affect, also provides a potential
explanation for this relationship[130, 131, 134-136]. There are also overlapping genetic
factors contributing to the development of these disorders[137, 138]. Genes that have
been identified to associate with risk and/or diagnosis of both alcoholism and depression
include those for alcohol dehydrogenase 1B (ADH1B) and aldehyde dehydrogenase 2
(ALDH2)[139], the B1 subunit of the GABAA receptor (GABRB1)[140], the dopamine D2
receptor (DRD2)[139], brain derived neurotrophic factor (BDNF)[141], mu-opioid
receptor (OPRM1)[140], muscarinic acetylcholine receptor M2 (CHRM2)[142], and
corticotropin releasing hormone binding protein (CRHBP)[140]. However, it is difficult to
determine the direction of causality of the associated genes in individuals with both
disorders and therefore this continues to be researched. This clinical, epidemiological,
and genetic evidence suggests a bidirectional relationship between alcoholism and
depression, both directions of which have been extensively studied at the preclinical

level and will be discussed in the following sections.
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1.3.2 The Social Defeat Stress Model

To assess the relationship of alcohol and stress responses, our lab uses the
social defeat stress (SDS) behavioral model. SDS is a major preclinical model of
depression that results in depressive-like behavior in rodents, including anhedonia,
social avoidance, weight loss, and immune suppression[143-145]. These behavioral and
physiological outcomes mirror depressive symptoms at the clinical level, as three DSM-5
criteria for depression include anhedonia, weight alterations, and a marked reduction in
normal social functioning[5]. The effects of SDS are reversed following chronic, but not
acute, administration of antidepressants, supporting the predictive validity of this
model[146-148]. The SDS model involves the use of aggressive male CD-1 retired
breeder mice that are housed on one side of a large cage that is separated in half by a
clear, perforated divider. SDS involves repeated exposure to brief physical defeat
sessions by a novel CD-1 mouse each day of the protocol, after which defeated mice are
moved to the other side of the divider and housed overnight to the aggressor it just
encountered. This allows for visual, olfactory, and auditory cues to be exchanged
between the C57BL6/J mouse and the aggressor overnight. As such, SDS consists of
brief physical stress and prolonged emotional stress. To assess depressive-like
behavior, mice are tested for social interaction (SI) 24 hours after the final defeat
session[143]. Two phenotypic subpopulations arise following the SDS protocol in mice:
those displaying minimal SI and are thus “susceptible” to SDS, and those “resilient” to
this stressor that display typical levels of SI[143, 145]. Following this protocol, typically
70% of mice are of the susceptible phenotype, while 30% are considered resilient to this
stressor and behavior similarly to nonstressed controls. In addition to the chronic form of
SDS, a variation of the SDS protocol called subthreshold SDS can be used to study

sensitivity to social stress. This subthreshold protocol involves a 1-day “microdefeat” that
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does not typically induce depressive-like behavior[143]. Similar to chronic SDS, mice
undergo the Sl test 24 hours later. Thus, this subthreshold level of defeat allows for the
assessment of increases in sensitivity to SDS following pro-depressant interventions
prior to this protocol[149-152].

1.3.3 The Bidirectional Relationship of Alcohol and Stress

As discussed, long-term administration of alcohol and the sudden cessation of
alcohol use can lead to withdrawal states that induce feelings of dysphoria and anxiety.
This negative affective state can persistent past acute withdrawal and into abstinence
and protracted withdrawal, increasing motivation to drink and risk of relapse[64, 68, 90,
153-156]. To examine this phenomenon preclinically, rodents are exposed to chronic,
large amounts of alcohol, typically via intragastric gavage or vapor inhalation chambers,
for a predetermined amount of time. Following alcohol exposure, a stressor can be
applied and alterations in sensitivity to the stressor are examined. In general, chronic
alcohol exposure leads to increased stress responsivity in various animal models
assessing stress sensitivity and anxiety-like behavior, including elevated plus maze[157-
159], social interaction[160], open field test[159], marble-burying[159], and fear
suppression and extinction[161, 162]. Additionally, many studies have demonstrated that
a history of chronic alcohol not only increases stress responsivity, but also enhances the
ability of stress exposure to increase post-stress alcohol consumption and self-
administration[35, 158, 161, 163-166]. Related to SDS, our lab has recently
demonstrated that 10 days of chronic alcohol gavage increases sensitivity to
subthreshold SDS, as evidenced by a decrease in Sl displayed by alcohol-exposed
mice[167].

Examining the opposite direction of this relationship, stress effects on alcohol-

related behaviors, has proven to be difficult in the preclinical setting[127]. While it is well
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established that stress plays a pivotal role in alcohol use and AUD, the relationship is
complex and is not completely understood. Many studies have evaluated the impact of
stress on subsequent alcohol consumption but have yielded inconsistent results, with
stress exposure increasing, decreasing, or not changing consumption depending on the
specific conditions of the study. This inconsistency of results has made studying the
relationship between stress and alcohol considerably challenging[127, 131]. Numerous
parameters, including the type and intensity of stressor, duration of the stressor (acute or
chronic), timing of alcohol availability after stress (immediate or delayed), and
controllability of the stressor influence effects on consumption and underlie the
inconsistent results obtained in the literature[168-170]. In general, exposure to acute
stress tends to decrease or not significantly alter alcohol consumption, while chronic
exposure to stress typically induces increased alcohol consumption[127, 171].

Pertinent to this report, numerous studies have assessed the effects of SDS on
alcohol-related behaviors. These studies have determined that exposure to chronic SDS
typically increases alcohol consumption[167, 172-180]; however, some studies have
reported that SDS decreases[35, 176, 181] or did not change alcohol consumption[182].
In addition to consumption, SDS exposure has also been found to increase sensitivity to
the rewarding effects of alcohol[183], increase alcohol self-administration[184, 185], and
motivation to seek alcohol[176, 184]. Two additional studies found SDS decreases
alcohol self-administration, but alcohol seeking behavior was assessed after a shorter
duration of SDS[181, 186]. As discussed above, particular experiment design, such as
intensity and duration of defeat sessions and timepoint of alcohol availability are possible
explanations for the observed decreases in alcohol-related behaviors following SDS. In
addition, these studies treat SDS-exposed mice as one stressed cohort in comparison to

nonstressed controls. Stratifying SDS-exposed animals allows for the assessment of
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differences between susceptible and resilient subpopulations, which when combined,
may wash out any observable effects. Our lab studies susceptible and resilient
subpopulations independently, and by doing so, we have recently shown that SDS
increases voluntary alcohol consumption in specifically in mice susceptible to this
stressor compared to resilient mice and unstressed controls[167]. Together, the findings
of our lab and others support the bidirectional relationship between alcohol exposure
and stress-sensitivity.

1.4 NFkB as a Potential Mediator of Alcoholism and Depression Comorbidity

1.4.1 The Neuroimmune System and NFkB Pathway

The neuroimmune system serves to respond to, and protect the brain from,
injury, disease, and toxins. Elements of the neuroimmune system not only mediate the
innate immune response to insults such as infection and injury, but also play an integral
role in synaptic transmission and plasticity, gene expression, neurogenesis, and
homeostasis[187, 188]. Once activated in response to events such as infection, injury, or
stress, activated microglia and astrocytes within the brain release pro-inflammatory
cytokines (including interleukin-18 (IL-18), IL-6, and tumor necrosis factor-a (TNFa)) and
chemokines (including C-C Motif Chemokine Ligand 2 (CCL2), CCL5, CXCL1)[189-191].
Stimulation of these factors contribute to the activation of transcription factors such as
nuclear factor kappa light chain enhancer of activated B cells (NFkB). Activation of NFkB
and activator-protein 1 (AP-1) in turn induces expression of additional cytokines,
cytokine receptors, and expression of toll-like-receptors (TLRs) such as TLR4, thus
promoting further inflammatory signaling. The level of immune response depends on the
particular insult. While high levels of inflammation can result in the recruitment of
additional immune cells, tissue damage, and cell death, lower levels of inflammation can

promote protective factors such as tissue repair[189].



A primary focus of this report is NFKB and components of its signaling
cascade[192, 193]. NFkB is comprised of dimers of various subunits, including p65,
RelB, c-Rel, p50, and p52. These NFkB subunits form heterodimer and homodimer

complexes, resulting in up to 15 dimer combinations, each with specific functions. The
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most common of these combinations is the p65 and p50 heterodimer complex, which is

responsible for transcriptional activation. Under baseline conditions, NFkB subunit

dimers are bound in the cytosol by an inhibitory protein known as inhibitor of NFKkB (IkB).

The IkB kinase (IKK) complex consists of two catalytic subunits (IKKa and IKKB) and a
regulatory subunit (NEMO). When activated, IKK phosphorylates 1kB, tagging it for
proteasomal degradation and freeing the NFKkB subunit dimers. TLR4, TNF-a receptor
(TNFR) and interleukin-1 receptor (IL-1R) are known to stimulate NFkB through this
pathway, as activation of these receptors leads to phosphorylation of IKK[194]. After
freeing from the IkB complex, NFkB dimers translocate to the nucleus where they bind
specific DNA sequences in the promoter region of a wide array of genes[195]. Most
prominently, NFkB stimulation triggers the expression of inflammatory mediators
including cytokines, chemokines and cell adhesion molecules, thus creating a positive
feedback loop. However, NFKB also regulates genes not involved in inflammation and
influences processes such as responses to drugs, learning and memory, and stress
responses[192]. Drug use stimulates NFkB, and genes regulated by NFkB influence
alcohol- and drug-related responses, indicating this transcription factor as a key
mediator of the physiological and behavioral responses to drugs of abuse.

1.4.2 The Interaction Between the Neuroimmune System, NFkB, and Alcohol

In recent decades, the neuroimmune system has gained attention for its

involvement in the physiological and behavioral responses following alcohol

to

exposure[191, 196, 197]. Alcohol has been demonstrated to activate the TLR4[198], and
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similar to insults such as infection and injury, increases release of proinflammatory
cytokines[199]. Acute ethanol exposure decreases microglial gene expression during
intoxication, while withdrawal increases gene expression of microglial markers and other
neuroimmune-related genes such as TNFa and IL-1R[200]. In addition to its
physiological response to alcohol exposure, the neuroimmune system has functionally
been linked to alcohol consumption. Induction of an immune response via administration
of lipopolysaccharide (LPS) results in a long-term increase in voluntary alcohol
intake[201]. Furthermore, animals with genetic deletion of the IL-1R display attenuated
consumption of high concentrations of alcohol, but display typical alcohol place
preference and increased levels in consumption levels following stress exposure
comparable to that of wildtype mice[178]. Interestingly, double knockout mice lacking IL-
1R and TNF-1R display attenuated alcohol consumption both at baseline and in
response to stress[178], indicating an involvement of both of these receptors in the
processes governing alcohol consumption. Additionally, analysis of postmortem tissue
has indicated that several of the components of neuroimmune signaling are
dysregulated in alcoholics, as evidenced by increased levels of activated microglia[202],
TLRs[203], and IL-1B[191].

Of specific interest to this report, the role of NFKB in the underlying mechanisms
of alcoholism have been suggested by studies at both the clinical and preclinical level.
Clinically, polymorphisms in the NFKB1 gene are associated with increased risk of
alcoholism[204] and postmortem alcohol brains exhibit evidence of NFkB
dysfunction[205]. Preclinically, NFkB activity increases following alcohol exposure in
both human astroglial cells[206] and rodent hippocampal slice cultures[207]. In rodents,
exposure to chronic alcohol increases brain levels of NFKB[199], and in turn, NFkB

mediates the immune-related effects following long-term ethanol exposure[208]. A
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functional role of NFkB in alcohol-related behaviors has also been identified.
Administration of lipopolysaccharide (LPS), a potent activator of NFkB activity[209],
results in an increase in voluntary intake that persists for months after LPS
injection[201]. Further, pharmacological inhibition and viral knockdown of IKK3
decreases both continuous and restricted access of voluntary alcohol consumption[210].
While these data identify a role of NFkB specifically in voluntary alcohol consumption,
the effect of NFKB on other alcohol-related responses remains unknown.

In addition to alcohol, the involvement of NFKB in response to other drugs of
abuse has been examined. Administration of cocaine[211] and morphine[212, 213]
increases NFkB activation in vitro. Functional roles of this NFkB activation have been
examined for both cocaine and morphine. Chronic administration of cocaine upregulates
NFkB in the NAC[214], which was later found to be responsible for neuronal spine
formation following cocaine administration[215]. In addition, viral-mediated knockdown of
NFkB activity within the NAC decreased the rewarding effects of cocaine and the
reward-sensitizing effects of repeated cocaine injection[215]. Furthermore, inhibition of
NFkB activation in the NAC was also found to decrease the rewarding effects of
morphine[216]. While NFkB has a clear impact on the rewarding effects of both cocaine
and morphine, the role of NFKB in alcohol reward has yet to be elucidated.

1.4.3 Interaction Between the Neuroimmune System, NFkB, and Stress/Depression

In addition to its involvement in alcoholism and alcohol-related responses, the
neuroimmune system has also been linked to disorders such as stress and
depression[217-219]. Clinically, patients affected by these conditions display elevated
cytokines and inflammatory markers, including TNFa, IL-1(3, and IL-6, compared to
healthy controls[217, 220-225], and chronic exposure to an elevated inflammatory state

can contribute to the development of depression[226, 227]. Human subjects undergoing
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acute stress, such as psychosocial stress, exhibit elevated blood levels of components
of the immune system, including IL-6, TNFa, and NFkB[228]. Systemically administered
cytokines or endotoxin (LPS) induce a depressed mood[229, 230], while anti-
inflammatory drugs have been found to have potential anti-depressant effects in patients
with depression[231-233]. It has also been suggested that polymorphisms in the genes
encoding IL-1p, IL-6, and TNFa impact development of depression and responsivity to
anti-depressants[234, 235]. Moreover, analysis of postmortem brains of depressed
patients also display elevated levels of cytokines and apoptotic factors[236].

Preclinical studies have corroborated the role of the neuroimmune system in
stress-related and depressive-like behaviors in rodents[237]. Activation of an immune
response via LPS administration or direct injection of TNF-a and IL-1p leads to
depressive-like behavior[238, 239]. It was also recently determined that peripheral levels
of IL-6 following acute stress or LPS administration can predict later susceptibility to
chronic SDS, while antibody-mediated or genetic knockout of IL-6 promotes resilience to
SDSJ[225]. Additionally, learned helplessness behavior induced by inescapable
footshock is associated with an increase in IL-6 expression[240]. Similar to chronic SDS,
this behavior can be reversed by chronic, but not acute, antidepressant treatment[241],
indicating predictive validity of using learned helplessness as a preclinical model for
depression. Numerous studies have examined the role of NFkB in these behaviors
which will be discussed below.

The relationship between NFkB and stress-responses has been studied
extensively. In general, exposure to various forms of stress increases levels of NFkB,
mirroring the clinical data discussed above. NFKB suppresses neurogenesis in the HIP
following acute restraint stress[242]. NFkB is also increased following exposure to

various stress paradigms: predator-scent stress[243], cold-restraint stress[244], chronic
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mild unpredictable stress[242, 245, 246], and chronic restraint stress[247]. LPS, a potent
activator of NFkB in the brain[209], increases depressive-like behavior such as
anhedonia[239]. Moreover, infusion of a virus expressing the constitutively active form of
IKK, the enzyme responsible for phosphorylation 1kB and subsequent release of NFkB,
into the NAC increases responses to forced swim stress and promotes anhedonia
following forced swim stress[151]. Outside of rodent studies, one study found gene
expression of NFKB to be elevated following dexamethasone-induced early life stress in
zebrafish[248].

Relevant to this report, the NFKB pathway mediates depressive-like behavior
resulting from SDS. Exposure to social defeat increases elements of the NFkB signaling
pathway, including protein levels of IKK, IkB, and phosphorylated IkB, in the NAC of
susceptible, but not resilient, mice[149]. Infusion of an IKK dominant-negative virus into
the NAC of susceptible mice results in a reversal of social avoidant behavior, while
infusion of the constitutively active form of IKK increases sensitivity to subthreshold SDS
and induces reduced social interaction[149, 151]. A role of NFkB was also determined in
the maladaptive alterations in post synaptic density and synaptic plasticity following
SDS[149]. Considering the involvement of NFKB in alcohol-related responses, stress-
responsivity, and depressive-like behavior, targeting this transcription factor may be
beneficial in the development of pharmacotherapeutics for patients displaying comorbid
alcoholism and depression.

1.5 The NK1R as a Potential Mediator of Alcoholism and Depression Comorbidity

1.5.1 The Substance P and NK1R

Substance P (SP) is an 11-amino-acid neuropeptide that belongs to the
tachykinin family of neuropeptides[249, 250]. In addition to SP, two other neuropeptides

belong to the tachykinin family, neurokinin A (NKA) and neurokinin B (NKB). These
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neuropeptides act at three neurokinin receptors: neurokinin-1 receptor (NK1R),
neurokinin-2 receptor (NK2R), and neurokinin-3 receptor (NK3R). While SP, NKA, and
NKB preferentially bind to NK1R, NK2R, and NK3R respectively, each of the neurokinin
receptors has modest affinity for each neuropeptide. In this report, we will focus on the
SP/NK1R receptor system, as it has been implicated in a variety of psychiatric disorders,
including addiction, stress, anxiety, and depression[251]. SP and NK1R are heavily
expressed in brain regions involved in affective behavior and reward circuitry, such as
the AMY, NAC, DS, hypothalamus, HIP, dorsal raphe, habenula, and periaqueductal
gray[251-259]. Due to its expression throughout these regions and involvement in a
myriad of psychiatric disorders, NK1R may be a mechanistic mediator of comorbid
alcoholism and depression.

Interestingly, activation of the NK1R can lead to activation of the NFkB pathway.
The NK1R is a G-protein coupled receptor and signals through the Gag pathway[260].
Activation of the NK1R by SP activates phospholipase C, which through the second
messenger diacyl-glycerol (DAG), activates protein kinase C (PKC). PKC then signals
mitogen-activated protein kinases (MEKSs), which activate extracellular signal-related
kinases 1/2 (ERK1/2) that regulate transcription of NFkB. Thus, NK1R regulates the
expression of inflammatory mediators such as cytokines and chemokines via activation
of the NFKB signaling pathway[260].

1.5.2 The Relationship of the NK1R and Alcohol

The role of the NK1R in alcohol-related behaviors have been extensively studied.
Preclinical studies have determined a prominent role of this receptor in alcohol
consumption and seeking behavior, particularly driving alterations in these behaviors
following stress exposure[250, 251, 261-269]. NK1R knockout mice display decreased

consumption, an effect which is replicated following NK1R antagonism[262, 264].
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Another study using viral mediated silencing of NK1R observed similar reductions in
voluntary alcohol consumption[263]. Furthermore, NK1R knockout mice display a
reduction in alcohol reward and their alcohol consumption is unaffected by repeated
periods of alcohol access and deprivation, which typically induces escalated intake in
wildtype mice[262].

Administration of NK1R antagonists attenuate escalated alcohol consumption
following intermittent ethanol access[261], stress-induced alcohol intake following
administration of the pharmacological stressor yohimbine[268], and stress-induced
reinstatement of alcohol seeking following intermittent footshock or yohimbine
exposure[266-268, 270-272]. While NK1R antagonism does not impact normal
consumption or self-administration in outbred strains of rats such as Wistars and Long-
Evans, it does reduce these behaviors in two alcohol-preferring rat strains (alcohol-
preferring (P) and the Marchigian-Sardinian alcohol-preferring (msP) rats[266, 269, 270,
272]. These alcohol-preferring rat strains display increased drinking behaviors, which
can be explained by increased expression of the NK1R in regions such as the AMY and
NAC.

Compared to alcohol-naive Wistars, alcohol-naive P-rats display increased
TACRL1, the gene for the NK1R, in the PFC and CEA,; however, the role of NK1R in
these alcohol-related behaviors is specifically driven by the CeA[270]. The CEA, but not
the PFC, displayed increased NK1R binding in P-rats compared to Wistars, further
supporting its role in these behaviors[270]. Further, intracranial infusion of a NK1R
antagonist into the CEA decreases the escalated self-administration and increases
sensitivity to stress-induced reinstatement observed in P rats[270, 271]. We have also
recently found that viral-mediated overexpression of NK1R in the CeA of Wistar rats

results in an increased sensitivity to yohimbine-induced reinstatement, resulting in
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behavior similar to that of P rat[273]. In addition to the CEA, the NAC also plays an
important role in the NK1R-mediated effects on stress-induced reinstatement and
escalated self-administration. Reinstatement-induced staining of the neuronal activation
marker cFos in the NAC shell was blocked by pretreatment with a NK1R antagonist, and
intra-NAC shell infusion of a NK1R antagonist prevented footshock-induced
reinstatement[267].

Clinically, single nucleotide polymorphisms in the TACR1 gene has been
associated with diagnosis and susceptibility to alcohol dependence[274, 275], number of
symptoms, and functional magnetic resonance imaging (fMRI) response to alcohol
cues[276]. Additionally, administration of a NK1R antagonist to abstinent alcoholics
results in reduced spontaneous alcohol cravings and stress-induced cravings, improved
well-being, and reduced cortisol response to stress[264]. This study also demonstrated
that the NK1R antagonist decreased insula activity in response to viewing negative
images, and increased activation in the striatum in response to positive images[264].
Together, this preclinical and clinical data indicates an important role of the NK1R in the
processes underlying alcohol-related behaviors, and in particular, alterations in these
behaviors following stress exposure.

1.5.4 The Relationship of the NK1R and Stress/Depression

In addition to studies examining the NK1R in alcohol- and drug-related behaviors,
the role of this receptor in the underlying mechanisms of stress, anxiety, and depression
has also been closely examined[211, 250, 277, 278]. Both systemic injection of SP,
NK1R agonists, or infusion of SP directly into the brain increases anxiety-like behavior in
the elevated plus maze, indicated by a decrease in open arm entries and an increase in
time spent in the closed arms of the maze[279, 280]. SP is increased in the medial AMY

following immobilization stress and elevated platform exposure[281]. In this study,
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immobilization stress increased anxiety-like behavior in the elevated plus maze, which
was blocked by administration of a NK1R antagonist, which, in addition to genetic
deletion of NK1R, generally reduces anxiety-like responses in this test[280, 282, 283]. In
a study using another anxiety assay, novelty-suppressed feeding, genetic knockdown of
NK1R also results in an anxiolytic effect and decreases time to approach the food
pellet[282]. SP is elevated in the locus coeruleus[284] and lateral septum[285] following
forced swim stress, and the former was attenuated by both systemic administration and
infusion of a NK1R antagonist into the lateral septum. Additional evidence in support of
anxiolytic effects of NK1R antagonist have been displayed in studies evaluating this
receptor’s involvement in alleviating anxiety-like behavior associated with maternal
separation[273, 282, 286-288], exploratory behavior[282], marble burying[287], and
social interaction[287, 289-292]. Similar to its role in anxiety-like behavior, this receptor
is also involved in fear-related behavior, as it mediates fear potentiated startle[293], fear
conditioning[294], and acoustic startle response[295].

Related to depressive-like behavior, systemic administration NK1R antagonists
decrease immobility time and increase time climbing in the forced swim test, an assay
for anti-depressant efficacy[296]. Additionally, our lab has recently shown that anhedonia
resulting from LPS administration is prevented following NK1R antagonism[239]. Chronic
mild stress, which leads to depressive-like behavior, increases SP in the lateral
habenula[297], while systemic[298] and local infusion of a NK1R antagonist into the
lateral habenula[297] prevented depressive-like behavior following this stressor.
Furthermore, genetic deletion of NK1R reduces the behavioral outcomes of bulbectomy,
which induces depressive-like behavior and physiological alterations in rodents[299].
Pertinent to this report, our lab has recently reported that mice susceptible to chronic

SDS display increased expression of TACR1 in the NAC[167]. Together, these findings
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provide strong evidence that NK1R is a key mediator of anxiety-like behavior, stress
responses, and depressive-like behavior.
1.6 Summary

Based on the evidence described above, it is well-established that both NFkB
and the NK1R are heavily involved in the processes underlying alcoholism, depression,
and the comorbidity between the two. However, there are various gaps in the literature
that we aim to fill with the data presented in this report. For example, while NFkB is
known to mediate the rewarding properties of morphine and cocaine, the involvement of
NFKB in alcohol reward is unknown (Chapter 2). Additionally, while the effects of chronic,
forced alcohol administration on stress sensitivity are numerous, the impact of voluntary
alcohol consumption on stress sensitivity has not been as extensively studied (Chapter
3). Finally, the NK1R is intricately involved in various alcohol- and stress-related
responses, but the effects of NK1R antagonism on the behavioral alterations following
chronic SDS have yet to be elucidated (Chapter 4). As such, this report contains three
separate, but related, data chapters examining important gaps in the literature discussed
above. The results of these studies will be related back to the therapeutic potential of
targeting NFkB and NK1R to treat alcoholism, depression, and the comorbidity between

the two.
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Table 1.1 DSM-5 Criteria for Alcohol Use Disorder (AUD).
In the past year, have you:

e Drank more and for a longer period than you intended?

¢ More than once, wanted to decrease or stop drinking alcohol, or tried to
cut back, but couldn’t?

e Spent a significant amount of time drinking or recovering from drinking?

e Experienced cravings for alcohol?

¢ Noticed that drinking or recovering from drinking was interfering with
important aspects of life, such as at home, work, or school?

¢ Continued drinking despite the negative consequences at home, work,
or school?

o Decreased or stopped participating in activities that were previously
important, interesting, and pleasurable to you in order to have more
time to drink?

e Beenin a situation at least once, during or after drinking, that increased
risk of being harmed or injured?

e Continued to drink despite anxious and depressed feelings, negative
effects on other medical conditions, or after a memory blackout?

o Developed tolerance, in that you need to drink more than you once
needed to reach your desired effect, or your normal amount of alcohol
is less effective than before?

e Experienced signs of physical signs of withdrawal?

2+ criteria indicates an Alcohol Use Disorder (AUD) diagnosis, further

categorized as: Mild (2-3 criteria), Moderate (4-5 criteria), Severe: (6+ criteria)
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CHAPTER 2:
SELECTIVE LESIONING OF NUCLEAR FACTOR KB ACTIVATED CELLS IN THE

NUCLEUS ACCUMBENS SHELL ATTENUATES ALCOHOL PLACE PREFERENCE*

Nennig, S.E., Fulenwider, H.D., Chimberoff, S.H., Smith, B.M., Eskew, J.E., Sequeira,
M.K., Karlsson, C., Liang, C., Chen, J.F., Heilig, M., & Schank, J.R.
Neuropsychopharmacology, 2018: 43(5): p. 1032-1040.

Reprinted here with permission from the publisher.
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Abstract

Nuclear factor k light chain enhancer of activated B cells (NFkB) is a transcription
factor commonly associated with innate immunity and is activated by infection and
inflammation. NFKB has recently gained attention as a mediator of complex psychiatric
phenomena like stress and addiction. In regard to alcohol, most research on NFkB has
focused on neurotoxicity, and few studies have explored the role of NFkB in alcohol
reward, reinforcement, or consumption. In these studies, we used conditioned place
preference to assess the activity of NFKB in response to rewarding doses of alcohol. To
measure NFkB activity we used a line of transgenic mice that express the LacZ gene
under the control of an NFkB regulated promoter. In these animals, staining for 3-
galactosidase (B-gal) identifies cells in which NFKB has been activated. We then used
the Daun02 inactivation method to specifically silence NFkB expressing cells during
place preference conditioning. Daun02 is an inactive prodrug that is converted to the
inhibitory molecule daunorubicin by B-gal. After alcohol place conditioning, we observed
increased B-gal staining in the nucleus accumbens (NAC) shell and dorsal raphe
nucleus (DR) and found that disruption of NFkB expressing cells using Daun02
attenuated the development of alcohol place preference when infused into the NAC shell
following conditioning sessions. We found this effect to be regionally and temporally
specific. These results suggest that, in addition to its role in alcohol-induced
neurotoxicity, NFkB mediates the development of alcohol place preference via its actions

in the NAC shell.
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2.1 Introduction

Recently, the impact of the neuroimmune system in behavioral and
neurophysiological responses to alcohol has gained much attention[191]. For example,
the transcription factor nuclear factor kappa light chain enhancer of activated B cells
(NFkB), best known for orchestrating the neuroimmune response[193], is activated by
alcohol administration. Specifically, prolonged exposure to alcohol increases NFkB-DNA
binding levels in conjunction with elevated cytokine expression[199, 207]. However, the
majority of preclinical research on NFKkB has examined its role in neurotoxicity[300, 301],
particularly when induced by high concentrations of alcohol[207, 302-304]. Virtually
nothing is known about the effect of moderate concentrations of alcohol on NFkB
function, and whether NFkB activity contributes to the behavioral effects of alcohol at
such doses.

Drugs of abuse such as opiates and psychostimulants activate NFkB in the brain,
influence spine formation in response to chronic drug exposure, and mediate the
rewarding properties of these drugs[212, 215, 216]. These effects are not likely to be
due to drug-induced neurotoxicity and some of these effects have been localized to the
nucleus accumbens (NAC). The NAC is part of the mesolimbic reward circuit that
consists primarily of dopaminergic neurons projecting from the ventral tegmental area to
the NAC, which is a major target of drugs of abuse including alcohol[305, 306]. Given
the role of NFkB in reward for these other substances and the ability of alcohol to
stimulate NFkB, we hypothesized that NFkB is involved in the rewarding properties of
alcohol as well. Along these lines, a few studies have examined the role of NFkB in
voluntary alcohol intake. For example, administration of lipopolysaccharide (LPS), a cell

wall component of gram negative bacteria that stimulates an inflammatory response and
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increases NFKB activity[209], results in a persistent increase alcohol consumption[201].
Conversely, alcohol intake is attenuated by inhibition of IKK, a kinase involved in NFkB
activation[194, 210]. Taken together, these findings support the notion that NFkB
positively modulates alcohol reward value and leads to increased consumption.

In these studies, we assess NFKB activity using transgenic reporter mice that
express LacZ under the control of an NFkB regulated promoter. Thus, wherever NFkB is
stimulated, activity-dependent B-galactosidase enzyme (B-gal) will be expressed,
providing a method for visualization of NFKB activity[307]. To achieve highly targeted
lesioning of cells in which NFKB is stimulated, we used the novel Daun02 inactivation
method[308]. Daun02 functions as an inactive prodrug that is catalytically converted to
its active state, daunorubicin, in the presence of -gal[309]. Daunorubicin then
permanently destroys the B-gal expressing cells through apoptotic mechanisms[310].
This method of inactivation has been used in a series of studies by Hope and colleagues
using Fos-LacZ transgenic rats to study neuronal ensembles involved in drug-induced
behaviors[310-316].

In the present study, we set out to characterize the functional involvement of NFkB
within specific brain regions in alcohol conditioned place preference (CPP). In our initial
experiments, we found that NFkB activity was specifically increased in the NAC shell
and dorsal raphe nucleus (DR) after alcohol conditioning, but not following testing for
place preference. This fits well with the literature demonstrating a role for NFkB in
learning and memory formation[317]. Therefore, we targeted these regions using the
Daun02 method following alcohol conditioning sessions in attempt to disrupt the

development of alcohol CPP.
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2.2 Materials and Methods
Animals

Male and female NFkB-LacZ mice[215, 307] on a C57BL6/J strain background
ages 3-6 months were used. Mice were group housed on a normal light cycle (lights on
7:00 AM, off 7:00PM) in the UGA College of Veterinary Medicine vivarium. Testing took
place during the light phase. Food and water was available ad libitum. All protocols were
approved by Institutional Animal Care and Use Committee of the University of Georgia
and experiments were performed in accordance to these guidelines.
Drugs

Ethanol was diluted to a 20% v/v solution in 0.9% saline and delivered
intraperitoneal (IP) at a dose of 2.0g/kg or 1.5g/kg depending on experiment. Volume-
matched saline injections were administered to control animals. Daun02 (ApexBio
Technology, Houston TX) was prepared in 20% DMSO, 5% Tween 80, 75% 0.01M PBS
to a final concentration of 3.3ug/ul.
E

CPP was used to assess the rewarding properties of specified doses of alcohol.
The two compartment CPP chambers (Med Assaociates, Fairfax VT) had one side with
white walls/grid flooring while the other side had black walls/bar flooring. CPP chambers
were located within a testing suite in the vivarium. Mice were habituated to the testing
room for an hour prior to the start of testing. During pretest, mice were allowed to roam
freely in the apparatus for 15 minutes. The compartment in which the mice were initially
placed was random and alternated between the white and black sides. Groups were
formed using an unbiased and counterbalanced design. Specifically, half of the animals

received alcohol on their preferred side and half on their non-preferred side, and half of
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the animals received alcohol on the black side and half on the white side. For saline-
saline controls, the afternoon conditioning side was balanced in the same way.
Conditioning occurred for 3 consecutive days, with saline injections in the morning and
ethanol injections (2g/kg or 1.5g/kg) 4 hours later. The test session was conducted 1 or
3 days following the third day of conditioning (see experimental timelines) and took place
at a time of day halfway between conditioning sessions. During the test, mice were
placed into the chambers without pretreatment in a randomized, alternating pattern
(black vs. white). Mice were allowed to roam the apparatus freely for 15 minutes. If
specified, an additional 15-minute retest was performed. Preference scores were
calculated by subtracting the amount of time spent on the saline paired side from the
amount of time spent on the alcohol paired side.

Immunohistochemistry

In these experiments, we used a line of NFkB-LacZ reporter mice which allows
for the visualization of NFKB activation via staining for 3-gal. Two hours following the
third alcohol (2.0g/kg) conditioning session, mice were overdosed with ketamine/xylazine
and were transcardially perfused with 4% paraformaldehyde. Brains were postfixed
overnight in 4% paraformaldehyde, transferred to 30% sucrose until the tissue sank,
then frozen quickly on powdered dry ice. Thirty-micron sections were collected in a
freezing cryostat (Leica, Buffalo Grove IL) and floating sections were frozen in
cryopreservant at -20°C. After washing, tissue was incubated for 48 hours with chicken
anti- gal (1:1000, Abcam; Cambridge MA) at 4°C, followed by incubation with
biotinylated goat anti-chicken secondary (1:500, Vector Labs, Burlingame CA), and
visualization with DAB chromagen. Stained sections were then mounted onto glass

microscope slides and cover-slipped. Images were taken on a Zeiss Axioscope Al and
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guantified using ImageJ. For NAC shell, images from 6 fields (3 per side) were taken at

40x magnification, and the average of these fields was used as the dependent measure.
For DR, 1 field was imaged at 20x magnification and used for quantification. Cell counts
were completed by an investigator blind to experimental conditions.

Immunofluorescence

To assess the activation of NFKB in neurons, we co-labeled for B-gal and the
neuronal marker (NeuN) in the NAC shell and DR. After washing, fixed tissue was
stained with both chicken anti-f gal (1:1000, Abcam, Cambridge MA) and rabbit anti-
NeuN (1:500, Millipore, Temecula CA) for 48 hours at 4°C. Fluorescent secondary
antibodies used were goat anti-chicken Alexafluor 488 and goat anti-rabbit Alexafluor
633 (1:500, Life Technologies, Carlsbad CA). Stained sections were then mounted onto
glass microscope slides and cover-slipped. Images were taken on a Zeiss L710 confocal
microscope (40x for NAC and 20x for DR, as above) and quantified using ImageJ.

Cannula Implantation

In order to deliver Daun02 intracranially, mice underwent cannulation surgeries.
Mice were anesthetized using a mixture of ketamine (100mg/kg) and xylazine (20
mg/kg). Cannulae (Plastics One, Roanoke VA) cut to 4mm in length were stereotaxically
implanted (Stoelting, Wood Dale IL), aimed at coordinates (relative to bregma in flat skull
position) for the NAC shell (bilateral, AP: +1.7 mm, ML: £ 2.3 mm, DV: -3.7 mm; 20°
angle) or DR (unilateral, AP: -4.4 mm, ML: + 1.2 mm, DV: -3.0 mm; 22° angle). Injectors
were 5mm in length and extended 1mm past guide cannulae. Coordinates accounted for
1mm extension. Dummy caps were inserted to protect the cannulae. Mice were injected
with 5mg/kg carprofen immediately following surgery and for 2 days thereafter. Mice

were allowed 7 days to recover before behavioral testing started. At the completion of
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each experiment, cresyl violet was delivered via the cannulae and brains were sectioned
to ensure proper placement. Animals in the NAC shell experiments were excluded from
the study if both cannulae were misplaced. Behavioral data for mice with one or two
accurate NAC shell placements were compared statistically, and no significant
differences were found. Cannula placements are shown in Figure 2.1A (NAC) and
Figure 2.1B (DR).

Intracranial Infusions

Injector needles were connected via polyethylene tubing to a 10uL gastight
Hamilton syringe (Reno, NV) and secured to a programmable syringe pump (New Era
Pump Systems, Farmingdale NY). For Daun02 experiments, Daun02 (2ug) or vehicle
was intracranially infused in a volume of 0.6 pl at a rate of 0.5uL/minute. Injectors stayed
in place 1 minute following the completion of the infusion. Daun02 dose was based on
the study by Koya and colleagues which resulted in selective disruption in fos-LacZ
rats[316]. Mice were infused with Daun02 or vehicle 2 hours following each alcohol
conditioning session due to our immunohistological results, which indicated a difference
in NFkB activation 2 hours following the final alcohol or saline conditioning session.
TUNEL Assay

Finally, to confirm that Daun02 was resulting in apoptosis of NFkB-activated
cells, a TUNEL assay was used. Brains were extracted and fixed in 4%
paraformaldehyde at 4 degrees overnight. After washing with PBS three times, fixed
brains were cryoprotected in 25% sucrose at 4 degrees for 2 days and then frozen on
dry ice. Fourteen-micron sections were collected in a freezing cryostat. The apoptotic
cells in situ were detected by the indirect TUNEL methods as described in the ApopTag

Fluorescein In Situ Apoptosis Detection Kit (57110, Millipore). All sections were counter
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stained with 1ug/ml Hoechst at room temperature for 20 minutes to label nuclei. TUNEL
positive cells were quantified with ImageJ software.
Statistics

Statistical analyses were performed using Statistica software. Tests for main effects
were performed using t-test (if 2 groups across 1 factor) or two-way ANOVA. When
appropriate, post-hoc comparisons were performed using Newman Keuls tests. For each
experiment, data for males and females were compared and no statistical differences
were found so data was combined.
2.3 Results

Alcohol CPP increases NFkB activity in the NAC shell and DR.

Mice were conditioned with 2.0 g/kg ethanol (n=19) and preference for the
alcohol paired side was assessed (Figure 2.2A). Control animals received saline on both
sides of the CPP apparatus (n=12). Two-way ANOVA revealed main effects of test
session (pretest versus test; F(1,29)=7.2, p=0.01) and treatment (saline versus alcohol;
F(1,29)= 7.9, p=0.009) as well as a test session x treatment interaction (F(1,29)=6.6,
p=0.02). Mice conditioned with alcohol spent more time on the alcohol paired side when
compared to their pretest as well as when compared to saline conditioned animals on
test day (p<0.01 for all comparisons; Figure 2.2B).

In a parallel cohort of animals, mice (n=7/group) were conditioned with 2.0 g/kg
ethanol or saline and sacrificed 2 hours following the final conditioning session (see
Figure 2.2A). We chose this timepoint because NFkB has been shown to mediate
learning and memory processes, and we hypothesized that this transcription factor
would be involved in the formation of alcohol CPP. Tissue was stained for -gal in

several regions including the NAC shell, NAC core, DR, insula, lateral septum, central
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amygdala (CEA), basolateral amygdala (BLA), and bed nucleus of the stria terminalis
(BNST). When compared to animals conditioned with saline, animals receiving alcohol
conditioning had significantly increased expression of -gal in the NAC shell (t(9)=2.3,
p=0.04; Figure 2.2C-D) and DR (1(10)=3.9, p=0.003; Figure 2.2E-F). There were no
significant differences between saline and alcohol conditioned animals in the NAC core,
insula, lateral septum, CEA, BLA, and BNST.

To ensure that the differences in NFKB activation observed during alcohol CPP
were not solely due to the pharmacological effects of alcohol, mice (n=6/group) received
the same injection protocol as CPP but remained in their homecages for the duration of
the experiment. Animals received 3 days of injections of saline in the morning and
alcohol (2.0g/kg, 20%, v/v) in the afternoon 4 hours apart and remained in their
respective homecage throughout the protocol. Controls received saline at both injection
time points. Two hours following the final injection, animals were perfused and tissue
was stained for B-gal expression. No significant difference was found between alcohol
and saline treated animals for NFkB-activated cells in the NAC shell (data not shown;
mean + SEM, saline: 24.7 + 7.4, alcohol: 23.3 + 3.1; 1(10)=0.17, p=0.87). NFkB activity
was not detected in the DR of the same subjects, suggesting that the activity seen is
contingent upon exposure to the CPP apparatus.

Next, we further characterized NFKB activation via double-labeling
immunohistochemistry (Figure 2.2G-H). Brain sections from the NAC shell and DR
obtained from mice that underwent alcohol place conditioning were stained for $-gal and
the neuronal marker NeuN (n=5-6/region). Most -gal expression colocalized with the
neuronal marker NeuN, with 60% overlap in the NAC shell (Figure 2.2G) and 88%

overlap in the DR (Figure 2.2H). In the NAC shell, neurons colocalized with B-gal
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accounted for 16% of the total neuronal population, indicating a relatively selective set of
neurons expressing NFkB.

Specific lesioning of NFkB expressing cells in the NAC shell disrupts the strength of

alcohol CPP.

Next, we aimed to selectively lesion NFKkB expressing cells within the NAC shell
and DR of NFkB-LacZ reporter mice via Daun02 inactivation (see Figure 2.3 for
schematic of Daun02 inactivation method). Animals received Daun02 or vehicle into the
NAC shell or DR 2 hours following each alcohol conditioning session. This time point
was consistent with measurements of 3-gal expression as shown in Figure 2.2. A delay
of three days was included before assessing the change in preference to ensure the
Daun02 had adequate time to lesion the cellular population of interest[310]. The day
following this initial test session, an additional test session was performed to examine
retention of the place preference (“retest” session; Figure 2.4A).

When infused into the NAC shell following each alcohol conditioning session,
Daun02 did not have an effect on initial test day preference; however, preference
towards the alcohol paired side during the retest session was reduced (n=14/group;
Figure 2.4B). Two-way ANOVA revealed a main effect of test session (F(2,52=31.3,
p<0.001) and a test session x treatment interaction (F(2,52)=6.3, p=0.004). Post-hoc
tests indicated that there was a significant increase in preference for the alcohol-paired
side on test day relative to pretest day for both treatment groups (p<0.001). This
increased preference persisted on retest day for both control mice (p<0.001 for pretest
versus retest) and the Daun02 infused group (p=0.02). There was a trend level decrease
in preference score on retest day when compared to test day for the Daun02-treated

group (p=0.06), but not for the vehicle-treated group (p=0.16). More permissive Fisher
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LSD tests indicated that retest preference was significantly lower in the Daun02 group
compared to their test preference (p=0.02) and also as compared to retest preference in
vehicle-treated mice (p=0.04). In the vehicle group, preference did not decrease
between test and retest (p=0.07). If anything, the preference was slightly increased in
this group on the retest day.

No differences in test or retest preference were observed when Daun02 (n=10)
or vehicle (n=8) was administered into the DR following conditioning sessions (Figure
2.4C). Two-way ANOVA revealed only a main effect of test session (F(2,32)=12.5,
p<0.001). Post hoc tests across the factor of session indicated that preference was
significantly higher on both test day (p<0.001) and retest day (p<0.001) when compared
to pretest day. There was no difference between test and retest (p=0.46).

Given the results of the experiments above, we focused on the NAC shell for the
remainder of the study. Next, we assessed if NFkB activity is induced during the initial
test session and if disruption of these cells is sufficient to impact retention of alcohol
CPP. NFkB-LacZ mice were conditioned with 2.0g/kg ethanol and assessed for place
preference. Daun02 (n=15) or vehicle (n=13) was infused into the NAC shell 2 hours
following the test session (Figure 2.5A). Daun02 did not significantly impact retest
preference during the retest session three days later (Figure 2.5B). Two-way ANOVA
detected only a main effect of test session (F(2,54)=23.82, p<0.001). Post hoc tests
across the factor of session indicated that preference was significantly higher on both
test day (p<0.001) and retest day (p<0.001) as compared to pretest. There was no
difference between test day and retest day (p=0.23). To assess NFkB activity on the
CPP test day NFkB-LacZ mice were conditioned with saline (n=4) or 2.0g/kg ethanol

(n=4) and B-gal expression was assessed. No difference in NFkB activated cells in the
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NAC shell was found (data not shown; mean + SEM, saline: saline: 24.7 £ 12.0, alcohol:
23.5 £ 11.8; t(6)=0.07, p=0.9457). This suggests the role of NFkB in the NAC shell in
alcohol CPP is temporally specific to the conditioning phase and is not activated during
the CPP test session. Together, these findings suggest that NFkB in the NAC shell is not
activated on the CPP test day.

Specific lesioning of NFkB expressing cells in the NAC shell attenuates CPP to

moderate dose of alcohol.

The results above suggest that lesioning NFkB activated cells in the NAC shell
during the development of alcohol CPP weakened the reward memory. However, this
effect was only observed on the retest day and not the initial test day. We suspected that
the CPP paradigm was not sensitive enough to pick up a decreased preference to this
dose of alcohol on the test day, only when the mice were retested. To test this
hypothesis, we conditioned mice with a lower dose of alcohol (1.5 g/kg) and infused
them with Daun02 (n=7) or vehicle (n=5) in the NAC shell on either conditioning days
(Figure 2.6A) or test day (n=14 Daun02 treated, n=11 vehicle treated; Figure 2.6B).

First, Daun02 or vehicle was infused into the NAC shell 2 hours following each
conditioning session with 1.5 g/kg alcohol (Figure 2.6A). Three days later, animals
underwent the test session. Animals receiving Daun02 displayed significantly attenuated
preference towards the alcohol paired side on the test day compared to controls (Figure
2.6C). Two-way ANOVA revealed a main effect of test session (F(1,10)=14.5, p=0.003)
and a test session x treatment interaction (F(1,10)=5.3, p=0.04), and a trend level main
effect of treatment (F(1,10)=3.1, p=0.11). Posthoc tests indicated that test day
preference was increased relative to pretest for controls (p=0.004) but not for Daun02

treated mice (p=0.55). Additionally, test day preference was significantly lower in the
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Daun02 group when compared to the control group (p=0.02). Thus, selectively lesioning
NFkB expressing cells in the NAC shell during the conditioning phase impairs the
development of alcohol CPP.

To assess the role of NFkB during the test session, animals were conditioned
with 1.5g/kg alcohol and CPP was assessed the next day. Daun02 was infused into the
NAC shell 2 hours following the test session, and animals were allowed to recover for 3
days (Figure 2.6B). After the recovery period, animals were retested. No differences
were observed between Daun02 and control groups (Figure 2.6D). Two-way ANOVA
revealed only a main effect of test session (F(2,23)=27.05. p<0.001). Posthoc tests
across the factor of test session indicated that preference for the alcohol paired side was
higher than pretest preference on both test day (p<0.001) and retest day (p<0.001).
There was no difference in preference between test day and retest day (p=0.65). These
results further corroborate that NFkB in the NAC shell has a temporally specific role on
preference formation, as inactivation of NFkB expressing cells during the conditioning
phase, but not following the test session, attenuates alcohol CPP.

Daun02 inactivation results in apoptosis of NFkB expressing cells in the NAC shell.

Finally, to confirm the findings of Pfarr and colleagues[310] that Daun02 induces
apoptosis of B-gal expressing cells, and that this occurs in the NAC shell with our
treatment schedule, mice were conditioned with 1.5 g/kg ethanol and received Daun02
(n=6) or vehicle (n=4) into the NAC shell 2 hours following each alcohol conditioning
session. Mice were sactrificed 3 days following the final conditioning session, the same
time point at which preference was assessed above (Figure 2.6A). Tissue was collected
and analyzed for apoptosis via TUNEL assay (Figure 5E-F). Daun02 treated animals

displayed significantly more TUNEL positive cells in the NAC shell compared to controls
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(p=0.026). This confirms that Daun02, when infused into the NAC shell of NFkB-LacZ
mice following alcohol place conditioning, results in apoptosis of NFkB expressing cells
and removal from the functional circuitry of alcohol CPP.
2.4 Discussion

The primary finding from these studies is that NFkB activity, specifically in the
NAC shell, mediates the development of alcohol CPP. NFkB activity was increased in
this region 2 hours following alcohol conditioning sessions, and specific lesioning of
these cells attenuates the strength of alcohol CPP. When we used a high dose of
alcohol, we did not detect blunted CPP on the initial test day, only on retest day when
there was a longer delay between conditioning and testing. However, when we used a
lower dose of alcohol, we saw effects on the initial test day, suggesting that this dose of
alcohol was strong enough to induce CPP in controls, but was not so strong as to resist
manipulation by disruption of NFKB expressing cells. However, we did not see any effect
when we selectively lesioned these cells following the test session at either dose. This
suggests that NFkB is required for the development of alcohol CPP, but is not likely to
be reactivated during the expression of place preference, at least not in the NAC shell.

Previous research has demonstrated NFkB activation in response to very high
doses of alcohol and suggests that NFKB is a critical mediator of neurotoxicity that
results from such challenges[199, 207, 302]. In general, NFkB has a reputation for being
associated with cellular stress and neurodegeneration. However, NFKB has many
functions beyond these, including a role in learning and memory[317, 318], drug
reward[216], and spine remodeling in response to chronic drug exposure[215]. Based on
these functions of NFkB, we suspected that this transcription factor may have a role in

the rewarding properties of alcohol. Consistent with our hypothesis, we found that NFkB
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activity is in fact induced by moderate, rewarding doses of alcohol, and NFkB activated
cells play a functional role in the development of alcohol CPP. To our knowledge, this is
the first demonstration that NFkB plays a role in the positive, rewarding effects of
alcohol. Additionally, this is the first study to use the Daun02 inactivation method in
NFkB-LacZ reporter mice.

Our results indicate regionally localized NFkB activation during alcohol CPP. We
analyzed several regions that are involved in reward processing and alcohol seeking,
and only the NAC shell and DR showed significant NFkB activation relative to saline
treated controls. Furthermore, this activation specifically depended on alcohol exposure
and introduction to the CPP chamber/procedure. We found that, under the conditions we
used for testing, NFkB activity in the DR did not play a functional role in the development
of alcohol CPP. However, we cannot rule out that the DR plays some role in alcohol
CPP, but was not revealed in the limited analysis performed.

It is intriguing that we observed such a strong activation of NFkB in neurons.
Based on the extensive role that NFkB plays in neurological functions and behavioral
processes[149, 151, 215, 242], we would fully expect some level of activation in
neurons, but it was unexpected that this would be the majority of the NFkB activated
cells in the DR and NAC shell. This is, however, consistent with some recently published
findings[210]. It is possible that the proportion cell types (neuronal versus glial) where
NFkB is activated by alcohol can be influenced by a complex set of variables including
dose, exposure regimen, brain region, and homeostatic state of the animal.

Taken together, our experiments support a role of NFkB in alcohol CPP and
localize this effect specifically to the NAC shell. This activation occurs primarily in

neuronal cell types and selective disruption of NFkB expressing cells attenuates the
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development of alcohol CPP. We speculate that NFkB activation during place
conditioning triggers specific gene expression that contributes to the formation of the
reward memory. However, by the time of testing, these cellular alterations have taken
place, and NFkB is not reactivated. The specific genes that are targeted during alcohol
CPP are unknown. NFKB has extremely diverse gene targets[192], and a major focus of
future research will be the identification of the genes that link NFkB activation by alcohol

to the behavioral output of CPP.



52

-4.23mm

-4.35mm

-4.47mm

-4.59mm

-4.71mm

-4.83mm

-4.95mm



Figure 2.1: Cannula placements for the NAC shell (A) and DR (B).
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Figure 2.2: NFkB is activated by alcohol place conditioning. (A) Timeline of
experimental treatments and behavioral measurements. (B) Ethanol (2 g/kg) induced a
strong place preference on test day. No significant change from pretest preference was
observed in saline controls. ***p<0.001 compared to all other groups. (C, D) Graphical
representation and representative images of 3-gal positive cell counts in NAC shell
following place conditioning. 40x magnification. *p<0.05 compared to saline group. (E, F)
Graphical representation and representative images of -gal positive cell counts in DR
following place conditioning. 20x magnification. **p<0.01 compared to saline group. (G,
H) Representative images of NeuN (purple) and B-gal (green) double labeling in the
NAC shell (40x) and DR (20x). White arrows indicate representative cells with NeuN and

B-gal co-localization. Scale bars 50 pum.
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Figure 2.3: Schematic of Daun02 lesioning method. Daun02 is a prodrug that is
converted to the active form (daunorubicin) by B-gal enzyme. This leads to apoptosis
specifically in cells in which 3-gal is expressed. In our transgenic reporter mice, this

would be cells in which NFkB is activated.
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Figure 2.4: Daun02 weakens alcohol CPP when infused into the NAC shell on
conditioning days. (A) Timeline of experimental treatments and behavioral
measurements. (B) Alcohol (2 g/kg) induced a significant CPP. When Daun02 was
infused into the NAC shell following each alcohol conditioning session there was no
effect on test day preference, but retest preference was weakened. (C) There was no
effect of Daun02 infusion in the DR. *p<0.05, **p<0.001 compared to pretest

preference; #p=0.06 compared to test day preference.
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Figure 2.5: Daun02 does not affect retest preference when infused following the
initial test day. (A) Timeline of experimental treatments and behavioral testing. (B)
When Daun02 was infused into the NAC shell 2 hours after the initial place preference
test for CPP, there was no significant change in place preference observed on the retest

day. **p<0.001 compared to pretest preference.
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Figure 2.6: Daun02 infusion into the NAC shell during the conditioning phase
attenuates the rewarding properties of a moderate dose of alcohol. (A, B) Timeline
of experimental treatments and behavioral testing. (C) When infused into the NAC shell
following each conditioning session with 1.5 g/kg alcohol, Daun02 treatment attenuated
alcohol place preference on the initial test day. *p<0.05 compared to all other groups.
(D) When infused into the NAC shell following the initial test session, Daun02 treatment
has no effect on alcohol place preference on the retest day. ***p<0.001 compared to
pretest. (E, F) Graphical representation and representative images of Daun02-induced
apoptosis in the NAC shell. White arrows indicate a representative TUNEL positive cells.

*p<0.05 compared to vehicle group. Scale bars 100 pum.
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Abstract

Comorbidity between alcoholism and depression is extremely common. Recent
evidence supports a relationship between alcohol exposure and stress sensitivity, an
underlying factor in the development of depression. Our lab has recently shown that
chronic alcohol exposure, which increases brain levels of NFkB, increases sensitivity to
social defeat stress (SDS). However, the effects of voluntary alcohol consumption,
resulting from protocols such as intermittent ethanol access (IEA), on stress sensitivity
and the NFkB pathway have yet to be elucidated. We first assessed the effects of 4
weeks of IEA to 20% on sensitivity to subthreshold SDS exposure. Next, we analyzed
gene expression of inhibitor of NFKB (IkB) following IEA or chronic alcohol exposure (10
days of 3.0g/kg alcohol via intragastric gavage). Then, we quantified NFKB activation via
B-galactosidase immunohistochemistry following IEA or chronic alcohol gavage in NFkB-
LacZ mice. IEA-exposed mice displayed an increase in sensitivity to subthreshold SDS
compared to water-drinking controls. We also found that IkB gene expression was
decreased in the nucleus accumbens (NAC) and amygdala (AMY) following IEA but was
not altered following chronic alcohol exposure. Finally, we observed increased NFkB
activity in the central amygdala (CEA), basolateral amygdala (BLA), and medial
amygdala (MEA) after IEA, and increased NFKB activity solely in the CEA following
chronic alcohol exposure. These findings further corroborate that prior alcohol exposure,
in this case intermittent voluntary consumption, can impact development of depressive-
like behavior by altering stress sensitivity. Further, our results suggest the CEA as a
potential mediator of alcohol’s effects on stress sensitivity, as NFkB was activated here

following both IEA and chronic alcohol gavage. Thus, this study provides novel insight



66

on alterations in the NFkB pathway and identifies specific regions to target future
experiments assessing the functional role of NFKkB on these effects.
3.1 Introduction

Comorbidity between alcoholism and other psychiatric disorders such as
depression is extremely common. According to NIAAA, a substantial portion of alcohol-
dependent individuals also meet clinical criteria for depression (27.9%) and anxiety
(36.9%). Epidemiological data has indicated that the presence of alcohol use disorder
(AUD) and severity of AUD symptoms predicts onset of depressive disorders[123, 319].
Previous alcohol misuse in young adulthood also associates with increased rates of
major depressive disorder (MDD)[319, 320]. Comorbid depression in detoxified alcohol
abusers has been linked to increased risk for relapse[321], as co-occurrence of these
disorders can lead to increased symptom severity and impairment[322]. As such,
comorbidity of AUDs and MDD presents a significant health burden within our society.
The circuitry and cellular mechanisms intertwining these disorders must be further
understood in order to develop effective therapeutics for patients displaying this
comorbidity.

The relationship between alcohol exposure and subsequent alterations in stress
sensitivity has been extensively studied. Clinically, alcohol withdrawal can induce a
depressed mood and negative affect that can persist into abstinence and increase risk of
relapse[64, 68, 90, 153-156]. In animal models, exposure to chronic alcohol results in an
increased responsivity to various paradigms assessing stress sensitivity and anxiety-like
behavior, including elevated fear suppression using a model of punished drinking[161],
decreased open-arm exploration in the elevated plus maze[157-159], decreased social

interaction (SI) following restraint stress[160], decreased time in the center in the open
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field test[159], increased marble burying[159], and impairment of fear extinction[162]. In
addition to increasing stress-sensitivity, a history of alcohol exposure also potentiates
the ability of stress exposure to increase alcohol consumption and self-administration[35,
158, 161, 163-166].

Our lab and others use the social defeat stress (SDS) model to assess the
bidirectional relationship of alcohol exposure and stress sensitivity. We have previously
found that exposure to chronic alcohol gavage increases sensitivity to social stress[167].
This relationship is bidirectional, as exposure to chronic SDS can impact drinking
behaviors, including consumption[167, 172-179], conditioned place preference[183],
self-administration[184, 185], and motivation to seek alcohol[184]. While we have
examined the effect of experimenter-delivered chronic alcohol on sensitivity to social
stress, it is important to determine if voluntary alcohol consumption could have a similar
effect in mice. To address this question, we used intermittent ethanol access (IEA),
which is a limited two-bottle choice (2BC) access model that results in elevated alcohol
consumption compared to that observed on a continuous access schedule[24, 25, 323,
324]. Throughout 3 weeks of IEA, C57BL6/J mice reach consumption levels stabilizing
around 20g/kg/day, reach blood alcohol levels above 100mg/dl, and display higher
ethanol preference compared to mice on continuous access[23]. As such, IEA results in
consumption patterns which may be more similar to drinking behaviors observed in
human alcohol abusers[323].

To begin to examine a mechanism that could underlie the relationship between
alcohol exposure and stress sensitivity, we assessed the effects of alcohol exposure on
activation of transcription factor nuclear factor light chain enhancer of activated B cells

(NFkB). Under baseline conditions, NFkB subunit dimers are bound in the cytosol by
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inhibitor of NFKB (IkB)[192]. A protein kinase known as IkB kinase (IKK) phosphorylates
IkB, tagging it for proteasomal degradation and releasing the NFkB subunit dimers to
translocate to the nucleus where they act as a transcription factor for a variety of genes
involved in inflammation and various other processes[192]. Several studies have
examined the influence of the NFkB pathway on alcohol-related behaviors[192] including
continuous 2BC[210], drinking-in-the-dark[210], and conditioned place preference[325],
as well as the immune-related effects following long-term ethanol exposure[208].
Clinically, a single nucleotide polymorphism in the NFKB1, a gene encoding one of the
NFkB subunits, associates with alcohol dependence[204] This pathway has also been
implicated in the behavioral and molecular outcomes following chronic SDS[149, 151].
More specifically, protein levels of IKK, IkB, and phosphorylated IkB were shown to be
increased in the nucleus accumbens (NAC) of mice sensitive to SDS. Additionally,
infusion of an IKK dominant-negative virus into the NAC of susceptible mice resulted in a
reversal of defeat-induced behavioral phenotypes, whereas infusion of a constitutively
active form of IKK into the accumbens increased sensitivity to SDS exposure[151].

In the present study we aimed to assess the effects of IEA on stress sensitivity
and alterations in the NFKkB pathway as a result of alcohol exposure. First, we examined
the effects of IEA on sensitivity to subthreshold SDS. Then, we then analyzed gene
expression of IkB and regionally specific NFKkB activation following IEA. Last, we
assessed gene expression of IkB and regionally specific NFkB activation following
chronic alcohol exposure to determine if NFkB is activated in similar regions as following
IEA. We hypothesized that IEA will increase sensitivity to social stress, and that activity

of the NFKB pathway will be increased following both IEA and chronic alcohol gavage.
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3.2 Materials & Methods
Animals

Male C57BL6/J mice (8 weeks of age, Jackson Laboratory, Bar Harbor, ME)
were used in Experiments 1, 2, and 4. Male NFkB-LacZ mice (8 weeks of age, bred in
house) bred on a C57BL6/J background were used for Experiments 3 and 5. These mice
express the lacZ transcript under the direction of an NFkB-regulated promoter. Thus,
wherever NFKB is activated, activity-dependent B-galactosidase (B-gal) will be
expressed in that cellular population and can be stained for a visual readout of NFkB
activity[215, 307, 325]. Retired breeder male CD-1 mice (4-5 months of age, Charles
River, Wilmington, MA) were used as SDS aggressors in Experiment 1. Due to sex
specific differences in territorial aggression and the SDS protocol being replicated and
highly validated using male C57BL6/J mice, only male subjects were used. Mice were
allowed 1 week of habituation to the UGA College of Veterinary Medicine vivarium
before experiments began. Mice were housed in a 12hr light cycle (on at 1:00 and off at
13:00). Food and water were available ad libitum. All procedures were in accordance
with the National Institutes of Health Guide for Care and Use of Laboratory Animals and
were approved by the Institutional Animal Care and Use Committee of the University of
Georgia.
Drugs

For continuous access 2-bottle choice (2BC) in Experiments 2 and 3, 95%
ethanol (Decon Labs, Inc., King of Prussia, PA) was diluted to a 20% v/v solution in tap
water. For chronic alcohol gavage in Experiments 4 and 5, 95% ethanol was diluted to a

25% v/v solution in tap water.
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One week prior to the start of IEA, mice were singly housed. A week later, mice
were presented with two bottles in their homecage, one containing water and one
containing a 20% ethanol solution for 24 hours on Monday, Wednesday, and Friday for a
total of 4 weeks. On the remaining days of the week (Tuesday, Thursday, Saturday, and
Sunday), the alcohol bottle was removed and replaced with a bottle containing water.
Control mice were also singly housed but had access to water only throughout the 4-
week period. Bottles were weighed at the same time each day and g/kg consumption
was calculated based on each mouse’s body weight.

Subthreshold SDS

Subthreshold SDS is a modification of the chronic SDS protocol described by
Golden et al. 2011. Whereas chronic SDS is a 10-day stress protocol that reliably results
in depressive-like behavior (such as reduced social interaction and anhedonia), the 1-
day subthreshold SDS protocol does not induce these symptoms, thus allowing for the
assessment of interventions, such as IEA or chronic alcohol gavage, on sensitivity to
SDS[143]. Prior to subthreshold SDS, CD-1 mice were screened for aggressive behavior
by placing a screener C57BL6/J mouse (not used in any of the experiments) into the
home cage of the CD-1 mouse for 180 seconds for 4 consecutive days. Aggressors
were selected based on the following criteria: the CD-1 mouse must initiate an attack in
at least two consecutive sessions and the latency to first display aggressive behavior
must be less than 60 seconds. For subthreshold SDS, mice were exposed to 3 5-minute
defeat sessions separated by 15 minutes each. During each defeat session, mice were
placed into the homecage of a novel male CD-1 mouse that passed aggression

screening. Between defeat sessions, mice were returned to their homecage to recover
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until the next defeat session started 15 minutes later. Defeats occurred at the end of the
light cycle in order to visualize any injuries. If blood was drawn, the defeat session ended
early and the time at which the session ended was noted.
Sl Test

The Sl test occurred at the beginning of the dark cycle approximately 24 hours
after subthreshold SDS exposure. This test consisted of 2 150-second trials separated
by 30 seconds, the first without a novel CD-1 target mouse present, and the second with
a target mouse present in an enclosure in the predetermined interaction zone. Time
spent in the interaction zone during each trial is recorded and divided (time in the
interaction zone with the target mouse present divided by time when the target was
absent) to obtain the Sl ratio. Sl tests were scored by an observer blind to the
experimental group of each mouse.

Chronic EtOH Gavage

Mice were intragastrically gavaged with 3.0g/kg ethanol (25% ethanol in tap
water) for a total of 10 days. Gavages occurred at the same time each day throughout
the exposure period. This method of exposure was chosen because it allows for tight
experimenter control and it induces exposure levels comparable to that of human alcohol
abusers.
aPCR

Mice were sacrificed 48-hours after the last IEA drinking session or chronic
alcohol treatment via rapid decapitation and gross dissections were taken of the
amygdala (AMY) and NAC. Tissue dissections were snap frozen on isopentane and
stored at -80°C in RNAase free tubes. Total RNA was extracted and reversed

transcribed using a first-strand cDNA synthesis kit (Invitrogen, Carlsbad, CA, USA).
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gPCR reactions were ran in triplicate using specific FAM-labeled TagMan probes
(Gapdh MmM99999915 g1, IKB Mm00456853 m1; Applied Biosystems, Foster City, CA,
USA) and ran on an Applied Biosystems QuantStudio6 machine. Reactions were
normalized to endogenous control Gapdh and expressed as fold change from control.
For IEA, 1 IEA and 2 water NAC samples and 1 IEA AMY sample were excluded due to
insufficient sample quality to conduct gPCR. For chronic alcohol, 1 water NAC sample
and 2 IEA AMY and 1 water AMY samples were excluded for the same reason.

Immunohistochemistry

NFkB-LacZ reporter mice were used for immunohistochemistry. Forty-eight hours
after the last IEA drinking session or chronic alcohol treatment, mice were overdosed
with ketamine/xylazine and were transcardially perfused with 4% paraformaldehyde.
Brains were postfixed overnight in 4% paraformaldehyde, transferred to 10% sucrose for
one hour and then 30% sucrose until the tissue sank, and then frozen quickly on
powdered dry ice. Thirty-micron sections were collected in a freezing cryostat (Leica,
Buffalo Grove, IL) and floating sections were frozen in cryopreservant at -20°C. After
washing, B-galactosidase expression was visualized using X-gal (Roche Diagnostics,
Germany) immunohistochemistry to examine NFkB activation. Briefly, after 3 10-minute
1xPBS washes, sections were incubated overnight at 37° in X-gal reaction buffer (X-gal
diluted 1:25 in warmed X-gal dilution buffer containing 200mM sodium phosphate dibasic
(Fisher Scientific, Fair Lawn, NJ, USA), 100mM sodium chloride (Fisher Scientific, Fair
Lawn, NJ, USA), 5mM ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid
(EGTA) (Sigma-Aldrich, St. Louis, MO, USA), 2mM magnesium chloride (Sigma-Aldrich,
St. Louis, MO, USA), 5mM potassium hexacyanoferrate(lll) (Sigma-Aldrich, St. Louis,

MO, USA), 5mM potassium hexacyanoferrate(ll) trinydrate (Sigma-Aldrich, St. Louis,
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MO, USA) in 0.2% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA)). The next day,
sections are washed in 1xPBS 3 times for 10 minutes after which sections were
mounted on gelatin slides. Neutral red solution (Sigma-Aldrich, St. Louis, MO, USA) was
used prior to the ethanol dehydration series as a counter stain to improve visualization of
landmarks for imaging. Slides were coverslipped and images were taken on a Zeiss
Axioscope Al. For NAC shell, images from 6 fields (3 per side) were taken at 40x
magnification. For NAC core, images from 4 fields (2 per side) were taken at 40x
magnification. For the central amygdala (CeA), basolateral amygdala (BLA), and medial
amygdala (MEA), images from 2 fields (1 per side) were taken at 20x. X-gal positive cell
counts were quantified using ImageJ software and were performed by an investigator
blind to the experimental conditions. For each region, the average cell count across the
total number of frames taken was used as the dependent variable for comparisons.

Experimental timelines

A summary timeline for each experiment in this study can be found in Figure 3.1
and specific protocols are described below. In Experiment 1, mice were exposed to 4
weeks of IEA. Forty-eight hours after the last drinking session, mice were exposed to
subthreshold SDS and assessed for Sl 24 hours later. In Experiments 2 and 4, mice
were exposed to 4 weeks of IEA (Experiment 2) or chronic alcohol exposure
(Experiment 4) and were sacrificed 48 hours after the last drinking session for gPCR. In
Experiments 3 and 5, NFkB-LacZ mice were exposed to 4 weeks of IEA (Experiment 3)
or chronic alcohol exposure (Experiment 5) and were perfused 48 hours after the last

drinking session for immunohistochemistry.
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Statistical Analyses

Statistical analyses were preformed using Prism GraphPad software. Sl ratio,
gene expression, and cell count analyses were compared using an unpaired t-test.
3.3 Results

IEA increases sensitivity to subthreshold SDS

As we have previously determined that experimenter-delivered chronic alcohol
gavage decreases Sl behavior following exposure to subthreshold SDS, we first
assessed the effects of voluntary alcohol access via IEA on stress sensitivity. Mice (IEA:
n=14, water: n=13) were allowed 4 weeks of IEA to 20% ethanol (Figure 3.2A) and were
exposed to subthreshold SDS 48 hours after the final drinking period. We chose this
timepoint of stress exposure based on our previous findings using chronic alcohol
exposure[167]. Control mice had access to water only throughout the 4 weeks. IEA-
exposed mice displayed significantly decreased Sl following subthreshold SDS
compared to water-drinking controls (t(25)=2.53, p=0.018, Figure 3.2B).

IEA decreases |kB expression in the AMY and NAC

Next, we were interested in how components of the NFKB signaling pathway,
particularly IkB, are altered following IEA. Mice (n=12/group) were exposed to |IEA or
water for 4 weeks and were sacrificed 48 hours following the final alcohol access period,
at which time the NAC and AMY were dissected and prepared for gPCR. Following 4
weeks of IEA, IkB gene expression was significantly decreased in the NAC (t(19)=2.87,
p=0.0098, Figure 3.3A) and the AMY (t(21)=3.35, p=0.003, Figure 3.3B).

IEA increases NFkB expression in specific subregions of the amygdala

While assessing IkB gene expression can provide indirect insight on how NFkB

regulation is altered following these alcohol exposure paradigms, this was performed in
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homogenates encompassing the entire NAC and AMY. As this method lacks regional
specificity, we next assessed NFkB activation in our NFkB-LacZ reporter mice by
assessing B-gal expression via x-gal immunohistochemistry. This transgenic mouse
provides a direct, functional readout of NFkB activation. Mice (IEA: n=6, water: n=4)
were exposed to 4 weeks of IEA or water and were sacrificed 48-hours following the final
drinking session. While no impact of IEA on NFKB activation in the NAC shell (t(8)=1.29,
p=0.23, Figure 3.4A-B) or NAC core (t(7)=0.95, p=0.38, Figure 3.4C-D) was observed, a
significant increase in x-gal positive cells was observed in the CEA (1(6)=8.946,
p=0.0001, Figure 3.4E-F) and BLA (t(7)=2.88, p=0.024, Figure 3.4G-H). The MEA
showed a similar pattern of x-gal positive cells, as it was nearly significant compared to
water controls (t(8)=2.28, p=0.052, Figure 3.4I-J).

Chronic EtOH does not alter IkB expression in the AMY or NAC

Due to similar effects of IEA and chronic alcohol gavage on stress sensitivity, as
shown in Experiment 1 above and our previously published work[213], respectively, we
were also interested in how IkB gene expression was altered following chronic alcohol
gavage. Mice (n=9/group) were exposed to 10 days of chronic alcohol (3.0g/kg) via
intragastric gavage. Forty-eight hours after the final alcohol gavage, mice were sacrificed
and the NAC and AMY were dissected. Chronic alcohol exposure did not alter IkB gene
expression in the NAC (t(15)=1.40), p=0.18, Figure 3.5A) or AMY (t(13)=0.18, p=0.86,
Figure 3.5B).

Chronic EtOH increases NFkB expression specifically in the CEA

Lastly, we assessed the effects of chronic alcohol exposure on NFKB activation
once again using x-gal immunoreactivity in our NFkB-LacZ mice. Mice (EtOH: n=6,

water: n=4) were exposed to 10 days of chronic alcohol gavage and were sacrificed 48-
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hours following the final alcohol treatment. Chronic alcohol gavage did not impact the
number of x-gal positive cells in the NAC shell ((9)=0.87, p=0.41, Figure 3.6A-B) or NAC
core (1(9)=1.17, p=0.27, Figure 3.6C-D). However, it did significantly increase the
number of x-gal positive cells in the CEA (t(8)=2.31, p=0.0497, Figure 3.6E-F). This
effect was specific to this subregion of the amygdala, as no differences were observed in
the BLA (1(8)=0.13, p=0.90, Figure 3.6G-H), or MEA (t(8)=0.08, p=0.94, Figure 3.61-J).
3.4 Discussion

The primary findings from these studies are that voluntary alcohol consumption
via IEA increases sensitivity to subthreshold SDS, replicating our previous findings using
chronic alcohol gavage, and increases NFkB activity, specifically in the amygdala.
Specifically, IEA decreases IkB gene expression in the NAC and AMY. NFkB activation
in our transgenic NFkB-LacZ reporter mice show increased NFkB activity in the CEA,
BLA, and MEA, but not the NAC shell or NAC core. In contrast, chronic alcohol gavage
exposure did not alter IkB gene expression in the NAC or AMY, but did selectively
increase NFkB in the CEA subregion on the AMY.

Here, we demonstrate that voluntary alcohol consumption via IEA impacts stress
sensitivity. Similar to other studies using the IEA model of consumption[23], we observed
consistent consumption levels around 20g/kg in our IEA-exposed mice. Examining the
effects of voluntary consumption on stress responsivity is an important, clinically relevant
approach. IEA is a highly validated model that results in clinically relevant levels of
consumption[326]. Considering alcohol misuse associates with increased rates of
MDDI[319, 320], the intermittent drinking bouts and high blood alcohol levels obtained by
IEA make this model ideal for examining this relationship in a preclinical setting. This

finding parallels the effects of chronic alcohol exposure on stress sensitivity we have
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previously observed[167] and further corroborates that voluntary alcohol consumption
can impact the development of depressive-like behavior by altering stress sensitivity, an
underlying factor of development of depression[327].

The neuroimmune system has recently gained attention for its involvement in
both the behavioral and molecular responses to alcohol exposure[191, 196] and the
pathophysiology of stress and depression[217-219, 225, 237]. As such, components of
the NFKB signaling cascade are intriguing candidates to target in studies examining the
underlying mechanisms of comorbidity between these disorders. In our study, we found
a decrease in IkB expression following 4 weeks of IEA that, in the amygdala specifically,
paralleled an increase in NFkB activity with the CEA, BLA, and MEA. Our data suggests
that 48 hours after stress, downregulated expression of IkB potentially results in less
NFkB inhibition and more freed NFKB subunit dimers to translocate to the nucleus and
act as a transcription factor. In agreement with this, NFkB activity in reporter mice was
increased at the same timepoint at which IkB downregulation occurs. We predict that if
we assessed NFkB activation in IEA-exposed mice exposed to stress, NFkB expression
would be increased even further relative to unstressed IEA mice, as the pathway would
be primed due to the decreased expression of IkB. While 1kB expression and NFkB
activity in our transgenic mice did not always show parallel effects, it is imperative to
consider that the IkB expression analysis used whole region homogenates of the NAC
and AMY, whereas the immunohistochemistry allowed for the assessment of NFKB in
specific subregions of the NAC and AMY, and thus a higher degree of specificity.

It is interesting to note that exposure to chronic SDS was found to increase
protein levels of IKK, 1kB, and phosphorylated-IkB in mice sensitive to SDS 48 hours

after the final defeat session[151]. In our study, we assessed IkB gene expression 48
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hours after alcohol cessation, indicating critical differences in stimulation of NFkB
(stress- vs. alcohol-exposure) and level of analysis (protein vs. gene expression) that
may underlie these conflicting results. Considering these results, it appears an increase
in IkB expression occurs following stress, while a decrease in its expression is observed
following alcohol exposure and withdrawal. Our results also indicate a more prominent
role of NFkB in the amygdala following alcohol exposure, while its activity in the nucleus
accumbens, where NFkB mediates depressive-like behavior, is largely unaffected.

Both IEA and chronic alcohol exposure increased NFkB activity in the CEA, but
only IEA increased NFkB in the BLA and MEA. Together, the BLA and CEA are involved
in the development of alcohol-seeking behavior in rodents[328]. The CEA is the major
output nucleus of the amygdala and has been heavily implicated in stress- and drug-
related responsivity[329]. The CEA, along with other regions in the extended amygdala,
regulates negative affect related to stress and alcohol use disorder[330, 331]. This study
provides novel insight on not only the involvement of NFkB in response to various
alcohol exposure paradigms, but also provides a specific region to target future
experiments aimed at inhibiting NFkB activation following IEA or chronic alcohol
exposure and the effects of this inhibition on stress sensitivity. Interestingly, only IEA
increased NFkB activity in the BLA. The BLA is implicated in affective disorders and
addiction due to its role in stress-responses, motivation, and cognition[332]. A projection
from the BLA to the NAC shell was recently determined to control voluntary alcohol
consumption[333], supporting the role of this region in both affect and voluntary intake.
As chronic alcohol exposure is not a voluntary form of consumption, this may explain
why no differences in activation were observed in the BLA after chronic alcohol

exposure. IEA also increased NFkB activity in the MEA. Chronic alcohol exposure and
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alcohol withdrawal dysregulate important mediators of stress circuitry such as
corticotropin releasing hormone (CRH)[62, 161, 165]. Transcript expression of Crhrl, the
gene encoding the CRH receptor 1 (CRH-R1), is upregulated in the BLA and MEA, and
MRNA level of Crh, the gene encoding CRH, is increased in the CEA following alcohol
dependence[161]. Interestingly, CRF-R1 activation can directly induce NFkB
activity[334], perhaps indicating a potential mechanism of IEA’s ability to increase NFkB
activity within these three subregions.

Overall, our results indicate a complex relationship between alcohol-exposure,
stress responsivity, and activation of the NFkB pathway. This study determined that
intermittent, voluntary alcohol consumption increases sensitivity to social stress. This
study also identifies that IkB gene expression is decreased in the NAC and AMY
following IEA but not chronic alcohol gavage. We observed increased NFkB activity in
multiple subregions of IEA-exposed mice, but only the CEA of chronic alcohol gavage
exposed mice. Future experiments will focus on intra-AMY inhibition of NFkB during
exposure to IEA or chronic alcohol gavage to assess alterations in stress sensitivity
when NFkB is inhibited in a regionally specific manner prior to stress exposure.
Identifying molecular targets involved in the pathophysiology of both alcohol abuse and
depression, such as NFkB, may be extremely beneficial for development of novel

pharmacotherapeutics for patients displaying comorbid alcoholism and depression.
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Figure 3.1: Experimental timelines for Experiments 1-5.
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Figure 3.2: IEA increases sensitivity to subthreshold SDS. (A) Mice were allowed 4
weeks of IEA to 20% ethanol or water only, with IEA mice displayed elevated levels of
consumption. Forty-eight hours after the last drinking period, mice were exposed to
subthreshold SDS and Sl was tested 24 hours later. (B) IEA-exposed mice displayed
decrease social interaction compared water drinking controls. *p<0.05 compared to

control group.
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Figure 3.3: IEA decreases IkB expression in the AMY and NAC. Mice were allowed 4
weeks of IEA to 20% ethanol or water only. Forty-eight hours after the last drinking
period, mice were sacrificed and the NAC and AMY were dissected and processed for
gPCR. IEA-exposed mice displayed decreased IkB gene expression in both the NAC (A)

and AMY (B) compared to water drinking controls. **p<0.01 compared to control group.
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Figure 3.4: IEA increases NFkB expression in subregions of the amygdala. Mice
were allowed 4 weeks of IEA to 20% ethanol or water only. Forty-eight hours after the
last drinking period, mice were perfused and stained for B-gal expression as a readout of
NFkB activity. While IEA-exposed mice did not display differences from water drinking
controls in the NAC shell (A/B) or NAC core (C/D), an increase was observed in the
CEA (E/F), BLA (G/H), and MEA (1/J). ***p<0.001, * p<0.05, and #p=0.052 compared to

control group. Scale bars at 100um.
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Figure 3.5: Chronic EtOH does not alter IkB expression in the AMY or NAC. Mice
were intragastrically gavaged with 3.0g/kg ethanol or water for 10 days. Forty-eight
hours after the gavage, mice were sacrificed and the NAC and AMY were dissected and
processed for qPCR. No differences in IkB expression was observed in the NAC (A) or

AMY (B) compared to water-gavaged controls.
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Figure 3.6: Chronic EtOH increases NFkB expression in the CEA. Forty-eight hours
after the last alcohol or water gavage, mice were perfused and stained for B-gal
expression as a readout of NFkB activity. No differences in x-gal positive cells were
observed in the NAC shell (A/B) or NAC core (C/D). In the amygdala, chronic alcohol-
exposed mice displayed increased x-gal positive cells in the CEA (E/F), but not the BLA

(G/H) or MEA (1/3). *p<0.05 compared to control group. Scale bars at 100um.
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Abstract

Comorbidity between alcoholism and depression is extremely common. The
relationship between the effects of stress on alcohol consumption has been extensively
studied. To examine this relationship, our lab and others have used the social defeat
stress model (SDS). We have previously shown that mice susceptible to social stress
voluntarily consume more alcohol compared to resilient and control mice. Susceptible
mice also display increased gene expression of TACR1, the gene encoding the
neurokinin-1 receptor (NK1R) in the nucleus accumbens (NAC). In this study, we assess
the effects of genetic and pharmacological blockade of the NK1R on alterations in social
interaction (SI) and alcohol consumption following chronic SDS. We also examine the
effects of NK1R overexpression in the NAC shell on stress sensitivity. To accomplish
this, we exposed NK1R knockout (KO) mice and wildtype (WT) littermate controls to
chronic SDS and assessed Sl and alcohol consumption following stress exposure. We
then pretreated WT mice with the NK1R antagonist L703-606 or vehicle prior to each
defeat to assess effects on SDS-induced alterations on Sl and alcohol consumption.
Lastly, we infused a virus overexpressing the NK1R receptor in the NAC shell of WT
mice and assessed sensitivity to subthreshold SDS. Genetic deletion of NK1R did not
alter the effects of chronic SDS on Sl or alcohol consumption and preference, as both
SDS-exposed KO and WT mice display a decrease in Sl and an increase in alcohol
intake and preference. L703-606 pretreatment prevented the decrease in Sl following
chronic SDS but did not decrease subsequent alcohol consumption. Finally, NK1R
overexpression in the NAC shell increased stress sensitivity. The results obtained in this
study suggest a functional role of NK1R during SDS exposure in the depressive-like

behavior but not the increased alcohol consumption following stress exposure.
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4.1 Introduction

Comorbidity between alcoholism and depression is extremely common.
According to NIAAA, a substantial portion of alcohol-dependent individuals also meet
clinical criteria for depression (27.9%). A bidirectional relationship between these
disorders has been identified at the clinical and preclinical level. Clinically,
epidemiological studies have indicated that severity of alcohol use disorder symptoms
predicts onset of depressive disorders[123], while a history of mood disorders in turn
increases risk of substance abuse[125].

The relationship between alcohol exposure and depressive-like behavior has
been studied preclinically using the social defeat stress (SDS) model[143, 167, 173-176,
335]. SDS is a major preclinical model of depression that results in depressive-like
behavior in rodents, including anhedonia, social avoidance, weight loss, and immune
suppression[143, 144]. Two phenotypic stratifications result from chronic SDS: those
“susceptible” that display depressive-like behaviors such as social avoidance and
reduced sucrose preference, and mice that are “resilient” to these behavioral
alterations[143, 145, 152] Chronic SDS has been demonstrated to increase alcohol
consumption[167, 172-178], conditioned place preference[183], self-administration[184],
and motivation to seek alcohol[184]. Our lab has further investigated these effects on the
phenotypic subpopulations that arise following chronic SDS exposure. We have found
that mice susceptible to SDS voluntarily consume more alcohol compared to resilient
and control counterparts[167]. Additionally, susceptible mice display increased TACR1,
the gene encoding the neurokinin-1 receptor (NK1R), in the nucleus accumbens (NAC)
compared to resilient and control mice, suggesting NK1R as a potential mediator of this

bidirectional relationship[167].



95

The NK1R receptor system and its endogenous ligand substance P (SP) have
been implicated in numerous psychiatric disorders including stress, anxiety, depression,
and alcoholism[251]. This receptor is heavily expressed in brain regions involved in
affective behavior and reward circuitry, such as the amygdala, NAC, hypothalamus,
hippocampus, and periagueductal gray[251, 252]. The involvement of NK1R and SP has
been extensively studied, indicating a role of this system in response to many preclinical
stress- and anxiety-related paradigms in rodents[250, 277, 282], including immobilization
stress[281], fear potentiated startle[293], fear conditioning[294], acoustic startle
response[295], forced swim stress[282, 284, 285, 287, 297], maternal separation[273,
282, 286-288], chronic mild stress[297, 298], novelty-suppressed feeing[282], social
interaction (SI)[287, 289-292], open field[282], and elevated plus maze[280-283, 336].
Specific to depressive-like behavior, our lab has recently determined NK1R mediates the
anhedonic effects resulting from administration of lipopolysaccharide (LPS)[239]. The
involvement of NK1R in anhedonic-behavior was displayed in another study assessing
sucrose preference following bulbectomy, which induces depressive-like behavior and
physiological alterations in rodents[299]. In this study, bulbectomy resulted in reduced
sucrose preference in WT mice but not NK1R KO mice.

In addition to its role in stress and depression, NK1R and SP has also been
studied as a mediator of alcohol-related behaviors[251, 337]. Clinically, a single
nucleotide polymorphism in the TACR1 gene has been associated with alcohol
dependence[274], and administration of a NK1R antagonist to abstinent alcoholics
results in reduced alcohol cravings[264]. A role of this receptor system has also been
identified in various preclinical models of alcohol consumption[261-265] and self-

administration[266-269]. Related to consumption, NK1R antagonists attenuate escalated
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alcohol consumption following intermittent ethanol access[261] and stress-induced
alcohol intake following administration of the pharmacological stressor yohimbine[268].
NK1R is also involved in stress-induced relapse-like behavior, as antagonism of this
receptor blocks reinstatement of alcohol seeking following intermittent footshock or
yohimbine exposure[266-268, 270, 271]. Recent evidence has indicated a selective role
of NK1R in the central amygdala (CeA) and NAC shell on these behaviors. For example,
NK1R antagonism specifically within either the CeA or the NAC shell decreases
sensitivity to stress-induced reinstatement[267, 270, 271], while NK1R overexpression in
the CeA increases sensitivity to stress-induced reinstatement[271]. In addition, neuronal
activation within the NAC shell following reinstatement is blocked with administration of a
NK1R antagonist[267], further implicating NK1R in the circuitry of stress-induced
behavioral alterations. Considering the vast amount of literature supporting a role of
NK1R in stress responses, depressive-like behaviors, and alcohol-related behaviors,
targeting this receptor system may be beneficial for the treatment of patients with
comorbid alcoholism and depression.

In this study, we explored the involvement of the NK1R receptor in the effects of
SDS. We hypothesized that NK1R would mediate the depressive- and alcohol-related
responses following chronic SDS, and that overexpression of this receptor would
increase sensitivity to social stress exposure. To test this hypothesis, we first determined
the consequences of genetic deletion of NK1R on chronic SDS-induced alterations in Sl
and voluntary alcohol consumption. Next, we assessed the effects of pharmacological
NK1R antagonism with administration of L703-606 on these same behaviors. Last, we
examined the effects of viral-mediated NK1R overexpression in the NAC shell on stress

sensitivity following subthreshold SDS.



97

4.2 Materials and Methods
Animals

Male NK1R KO mice bred on a C57BL6/J background and WT littermate controls
(7 weeks of age, bred in house) were used in Experiment 1. Male C57BL6/J mice (7
weeks of age, Jackson Laboratory, Bar Harbor, ME) were used in Experiments 2 and 3.
Retired breeder male CD-1 mice (4-5 months of age, Charles River, Wilmington, MA)
were used as SDS aggressors. Due to sex specific differences in territorial aggression
and the SDS protocol being replicated and highly validated using male C57BL6/J mice,
only male subjects were used in this study. Mice were allowed 1 week of habituation to
the UGA College of Veterinary Medicine vivarium before experiments began. Mice were
housed in a 12hr light cycle (on at 1:00 and off at 13:00). Food and water were available
ad libitum. All procedures were in accordance with the National Institutes of Health
Guide for Care and Use of Laboratory Animals and were approved by the Institutional
Animal Care and Use Committee of the University of Georgia.
Drugs

For continuous access 2-bottle choice (2BC) in Experiments 1 and 2, 95%
ethanol (Decon Labs, Inc., King of Prussia, PA) was diluted to a 20% v/v solution in tap
water. In Experiment 2, NK1R antagonist L703-606 (Sigma-Aldrich, St. Louis, MO) was
dissolved in 45% w/v 2-hydroxypropyl-beta-cyclodextrin (Sigma-Aldrich, St. Louis,
Missouri) to a concentration of 1mg/ml and was injected at 10ml/kg, resulting in a final
dose of 10mg/kg. Vehicle-treated mice were injected with 10ml/kg of 2-hydroxypropyl-

beta-cyclodextrin.
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Chronic SDS

SDS was performed as previously described[167] and was based off of the
protocol described in Golden et al. 2011[143]. Prior to SDS, male CD-1 mice were
screened for aggressive behavior by placing a screener C57BL/6J mouse (not used in
the study) into the home cage of the CD-1 mouse for 180 seconds for 4 consecutive
days. Aggressors were selected based on the following criteria: the CD-1 mouse must
initiate an attack in at least two consecutive sessions and the latency to first display
aggressive behavior must be less than 60 seconds. Aggressors that passed aggression
criteria were placed into a large cage (26.7cm (w) x 48.3cm (d) x 15.2cm (h); product
number: N40, Ancare, Bellmore, NY) with a clear, perforated divider 72 hours prior to the
start of SDS. Defeat sessions consisted of placing C57BL6/J mice into the homecage of
the CD-1 mouse for five minutes, after which the defeated mice were placed on the
opposite side of the patrtition for the remainder of the 24 hours. This hon-physical defeat
phase allows for olfactory, visual, and auditory cues to be exchanged between the
C57BL6/J mouse and the aggressive CD-1 it just encountered. This process then
repeats for 10 consecutive days with the C57BL6/J mice encountering a novel aggressor
each day. Control mice were housed in pairs in identical hamster cages with a mouse on
either side of the perforated divider. Mice were rotated each day to mimic the novel
housing conditions experienced by the SDS mice but did not get physically defeated nor
encountered any CD-1 mice throughout the 10 days. Defeats occurred at the end of the
light cycle (as close to the beginning of the dark cycle as possible) in order to visualize
any injuries. If blood was drawn, the mice were separated and the time at which the

session ended was noted.
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Sl Test

Immediately following the final defeat session, mice were singly housed in
regular mouse cages with food and water available ad libitum. Approximately 24 hours
following the last defeat exposure (at the beginning of the dark cycle), mice underwent
the Sl test. This test consisted of 2 150-second trials separated by 30 seconds, the first
without a novel CD-1 target mouse present, and the second with a target mouse present
in an enclosure in the predetermined interaction zone. Time spent in the interaction zone
during each trial is recorded and divided, time in the interaction zone with the target
mouse present by the time when the target was absent, to obtain the Sl ratio. Sl tests
were scored by an observer blind to the treatment group of each mouse.
2BC

Two weeks following the final defeat session, mice were presented with two
bottles in their homecage, one containing water and one containing a 20% ethanol
solution on a continuous access schedule. Bottles were weighed at the same time each
day and g/kg consumption was calculated based on each mouse’s body weight. Mice
were allowed access until stable (group variability under 25% for three consecutive days
for all groups within the cohort). Consumption levels are presented as g/kg on average
over the last 3 days of drinking access. Ethanol preference was calculated by dividing
the volume of ethanol consumed by the total volume (ethanol plus water) consumed and
is presented as a percent (%) of total volume consumed.

Intracranial virus infusion

AAV1-NK1R-GFP was produced by PCR amplification of the NK1R (TACR1)
cDNA from a lentiviral vector containing rat TACR1 (GeneCopoeia; # CS-Rn10116-

Lv156—01) and subsequent insertion upstream of the IRES-EGFP element within pAAV
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CMV-IE MCS IRES EGFP (Addgene #102936). The resulting construct pAAV CMV-IE
NKR1 IRES GFP (Addgene #102935) was packaged as an AAV serotype 1 and purified
by affinity chromatography as previously described[338]. The resulting vector is referred
to as “AAV1-NK1R-GFP”. AAV1-NK1R-GFP or control AAV1-GFP (Vector Biolabs) virus
was bilaterally infused into the NAC shell (bilateral, AP: +1.7mm, ML: £2.3mm, DV -
4.7mm, 20° angle) of C57BL6/J mice using a stereotaxic instrument (Stoelting, Wood
Dale, IL). Microinfusions were given through a blunt end Hamilton Neuros Syringe
(Reno, NV) mounted to the stereotax and controlled by a Precision syringe pump (World
Precision Instruments, Sarasota, FL). Infusions were given in a volume of 0.5ul at a rate
of 0.1ul/minute. Syringes were left in place for 5 minutes following infusion to prevent
aspiration along the needle tract. After 4 weeks of recovery to allow for full viral vector
expression, mice were exposed to subthreshold SDS and then assessed for Sl.
Following the Sl test, mice were sacrificed, and placements of viral infusion were
checked via fluorescent microscopy.

Subthreshold SDS

Mice were exposed to 3 5-minute defeat sessions separated by 15 minutes each.
During each defeat session, mice were placed into the homecage of a novel male CD-1
mouse previously screened for aggressive behavior. Between defeat sessions, mice
were returned to their homecage to recover until the next defeat session started. Defeats
occurred at the end of the light cycle (as close to the beginning of the dark cycle as
possible) in order to visualize any injuries. If blood was drawn, the defeat session ended
early and the time at which the session ended was noted. Sl was tested 24 hours after

subthreshold SDS.
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Experimental timelines

A summary timeline for each experiment in this study can be found in Figure 4.1
and specific protocols are described in the following sections. Briefly, in Experiment 1,
male NK1R KO mice or WT littermate controls were exposed to chronic SDS (or were
non-stressed controls) and tested for SI 24 hours later. This resulted in four groups:
SDS-exposed KO mice, SDS-exposed WT mice, non-stressed KO mice, and non-
stressed WT mice. In Experiment 2, male C57BL6/J mice were exposed to chronic SDS
(or were non-stressed controls) and received either 10mg/kg L703-606 or vehicle (i.p.)
30 minutes prior to each defeat. This resulted in four groups: SDS/antagonist mice,
SDS/vehicle mice, hon-stressed/antagonist mice, and non-stressed/vehicle mice. In both
Experiments 1 and 2, mice were allowed continuous access to 20% alcohol via 2BC 2
weeks after the last defeat session. In Experiment 3, mice were injected with an AAV
virus overexpressing the NK1R receptor or a GFP control virus into the NAC shell. After
a month recovery, mice were exposed to subthreshold SDS and Sl was assessed 24
hours after.

Statistical Analyses

Statistical analyses were preformed using GraphPad Prism software. Statistica
software was used to preform Newman-Keuls posthoc tests. In Experiment 1, Sl ratio,
alcohol consumption, and alcohol preference were analyzed by a two-way ANOVA with
factors of genotype (NK1R KO vs. WT) and SDS (SDS vs. control). In Experiment 2, S
ratio, alcohol consumption, and alcohol preference were analyzed by a two-way ANOVA
with main factors of treatment (L703-606 vs. vehicle) and SDS (SDS vs. control). In the
stratified comparisons, a one-way ANOVA was used with a factor of group. Newman-

Keuls posthoc tests were performed to assess individual group differences if a significant
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interaction or two significant main effects were obtained for two-way ANOVA analyses or
if a significant main effect was obtained for the one-way ANOVA analyses.
4.3 Results

Chronic SDS reduces Sl regardless of genotype

Due to previous findings implicating NK1R in depressive-like behavior, we first
explored the effects of genetic deletion of NK1R on Sl following 10 days of chronic SDS.
NK1R KOs and WT littermate controls were exposed to chronic SDS (KO: n=4, WT:
n=5) or were non-stressed controls (KO: n=4, WT: n=4). S| was assessed 24 hours after
the final defeat session. A two-way ANOVA revealed a significant effect of SDS
(F(1,13)=18.69, p=0.00080) but no interaction (F(1,13)=0.046, p=0.83) and no main
effect of genotype (F(1,13)=0.47, p=0.50; Figure 4.2).

Chronic SDS increases alcohol consumption and preference regardless of genotype

Next, we assessed alcohol consumption via continuous access 2BC to 20%
ethanol. Mice were allowed access to 2BC 2 weeks following the last defeat session for
at least 2 weeks and until a stable level of consumption was obtained. We have
previously shown that mice susceptible to chronic SDS display increased consumption
compared to resilient and control counterparts. However, Sl testing determined only one
mouse out of both NK1R KOs and WTs exposed to SDS were of the resilient phenotype,
and so we did not phenotypically stratify this data set. When comparing average
consumption over the last three days, a two-way ANOVA revealed a significant main
effect of SDS (F(1,9)=8.47, p=0.017), but no interaction (F(1,9)=0.070, p=0.80) and no
main effect of genotype (F(1,9)=0.46, p=0.53; Figure 4.3A). Similar effects on alcohol

preference were observed, as a two-way ANOVA revealed a main effect of SDS
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(F(1,9)=5.35, p=0.046), but no interaction (F(1,9)=0.15), p=0.71) and no main effect of
genotype (F(1,9)=0.0093, p=0.93; Figure 4.3B).

NK1R antagonism prevents the decrease in Sl following chronic SDS

As the NK1R KO mice displayed S| behavior and alcohol consumption similar to
that of WTs following chronic SDS, we next wanted to assess the effects of systemic
administration of the NK1R antagonist L703-606 on these behaviors. This will allow for
more temporally specific inhibition of NK1R as opposed to a using a KO line that has
lacked this receptor since early development and may exhibit compensatory
neuroadaptations. C57BL6/J mice were exposed to chronic SDS or were non-stressed
controls and received either 10mg/kg L703-606 (i.p.) (SDS: n=4, control: n=9) or vehicle
(SDS: n=6, control: n=6) 30 minutes prior to each defeat. Sl was assessed 24 hours
after the final defeat session. A two-way ANOVA revealed a significant interaction
(F(1,21)=5.41, p=0.03) and a significant main effect of SDS (F(1,21)=4.51, p=0.046), but
no main effect of treatment (F(1,21)=0.40, p=0.54; Figure 4.4A). Newman-Keuls posthoc
comparisons indicated that the SDS/vehicle group was significantly lower than the non-
stressed/vehicle group (p=0.023), but the SDS/antagonist group was not significantly
different from the non-stressed/antagonist group (p=0.89) and the non-stressed/vehicle
group was not statistically different from the non-stressed/antagonist group (p=0.30).

To stratify the SDS-exposed mice, we used a median split to determine our
susceptible/resilient cutoff. This determined a Sl ratio cutoff value of 1.2, whereas mice
below 1.2 were considered susceptible, and mice over 1.2 were considered resilient.
While all mice in the SDS/antagonist and non-stressed/vehicle groups were classified as
resilient based on this criteria, one mouse in the non-stressed/antagonist group had a SlI

ratio under 1.2 and thus was not used in this comparison. A one-way ANOVA revealed a
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significant group effect (F(4,19)=6.25, p=0.0022, Figure 4.4B). Newman-Keuls posthoc
comparisons indicated that the susceptible SDS/vehicle mice were significantly different
than every other group. More specifically, susceptible SDS/vehicle mice were
significantly lower than resilient SDS/antagonist mice (p=0.011), resilient SDS/vehicle
mice (p=0.003), resilient non-stressed/antagonist mice (p=0.009), and resilient non-
stressed/vehicle mice (p=0.003).

NK1R antagonism during chronic SDS does not alter subsequent alcohol consumption

We have demonstrated that L703-606 administration prior to each defeat session
prevents the decrease in Sl typically observed following chronic SDS. We were also
interested in assessing the effects of L703-606 treatment during SDS on subsequent
alcohol consumption. Two weeks after the final SDS session, the mice were allowed
continuous access 2BC to 20% ethanol until a stable level of consumption was obtained.
A two-way ANOVA indicated a main effect of SDS exposure (F(1,21)=5.00, p=0.036),
but no interaction (F(1,21)=1.98, p=0.17) or main effect of L703-606 (F(1,21)=1.32,
p=0.26) (Figure 4.5A). Similar effects were observed when comparing alcohol
preference, as a two-way ANOVA revealed a significant effect of SDS (F(1,21)=4.78,
p=0.04) but no interaction (F(1,21)=0.77), p=0.39) and no main effect of L703-606
(F(1,21)=0.39, p=0.54) (Figure 4.5B).

We then assessed differences in consumption within our stratified populations.
Elevated levels of alcohol consumption and preference were observed in resilient
SDS/antagonist mice and susceptible SDS/vehicle mice compared to resilient
SDS/vehicle mice, non-stressed/vehicle mice, and non-stressed/antagonist mice. A one-
way ANOVA revealed a potential trend towards significance for consumption

(F(4,19)=2.12, p=0.12, Figure 4.5C) and preference (F(4,19)=1.77, p=0.18, Figure 4.5D).
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This pattern of data suggests that the alcohol-related behaviors of resilient
SDS/antagonist mice are comparable to that of susceptible SDS/vehicle mice, and as
the SDS/antagonist mice still display increased drinking behaviors despite their resilient
phenotype in the Sl test. While not statistically significant at this point, we believe this is
an issue of power that will be resolved by including larger group sizes.

NK1R overexpression in the NAC shell increases sensitivity to subthreshold SDS

We have previously observed that mice susceptible to chronic SDS display
increased expression of TACR1, the gene for the neurokinin-1 receptor, in the
NAC[167]. Thus, we wanted to investigate the effects of NK1R overexpression in the
NAC shell on sensitivity to social stress. To accomplish this, we used the subthreshold
SDS protocol[143, 167]. This one-day stress exposure does not typically induce
depressive-like behavior in mice, thus is allows for the investigation of pro-depressant
interventions, such as chronic alcohol exposure, on stress sensitivity[143]. C57BL6/J
mice were stereotaxically injected with either AAV1-NK1R-GFP (n=7) or AA1-GFP (n=7)
in the NAC shell and were allowed to recover for 4 weeks. Following this recovery
period, mice were exposed to subthreshold SDS and tested for SI 24 hours later. Mice
infused with the NK1R overexpression virus in the NAC shell displayed an increase in
stress sensitivity as evidenced by a decrease in Sl following subthreshold SDS
compared to mice infused with the GFP control virus (t(12)=2.49, p=0.028, Figure 4.6A).
Placements of virus infusion can be observed in Figure 4.6B.

4.4 Discussion

In this study, we demonstrate selective effects of NK1R antagonism during

chronic SDS on depressive-like behavior, but not alcohol-related behaviors, following

stress exposure. First, we show that genetic deletion of NK1R does not affect the
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reduced Sl and increased alcohol consumption and preference observed in WT mice.
We hypothesized that this was due to constitutive nature of the NK1R genetic deletion,
thus we tested the effects of temporally specific antagonism of NK1R in WT mice. Then,
we demonstrate that antagonism of NK1R by L703-606 prior to each defeat session
prevents the decreased Sl resulting from chronic SDS. However, L703-606 pretreatment
during SDS did not impact later drinking behaviors, as mice receiving the NK1R
antagonist during the defeats showed increased alcohol consumption and preference
despite their resilient phenotype determined by the Sl test. Last, we found that viral-
mediated overexpression of the NK1R receptor in the NAC shell of WT mice increases
sensitivity to subthreshold SDS. Together, these findings further support a functional role
of NK1R at the time of SDS exposure on depressive-like behavior, but not drinking
behaviors, following stress exposure.

We have demonstrated in Experiment 1 that NK1R KO and WT mice display
similar effects on Sl and voluntary consumption following exposure to chronic SDS. The
NK1R KO mice used in this study have a constitutive KO of the TACR1 gene, meaning
that these mice have lacked this receptor throughout all periods of development. As
such, expression of other receptors within the tachykinin family such as neurokinin-2
(NK2) and neurokinin-3 (NK3) receptors may be upregulated in a compensatory fashion.
This effect has been observed in mice lacking the serotonin(1A) receptor (5HT14)[277] in
that mice with a genetic deletion of this receptor are observed to have increased
sensitivity of the serotonin(2A) receptor (5HT24)[277, 339]. Both NK2R and NK3R are
expressed in regions involved in affective disorders and emotional processing and have
been implicated in depressive-like and anxiety-like behavior in rodents[340-343]. While

NK2R and NK3R preferentially bind to neurokinin A (NKA) and neurokinin B (NKB)
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respectively, these receptors have modest affinity to bind SP[250]. As such, alterations
in the expression of NK2R and NK3R in KOs compared to the basal expression of WTs
will be examined in future studies.

NK1R KO mice also displayed increased drinking following exposure to chronic
SDS. A previous study assessing drinking behavior of NK1R KO reported that KOs
voluntarily consume less alcohol compared to WTs[262], an effect which was
corroborated by another study demonstrating that viral mediated silencing of NK1R
similarly reduced voluntary consumption[263]. In the latter study, the age of the mice
used was not given, but the mice weighed between 20-30g indicating they were most
likely in adulthood, thus the NK1R receptor was functional during development[263]. It is
important to note that neither of these studies examine the effects of genetic
deletion/silencing of NK1R on stress-induced consumption, let alone exposure to a
stressor that robustly increases voluntary consumption in mice as chronic SDS
does[167, 172-176, 178]. However, it must also be noted that we did not see a
difference between our non-stressed KOs and non-stressed WTs, as has been previous
demonstrated[262]. In our study, we used 20% ethanol for the entirety of the 2BC
protocol, while Thorsell et al. 2010 started 2BC at 3% ethanol, and increased by 2%
increments up until 15% ethanol which was used for the remainder of the 2BC
protocol[262]; thus, stark variations in the 2BC protocol may explain the differences
observed in our study. The robust nature of chronic SDS to increase alcohol
consumption, in combination with the potential alterations in the expression of NK2R and
NK3R, which may be another possible explanation as to why we observed increased
consumption in the NK1R KO mice in addition to the potential upregulation of NK2R and

NK3R.
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In Experiment 2, we observed antidepressant effects of NK1R antagonism by
L703-606 prior to defeat stress exposure as it prevented the decrease in Sl observed in
SDS/vehicle mice. However, we did not see an attenuation of alcohol consumption
following stress, despite the resilient phenotype observed in the SDS/antagonist mice.
This result could be explained by the timing of the antagonist treatment. Mice received
L703-606 treatment during the SDS portion of the experiment, which was 2 weeks prior
to the start of 2BC which lasted for at least another 2 weeks. Therefore, consumption
was assessed for stability at least a month after the mice received the antagonist. While
it has been reported that systemic NK1R antagonism reduces voluntary alcohol
consumption in both stress-naive[262] and stressed rodents[261], these effects were
observed when the NK1R antagonist was administered during the drinking phase of the
experiment once a stable level of consumption was obtained. To assess this in future
studies, we will assess the effects of NK1R antagonism on the stress-induced increase
in alcohol consumption observed in susceptible mice following chronic SDS by
administering L703-606 once consumption levels have stabilized.

In our previous work, we found that mice susceptible to SDS display increased
gene expression of TACRL1 in the NAC. Here, we found that viral-mediated
overexpression of NK1R in the NAC shell increases sensitivity to subthreshold SDS. The
NAC shell plays a pivotal role in the response to SDS, particularly driven by the
transcription factor nuclear factor kappa light chain enhancer of activated B cells
(NFkB)[149, 151]. NK1R has been shown to activate NFkB[344-346] and the TACR1
gene has NFkB-responsive elements within its promotor[347], demonstrating a
bidirectional relationship between NK1R and NFkB[192]. As mice exposed to social

stress display increased activity of components of the NFkB pathway in the NAC
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shell[149, 151], the increased sensitivity to social stress following NK1R overexpression
we observed may be explained by an increase in NFkB activity within this region and will
be assessed in future studies.

In this study, we demonstrate that manipulation of NK1R activity, specifically
during stress exposure, influences the depressive-like behavioral sequelae, but not
alcohol-related effects, of chronic SDS exposure. While NK1R KO mice display behavior
similar to that of WT mice, temporal antagonism of NK1R during stress exposure
prevented the decrease in Sl observed in chronic SDS-exposed mice treated with
vehicle. This effect was bidirectional, as overexpression of NK1R increased sensitivity to
subthreshold SDS. While we did not obtain effects of NK1R antagonism during stress on
later alcohol consumption or preference, this is likely explained by the antagonist
treatment being at least a month prior to consumption stabilization. Future studies will
examine NK2R and NK3R expression alterations as a consequence of NK1R genetic
deletion and NK1R antagonism during alcohol consumption following exposure to
chronic SDS. To our knowledge, our results are the first to report a functional role of
NK1R in the SDS-induced behaviors and further support the role of NK1R in the

underlying circuitry of depression.
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Experiment 1: NK1R KOs/WTs: Chronic SDS, SI, 2BC

Chronic SDS Sl Recovery } 20% EtOH 2BC
1-10 11 12-23 24 - 38 or until stable

‘ Experiment 2: L703-606 or vehicle pretreatment: Chronic SDS, Sl, 2BC ‘

CELLELEELELLEE
‘ Chronic SDS ‘ Sl ‘ Recovery 20% EtOH 2BC |
| 1-10 11 | 12-23 24 > 38 or until stable |

‘ Experiment 3: Infusion of AAV1-NK1R-GFP or AAV1-GFP in NAC shell: subthreshold SDS, SI ‘

Virus Subthreshold
Infusion SDS
| ! | Recovery ‘ i | SI |

L g | 2-29 30 | 31 |
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Figure 4.1: Timelines for Experiments 1, 2, and 3.
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Figure 4.2: Chronic SDS reduces Sl regardless of genotype. Chronic SDS
significantly reduced Sl in NK1R KO and WT mice. No differences between genotype

were observed. ***p<0.001 compared to non-stressed controls.
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Figure 4.3: Chronic SDS increases alcohol consumption and preference
regardless of genotype. (A) Following chronic SDS, both NK1R KO and WT mice
display an increase in alcohol consumption compared to control mice. No differences
were observed between genotypes. (B) Similarly, NK1R KO and WT mice exposed to
SDS display an increase in alcohol preference compared to control mice, with no effect

of genotype observed. *p<0.05 compared to non-stressed controls.
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Figure 4.4: Pretreatment with NK1R antagonist L703-606 prevents the decrease in
Sl observed in SDS-exposed mice. (A) While vehicle-treated mice displayed a
decrease in Sl following chronic SDS compared to the non-stressed/vehicle group, this
effect was not observed in SDS/antagonist mice. Administration of L703-606 prior to
defeat exposure attenuated this difference, resulting in SI behavior comparable to the
non-stressed control groups. (B) A median split was used to separate the SDS/vehicle
group into susceptible and resilient phenotypes for further analysis, indicated by the
dotted line at 1.2. SDS/vehicle mice susceptible to SDS displayed an Sl ratio
significantly lower than all other groups. *p<0.05 compared to non-stressed/vehicle

group (A) or compared to all other groups (B).
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Figure 4.5: NK1R antagonism during chronic SDS exposure does not impact SDS-
induced alterations in alcohol consumption. (A) Mice exposed to chronic SDS
display a significant increase in alcohol consumption compared to non-stressed controls,
while no effect of antagonist treatment was observed. (B) Similar to consumption, mice
exposed to chronic SDS display a significant increase in alcohol preference compared to
non-stressed controls (C) Resilient SDS/antagonist mice and susceptible SDS/vehicle
mice display a trend towards increased alcohol consumption and preference (D)

compared to all other groups. *p<0.05 compared to non-stressed controls.
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Figure 4.6: Overexpression of the neurokinin-1 receptor in the NAC shell
increases sensitivity to subthreshold SDS. (A) Virus-infused mice display decreased
Sl following subthreshold SDS compared to control mice. (B) Placement of virus

infusions. *p<0.05 compared to control group.
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CHAPTER 5:
SUMMARY AND CONCLUSIONS
5.1 The Role of NFkB in Alcohol-Related Responses

In this report, we demonstrated a relationship between NFkB and the behavioral
and physiological responses to alcohol. In Chapter 2, we determined a functional role of
NFkB, specifically within the NAC shell, in the circuitry of alcohol reward. To do so, we
used NFkB-LacZ mice, a transgenic mouse strain that expresses LacZ under the
direction of an NFkB-regulated promoter[215]. Thus, wherever NFkB is activated, -
galactosidase will be present within that cellular population. The presence of B-
galactosidase not only allows for a visual readout of NFKB activity using staining
methods such as immunohistochemistry and immunofluorescence, but also allowed us
to use the Daun02 selective inactivation method to permanently silence NFkB-
expressing cells within a region of interest[316]. This is the first study using the Daun02
inactivation method in NFkB-LacZ mice, indicating an exciting degree of novelty of these
experiments.

Using this method, we determined that NFkB in the NAC shell has an important
role in the development of alcohol reward. The role of NFkB in alcohol reward was
specific to the conditioning phase of CPP, as NFkB inactivation following the expression
of alcohol CPP during the test session did not impact retest preference. Classically,
NFkB is thought of in terms of its activation to large, neurotoxic doses of alcohol[199,
207, 302]. However, while NFKkB indeed influences the transcription of genes associated

with inflammatory processes, NFkB is also involved in various other processes including
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learning and memory[317, 318], drug reward[216], and spine remodeling in response to
chronic drug exposure[192, 215]. Here we provide further support for the involvement of
NFkB in rewarding effects of moderate doses of alcohol.

As NFkB is a transcription factor, it is our hypothesis that silencing of NFkB-
expressing cells in the NAC is preventing specific alterations in gene expression that are
essential for the formation of alcohol reward. A potential way to assess these gene
expression alterations in the future would be to preform CHIP-sequencing (CHIP-seq) on
tissue from mice conditioned with either alcohol or saline. Tissue from the NAC would be
assessed 2 hours after the final alcohol or saline conditioning session, which is the
timepoint when we observed the initial increase in NFkB activity in mice conditioned with
alcohol.

While the number of genes targeted by NFkB is vast, it is interesting to note that
TACRL, the gene for the NK1R, has an NFkB binding site within its promoter[347, 348].
Genetic deletion of NK1R results in decreases alcohol consumption[262-264] and
alcohol CPP[262]. Similarly, pharmacological and viral inhibition of IKK, the enzyme that
frees NFkB from its inhibition by IkB, also decreases voluntary alcohol
consumption[210]. If gene expression of TACRL is increased in the NAC shell following
alcohol place conditioning, this may indicate a specific mechanism through which NFkB
mediates alcohol reward and consumption. This particular mechanism would be
supported if infusion of a constitutively active form of IKK into the NAC shell of NK1R
knockout mice prevents the decreased alcohol reward and consumption typically
observed in knockouts. The results of such a study would provide novel insight on the

particular mechanism by which NFkB and NK1R influence alcohol reward.
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In Chapter 3, we shifted our focus to assess the effects of voluntary consumption
on stress-sensitivity and alterations in the NFkB pathway that result following alcohol
exposure. To accomplish this, we assessed sensitivity to subthreshold SDS following 4
weeks of IEA. We have previously demonstrated that involuntary, binge-like
consumption via chronic alcohol gavage increases sensitivity to social stress[167]. In this
study, we were curious if similar effects would be observed following voluntary alcohol
consumption. To achieve high levels of consumption, we exposed mice to alcohol on an
intermittent schedule. Due to alternating periods of alcohol access and deprivation, IEA
results in elevated alcohol consumption levels compared to that observed on a
continuous access schedule[24, 25, 323, 324]. Here, we found that exposure to 4 weeks
of IEA increases sensitivity to social stress, similar to chronic alcohol gavage
administration. We also used quantitative polymerase chain reaction (qPCR) to assess
changes in IkB expression in wildtype mice and immunohistochemistry to assess [3-
galactosidase expression in NFkB-LacZ mice following both IEA and chronic alcohol
gavage. We found that mice exposed to IEA show decreased expression of IkB in the
NAC and AMY and increased NFkB activity in various subregions of the amygdala
including the CEA, BLA, and MEA. This is in comparison to chronic alcohol gavage,
which didn’'t impact IkB gene expression but did increase NFkB activity specifically in the
CEA.

As both of these alcohol exposure methods increased sensitivity to subthreshold
SDS and increased NFKB activity in the CEA, this suggests the CEA as a potential
mediator of alcohol-induced increases in stress sensitivity. As such, a future direction of
this study would be to inhibit NFKB activity, perhaps via Daun02 inactivation in our

NFkB-LacZ mice, to prevent the increased stress-sensitivity resulting from these alcohol
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exposure models. This would not only confirm the role of the CEA as an important
mediator of alcohol-induced effects on stress-sensitivity, but also in the specific
involvement of NFkB in these effects. While there is a plethora of data implicating NFkB
in alcohol-related behaviors and stress-responses in separate studies, there is a current
gap in the literature connecting the role of NFkB in both of these processes. These
results would indicate the involvement of NFkB in the processes underlying comorbid
alcoholism and depression and support further investigation of this transcription factor as
a potential therapeutic target for individuals diagnosed with both of these disorders.
5.2 The Role of NK1R in Depressive-like Behavior and Alcohol Consumption

In Chapter 4 we introduced an additional, but related, potential therapeutic target
for comorbid alcoholism and depression, the NK1R. In this study, we assessed the
effects of genetic and pharmacological blockade of the NK1R, using a NK1R knockout
line and systemic NK1R antagonism, respectively, on the depressive-like behavior and
increased consumption that arises following exposure to chronic SDS. We have
previously observed decreased Sl and increased alcohol consumption in susceptible,
but not resilient mice, following chronic SDS[167]. Here, we found that NK1R knockout
mice display decreased Sl and increased alcohol intake similar to wildtype mice. This
result was unexpected and is a bit perplexing. However, NK1R knockout mice have
been lacking the NK1R throughout development, thus upregulation of other neurokinin
receptors, such as NK2R and NK3R, in a compensatory fashion is possible. While these
receptors preferentially bind to other neuropeptides, they have modest affinity to bind
SP[250], and consequently may be driving the decreased Sl and increased consumption

following chronic SDS in NK1R knockout mice.
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Following this result, we displayed a protective effect of systemic NK1R
antagonism in wildtype mice, as mice that were exposed to chronic SDS but received
the NK1R antagonist prior to each defeat did not display a reduction in S| behavior and
were of the resilient phenotype. However, despite their resiliency, the antagonist-treated
SDS-exposed mice consumed similar amounts of alcohol to their susceptible vehicle-
treated SDS-exposed counterparts. We have previously found that mice susceptible to
chronic SDS display increased TACRL1 expression in the NAC. In our study, we found
that viral-mediated overexpression of TACR1 in the NAC increased sensitivity to
subthreshold SDS, further supporting the role of TACRL in stress-sensitivity. In future
studies, we will use gPCR to determine expression levels of NK2R and NK3R in NK1R
knockout mice and compare these levels to those observed in wildtype mice. If one of
these receptors is indeed upregulated in knockout mice, perhaps antagonism of that
particular receptor in NK1R knockouts prior to defeat sessions will successfully prevent
the decreased Sl and increased consumption observed in these mice.

In the systemic antagonist experiment, while NK1R antagonism attenuated the
decrease in Sl following chronic SDS, these mice still displayed elevated levels of
alcohol consumption following stress. Treatment of the NK1R antagonist occurred during
the chronic SDS phase of the experiment, which was two weeks prior to the beginning
on 2BC. Thus, by the time the mice reached stability two weeks later, a month had
passed since the antagonist treatment. In future studies, we will assess the effects of
NK1R antagonism during the drinking phase of the experiment on the increased
consumption observed in susceptible mice. We hypothesize that antagonist treatment
will reduce consumption specifically in susceptible mice. In this experiment, resilient and

control mice may also decrease consumption levels, but if this occurs, we predict it to be
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to a much lower extent than observed in the susceptible mice. These studies would also
implicate NK1R in the processes underlying comorbid alcoholism and depression, and
targeting this receptor may have beneficial results in individuals displaying these
disorders.

While NK1R has yet to be explored at the clinical level for the treatment of
comorbid alcoholism and depression, NK1R antagonists has been evaluated in clinical
trials for the treatment of major depressive disorder (MDD)[349]. While initial clinical trial
results appeared promising, the investigation of NK1R antagonists for the treatment of
MDD was abandoned in the early 2000s due to suboptimal results in a Phase IlI clinical
trial[349]. However, further studies have determined potential explanations for the Phase
Il trial results, particularly issues regarding the formulation and the insufficient receptor
occupancy of the antagonist tested at this level[349, 350]. Due to these conclusions, our
group and others have continued to explore the role of this receptor in depression
circuitry, particularly in relation to the relationship between depressive-like behavior and
alcohol exposure. It is our hope that results from our studies examining the involvement
of NK1R in the processes underlying comorbid alcoholism and depression will change
the perspective of those who think targeting NK1R for psychiatric disorders is a lost
cause.

5.3 Lack of Generalizability of SDS Studies

One drawback to the SDS model is that it can only be used in male mice due to
sex specific differences in territorial aggression. Thus, the data presented in Chapters 2
and 3 were solely performed using male mice. This is of major concern due to the fact
that depression is nearly twice as prevalent in females than in males[351]. Therefore,

while the results of these studies are important for identifying potential mediators of
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comorbid alcoholism and depression, they cannot be generalized to both sexes.
Interestingly, the increased prevalence of depression observed in females is a global
phenomenon, suggesting that the increased risk for depression in females is attributed
to biological differences between the two sexes as opposed to race, cultural, and
environmental factors[352].

One method by which the involvement of NFkB and NK1R in alcohol-related and
depressive-like behavioral can be assessed in females is by vicarious exposure to SDS.
This witness stress exposure, achieved by housing a test mouse directly next to the
enclosure where another mouse is physically defeated, is sufficient to induce
depressive-like behavioral phenotypes that are similar to physical defeat[353]. It was
recently shown that this model can be used to induce depressive-like behavior in both
male and female C57BL6/J mice[354], thus allowing for the direct assessment of the
mechanisms that mediate depressive-like behavior in females and how this compares to
the processes that govern this behavior in male animals. Therefore, in the future, the
experiments in Chapters 3 and 4 should be repeated with female mice using the
vicarious SDS protocol in order to compare the behavioral and physiological responses
to alcohol and stress between the sexes. These studies may provide important insight
on the mechanisms driving the increased prevalence of depressive disorders in females
and may help determine if different treatment strategies may be beneficial for males and
females with depression.

5.4 Concluding Thoughts

Overall, the data obtained in this report support a role of NFkB and NK1R in the

processes underlying alcoholism and its comorbidity with depression. It is intriguing to

think of how interconnected NFkB and NK1R are, and how the effects we have observed
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assessing NFkB may be influenced by the NK1R and vice versa. Current treatment
options have displayed a moderate degree of success, but there is a need for additional
treatment options and for ways to predict how a particular individual will respond to a
particular drug, such as through pharmacogenetic approaches. Focusing on treating
specific subsets of alcoholics, such as alcoholics with depression, may be an extremely
beneficial approach to not only treat one, but both of these debilitating disorders in
patients displaying this comorbidity. These studies, in addition to future studies based off
of the findings included in this report, have immense potential to impact the approach by

which these disorders treated
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