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i. ABSTRACT

Social stress has been linked to drug use disorders in humans. This dissertation
employs mouse models to examine how social defeat stress influences cocaine
self-administration and seeking. One of the hypotheses underlying stress effects
on drug use disorders is the interaction between stress neuropeptide corticotropin
releasing factor (CRF) and mesolimbic dopamine system. To assess this
hypothesis, I employed social defeat stress in male mice, mimicking some salient
features of social stress in humans. In Aim 1 and 2, I evaluated the effects of
social stress on cocaine self-administration and focused on the role of CRF and its
type 1 receptors (CRF R1) in the ventral tegmental area (VTA, a dopamine-rich
brain region). In Aim 3 and 4, I established a stress-induced reinstatement mouse
model and further explored the potential stress effects on cocaine seeking
behavior. The results demonstrated that repeated intermittent social defeat stress,
contributed to the escalation of cocaine self-administration and seeking in male
mice. Additionally, these behavior changes were concurrent with increased tonic
CRF within the VTA. Moreover, pharmacological manipulations of CRF R1 in
the VTA can block the social stress-escalated cocaine self-administration and
seeking. However, escalation of cocaine-seeking behaviors was concurrent with
decreased extracellular dopamine release in the nucleus accumbens shell
(NAcSh). Together, these findings establish fundamental roles of CRF and CRF
R1 in the VTA in mediating repeated social defeat stress escalated cocaine self-
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administration and cocaine seeking in male mice. CRF-R1 may be a molecule for
balancing the dysregulation of social stress and reward in drug use disorders.
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Learning without thought is labor lost;
thought without learning is perilous.

— Confusius
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I. INTRODUCTION

1. Substance use disorder

Substance use disorders are severe public health concerns throughout the world
and can cause devastating effects on individuals and society in general. The most
commonly abused stimulants are cocaine and methamphetamine. In 2014, an
estimated 913,000 people in the U.S. aged 12 and older met the stimulant use
disorder criteria primarily as a result of cocaine use, and an estimated 476,000
people had stimulant use disorder as a result of using stimulants other than
methamphetamines. Almost 569,000 people in the United States aged 12 and up
reported using methamphetamines in the past month (Substance Abuse and
Mental Health Services Administration, 2016).

According to the latest version of the American Psychiatric Association—
Diagnostic and Statistical Manual of Mental Disorders, 5th edition (American
Psychiatric Association, 2013), the term “substance use disorder” is used to
describe the wide range of symptoms that comprise this disorder. Substance use
disorder in DSM-5 combines the DSM-IV categories of substance abuse and
substance dependence into a single disorder measured on a continuum from mild
to severe. In the DSM-5, each specific substance is addressed as a separate use
disorder (e.g., alcohol use disorder, stimulant use disorder, etc.), but nearly all
substances are diagnosed based on the same overarching criteria. For example, the
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presence of at least two of the following symptoms constitute a stimulant use
disorder: craving for stimulants, failure to control use when attempted, continued
use despite interference with major obligations or social functioning, use of larger
amounts over time, development of tolerance, spending a great deal of time to
obtain and use stimulants, and withdrawal symptoms that occur after stopping or
reducing use, including fatigue, vivid and unpleasant dreams, sleep problems,
increased appetite, or irregular problems in controlling movement. The severity of
the stimulant use disorder can vary according to the number of symptoms, being
mild (2-3 symptoms), moderate (4-5 symptoms) or severe (6 or more symptoms).
Since animal research may help to understand human drug addiction, numerous
preclinical studies aim to incorporate the salient characteristics of stimulant use
disorders, in order to study the mechanisms underlying stimulant use disorders.

2. Animal models of substance use disorder

One of the earliest contributions of preclinical research to this topic is the
demonstration that drugs abused by humans serve as reinforcers maintaining
operant behavior in laboratory animals (Weeks, 1962). The intravenous drug selfadministration procedure is regarded as an animal model for the study of drug use
disorders because of its strong face and construct validity (Feltenstein, Byrd,
Henderson, & See, 2009). Recently, the conceptual framework for modeling drug
use disorders has focused on modeling different phases of the drug use process,
such as drug initiation or acquisition, maintenance, and relapse (Lynch,
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Nicholson, Dance, Morgan, & Foley, 2010). In addition, characteristic of human
drug use disorder, like compulsive and binge patterns of use, loss of control over
drug uses, the key components in the transition from recreational use of
substances to the inability to stop chronic use despite adverse consequences, has
also been taken into consideration for developing animal models (Belin, Mar,
Dalley, Robbins, & Everitt, 2008).

Drug self-administration paradigm
The traditional animal models of drug use emphasize the action of drugs as
positive reinforcers, much like food, water, sex, or other natural incentives
(Weeks, 1962). Drug self-administration (such as cocaine, d-amphetamine, heroin
etc.) is viewed as an operant response reinforced by the effects of the drug. The
most common route of self-administration for stimulants is intravenous, which
mimics the rapid onset of drug effects and the route used in humans (Carroll &
Lac, 1997). Animal drug self-administration studies have revealed that drugs can
serve as positive reinforcers, and there appears to be good correspondence
between humans and animals in terms of drugs that are self-administered and
patterns of drug intake (Thompson & Schuster, 1964). For example, drugs that are
abused by humans generally maintain responding in animals, whereas drugs that
do not maintain responding in animals typically are not abused by humans
(Collins, Weeks, Cooper, Good, & Russell, 1984; Griffiths, Bradford, & Brady,
1979; Johanson & Uhlenhuth, 1978) with very few exceptions (e.g., lysergic acid
diethylamide). In addition, similar patterns of drug intake have been reported in
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humans and animals for ethanol, opioids, nicotine, and cocaine self-administration
(Griffiths, 1980). These parallel results between the human and animal drug
literature lend validity to the animal model of drug abuse and suggest that the use
of a drug self-administration model may lead to a better understanding of human
drug-taking behavior.

Although the intravenous and oral self-administration models have been tested
with a variety of species including nonhuman primates (Goldberg, 1973), dogs
(Risner & Jones, 1975), cats (Balster, Kilbey, & Ellinwood, 1976),
pigeons(Winsauer & Thompson, 1991) and mice (Elmer, Pieper, Goldberg, &
George, 1995), most self-administration experiments have used rats as
experimental subjects mainly for practical reasons. Self-administration techniques
are limited by the fact that intravenous catheters last a few months at most in rats,
and with using mice, this problem of maintaining catheters is especially acute
precluding long-term studies and the use of complex training schedules (Panlilio
& Goldberg, 2007).

Researchers investigating drug self-administration in animals have implemented a
variety of methodologies and schedules of reinforcement such as fixed ratio
schedules and progressive ratio (PR) schedules (Griffiths, Findley, Brady, DolanGutcher, & Robinson, 1975; Kantak, 1991; Roberts & Bennett, 1993). Most selfadministration experiments that have been carried out with rats have employed
fixed ratio (FR) schedules of reinforcement. Fixed ratio schedule refers to the
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fixed number of responses that are required to be emitted before reinforcement is
delivered. In rodents, a low-ratio requirement typically is used, such as a fixedratio 1, where each operant response produces a drug delivery (Richardson &
Roberts, 1996). Typical models entail training an animal to intravenously selfadminister a drug during daily limited access session (typically 1 to 3 h). To more
closely mimic drug addiction problems in humans, some researchers have
proposed using a “long-access” model of drug self-administration in which rats
are given six or more hours of drug access, like 24 h unlimited access (Ahmed &
Koob, 1998; Paterson & Markou, 2003). In addition, a variety of operant
responses have been used. The type of responses depends on the species studied.
For example, a lever press or a nose poke response typically is used for rodents,
whereas a key or lever press response typically is used for nonhuman primates
(Lynch et al., 2010). Animals learn more readily on FR schedule (especially an
FR 1 schedule) than any other schedule, however, the rate of drug intake cannot
directly address the issue of increased or decreased reinforcer effectiveness
(Richardson & Roberts, 1996).

In an attempt to circumvent the difficulties in the interpretation of data derived
from FR schedules, progressive ratio has been introduced into the rat selfadministration studies (Richardson & Roberts, 1996). PR schedules are used to
assess the effectiveness of psychostimulant or opiate reinforcement (Arnold &
Roberts, 1997). Under this schedule, the number of responses required for drug
delivery increases progressively until the subject ceases responding for a
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prolonged period of time (Panlilio & Goldberg, 2007; Roberts, Bennett, &
Vickers, 1989). The ratio requirement for the delivery of successive reinforcers
increases through a predetermined series that are usually either arithmetic or
exponential (Roberts et al., 1989). This procedure was initially developed to
measure the relative reinforcing effectiveness of sweetened milk solutions in
rodents (Hodos, 1961). It was later adapted for use with rhesus monkeys
(Hoffmeister, 1979), baboons (Griffiths et al., 1975) and dogs (Risner & Silcox,
1981) to study drug self-administration. The PR schedule has been modified for
use in rodent research as an effective tool for studying the reinforcing
effectiveness of psychomotor stimulants (Depoortere, Li, Lane, & EmmettOglesby, 1993; Li, Depoortere, & Emmett-Oglesby, 1994; Roberts et al., 1989)
and opiates (Roberts & Bennett, 1993; Shaham & Stewart, 1994). The most
common index of performance under PR schedule is the so-called “breaking
point”, which is defined as the final (greatest) ratio completed and presumably
reflects the maximum effort that an animal will expend in order to receive a
particular drug infusion (Roberts et al., 1989). The breakpoint is typically an
ascending function of dose per injection and is considered an index of the
motivation for the drug (Richardson & Roberts, 1996). Since self-administered
drugs often alter rates of operant responding, and these effects are not directly
related to the reinforcing effectiveness, an important feature of progressive-ratio
schedules is that they measure the persistence of responding independently of the
rate of responding (Panlilio & Goldberg, 2007).
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Although many experiments have employed PR schedules of drug delivery, the
PR schedule has a couple of limitations, like lack of food-reinforcement control
conditions, missing unit-dose-effect data, Lack of assessments of vehiclemaintained responding, and infrequent analysis of within-session response
patterns etc. (Stafford, LeSage, & Glowa, 1998).

According to the DSM-5, two of the fundamental features of drug use disorder in
humans are: failure to control and continued use despite interference with major
obligations or social functioning (American Psychiatric Association, 2013). The
gradual increase in drug-taking, which typically results from extended access, is
termed “escalation” and is thought to be analogous to the loss of control over
drug-taking demonstrated by addicted humans (Ahmed & Koob, 1998; Ahmed,
Walker, & Koob, 2000; Ferrario et al., 2005; Mantsch, Ho, Schlussman, & Kreek,
2001; Paterson & Markou, 2003). Compulsive drug seeking and drug taking
regardless of punishing consequences distinguishes drug addicts from casual drug
users (Vanderschuren & Everitt, 2004). To mimic these characteristics in humans,
animal models employ long access or even unlimited access conditions, and
footshock punishment during self-administration procedures (Deroche-Gamonet,
Belin, & Piazza, 2004; Vanderschuren & Everitt, 2004). Using a protocol with
extended access to drugs, rats are more likely to perform addiction-like behaviors,
for example, they take longer to cease drug-seeking when drug is not available
(Ahmed et al., 2000; Perry, Morgan, Anker, Dess, & Carroll, 2006), and show
resistance to suppression of responses when drug delivery was associated with a
footshock punishment (Vanderschuren & Everitt, 2004).
15
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Relapse to Drug Use
Various types of stimuli can precipitate drug craving and relapse to drug use in
humans. These factors include stressful experiences (Brown, Vik, Patterson,
Grant, & Schuckit, 1995; Sinha, 2001), cues or contexts such as re-exposure to
small ‘priming’ doses of the drug and specific places that were associated with
drug use (Hesselbrock, Meyer, & Hesselbrock, 1992; Jaffe, Cascella, Kumor, &
Sherer, 1989; Ludwig, Wikler, & Stark, 1974; O'Brien, Childress, McLellan, &
Ehrman, 1992). Reinstatement models are widely used in preclinical studies to
capture some features of human relapse. Reinstatement of drug seeking refers to
the resumption of a previously drug-reinforced behavior by non-contingent
exposure to drug or non-drug stimuli after extinction or abstinence (de Wit &
Stewart, 1981). Stretch and Gerber were the first to demonstrate that noncontingent priming injections of self-administered drugs reinstate amphetamine or
cocaine seeking after extinction of the drug-reinforced behavior (Gerber &
Stretch, 1975; Stretch, Gerber, & Wood, 1971). Subsequently, Davis and Smith
(Davis & Smith, 1976) and de Wit and Stewart (de Wit & Stewart, 1981; de Wit
& Stewart, 1983) demonstrated that priming injections of drugs reinstate opioid
and stimulant drug seeking in rats.

Animal reinstatement models incorporate drug-induced reinstatement of drug
seeking, stress-induced reinstatement of drug seeking, cue or context-induced
drug seeking (Mantsch, Baker, Funk, Lê, & Shaham, 2015). Evidence from
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preclinical studies has revealed that the conditions that reinstate drug seeking in
laboratory animals are similar to those that trigger relapse in humans and include
exposure to stressors, small doses of the drug itself, and cues associated with the
drug, thereby demonstrating the predictive validity of this model. Because of the
similarity between the human condition and the laboratory animal model,
reinstatement models have been developed to study the neurobiological
mechanisms underlying relapse to drug abuse (Le, Harding, Juzytsch, Fletcher, &
Shaham, 2002; Shalev, Grimm, & Shaham, 2002). However, some researchers
also point out the predictive validity and functional equivalence of animal
reinstatement models have not been fully established, which underscores the need
for caution in generalizing results from the model to the clinical condition (Katz
& Higgins, 2003).

With the reinstatement paradigm, animals are trained to perform a specific
operant conditional response such as a lever press or nose poke in order to obtain
drug reinforcement (de Wit & Stewart, 1981). Once stable self-administration
responding is achieved (which typically requires 10 sessions or less), it is
extinguished by discontinuing drug delivery. Then, it follows either with a forced
abstinence or extinction phase (when the drug is replaced with saline). Under
extinction conditions, once responding reaches some criterion of reduced
responding, various treatments are tested to determine whether they cause the
drug related response to resume. The reinstatement of drug seeking behavior is
determined by the responses on the active side associated previously with the drug
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reinforcement (Davis & Smith, 1976; de Wit & Stewart, 1981). Although animal
reinstatement models capture some of the features of drug relapse in humans, they
are not identical as human relapse since drug is no longer available when animals
reinstate drug-seeking behavior. This difference is one the reasons that findings
from animal reinstatement models require cautious interpretation when translating
into clinical research.

These animal models bring the opportunities to study the mechanism of drug use
disorders, however, some of the existing animal models still needed to be
improved to achieve high face validity. For example, in the stress-induced
reinstatement model, almost all the studies employ acute stress, like a footshock
stimulus, to trigger the reinstatement of drug seeking. Using this type of animal
model has a couple of limitations. First, most stressors adapted from preclinical
studies, like footshock, does not have a real counterpart in human society and
cannot mimic the common stress that human beings may encounter in their daily
lives. Second, these stressors only mimic acute stress, in contrast, addicts usually
suffer from repeated stressful environment, which results in relapse. Lastly,
stressors like footshock etc., are physical stimuli, hence the findings from those
studies cannot generalize to the majority of social stress-induced drug relapse. In
our studies, we aim to establish a repeated social stress- induced reinstatement of
drug seeking mouse model, and further explore the potential mechanism of stressescalated drug seeking.
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3. Animal models of social stress

Drug use disorder is a complex problem and determined by multiple factors,
including biological and environmental factors. Stress, as an environmental factor,
is considered a major contributor to the initiation and continuation of escalation of
drug use as well as to relapse. It increases vulnerability to drug abuse and
contributes to the transition from recreational drug users to drug addicts
(Newcomb & Harlow, 1986; Wills, Vaccaro, & McNamara, 1992).

The term stress has been defined as responses to challenges (usually noxious)
upon the body (Selye, 1936). Later on, Mason (1971) noted that stressors could
increase, decrease, or not change hypothalamic-pituitary-adrenal (HPA) axis
activity (Mason, 1971). Chrousos and Gold (1992) expanded upon this, defining
stress as a state that resulted from a threat to homeostasis, yielding behavioral and
physiological adaptations that could be specific to the stressor or non-specific
when the threat to homeostasis reaches a homeostatic threshold (Chrousos &
Gold, 1992). McEwen (1998) applied the concept of allostasis as an active
adaptive process to maintain stability through change(McEwen, 1998). Stress can
result in extreme pathological continuum of overactivation of the normal
activation (arousal) or emotional systems of the body (Hennessy, Kaplan,
Mendoza, Lowe, & Levine, 1979). Such arousal-activational mechanisms can
include an activation of the autonomic nervous system (ANS) (Jänig, 1989), and
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activation of the HPA axis (Stanford & Salmon, 1993) and activation of brain
emotional systems.

When the brain processes a stressor, e.g. an attack, harmful event, or possible
threat to survival etc., the first response involves the autonomic nervous system
(ANS). The ANS is a control system that acts largely unconsciously and regulates
heart rate, digestion, respiratory rate, pupillary response, urination, and sexual
arousal. This system is the primary mechanism in control of the stress response
and its role is mediated by two different components including sympathetic and
parasympathetic divisions of the ANS (Jänig, 1989). In response to stressors, the
sympathetic is activated and the parasympathetic is inhibited. This results in
accelerating the heart rate, widening bronchial passages, decreasing motility of
large intestine, dilating the pupils and causing perspiration. After ANS reaction to
stress, the HPA axis is subsequently activated and results in a series of peptides
being released.

Corticotropin releasing factor (CRF) release, as the initial step in the activation of
the HPA axis, mediates the autonomic, behavioral, and neuroendocrine responses
to stress (Rivest & Rivier, 1994). Experience of stressful events triggers the
synthesis of CRF in the paraventricular nucleus (PVN) of hypothalamus. Then,
CRF is released via the median eminence into the hypophyseal portal blood to
reach the anterior pituitary gland. The neuropeptide activates the secretory cells in
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the pituitary gland, thereby stimulating adrenocorticotrophic hormone (ACTH)
synthesis and release into the hypophyseal vein. Then ACTH triggers the adrenal
glands to synthesize and secrete cortisol (corticosterone in rodents) (Guillemin,
Dear, Nichols, Jr., & Lipscomb, 1959; Hiroshige, Ogura, & Itoh, 1968), which is
also responsible for feedback inhibition on CRF production from the
hypothalamus (Kretz, Reichardt, Schutz, & Bock, 1999). CRF has also been
implicated in allostasis, the ability of an organism to maintain stability through
change, as a critical component by which organisms actively deal with stress in
their environment.

In addition, extrahypothalamic CRF systems are involved in the adaptive ANS,
and play a critical role in modulating stress responses to bodily demands or
challenges to homeostasis (Koob et al., 1993). Evidence demonstrating a
neurotropic role for CRF in the central nervous system outside the HPA axis
suggests a parallel means for mediating autonomic and behavioral responses to
stressors and a contribution to the behavioral state of stress in addition to the
classic activation of adrenal steroids (Koob & Le Moal, 2001), for example, social
defeat stress can trigger extrahypothalamic stress pathways in rats as evidence by
escalated CRF release in the ventral tegmental area (VTA) during acute and
repeated stress episode (Holly et al., 2016).

Based on the importance of CRF in the stress response, the current study focuses
on investigating the roles of CRF underlying social defeat stress in both HPA axis
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and the extrahypothalamic pathway, particularly in the VTA. We will combine
the in vivo microdialysis and pharmacological approaches to elucidate the roles of
CRF and its receptor I type in stress-induced cocaine self-administration and
cocaine seeking.

Various animal models of social stress have been developed in the laboratory, and
most laboratory studies of social stress effects focus on rodents, typically rats or
mice, and sometimes hamsters. Although other species, notably primates, also
serve as subjects of laboratory investigation of social stress effects, their social
and stress-related behaviors are more commonly observed under seminatural
conditions, or in the wild (Blanchard, McKittrick, & Blanchard, 2001). Animal
models of social stress are varied, ranging from a focus on acute, intermittent, or
chronic exposure involving agonistic behavior, to social isolation. The relative
stressfulness of these experiences can influence the HPA axis activity, which is a
general criterion for stress response. Among the social stress, social defeat stress,
as a format of aggressive confrontation motivated by access to resources, breeding
partners and territory (Miczek, Yap, & Covington, III, 2008), is a well-established
model of psychosocial stress in rodents and provides high face validity. Adult
male experimental subjects, “intruders,” are placed into the home cage of a
“resident” male, that reliably and consistently show aggressive behavior towards
other males (Miczek & O'Donnell, 1978). It was chosen due to its translational
value to that of human social stress (Bjorkqvist, 2001). Even a single episode of
social defeat stress has long-term behavioral and neurobiological effects ranging
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from hours to days and weeks (Koolhaas, Meerlo, de Boer, Strubbe, & Bohus,
1997; Meerlo, Sgoifo, de Boer, & Koolhaas, 1999). Repeated brief intermittent
social defeat stress immediately increase heart rate and temperature, and
eventually activates the hypothalamic-pituitary-adrenocortical (HPA) axis, as
indicated by increased plasma adrenocorticotropic hormone and corticosterone
levels in rats and mice (Norman et al., 2015; Tornatzky & Miczek, 1993; Yap et
al., 2006).

Social stress is strongly associated with later addictive behavior, with both clinical
and preclinical work demonstrating stress plays a powerful role in the initiation,
escalation, and relapse to drug abuse (Shaham, Erb, & Stewart, 2000; Sinha,
2009; Sinha, Garcia, Paliwal, Kreek, & Rounsaville, 2006). In addition, studies
indicate

that

aversive

stressors

like

social

defeat

can

also

activate

mesocorticolimbic dopamine pathways (Anstrom, Miczek, & Budygin, 2009;
Martinez, Calvo-Torrent, & Herbert, 2002; Miczek, Covington, Nikulina, &
Hammer, 2004; Tidey & Miczek, 1996). Social defeat stress induces long-term
neuroadaptations that result in permanent changes in the dopaminergic systems of
the brain (Tidey & Miczek, 1996). More specifically, different intensities and
schedules may result in dramatically opposite behavioral and physiological
responses effects. For example, chronic social defeat stress in rats led to blunted
accumbal dopamine response to cocaine challenge as well as cocaine selfadministration in rats (Miczek et al., 2011; Shimamoto, Holly, Boyson, DeBold,
& Miczek, 2015), whereas intermittent social stress sensitized dopamine release
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in the NAcSh after cocaine challenge and increased cocaine self-administration in
rats (Boyson et al., 2014; Quadros & Miczek, 2009; Shimamoto, DeBold, Holly,
& Miczek, 2011). These findings indicate that interactions between CRF and
dopamine neurons in the VTA after social stress exposure may play a role in
subsequent cocaine taking and seeking.

4. Corticotropin releasing factor (CRF) in extrahypothalamic pathways

CRF is a 41 amino acid peptide, which was first sequenced and characterized by
Wylie Vale and his colleagues (Vale, Spiess, Rivier, & Rivier, 1981). CRFexpressing neurons are widely distributed throughout the mammalian central
nervous system (Swanson, Sawchenko, Rivier, & Vale, 1983). CRF exerts its
functions through binding to two G protein-coupled receptors, CRF type 1 (CRF
R1) and type 2 (CRF R2) and a binding protein (CRF-BP) (Bale & Vale, 2004;
Hauger, Risbrough, Brauns, & Dautzenberg, 2006). CRF shows greater affinity
for CRF R1 than for the CRF R2 (Herman et al., 2003; Vaughan et al., 1995) and
CRF-initiated activation of the HPA axis is mediated by CRF R1 (Armario, 2006;
Bale & Vale, 2004).

Other endogenous ligands of CRF receptors are the urocortin (Ucn) family of
neuropeptides: Ucn1, Ucn2 and Ucn3. Urocortin1 binds with similar affinity to
CRF-R1, CRF-R2 and CRF-BP, whereas Ucn2 and Ucn3 bind primarily to CRFR2 (Bittencourt et al., 1999; Giardino, Mark, Stenzel-Poore, & Ryabinin, 2012;

24

VTA CRF and CRF R1 in stress-escalated cocaine taking and seeking
Lewis et al., 2001; Reyes et al., 2001; Ryabinin et al., 2012; Vaughan et al.,
1995). The roles of Ucn peptides are less studied compared to CRF, perhaps
because of the lack of available selective pharmacological compounds. Whether
driven by CRF or the urocortins, CRF receptors may interact with other
monoaminergic circuits in central stress pathways.

As revealed by in situ hybridization histochemistry studies, CRF R1 and CRF R2
show a distinct but overlapping distribution in the brain (Reul & Holsboer, 2002).
CRF R1 is widely distributed in central nervous system regions including the
anterior pituitary, cortex, hippocampus, amygdala, striatum, nucleus accumbens
(NAc) and the VTA (Justice, Yuan, Sawchenko, & Vale, 2008; Korosi et al.,
2006; Korosi et al., 2007; Kuhne et al., 2012; Van Pett et al., 2000), whereas
major sites of CRF R2 expressions includes the olfactory bulb, lateral septal
nucleus, bed nucleus of the stria terminalis, ventromedial hypothalamic nucleus,
medial and posterior cortical nuclei of the amygdala, ventral hippocampus,
mesencephalic raphé nuclei etc (Van Pett et al., 2000).

CRF neurons are prevalently present in the PVN of the hypothalamus. This large
population of CRF neurons in the PVN, which project to the median eminence is
referred to as being the neuroendocrine CRF-system. Beyond the HPA axis, CRF
neurons are also present in extrahypothalamic brain regions with widespread
distribution of CRF immunoreactive terminals and binding sites throughout the
brain. Regions of intensive CRF production exist in the extended amygdala,
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medial septum, the locus coeruleus, the dorsal raphe nucleus, brainstem and
several nuclei of the hypothalamus (Charlton, Ferrier, & Perry, 1987; Cummings,
Elde, Ells, & Lindall, 1983; Curtis & Valentino, 1994; Snyder, Wang, Han,
McFadden, & Valentino, 2012; Swanson et al., 1983). The extended amygdala
contains CRF cells in the central (CeA), basolateral (BLA), medial (MeA), lateral
(LA), and posterior cortical nuclei, as well as the bed nucleus of the stria
terminalis (BNST) and amygdalohippocampal area (Sakanaka, Shibasaki, &
Lederis, 1986). Of these, the greatest CRF fiber output projects from dense
pyramidal CRF neurons in the CeA to the lateral hypothalamus, mesencephalic
reticular formation, locus coeruleus (LC), raphé, VTA, dorsal and ventral
parabrachial nuclei, mesencephalic nucleus of the trigeminal nerve, core and shell
of the ventromedial hypothalamus, ventral subiculum, corticomedial amygdala,
and the lateral BNST (Cummings et al., 1983; Sakanaka et al., 1986). CRF in the
extended amygdala is integral to the development of negative reinstatement
mechanisms of associated with addiction (Koob, 2010), for example, CRF
injections into the BNST can reinstate cocaine seeking (Erb & Stewart, 1999).

While the vast majority of studies on stress induced drug use disorders have
focused on the CRF release from the extended amygdala, like BNST or CeA, a
much more understudied circuit that may be critical for stress-induced drug use
disorders-the VTA-CRF has recently gained attention. The VTA, a brain region,
originally named the ventral tegmental area of Tsai is the principal site of the
dopaminergic cell bodies of the mesocorticolimbic dopamine system (Phillipson,
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1979), has received substantial attention over the last few decades for its
involvement in rewarding behaviors. Recent work has shed light on the
interaction of stress neuropeptide CRF and dopamine in the VTA since dopamine
neurons are also founded associating with the aversive stimuli (Boyson et al.,
2014).

Anatomically, the VTA includes CRF-containing axons and varicosities
(Swanson et al., 1983) and receives CRF inputs from a number of sources
including the oval nucleus of the bed nucleus of the stria terminalis, the central
amygdala, and the PVN (Rodaros, Caruana, Amir, & Stewart, 2007). Our
hypothesis postulates that CRF in the VTA during stress may excite dopaminergic
neurons and thereby affect dopamine-related drug seeking and taking (see Figure
1). Consistent with this hypothesis, CRF delivery into the VTA escalates local
dopamine release during reinstatement test (Wang et al., 2005). Additionally,
VTA dopaminergic neurons express CRF R1 (Van Pett et al., 2000; Tagliaferro et
al., 2007) and social stress can result in excessive CRF and CRF R1 signaling in
the VTA (Holly et al., 2016). We proposed that plastic changes in CRF and CRF
R1 signaling in the VTA impacting on dopaminergic neurons develop with
repeated social stress episodes, contributing to the increased cocaine selfadministration and seeking.
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Figure 1. A diagram of putative CRF-dopamine interactions in the VTA.

At the cellular level, vesicular CRF was found in afferent terminals that synapse
on VTA neurons. These CRF-containing axon terminals make both asymmetric
(presumably excitatory) and symmetric (presumably inhibitory) synapses on VTA
neurons. The synapses of CRF-immunoreactive terminals on dopaminergic
neurons are mostly (83%) of the asymmetric, glutamatergic, presumably
excitatory variety (Tagliaferro and Morales, 2008). CRF increases dopamine cell
firing rate in the VTA (Korotkova et al., 2006; Wanat et al., 2008), which can be
prevented by antagonism of the CRF R1, and can be mimicked by CRF R1
agonists (Wanat et al., 2008). The process that CRF activates dopaminergic
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neurons involves the phospholipase C (PLC)–protein kinase C (PKC) signaling
pathway with enhancement of Ih (hyperpolarization-activated inward current)
(Wanat et al., 2008). Inhibition of the PLC-PKC signaling pathway prevents the
increase in dopamine neuron firing by CRF.

Evidence from our laboratory pointed to the VTA as a critical site of action for
social stress to modulate drug use (Miczek, Nikulina, Shimamoto, & Covington
III, 2011). Extracellular CRF release in the VTA increases during acute and
repeated social defeat stress, which may modulate the later cocaine selfadministration behavior and may result in escalated cocaine “binge” taking in rats
(Holly et al., 2016). Pharmacological studies have shown that CRF signaling in
the VTA before each social defeat stress episode can potentiate mesolimbic
dopamine neurons, leading to the escalation of “binge” drug taking and
reinstatement of drug seeking (Boyson et al., 2014; Wang, You, Rice, & Wise,
2007) and the blockade of CRF R1 and R2 in the VTA has been found to prevent
the effects of social stress on behavioral sensitization and escalated cocaine
“binge” taking in rats (Boyson et al., 2014; Boyson, Miguel, Quadros, DeBold, &
Miczek, 2011). These findings support that endogenous CRF and dopamine
interactions in the VTA may be common to both stress and drug use disorders
(Wang et al., 2005; Wang et al., 2007).

New tools to learn CRF system
To date, our knowledge about the anatomy of CRF systems has mainly rested on
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traditional neuroanatomical methods and inferences about CRF function through
administration of drugs that act at CRF receptors. To directly examine the
anatomy and brain circuits of CRF neurons, we need a tool for adequately
targeting or visualizing CRF cell population to study the physiology of CRF
neurons and circuits (Wamsteeker Cusulin, Fuzesi, Watts, & Bains, 2013).

Recent advances have generated several transgenic approaches to assess CRF
neurons through promoter-linked expression of eGFP or Cre recombinase (Chen,
Molet, Gunn, Ressler, & Baram, 2015). The heterogeneity of the CRF-expressing
cell populations has necessitated manipulation of the CRF gene promoter itself,
and this has been accomplished using a variety of technologies, such as IRESCRE (Taniguchi et al., 2011), BAC technologies (Alon et al., 2009; Hooper &
Maguire, 2016), or direct Cre-Flox targeting of discrete regions of the CRF gene
promoter (Martin et al., 2010). In addition to enabling viral-mediated targeting of
these cells, the resulting CRF-targeted lines have been crossed to a variety of
reporters, including green fluorescent protein (GFP) and Ai9 (tdTomato), to
generate mice with “visible” CRF-expressing cells (Regev et al., 2011). These
neuronal populations are thus rendered amenable to electrophysiology and/or
optogenetic or chemical/genetic manipulations (eg, designer receptors exclusively
activated by designer drugs) (Chen et al., 2015).

One recent study from Messing’s laboratory generated a novel BAC transgenic
CRF-Cre line in rats and showed CRF neurons are clustered in the lateral central
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nucleus of the amygdala (CeL) and the oval nucleus of the BNST. They also
found major CRF projections from the central nucleus of the amygdala (CeA)
CRF neurons to the brain stem parabrachial nuclei and the locus coeruleus, dorsal
and ventral BNST. In addition, CeA CRF also projects to lateral portions of the
substantia nigra, venral tegmental area, and lateral hypothalamus. These findings
expand our knowledge of CRF neurons in the brain (Pomrenze et al., 2015).
Unfortunately, this study did not demonstrate CRF cells in the ventral BNST,
PVN and other brain regions where CRF neurons have been reported using other
methods (Merchenthaler, Vigh, Petrusz, & Schally, 1982; Wang et al., 2011).

Another study compared three different CRF transgenic lines and pointed out the
serious problems with the BAC transgenic CRF-Cre line lack of congruence
between expression of the endogenous CRF peptide and reporter in certain brain
regions (Chen et al., 2015). While in a different line, the CRF-IRES-Cre mice,
most CRF-expressing neurons co-expressed the reporter. These findings suggest
that awareness and consideration of employing the suitable animal line can
facilitate interpretation and moving forward exciting and important investigations
of the role of CRF in the brain. In the future studies, our laboratory plans to
employ CRF-IRES-Cre line that is considered as the optimal transgenic mouse
line

and

use

opto-

and

chemo-genetic

methods

extrahypothalamic CRF microcircuits in the brain.
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5. Aims and hypotheses

The rationale for the current dissertation builds on the epidemiological findings
that social stress contributes critically to escalation of drug intake and high rate of
relapse (Kreek, Nielsen, Butelman, & LaForge, 2005; Mantsch et al., 2015).
Hence, this dissertation investigates how social stress influences cocaine taking
(Section I) and reinstatement of cocaine seeking (Section II) by using mouse
models. Among the previous preclinical evidence, most studies focus on using
rats or monkeys. Since it is difficult to implement the mouse intravenous
catheterization technique, few studies employ mouse models to study the stress
effects on drug use disorders. Evidence from mouse studies are very important
because the application of mouse models for studying drug effects would benefit
from using of the large number of strains with genetic manipulations. In the first
section, the initial aim of this dissertation is to determine how cocaine use and
dopamine release in the NAcSh depend on the intensity of previously experienced
brief episodes of social defeat stress (Aim 1). Then, I further study the roles of
CRF and CRF R1 by testing whether the CRF signaling and CRF R1 activation
are necessary for the initial and persistent effects of social defeat stress on
escalated cocaine self-administration (Aim 2). In the second section, I seek to
investigate how social defeat stress during abstinence promotes cocaine-seeking
behaviors and to establish a robust mouse model to study stress escalated cocaine
seeking (Aim 3). Then I test the hypothesis that CRF release in the VTA,
concurrent with dopamine release in the NAcSh, contribute to increased cocaine
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seeking behaviors after repeated episodes of social defeat stress during abstinence
(Aim 4). It is important to note that the current dissertation is conducted in male
mice only. Because of the sex differences, the findings from the males may be not
generalized to females.

Aim 1: Investigating the effects of repeated social defeat stress on cocaine selfadministration and dopamine system in mice

While social defeat stress can escalate subsequent cocaine intake under prolonged
access (“binge”) conditions in rats (Boyson et al., 2011), there is little work
bearing on social stress effects in mouse cocaine self-administration. In particular,
how the intensity and timing of social defeat stress alter psychostimulant intake
has not been well characterized.

The first experiment aims to characterize the role of different intensities of social
defeat stress in cocaine self-administration. In addition, dopamine activation is
closely involved in reward related-behaviors; however, how dopamine activation
reacts to different intensities of aversive social stress experience needs to be
further studied. Since the rapid development of transgenic mice as potentially
powerful tools, it is imperative to use mouse models studying cocaine selfadministration and seeking and to subsequently provide solid evidence for future
studies taking advantage of genetic manipulation techniques.
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Research has shown that brief repeated episodes of social stress engender
different neural, physiological and behavioral effects compared with chronic
social stress (Miczek et al., 2011). Repeated intermittent social stress augments
the motor-stimulating effects of psychostimulant drugs and causes reinstatement
of cocaine seeking (Antelman, Eichler, Black, & Kocan, 1980; Shaham, Shalev,
Lu, de Wit, & Stewart, 2003), while prolonged uncontrollable stress results in
blunting of reward, perhaps similar to anhedonia (Katz, Roth, & Carroll, 1981;
Willner, Muscat, & Papp, 1992) and neurodegenerative changes (Sapolsky, 1996).
It is important to identify and specify which level of intermittent social defeat
stress is sufficient to influence cocaine self-administration. To address this
question, I will investigate the effects of distinct social defeat stress intensities
and durations (brief vs. moderate) on cocaine self-administration under limited
access conditions (Experiment 1).

A consistent and well-characterized pattern of dopamine activity during natural
rewards establishes this monoamine as an essential component of the positive
reinforcement process (Gratton & Wise, 1994; Wise, Bauco, Carlezon, &
Trojniar, 1992). However, some elements of the dopaminergic system can also be
activated by aversive stimuli such as social isolation (Han, Li, Xue, Shao, &
Wang, 2012), foot shocks (Brischoux, Chakraborty, Brierley, & Ungless, 2009),
and social defeat (Miczek et al., 2011; Tidey & Miczek, 1996). The mesolimbic
dopaminergic system may be a critical neural link between aversive stress
experiences and rewarding drug taking. Dopaminergic neurons in the VTA
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project to several areas of the brain including the nucleus accumbens (NAc),
medial prefrontal cortex (mPFC), and the amygdala. (Krishnan et al., 2007).
Among these brain regions, the NAc particularly the subregion NAc shell
(NAcSh) is critically associated with drug and natural reward-related behaviors
(Ellgren, Spano, & Hurd, 2007; Ikemoto, Qin, & Liu, 2005; Pontieri, Tanda, & Di
Chiara, 1995). Here, I will explore the dopamine signaling in the NAcSh after ten
days of repeated social defeat stress (Experiment 2). This aim will be achieved by
using behavioral tests and in vivo microdialysis of dopamine in the NAcSh.

Aim 2: Investigating the roles of CRF in stress-escalated cocaine selfadministration and CRF release in the VTA after repeated episodes of social
defeat exposure

Social defeat stress can result in escalated cocaine self-administration and cocaine
seeking in laboratory rodents. CRF represents the initial step in the stress cascade
that leads to escalation of drug use and drug seeking behaviors. CRF not only
exists in the HPA axis initiating endocrine stress response (Piazza & Le Moal,
1998; Vale et al., 1981), but also is widely distributed in extrahypothalamic
pathways, which modulates stress disorders (Zorrilla, Logrip, & Koob, 2014).
Studies have shown that the CRF R1 in the VTA may be an important site for the
prevention of behavioral and neural sensitization to repeated exposure to cocaine
and in cocaine self-administration (Goeders, 2002a; Lodge & Grace, 2005; Specio
et al., 2008). In addition, studies from our laboratory report that both systemic and
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intra-VTA antagonisms of CRF R1 and R2 prior to social defeat stress can
prevent the induction of behavioral sensitization as well as escalated cocaine selfadministration during continuous access in a 24 h “binge” in rats (Boyson et al.,
2014; Boyson et al., 2011). However, the contribution of CRF receptor subtypes
to cocaine reinstatement and their role during different phases of stress-induced
cocaine self-administration still remains to be defined.

Previous studies have detected CRF R1 mRNA in the VTA, but little CRF R2 in
the same brain area in rodents (Tagliaferro & Morales, 2008; Van Pett et al.,
2000). Moreover, CRF has ten times higher affinity for CRF R1 than CRF R2
(Van Pett et al., 2000). Most selective CRF R1 receptor antagonists can penetrate
the blood-brain barrier, on the contrary, no small molecule brain-penetrating CRF
R2 have been developed so far (Fekete & Zorrilla, 2007). Because CRF R1 has a
high distribution in the VTA and a high affinity for CRF, I will focus on CRF R1
signaling via which CRF may play a role in social stress-escalated cocaine intake
in mice.

In this aim, I will further investigate the neural mechanism of social stressescalated cocaine self-administration in mice. My hypothesis is that CRF acts on
the neurons in the VTA and further escalates cocaine self-administration via CRF
R1 after repeated social defeat stress. To test this hypothesis, I will attempt to
prevent social stress-escalated intravenous cocaine self-administration in mice by
administering CRF R1 antagonist (CP-376, 395) systemically 30 min before each
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episode of social defeat stress (Experiment 3). To reverse the effects of stress, CP376, 395 will be administrated after social stress, but ten min before cocaine selfadministration test (Experiment 4). I expect that the CRF R1 antagonist (CP 376,
395) will not only prevent but also reverse the escalated cocaine selfadministration in mice. Moreover, to characterize the development of long lasting
neuroadaptation due to repeated episodes of social stress, I will directly measure
CRF release in the VTA after ten days of repeated social defeat stress
(Experiment 5). Then I will start to investigate how VTA-CRF R1 may modulate
subsequent cocaine self-administration long after repeated social defeat stress
exposure (Experiment 6). This will help to confirm and extend the effects of CRF
R1 antagonists in preventing social stress effects. More importantly, it will
provide new evidence to explore how a CRF R1 antagonist reverses repeated
social defeat effects on cocaine intake via systemic and intra-VTA injections.

Aim 3: Investigating the effects of repeated social stress during abstinence on the
reinstatement of cocaine seeking in mice

One of the more perplexing problems associated with treating drug addiction is
the high incidence of relapse, which is often precipitated by exposure to stressful
events (Sinha, 2008). Many clinical reports have shown that relapse is more likely
to occur when individuals are exposed to high levels of life stress (Brown et al.,
1995; McFall, Mackay, & Donovan, 1992). In the past, acute stress effects on the
reinstatement of drug seeking have been extensively explored in preclinical

37

VTA CRF and CRF R1 in stress-escalated cocaine taking and seeking
studies. However, in most cases, addicts repeatedly experience stress events,
which may make them more vulnerable to urges them to drug relapse not only just
one single episode of stress. Hence, it is crucial to develop animal models in order
to characterize the neural mechanisms by which repeated stress modulates drug
relapse. The current study will develop a mouse model to mimic the negative
stressful environment that the addicts may face during abstinence. Here I will
address the following three questions: (1) How does repeated social stress during
abstinence influence later cocaine-seeking behaviors? (2) If repeated social stress
increases cocaine seeking, is this effect long-lasting? (3) Do repeated episodes of
social stress specifically affect cocaine-seeking behaviors?

The third aim is to investigate the influence of repeated social stress during
abstinence on the reinstatement of cocaine seeking. A quantitative clinical study
illuminates the factors that contribute to drug use relapse (Yang, Mamy, Gao, &
Xiao, 2015). In-depth interviews with drug users show that stressful living
experience during abstinence is the main factor triggering relapse. To mimic the
clinical findings, I will first manipulate social defeat stress during a 10-day
abstinence period (Experiment 7). In this experiment, mice will be allowed to
intravenously self-administer cocaine (1.0 mg/kg/infusion) for ten days in 3-h
daily sessions, and then animals will be subjected to ten days of drug abstinence.
During the abstinence phase, mice from the stress group will experience social
defeat stress once per day for five days, while controls will be left in their home
cages without any disruptions. One day after the last episode of social defeat, the
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mice will be tested for cocaine seeking behavior. I expect that stressed mice will
show significantly more cocaine seeking responses than non-stressed mice. To
confirm that the stress effects are long-lasting, I will re-evaluate the stress effects
by using an extended abstinence phase from 10 days to 30 days. Moreover, a
separate cocaine naïve group will be added to exclude the cue-induced
spontaneous nose poke response and to prove the specificity of the social stress
effects on cocaine seeking behaviors. Specifically, I will add a separate cohort of
mice receiving intravenous saline self-administration, manipulate social stress,
and measure the stress effects on the reinstatement of saline seeking behaviors by
counting the number of nose poke responses at the saline-paired side. This animal
model may have predictive validity in evaluating anti-craving compounds for use
in the treatment of stress induced drug relapse.

Aim 4: Investigating the effects of VTA-CRF release on reinstatement of cocaine
seeking

Repeated social stress experience during abstinence exacerbates cocaine seeking
(aim 3), but the neural mechanisms by which repeated social stress influences
cocaine seeking are not well characterized. I hypothesize that the stress-released
neuropeptide CRF acts in the VTA and subsequently influences cocaine-seeking
behavior. And the dopamine projection from the VTA to NAcSh may be a
potential microcircuit that is activated during cocaine seeking behaviors.
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The fourth aim is to focus on studying the possible mechanisms underlying the
stress escalated cocaine seeking. Previous studies have shown that acute stress can
reinstate cocaine seeking via CRF actions in the VTA and intra-VTA CRF
administration is sufficient to reinstate cocaine seeking in rats (Blacktop et al.,
2011; Chen et al., 2014; Vranjkovic, Gasser, Gerndt, Baker, & Mantsch, 2014;
Wang et al., 2005; Wang et al., 2007). However, how repeated social stress
modulates VTA-CRF release and further influences cocaine-seeking is still
unclear. To explore this question, first, I will directly measure extracellular CRF
in the VTA during reinstatement to determine the effects of repeated social defeat
stress on CRF in this brain region (Experiment 10). In addition, intra-VTA
antagonism of CRF-R1 (CP-376, 395; 1 μg/ 0.2 μl) microinjection will be
expected to attenuate social stress escalated cocaine-seeking behaviors
(Experiment 11). Lastly, to examine the role of the mesolimbic dopamine system
in the stress-escalated reinstatement of cocaine seeking, I will use in vivo
microdialysis to assess the effects of social defeat stress during abstinence on
dopamine release in the NAcSh (Experiment 12). These findings will provide
evidence for CRF and dopamine system neuroadaptations after repeated social
stress experience, and further indicate whether the interaction of CRF and
dopamine in the VTA is critical for the escalation of cocaine seeking behaviors.
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II. METHODS
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II. METHODS

General Methods

Animals
Experimental male Swiss Webster (CFW) mice (Charles River Laboratories;
Wilmington, MA) weighing 23-25 g and male C57BL/6J mice (Jackson
Laboratories; Bar Harbor, ME) at 8 weeks upon arrival were singly housed in
clear polycarbonate chambers (28 cm × 17 cm ×12 cm) with a stainless steel wire
lid and pine shavings covering the floor. Mice were adapted to the facilities for at
least 5 days before experiments. A separate group of adult male CFW mice were
pair housed with females and served as aggressive stimulus mice (residents).
Before being used in these experiments, residents were screened to ensure reliable
aggressive behaviors. All animals had unrestricted access to standard rodent chow
and water. The room temperature was 21 ± 1°C with a 12 h reversed light/dark
cycle (lights on from 18:00 to 06:00). All procedures were approved by the
Institutional Animal Care and Use Committee (IACUC) of Tufts University and
carried out in accordance with the NIH Guide for Care and Use of Laboratory
Animals (National Research Council, 2011).

Social defeat procedure
We used a resident-intruder paradigm for social defeat (see Figure 2) previously
described for rats and mice (Han et al., 2015; Tornatzky & Miczek, 1993; Yap &
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Miczek, 2007). Experimental mice experienced social defeat stress once per day.
Each resident mouse participated in only one intruder encounter per day. Each
intruder encountered the same resident only once, which prevented habituation
and counterbalanced the stimulus animals across intruders.

Figure 2. Social defeat stress procedure in mice.

Phase 1: pre-defeat threat The intruder was weighed and then placed into a
perforated plastic protective cage (18 × 6 × 6 cm). Once the female was removed
from the resident cage, the protective cage containing the intruder was placed into
the resident cage. The protective cage allowed unrestricted auditory, olfactory,
and visual contact between the two animals but protected the intruder from
potentially injurious bites.

Phase 2: defeat After 5 min of pre-defeat threat, the intruder was removed from
the protective cage and immediately placed back into the resident’s home cage for
another 5 min or until it received 30 attack bites (for aim 1:criteria are 15 attack
bites for mild stress group and 30 attack bites for moderate stress group).

Phase 3: post-defeat threat After the defeat, the intruder was placed back in the
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protective cage and returned to the resident’s home cage for an additional 5 min
of protected threat, after which the intruder was returned to its home cage and the
female mouse was returned to the resident cage. During this last phase, intruders
were still under threat but were prevented from further attack bites.

Cocaine Self-administration apparatus
A panel equipped with cue lights and 2 nose-poke operanda was inserted
vertically into the home cage of the mouse (see Figure 3). A spring-supported arm
holding a liquid swivel (Instech Laboratories, Plymouth Meeting, PA) was affixed
to the top of the panel, and a house light illuminated the cage. A computercontrolled syringe pump held a 3-ml syringe which was connected to the swivel
and pedestal by PE20 tubing. One of the operanda was identified as the “active”
hole by a green cue light. The active side was counterbalanced across subjects,
and remained constant throughout the experiment. When the mouse responded on
the active side, an infusion of cocaine was administered intravenously and the
stimulus light was deactivated for 30 seconds, indicating the post-infusion
interval. This time-out period was used to prevent overdose. All responses and
infusions were recorded automatically using a computer interface and software
from Med Associates (St. Albans, VT).
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Figure 3. Nose-poke apparatus.

Aim 1: Investigating the repeated social defeat stress effects on cocaine selfadministration and dopamine system in mice

Experimental design
Upon arrival, CFW mice were randomly assigned to three groups: mild social
defeat (i.e. receiving 15 attack bites from a resident stimulus animal), moderate
social defeat (30 attack bites) or unattacked controls. Mice in the control group
were weighed daily, while the mice in the stress groups (mild and moderate) were
weighed and then socially defeated for 10 consecutive days (Day 1-10). Six days
after the last defeat, animals were assessed for cocaine self-administration
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(experiment I) or assessed for dopamine in the NAcSh in response to acute damphetamine (experiment II, see Figure 4).

Figure 4. Experimental design. Mild or moderate social defeats (indicated by
arrows) were conducted daily for 10 days. Mice in Experiment I were catheterized
six days after the last defeat and allowed to self-administer cocaine on Day 20. A
separate cohort in Experiment II was implanted with intracerebral cannulae on
Day 11 and underwent in vivo microdialysis to determine dopamine on Day 1620.

Experiment I: Cocaine Self-administration
Intravenous catheterization surgery
Six days after the last social defeat, mild socially defeated (n = 18), moderate
socially defeated (n = 28), and control (n = 20) mice were anesthetized with a
combination of ketamine (100 mg/kg i.p.) and xylazine (10 mg/kg i.p.) and were
permanently implanted with an indwelling catheter (Silastic silicone tubing, Dow
Corning, Midland, MI; ID: 0.30 mm, OD: 0.64 mm) into the right jugular vein,
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extending 1.2 cm from insertion point to the tip. The distal end of the catheter
passed subcutaneously from the insertion point to the back where it was affixed to
a small plastic pedestal (Plastics One, Roanoke, VA). After catheter surgery, mice
were allowed 3-5 days to recover, and catheters were flushed with heparin (30
IU/ml) daily to prevent clotting.

Cocaine self-administration procedure
Following recovery from surgery, mice were trained to self-administer cocaine
(1.0 mg/kg/infusion) under a fixed ratio 1 (FR1) schedule. Freely moving mice
learned to obtain intravenous infusions of cocaine by poking their noses into a
hole. Each daily session lasted for a maximum of 2 h or until the mouse received
20 cocaine infusions. Acquisition was defined as intake of at least 6 infusions in 2
h and a 3:1 ratio of active to inactive nose poking on 2 consecutive days. Six mice
were excluded for failing to meet the acquisition criteria.

After acquisition, mice were tested under an FR1 schedule with descending unit
doses (1.0, 0.6 and 0.3 mg/kg/infusion) receiving each dose for two consecutive 2
h daily sessions. Following dose–response testing, saline was substituted for
cocaine on 3 consecutive days. Seventeen mice were failed to finish the cocaine
self-administration phase because of loss of catheter patency or leaking problems.

Experimental II: in vivo Microdialysis
Intracranial surgery

47

VTA CRF and CRF R1 in stress-escalated cocaine taking and seeking
Extracellular dopamine levels in NAcSh in response to acute d-amphetamine
injection (1.5 mg/kg, i.p.) were measured in a separate cohort of mild socially
defeated (n=10), moderate socially defeated (n = 10) and control mice (n = 8).
Mice were anesthetized and a unilateral guide cannula (CMA Microdialysis Inc,
North Chelmsford, MA) aimed at the NAcSh was implanted using the following
coordinates: AP: + 1.8mm from bregma; ML: + 0.8 mm from midline; and DV: 3.8 from skull (Paxinos and Franklin 2001).

In vivo microdialysis
Dopamine levels in the NAcSh were determined by using a modified version of
methods described previously (Shimamoto et al., 2011). Briefly, on the afternoon
before microdialysis sample collection, the dummy probe was removed and a
microdialysis probe (CMA/7; CMA Microdialysis Inc, North Chelmsfold, MA)
with 1-mm Cuprophane membrane was inserted into the guide cannula. Each
probe was connected to a syringe filled with artificial cerebrospinal fluid (aCSF).
The flow rate was set to 0.5 μl/min overnight and was increased to 2.0 μl/min the
next day. One hour after the flow rate adjustment, dialysis samples were collected
every 10 min using a refrigerated fraction collector (CMA 142, CMA
Microdialysis Inc., North Chelmsford, MA). Each sample vial contained 5 μl
antioxidant, consisting of 20 mM phosphate buffer including 25 mM EDTA-2Na
and 0.5 mM of ascorbic acid (pH 3.5). After 5 baseline samples were collected, all
mice first received an i.p. injection of saline, followed by the collection of 2
samples, then an injection of d-amphetamine (1.5 mg/kg, i.p.) followed by the
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collection of 12 additional samples, all at 10-min intervals.

Dialysate dopamine content was determined using a high-performance liquid
chromatography system consisting of an LC10-AD pump (Shimadzu, Columbia,
MD), a manual injector (model 7, 125; Rheodyne, Cotati, CA) with a 100 μl
sample loop, and an electrochemical detection (ECD) system (DECADE II, Antec
Leyden BV, Zoeterwoude, Netherland). Monoamines were separated using a
cation-exchange column (CAPCELL PAK, 1.5 × 250 mm, 5 μm I.D., Shiseido,
Tokyo, Japan) with temperature set at 30°C. The mobile phase consisted of 150
mM ammonium acetate, 50 mM citric acid, 27 μM EDTA, 10 % methanol, and 1
% acetonitrile with pH adjusted to 4.6 and was pumped at a flow rate of 0.2
ml/min. The concentration of dopamine was determined by using standard curves
with known amounts of monoamines in a range of 0.5-5 pg and detection limit for
dopamine was approximately 0.18 pg. Samples from two mice with undetectable
levels of dopamine were excluded from analyses.

Histology
After microdialysis sample collection, mice were deeply anesthetized with an
overdose of ketamine and xylazine combination and were perfused with 0.9 %
saline and 4 % paraformaldehyde (PFA) solution prior to removal of the brain for
examination of probe placements. The fixed brains were sliced in 50 μm coronal
sections using a Cryostat (Leica CM 1900, Bannockburn, IL). The brain sections
were mounted on gelatin-coated slides and stained with cresyl violet. Animals
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with incorrect placements into the NAcSh were excluded from the analysis (n= 4).

Drugs
Cocaine hydrochloride and d-amphetamine sulfate were obtained from the
Research Technology Branch of the National Institute on Drug Abuse. Both were
dissolved in sterile 0.9% saline.

Statistical analysis
Data analyses were performed using Sigma Stat V11.0 (Systat Software Inc., San
Jose, CA). For cocaine self-administration, the average number of infusions
received over 2 cocaine self-administration sessions was analyzed using a twoway repeated-measures analysis of variance (ANOVA) with stress (mild social
defeat stress, moderate social defeat stress or control) as the between-subject
factor and cocaine dosage (0, 0.3, 0.6. 1.0 mg/kg/infusion) as the within-subject
factor. For microdialysis, percent change from tonic dopamine concentrations
during baseline was analyzed by two-way repeated-measures ANOVA, followed
by a Bonferroni test for post hoc comparisons when there were significant main
effects. Data are presented as mean ± SEM. The criterion for statistical
significance was p < 0.05.

Aim 2: Investigating the roles of CRF in stress-escalated cocaine selfadministration and CRF release in the VTA after repeated episodes of social
defeat exposure
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Experimental design
The experimental design is depicted in Figure 5. In experiment 3 (Figure 5A),
CFW mice were randomly assigned to receive CRF R1 antagonist (CP-376, 395)
at a previously determined dose (15 mg/kg) or receive saline 30 min before
intermittent social defeat stress from day 1 to day 10. After six days, mice were
fitted with permanently indwelling jugular catheters for later on cocaine selfadministration measurement. In experiment 4, the procedure was similar, but
CP376, 395 pretreatment (5 mg/kg and 15 mg/kg) was given 10 min prior to
cocaine self-administration (see Figure 5B) instead of social defeat stress (as in
experiment 1). In addition, experiment 5 measured CRF in the VTA ten days after
last episode of social defeat stress (see Figure 5C). Finally, experiment 6
evaluated the role of VTA CRF R1 after repeated social defeat stress on cocaine
self-administration. As shown in Figure 5D, mice exposed social defeat stress or
handling for 10 days, and subsequently they were pretreated with intra-VTA CRF
R1 (0.5 μg/ 0.2 μl and 1 μg/ 0.2 μl) prior to each cocaine self-administration test.

(A)

(B)
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Figure 5. Timeline for experiments. Social defeats (indicated by arrows) were
conducted daily for 10 days. All animals were catheterized six days after the last
episode of defeat and were allowed to self-administer cocaine on Day 20 (except
experiment 3). In experiment 3 (Figure 5A), mice were pretreated with CP (15
mg/kg, i.p) 30 min prior to each defeat. In experiment 4 (Figure 5B), mice were
administered CP (5 and 15 mg/kg) prior to each cocaine self-administration test
after acquisition. A separate cohort in experiment 5 was implanted with
intracranial cannulae in the VTA on Day 16 and underwent in vivo microdialysis
to determine CRF on Day 20 (Figure 5C). In experiment 6 (Figure 5D), mice were
pretreated with intra-VTA CP 376, 395 (0.5 μg/ 0.2 μl and 1 μg/ 0.2 μl) 10 min
prior to each cocaine self-administration test.

Social defeat procedure
As previously described (Han et al., 2015; Miczek & O'Donnell, 1978), we used a
resident-intruder paradigm for social defeat. Mice in the stressed groups were
exposed to ten brief social defeats once per day. Residents were used once daily
and rotated through intruders so that intruders did not encounter the same resident
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more than once to avoid familiarity. The social defeat consisted of three phases.
The first phase was termed instigation, in which the experimental animal was
placed in a protective plastic cage inside the resident’s home cage for 5 min,
allowing unrestricted auditory, olfactory, and visual contact. The second phase
was termed defeat, in which the intruder was removed from the perforated bottle
and was placed back into the resident’s home cage for another 5 min or until the
intruder received 30 attack bites. The third phase was termed threat, in which the
intruder was returned to the protective cage for another 5 min in the resident’s
home cage. During this last phase, intruders were still stressed but were prevented
from further attack bites.

Intracranial surgery
Mice were anesthetized with a combination of ketamine (100 mg/kg, i.p.) and
xylazine (10 mg/kg, i.p.). For microdialysis experiment (experiment 3), a
unilateral microdialysis cannula (5 mm length, Synaptech Inc, Marquette, MI)
was implanted at the VTA with 3.2 mm posterior to bregma and 0.7 mm lateral
from the midline at a depth of 3.5 mm from the dura. For microinjection
experiment (experiment 4), mice were surgically implanted with 26-gauge
bilateral cannulae (Plastics One, Roanoke, VA, USA) aimed at the VTA. The
stereotaxic coordinates, according to Paxinos and Franklin (2001), were VTA,
3.20 mm posterior to bregma, ± 0.75 mm lateral to the midline, and 4.50 mm
ventral to the dura (Albrechet-Souza et al., 2015).
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Microinjection
On test days, mice were given intra-VTA injections of vehicle (aCSF) or CRF R1
antagonist CP 376, 395 (0.5-1.0 μg). Bilateral injections were delivered
simultaneously in a volume of 0.2 µl per side at a flow rate of 0.1 µl/min into the
VTA controlled by an automatic CMA/100 microinjection pump (CMA
Microdialysis, Sweden). The injector needles were extended by 0.1 mm beyond
the end of the guide cannulae (Plastics One, Roanoke, VA) and they were left in
place for 1 min after the end of the infusion to allow diffusion and to prevent
backflow. Microinjections occurred 10 min prior to the cocaine selfadministration test.

Intravenous (i.v.) cocaine self-administration
Surgery Mice were implanted with permanently indwelling catheters (Silastic
laboratory silicone tubing, Dow Corning, Midland, MI; ID 0.30 mm, OD 0.64
mm) into the right jugular vein under a combination of ketamine hydrochloride
(100 mg/mg i.p.) and xylazine (10 mg/mg i.p.) anesthesia. The catheter was tied
to the vein with surgical silk and was passed subcutaneously to the back of the
mouse where the catheter was affixed to a small plastic pedestal (Plastics One,
Roanoke, VA). After the surgery, mice were flushed daily with heparin (30
IU/ml) to avoid clotting.

Acquisition Mice were allowed to freely self-administer cocaine (1.0
mg/kg/infusion). The custom apparatus used for cocaine self-administration was
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as described (Han et al., 2015). A panel equipped with cue lights and two nosepoke operanda was inserted vertically into the home cage of the animal. Mice
were reinforced for nose poking the cue-paired (active) operandum by delivery of
intravenous cocaine. A timeout period of 30 s followed each drug injection to
avoid overdose. All responses were recorded automatically using a computer
interface and software from Med Associates (St. Albans, VT, USA). Mice were
trained to self-administer cocaine) according to a fixed ratio 1 (FR1) schedule.
Each session lasted for a maximum of 2 hours or until the mouse received 20
cocaine infusions. Acquisition was defined as intake of at least 6 injections within
the session and a 3:1 ratio of active to inactive nose pokes during two consecutive
sessions.

Cocaine self-administration After the acquisition, mice were subsequently tested
under an FR1 schedule with 0.3 mg/kg/infusion unit dose of cocaine, which was
indicated as an optimal dosage to identify the stress effects on escalated cocaine
intake in mice (Han et al. 2015). In experiment 2, mice were pretreated with CP
376,395 (0, 5 and 15 mg/kg, i.p.) 10 min prior to cocaine self-administration test.
In experiment 4, mice received intra-VTA CRF R1 (0, 0.5 and 1 μg/ 0.2 μl) prior
to the time that animals had access to cocaine. The dosages of drugs were injected
in a design that counterbalanced aCSF and drug treatments. Each session was
measured for two hours. Nine mice failed to finish the cocaine self-administration
phase because of loss of catheter patency or leaks.
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In vivo CRF microdialysis
In vivo microdialysis occurred 10 days after the last episode of the social defeat as
described above. On the night before the microdialysis experiment, the
microdialysis guide cannula cap was removed and replaced with a microdialysis
probe (1 mm active membrane, Synaptech Inc, Marquette, MI), which was
perfused with aCSF at a flow rate of 0.5 μl/min overnight. The following
morning, aCSF was replaced with aCSF containing 0.2% bovine serum albumin
(BSA) and the flow rate increased to 2.0 μl/min two hours prior to sample
collection. Samples were collected by hand into Eppendorf Protein LoBind tubes
every 15 min and immediately stored at -80°C. Five samples were collected for
tonic levels of CRF. After baseline collection, a cocaine challenge occurred with
sample collections to evaluate the time course of CRF changes.

CRF was quantified by a commercially available enzyme immunoassay
(Peninsula Laboratories, San Carlos, CA). Standards were diluted with aCSF
0.2% BSA rather than the provided standard diluent buffer to make sure standards
and samples were treated equally. All other steps were identical to the
recommended EIA protocol.

Histology
At the termination of experiments, mice were deeply anesthetized with an
overdose of ketamine and xylazine combination and were transcardially perfused
with 0.9 % saline and 4 % paraformaldehyde (PFA) solution prior to removal of
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the brain for examination of probe placements. The fixed brains were sliced into
50 μm coronal sections and mounted onto gelatin-coated slides. The brain
sections were stained with cresyl violet and coverslipped as described previously
(Han et al., 2015). Slides were examined under light microscopy for verification
of microdialysis probe and microinjection cannula placement according to the
mouse brain atlas (Paxinos & Franklin, 2001). Animals with incorrect placements
(n=5) were excluded from analysis.

Drugs
Cocaine hydrochloride was obtained from the National Institute on Drug Abuse
through the drug supply program (Rockville, MD). It was dissolved in sterile
0.9% saline solution (0.6 and 2.0 mg/ml). CP-376, 395 (Tocris, Ellisville, MO)
was freshly suspended in an artificial cerebrospinal fluid (aCSF) immediately
before microinjections (0.5 μg/ 0.2 μl and 1 μg/ 0.2 μl). ACSF was composed of
147 mM NaCl, 2.8 mM KCl, 1.2 mM CaCl2, 1.2 mM MgCl2 and filtered through
a syringe filter before use. CP-376, 395 is a selective CRF R1 antagonist (Ki
values are 12 and >10000 nM for CRF1 and CRF2 receptors respectively). For
systemic injection, CP-376, 395 was dissolved in sterile 0.9% saline solution (5
and 15 mg/kg i.p.) at a volume of 0.1 ml/kg body weight. Cocaine was selfadministered intravenously based on each animal’s body weight.

Statistical analysis
Data analyses were performed using Sigma Stat Version 13.0 (Systat Software
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Inc., San Jose, CA, USA). To assess the effects of pretreatment with CRF R1
antagonist (systemic injection) prior to social stress on cocaine self-administration
and the effects of CRF R1 (systemic injection) after social stress on cocaine selfadministration, data were analyzed with a two-way ANOVA. To analyze the
effects of microinjection of antagonism of CRF R1 into the VTA after repeated
stress effects, the numbers of cocaine infusions were assessed with a two-way
repeated ANOVA with group (stressed or non-stressed control) as the betweensubject factor and the drug dosage as the within-subject factor. For CRF
microdialysis, data were also analyzed with a two-way repeated ANOVA. All
post hoc comparisons were performed with Bonferroni tests. Data are presented as
mean ± SEM. The criterion for statistical significance was p<0.05.

Aim 3: Investigating the effects of repeated social stress during abstinence on
the reinstatement of cocaine seeking in mice

Experimental design
The experimental design is schematized in Figure 6. In experiment 7 and 8, male
C57BL/6J mice were allowed to self-administer cocaine for ten days with a 3 h
daily session. In experiment 9, mice were only received intravenous saline
infusion with the same procedure. At the end of the self-administration, mice were
randomly assigned to either stressed or nonstressed group. In experiment 7
(Figure 6A), a 10-day abstinence period is followed after cocaine selfadministration. Mice from stress group were socially defeated from day 16-20.
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Cocaine-seeking test was measured 24 h after the last episode of social defeat
stress. In experiment 8 (Figure 6B), the abstinence was prolonged to 30 days with
the same procedure happened for social stress. At the end of abstinence, mice
were tested for cocaine seeking. In experiment 9 (Figure 6C), all the procedure
was same as experiment 1 except that mice only had access to saline, instead of
cocaine.

Figure 6. Schematic representation of the experimental design. After 10 days of
cocaine or saline self-administration, mice were subjected to an abstinence period
(either 10 days or 30 days) during which they were experienced five episodes of
social defeat stress. At the end of abstinence period, mice were tested for cocaineor saline-seeking.

Intravenous (i.v.) cocaine self-administration and seeking
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Surgery Mice were implanted with permanently indwelling catheters (Silastic
laboratory silicone tubing, Dow Corning, Midland, MI; ID 0.30 mm, OD 0.64
mm) into the right jugular vein under a combination of ketamine hydrochloride
(100 mg/mg i.p.) and xylazine (10 mg/mg i.p.) anesthesia. The catheter was tied
to the vein with surgical silk and was passed subcutaneously to the back of the
mouse where the catheter was affixed to a small plastic pedestal (Plastics One,
Roanoke, VA). After the surgery, mice were flushed daily with heparin (30
IU/ml) to avoid clotting.

Acquisition and Maintenance Mice were allowed to freely self-administer cocaine
(1.0 mg/kg/infusion). The custom apparatus used for cocaine self-administration
was as described (Han et al., 2015). A panel equipped with cue lights and two
nose-poke operanda was inserted vertically into the home cage of the animal.
Mice were reinforced for nose poking the cue-paired (active) operandum by
delivery of intravenous cocaine. A timeout period of 30 s followed each drug
injection to avoid overdose. All responses were recorded automatically using a
computer interface and software from Med Associates (St. Albans, VT, USA).
Mice were trained to self-administer cocaine) according to a fixed ratio 1 (FR1)
schedule. Each session lasted for a maximum of 3 hours or until the mouse
received 30 cocaine infusions. Acquisition was defined as intake of at least 6
injections within the session and a 3:1 ratio of active to inactive nose pokes during
two consecutive sessions. All the mice finished acquisition in 3 sessions and they
were allowed to self-administer cocaine for ten days with a daily session.

60

VTA CRF and CRF R1 in stress-escalated cocaine taking and seeking

Cocaine-seeking after Abstinence After ten sessions of cocaine self-administration
history and the abstinence phase, mice were placed back into the previous cocaine
self-administration chamber and a 3 h session began. During this session, the
previously paired cue light was illuminated; however, nose-poke responses
(including active and inactive sides) were recorded but did not result in any
reinforcement.

Drugs
Cocaine hydrochloride was obtained from the National Institute on Drug Abuse
through the drug supply program (Rockville, MD). It was dissolved in sterile
0.9% saline solution (2.0 mg/ml). Cocaine was self-administered intravenously
based on each animal’s body weight.

Statistical analysis
Data analyses were performed using Sigma Stat Version 13.0 (Systat Software
Inc., San Jose, CA, USA). To assess the effects of social defeat stress on either
cocaine or saline seeking, data (nose poke responses on both active and inactive
side) were assessed by a two-way ANOVA with stress and reinforced side as two
main factors. All post hoc comparisons were performed with Bonferroni tests.
Data are presented as mean ± SEM. The criterion for statistical significance was
p<0.05.
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Aim 4: Investigating the effects of VTA-CRF release, CRF R1 and NAcShdopamine release on stress-escalated cocaine seeking

Experimental design
The experimental design is shown in Figure 7. All the male C57BL/6J mice were
allowed to intravenously self-administer cocaine (1.0 mg/kg/infusion) for 10 days,
then they were randomly assigned to either receive social stress experience daily
for five days during abstinence or stay in their home cages without any
disturbance. One day after the last episode of social defeat, cocaine reinstatement
was measured. In experiment 10 (Figure 7A), reinstatement was tested one day
after the last episode of social defeat stress while CRF dialyses were collected at
the same time.In experiment 11 (Figure 7B), mice were pretreated with intra-VTA
CRF R1 antagonist (1 μg/ 0.2 μl) 10 min prior to the reinstatement test to evaluate
the role of CRF R1 in stress-escalated cocaine seeking. Experiment 12 aimed to
explore the effects of social defeat stress during abstinence on dopamine release
in NAcSh and whether this was responsible for the reinstatement of cocaine
seeking. Mice were measured dopamine release in the NAcSh during the
reinstatement test (Figure 7C).
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Figure 7. Schematic representation of the experimental design. After 10 days of
cocaine self-administration, mice were subjected to an abstinence period (10
days) during which they were experienced five episodes of social defeat stress. At
the end of abstinence period, mice were tested for cocaine seeking. In experiment
10 (Figure 7A), microdialysis for CRF within the VTA occurred concurrently
with reinstatement test to assess the CRF response to social stress and cocaine
seeking. In experiment 11 (Figure 7B), the functional of CRF R1 during social
stress on later cocaine seeking were assessed through intra-VTA microinjection of
aCSF, or CRF R1 antagonist before cocaine seeking test. In experiment 11,
microdialysis for CRF within the VTA occurred concurrently with reinstatement
test to assess the CRF response to social stress and cocaine seeking. In experiment
12 (Figure 7C), microdialysis for dopamine within the NAcSh occurred
concurrently with reinstatement test to assess the dopamine response to social
stress and cocaine seeking.

Intracranial (i.c.) surgery

63

VTA CRF and CRF R1 in stress-escalated cocaine taking and seeking
Mice were anesthetized with a combination of ketamine (100 mg/kg, i.p.) and
xylazine (10 mg/kg, i.p.). For microinjection experiment (experiment 1), mice
were surgically implanted with 26-gauge bilateral cannulae (Plastics One,
Roanoke, VA, USA) aimed at the VTA. The stereotaxic coordinates, according to
Paxinos and Franklin (2001) (Paxinos & Franklin, 2001), were VTA, 3.20 mm
posterior to bregma, ± 0.75 mm lateral to the midline, and 4.50 mm ventral to the
dura (Albrechet-Souza et al., 2015). For CRF microdialysis experiment
(experiment 2), a unilateral microdialysis cannula (5 mm length, Synaptech Inc,
Marquette, MI) was implanted at the VTA with 3.0 mm posterior to bregma and
0.7 mm lateral from the midline at a depth of 3.5 mm from the dura. For
experiment 3, extracellular DA levels in NAcSh were measured in a socially
defeated and control mice. Mice were anesthetized and a unilateral guide cannula
(CMA Microdialysis Inc, North Chelmsford, MA) aimed at the NAcSh was
implanted using the following coordinates: AP: + 1.6 mm from bregma; ML: +
0.8 mm from midline; and DV: - 4.0 from skull (Paxinos & Franklin, 2001).

Microinjection
On test days, mice were given intra-VTA injections of vehicle (aCSF) or CRF R1
antagonist CP 376, 395 (0.5-1.0 μg). Bilateral injections were delivered
simultaneously in a volume of 0.2 µl per side at a flow rate of 0.1 µl/min into the
VTA controlled by an automatic CMA/100 microinjection pump (CMA
Microdialysis, Sweden). The injector needles extended 0.1 mm beyond the end of
the guide cannulae (PlasticsOne, Roanoke, VA) and they were left in place for 1
min after the end of the infusion to allow for diffusion and to prevent backflow.
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Microinjections occurred 10 min prior to the cocaine self-administration test.

Intravenous (i.v.) cocaine self-administration
Surgery Mice were implanted with permanently indwelling catheters (Silastic
laboratory silicone tubing, Dow Corning, Midland, MI; ID 0.30 mm, OD 0.64
mm) into the right jugular vein under a combination of ketamine hydrochloride
(100 mg/mg i.p.) and xylazine (10 mg/mg i.p.) anesthesia. The catheter was tied
to the vein with surgical silk and was passed subcutaneously to the back of the
mouse where the catheter was affixed to a small plastic pedestal (Plastics One,
Roanoke, VA). After the surgery, mice were flushed daily with heparin (30
IU/ml) to avoid clotting.

Acquisition and Maintenance Mice were allowed to freely self-administer cocaine
(1.0 mg/kg/infusion). The custom apparatus used for cocaine self-administration
was as described (Han et al., 2015). A panel equipped with cue lights and two
nose-poke operanda was inserted vertically into the home cage of the animal.
Mice were reinforced for nose poking the cue-paired (active) operandum by
delivery of intravenous cocaine. A timeout period of 30 s followed each drug
injection to avoid overdose. All responses were recorded automatically using a
computer interface and software from Med Associates (St. Albans, VT, USA).
Mice were trained to self-administer cocaine according a fixed ratio 1 (FR1)
schedule. Each session lasted for a maximum of 3 hours or until the mouse
received 30 cocaine infusions. Acquisition was defined as intake of at least 6
injections within the session and a 3:1 ratio of active to inactive nose pokes during
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two consecutive sessions. All the mice finished acquisition in 3 sessions and they
were allowed to self-administer cocaine for ten days with a daily session.

Cocaine Seeking after Abstinence After ten sessions of cocaine selfadministration history and the abstinence phase, mice were placed back into the
previous cocaine self-administration chamber and a 3 h session began. During this
session, the previously paired cue light was illuminated; however, nose-poke
responses (including active and inactive sides) were recorded but did not result in
any reinforcement.

In vivo CRF microdialysis in the VTA
In vivo microdialysis occurred 10 days after the last episode of the social defeat as
described above. On the night before the microdialysis experiment, the
microdialysis guide cannula cap was removed and replaced with a microdialysis
probe (1 mm active membrane, Synaptech Inc, Marquette, MI), which was
perfused with aCSF (147 mM NaCl, 2.8 mM KCl, 1.2 mM CaCl2, 1.2 mM
MgCl2) at a flow rate of 0.5 μl/min overnight. The following morning, aCSF was
replaced with aCSF containing 0.2% bovine serum albumin (BSA) and the flow
rate increased to 2.0 μl/min two hours prior to sample collection. Samples were
collected by hand into Eppendorf Protein LoBind tubes every 25 min and
immediately stored at -80°C. Five samples were collected for tonic levels of CRF.
After baseline collection, a cocaine challenge occurred with sample collections to
evaluate the time course of CRF changes.
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CRF was quantified by a commercially available enzyme immunoassay
(Peninsula Laboratories, San Carlos, CA). Standards were diluted with aCSF
0.2% BSA rather than the provided standard diluent buffer to make sure standards
and samples were treated equally. All other steps were identical to the
recommended EIA protocol.

Dopamine microdialysis in the NAcSh
Dopamine levels in the NAcSh were determined by using a modified version of
methods described previously (Miczek et al., 2011). The night before the test day,
mice were anesthetized with isoflurane (Webster Veterinary, Devens, MA), and
the dummy probe was removed and a microdialysis probe (CMA/7; CMA
Microdialysis Inc, North Chelmsfold, MA) with 1-mm Cuprophane membrane
was inserted into the guide cannula. Each probe was connected to a syringe filled
with artificial cerebrospinal fluid (aCSF). The flow rate was set to 0.5 μl/min
(CMA 400 microinfusion pump) overnight and was increased to 2.0 μl/min the
next day. One hour after the flow rate adjustment, dialysate samples were
collected every 10 min using a refrigerated fraction collector (CMA 142, CMA
Microdialysis Inc., North Chelmsford, MA). Each sample vial contained 5 μl
antioxidant, consisting of 20 mM phosphate buffer including 25 mM EDTA-2Na
and 0.5 mM of ascorbic acid (pH 3.5). After 5 baseline samples were collected,
the cocaine self-administration panel was placed back and then reinstatement of
cocaine-seeking test begun. Since the reinstatement measurement lasted 3 h, 18
additional samples were collected with all at 10 min intervals.
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Dialysate dopamine content was determined using a high performance liquid
chromatography (HPLC) system with an electrochemical detection (ECD) and an
electrochemical detection (ECD) system (HTEC-510, Eicom Co. Ltd, Kyoto,
Japan). The mobile phase (0.1 M Phosphate buffer, pH 5.4) consisted of 14.99 g/L
NaH2PO4, 1.37 g/L Na2HPO4, 1.5% Methanol, 500 mg/L decanesulfonate sodium
salt (DSS), and 50 mg/L EDTA-2Na. The standard flow rate setting was
0.5 ml/min. Concentrations of dialysate dopamine levels were estimated using
calibration curves obtained from external standards. The concentration of was
determined by using standard curves with known amounts of monoamines in a
range of 0.5–50 pg and detection limit for dopamine was approximately 0.015 pg.

Histology
At the termination of experiments, mice were deeply anesthetized with an
overdose of ketamine and xylazine combination and were transcardially perfused
with 0.9 % saline and 4 % paraformaldehyde (PFA) solution prior to removal of
the brain for examination of probe placements. The fixed brains were sliced into
50 μm coronal sections and mounted onto gelatin-coated slides. The brain
sections were stained with cresyl violet and coverslipped as described previously
(Han et al., 2015). Slides were examined under light microscopy for verification
of microdialysis probe and microinjection cannula placement according to the
mouse brain atlas (Paxinos & Franklin, 2001). Animals with incorrect placements
(n=8) were excluded from analysis.
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Drugs
Cocaine hydrochloride was obtained from the National Institute on Drug Abuse
trhough the drug supply program (Rockville, MD). It was dissolved in sterile
0.9% saline solution (2.0 mg/ml). CP-376, 395 (Tocris, Ellisville, MO) was
freshly suspended in an artificial cerebrospinal fluid (aCSF) immediately before
microinjections (1 µg/ 0.2 µl). ACSF was composed of 147 mM NaCl, 2.8 mM
KCl, 1.2 mM CaCl2, 1.2 mM MgCl2 and filtered through a syringe filter before
use. CP-376, 395 is a selective CRF R1 antagonist (Ki values are 12 and >10000
nM for CRF1 and CRF2 receptors respectively). Cocaine was self-administered
intravenously based on each animal’s body weight.

Statistical analysis
Data analyses were performed using Sigma Stat Version 13.0 (Systat Software
Inc., San Jose, CA, USA). To assess the effects of pretreatment with CRF R1
antagonist, data were analyzed with a two-way ANOVA. For CRF and dopamine
microdialysis, data were also analyzed with a two-way repeated ANOVA. All
post hoc comparisons were performed with Bonferroni tests. Data are presented as
mean ± SEM. The criterion for statistical significance was p<0.05.
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III. RESULTS

Aim 1: Repeated intermittent social defeat stress escalated cocaine selfadministration and enhanced dopamine release in the NAcSh

Experiment 1: Effects of social defeat stress on cocaine self-administration
Among the different intensities of stress groups, there is no stress effect on body
weight in mice (data are not shown here). Mice in the mild social stress group
received 15 bites within 1.80 minutes (SEM = ± 0.40), and mice in the moderate
social stress group received 30 bites within 3.64 minutes (SEM = ± 0.37).
Previous experience with either mild or moderate social defeat stress engendered
subsequently higher rates of cocaine self-administration, particularly at low
cocaine doses. A repeated-measures two-way ANOVA revealed a significant
effect of cocaine dosage (F3, 114 = 44.19; p < 0.001) (Figure 8). The interaction
between stress and cocaine dosage was also significant (F6, 114 = 2.58; p < 0.05).
However, there was no significant main effect of stress.

Post hoc analysis showed that mice, which received 15 bites, self-administered
significantly more cocaine infusions at the 0.3 mg/kg/infusion dosage of cocaine
(p < 0.05) compared to controls (Figure 8). Similarly, mice that received 30 bites
also escalated cocaine self-administration at a low 0.3 mg/kg/infusion dosage of
cocaine (p < 0.05, Figure 8). The cumulative patterns of cocaine selfadministration are illustrated in Figure 9.
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Number of reinforcements
30

Stress-30 bites
Stress-15 bites
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Figure 8. Intravenous cocaine dose-effect curves (0, 0.3, 0.6, 1.0 mg/kg/infusion)
in mild socially defeated (n = 18), moderate socially defeated (n = 11) and control
(n = 14) mice. Individual data were averaged over 2 sessions. Data are expressed
as mean ± SEM; * p < 0.05 vs. controls. # p < 0.05 vs. saline.
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Figure 9. Cumulative records of cocaine intake at 0.3 mg/kg/infusion in control,
mild socially defeated mice and moderate socially defeated mice. Records are
shown for mice with the maximum, minimum and median number of infusions in
each group.

However, neither mild nor moderate social defeat stress had any significant effect
on cocaine self-administration at a higher dose (0.6 or 1.0 mg/kg/infusion).
Moreover, all three groups showed increased responses at 0.6 mg/kg/infusion and
0.3 mg/kg/infusion dosages compared to saline condition (p < 0.05).

Experiment 2: In vivo Dopamine Microdialysis
Diagrammatic representations of probe placements in the NAcSh and a Nisslstained tissue showing the location of the probe are presented in Figure 10. Since
we found no significant difference in average tonic dopamine concentration
among treatment groups, absolute levels of dopamine in the microdialysis
samples were converted to percent of baseline dialysate dopamine content in
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order to reduce the intergroup variability. We did observe highly significant
effects of stress (F2, 187 = 6.99, p < 0.001), time (F11, 187 = 52.14, p < 0.001), and a
significant stress × time interaction (F36, 187 = 2.99, p < 0.001).

Figure 10. Placements of intra-NAcSh probes for the in vivo microdialysis
experiment. a. Each figure corresponds to a coronal section of the mouse brain
from + 1.70 to + 1.10 mm from bregma (Paxinos & Franklin, 2001). b. A
photomicrograph of correct placement after Nissl staining.

All groups showed significant increases in dopamine from baseline in response to
d-amphetamine (Figure 11). The peak increase in dopamine was significantly
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greater in both stress groups than the non-stressed controls (Figure 11). In the
mild stress group, a significant effect of stress was observed from 10 to 30 min
following the d-amphetamine injection (p < 0.05), compared to controls.
However, in the moderate stress group, the significant increase lasted longer, from
10 to 50 min post d-amphetamine (p < 0.05), as shown in Figure 11.

DA in NAcSh
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*
*
*
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Stress-15 bites
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Figure 11. Dopamine levels in the NAcSh in response to saline and damphetamine (1.5 mg/kg, i.p.) in mice expressed as percent change from baseline
in the same animals in brief socially defeated (n=7), moderate socially defeated
(n=7) and controls (n=6). All data are represented as mean ± SEM; *p<0.05 vs.
controls.
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Aim 2: Roles of CRF in stress-escalated cocaine self-administration and CRF
release in the VTA after repeated episodes of social defeat exposure

Experiment 3: Pharmacological blockade of CRF R1 prevents the effects of stress
on cocaine intake

Consistent with previous findings, social defeat stress did not affect body weight
in stressed mice (data are not shown here). CRF R1 antagonist (15 mg/kg, i.p.)
given before social defeat stress significantly prevented stress-escalated cocaine
taking. Overall, two way ANOVA revealed that there was a significant main
effect of stress was detected on the total infusions of cocaine intake in stressed
animals compared to non-stressed (F1, 27 = 7.30; p < 0.05), a significant drug
treatment effect (F1, 27 = 4.99; p < 0.05), and a significant interaction between
stress and drug treatment was also observed (F1, 27 = 2.58; p < 0.05). As shown in
Figure 12, post hoc analysis revealed that repeated social defeat stress escalated
cocaine self-administration compared to controls under saline treatment (t=3.46;
p<0.001). Pretreated with CRF R1 antagonist CP-376, 395 (15mg/kg, i.p.) prior to
each episode of social defeat stress can prevent the stress effects on cocaine intake
(t=3.24; p<0.001).
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Infusion (0.3 mg/kg/infusion)
Saline
CP (15 mg/kg)

*

30
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#
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Figure 12. Pretreated with CRF R1 antagonist prior to each episode of social
defeat stress blocked stress-induced escalated cocaine self-administration. Mean ±
SEM total infusions of cocaine self-administration after the social defeat phase
with or without prior defeat stress is portrayed. Nonstressed + saline (n=7);
nonstressed + CP-376, 395 (n=7); stressed + saline (n=6), stressed + CP-376, 395
group (n=8). Data are expressed as mean ± SEM; * p < 0.05 vs.
nonstressed+saline group. # p < 0.05 vs. Defeated-saline group.

Experiment 4: Pharmacological blockade of CRF R1 reverses stress escalated
cocaine self-administration
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CRF R1 antagonist (CP 376,395) given immediately before each cocaine selfadministration session dose-dependently reversed the long-term effects of stressescalated cocaine taking. Overall, there was a significant drug treatment effect (F3,
73

= 5.82; p < 0.01), and a significant interaction between stress and drug treatment

was also observed (F3, 73 = 4.10; p < 0.05), but not stress effect (F1, 73 = 3.03; p =
0.096). As shown in Figure 13, post hoc analysis revealed that repeated social
defeat stress escalated cocaine self-administration compared to nonstressed saline
group (t= 2.85; p<0.001). Treatment with CRF R1 antagonist CP-376, 395
(15mg/kg, i.p.), but not CP-376, 395 (5 mg/kg), prior to cocaine selfadministration can reverse the stress effects on cocaine intake (t=3.89; p<0.001).

Infusion (0.3 mg/kg/infusion)
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Figure 13. CRF R1 antagonism (CP 376,395; 5 mg/kg and 15 mg/kg, i.p.) given
immediately before each cocaine self-administration session dose dependently
reversed stress-escalated cocaine intake. Mean ± SEM total infusions of cocaine
self-administration after the social defeat phase with or without prior defeat stress
is portrayed. The graph is split into the treatment groups. Left bars represent
nonstressed control group (n=11). Right bars represent stressed group (n=12). * p
< 0.05 vs. Nonstressed + saline group. # p < 0.05 vs. Stressed + saline group.

Experiment 5: Repeated social defeat stress increased CRF release in the VTA

Diagrammatic representations of probe placements in the VTA and a Nisslstained tissue showing the location of the probe are presented in Figure 14 (one
mice with incorrect placement, one mice chew the tubings during microdialysis
were excluded from data analysis). As shown in Figure 14, t test analysis revealed
that repeated social defeat stress escalated CRF release in the VTA compared to
nonstressed group (p<0.05). A two way repeated ANOVA revealed after cocaine
challenge, a significant effect of time effect (F8, 89 = 2.91; p < 0.001) but no stress
effects (F1, 89 = 2.68; p = 0.14) or interaction effect between stress and time (F8, 89 =
0.97; p = 0.47). In addition, cocaine challenge increased VTA-CRF in both
stressed and nonstressed groups (p< 0.05).
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Figure 14. Placements of intra-VTA unilateral probes for the in vivo microdialysis
experiment. Left, each figure corresponds to a coronal section of the mouse brain
from -3.08 to -3.88 mm from bregma (Paxinos & Franklin, 2001). The dark bar
represents the location of unilateral probes. Right, a photomicrograph of correct
placement after Nissl staining.
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Figure 15. Microdialysis for CRF in the VTA after repeated intermittent social
defeat stress. Microdialysis for CRF in the VTA revealed that, previously stressed
animals (n=5) showed a significantly greater average baseline concentration of
CRF compared with controls (n=5), there was also a phasic increase of CRF after
i.p. injection of cocaine (10 mg/kg) in both stressed and nonstressed control
group. * p < 0.05 versus nonstressed control.

Experiment 6: Intra-VTA CRF R1 antagonism microinjection blocked stress
escalated cocaine intake

Diagrammatic representations of probe placements in the VTA and a Nisslstained tissue showing the location of the probe are presented in Figure 16 (two
mice with incorrect placements were exclude from data analysis). For the mice
with misplacement cannula, CRF R1 antagonist microinjection was not able to
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block the stress effects on cocaine self-administration (data were not shown).

Figure 16. Schematic portrayal of accurately placed intra-VTA sites. Left, each
figure corresponds to coronal sections of the mouse brain from -3.08 to -3.88 mm
from bregma (Paxinos & Franklin, 2001). Filled circles represent the location of
each bilateral cannulae. Right, a photomicrograph of correct placement after Nissl
staining.

Intra-VTA CP 376,395 (0.5 μg/ 0.2μl/side or 1 μg/0.2μl/side) dose dependently
blocked the long-term effects of stress-escalated cocaine self-administration. A
two way repeated ANOVA revealed a significant effect of stress on cocaine
taking (F1, 99 = 7.63; p < 0.05), a significant drug treatment effect (F3, 99 = 2.83; p <

82

VTA CRF and CRF R1 in stress-escalated cocaine taking and seeking
0.05), and a significant interaction between stress and drug treatment was also
observed (F3, 99 = 4.11; p < 0.05). As shown in Figure 17, post hoc analysis
revealed that repeated social defeat stress escalated cocaine self-administration
compared to nonstressed saline group (t=2.81; p<0.01). Treatment with aCSF did
not influence cocaine taking compared to baseline (t=1.07; p=1). Treatment with
CRF R1 antagonist CP-376, 395 (1 μg/0.2μl/side), but not CP-376, 395 (0.5 μg/
0.2μl/side), prior to cocaine self-administration can reverse the stress effects on
cocaine intake (t=4.31; p<0.001).

Infusion (0.3 mg/kg/infusion)
40
Baseline
aCSF
CP (0.5 mg/0.2ml )
CP (1 mg/0.2ml )

*

30

#
20

10

0
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Figure 17. CRF R1 antagonism (CP 376,395; 0.5 μg/0.2μl/side or 1 μg/0.2μl/side)
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given immediately before each cocaine self-administration session dose
dependently blocked stress-escalated cocaine intake. Mean ± SEM total infusions
of cocaine self-administration after the social defeat phase with or without prior
defeat stress is portrayed. The graph is split into the treatment groups. Left bars
represent nonstress control group (n=13). Right bars represent stress group
(n=12). The asterisk indicates groups that were significantly different from the
nonstressed vehicle condition at the p<0.05 level. The pound sign indicates the
groups that were significantly different from the stressed-vehicle condition
compared to the stressed drug condition at the p<0.05 level.

Aim 3: Effects of repeated social stress during abstinence on the
reinstatement of cocaine seeking in mice

Experiment 7: Effects of social stress on reinstatement of cocaine seeking after 10
days of abstinence

Given the experimental design, all mice acquired cocaine self-administration
within 3 sessions and no stress effect on body weight was found (data are not
shown here). Cocaine self-administration did not differ (see table 2) among mice
that were later assigned to stressed or nonstressed conditions after 10 days of
abstinence in terms of average (± SEM) number of infusions (24.94 ± 1.08 and
21.42 ± 0.63), number of active nose-pokes (33.79 ± 1.74 and 31.23 ± 2.36), or
inactive nose-pokes (8.33 ± 2.44 and 8.70 ± 1.22).
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A two way ANOVA was performed to determine whether the social defeat stress
during the period of abstinence facilitates reinstatement of cocaine seeking. It
revealed that a significant effect of stress (stressed and nonstressed control) (F1, 25
= 9.54; p < 0.01), a significant effect of reinforced side (active and inactive) (F1, 25
= 67.74; p < 0.001), and a significant effects of stress × reinforced side interaction
(F1, 25 = 6.92, p < 0.05).

Socially defeat stress during 10-d abstinence significantly increased cocaine
seeking (see Figure 18A), as confirmed by Bonferroni post hoc test (t=4.04;
p<0.001). Both stressed (t=7.99; p<0.001) and nonstressed (t=3.82; p<0.001)
mice nose poked more in the active side to the inactive side, which indicated
reinforcing effects of cocaine.

Experiment 8: Effects of social stress on reinstatement of cocaine seeking after 30
days of abstinence

Cocaine self-administration did not differ (see table 3) among mice that were later
assigned to stressed or nonstressed conditions after 30 days of abstinence in terms
of average (± SEM) number of infusions (23.22 ± 1.64 and 21.75 ± 0.71), number
of active nose-pokes (36.02 ± 1.62 and 32.98 ± 1.81), or inactive nose-pokes
(8.06 ± 0.74 and 6.36 ± 0.51).
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A two way ANOVA was performed to determine whether the social defeat stress
during the period of abstinence facilitates reinstatement of cocaine seeking. It
revealed that a significant effect of stress (stress and control) (F1, 27 = 8.68; p <
0.01), a significant effect of reinforced side (active and inactive) (F1, 27 = 48.50; p
< 0.001), and a significant effects of stress × reinforced side interaction (F1, 27 =
4.31, p < 0.05).

Bonferroni post hoc test suggested that mice with social defeat experience during
30-d abstinence showed increased cocaine seeking compared with non-stressed
mice (t = 4.04; p < 0.001; see Figure 18B). In addition, post hoc test revealed that
both stressed (t = 7.99; p < 0.001) and non-stressed (t = 3.82; p < 0.001) mice
nose poked more in the active side to the inactive side, which indicated
reinforcing effects of cocaine.

Experiment 9: Effects of social stress on reinstatement of seeking behavior in
cocaine naive mice

To study the specific effects of social stress on cocaine seeking, we employed a
separate saline self-administration cohort. Saline self-administration results
indicated that saline did not have any reinforcing effects, as mice did not show
any preference for the conditioned stimulus associated with saline injections. A
two way ANOVA revealed no effects of stress (F1, 23 = 0.21; p > 0.05), no effects
of reinforced side (F1,

23

= 0.77; p > 0.05), and no stress × reinforced side
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interaction (F1, 23 = 0.03, p > 0.05; Figure 18 C).
Cocaine training with 10 days abstinence
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Figure 18. Social stress escalated reinstatement of cocaine seeking. (A) Social
stress increased cocaine seeking, as measured by number of nose-pokes in the
cocaine associated device during the reinstatement of test after 10 days of
abstinence(stressed: n=7; nonstressed: n=6). (B) Persistent increased cocaine
seeking after repeated socially defeat under 30 days of abstinence (stressed: n=6;
nonstressed: n=8). (C) Social stress did not change responding on the previously
active side, the side previously associated with saline injections in mice with a
history of saline (cocaine naive, n=12) self-administration. *p<0.05, significant
difference from nonstressed controls. # p<0.05 significant difference from the
inactive side with the stress conditions.

88

VTA CRF and CRF R1 in stress-escalated cocaine taking and seeking
Aim 4: Effects of VTA-CRF and CRF R1 after social defeat stress during
abstinence on reinstatement of cocaine seeking

Experiment 10: VTA-CRF increased after repeated social defeat stress during
abstinence in cocaine experienced mice

Mice with a history of repeated stress during abstinence exhibit greater cocaine
seeking compared with nonstressed controls
Given the experimental design, all mice acquired cocaine self-administration
within 3 sessions. Cocaine self-administration did not differ among mice that
were later assigned to stressed or nonstressed conditions and 10-d or 30-d
abstinence conditions in terms of average (± SEM) number of infusions (19.84 ±
1.17 and 16.27± 0.68), number of active nose-pokes (29.73 ± 2.19 and 23.15 ±
1.70, or inactive nose-pokes (3.27 ± 0.87 and 3.94 ± 0.61).

Previously stressed mice demonstrated augmented cocaine seeking after forced
abstinence (Figure 19). Two-way repeated ANOVA revealed a significant
interaction of stress and reinforced side (F1, 23 = 8.31; p < 0.05), as well as a main
effect of stress (F1, 23 = 5.99; p < 0.05) and reinforced side (F1, 23 = 18.74; p < 0.01)
meaning that the effect of social stress specifically modulated responses on active
side. Bonferroni post hoc tests for multiple comparisons were then run to interpret
these significant interactions. Previous intermittent social defeat stress resulted in
significantly more nose poking responses on active side which was associated

89

VTA CRF and CRF R1 in stress-escalated cocaine taking and seeking
with cocaine upon return to the cocaine self-administration chamber compared
with nonstressed controls (p<0.05).
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Figure 19. Repeated intermittent social stress escalated cocaine seeking. (A)
Social stress increased cocaine seeking, as measured by number of nose-pokes in
the cocaine associated device during the reinstatement of test after force
abstinence (stressed: n=6; nonstressed: n=6). (B) Cumulative records of cocaine
seeking in control socially defeated mice. *p<0.05, significant difference from
nonstressed controls. # P<0.05 significant difference from the inactive side with
the stress conditions.

Heightened cocaine seeking in previously stressed mice is associated with
increased tonic and phasic CRF in the VTA
To characterize the effects of repeated social defeat stress during abstinence on
modulating CRF signaling in the VTA and how its effects influencing cocaine
seeking behavior, first we compared baseline samples from stressed group and
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non-stressed control group. We found that tonic levels of CRF were increased in
the stressed mice, based on baseline samples before the reinstatement test
comparing with nonstressed control group (p<0.01

see Figure 20).
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Figure 20. Role of CRF in the VTA after social stress during abstinence in cocaine
seeking. Microdialysis for CRF in the VTA revealed that, previously stressed
animals (n=4) showed a significantly greater average baseline concentration of
CRF compared with controls (n=4), there was also a phasic increase of CRF
throughout cocaine seeking. *p < 0.05 versus nonstressed control.

After the insertion of cocaine self-administration panel, phasic increase from
baseline in the VTA was observed in both previously stressed group and
nonstressed group. A two-way repeated-measures ANOVA of nanomolar

91

VTA CRF and CRF R1 in stress-escalated cocaine taking and seeking
concentrations revealed a significant main effect of stress (F1, 57 = 10.03; p < 0.05),
a significant main effect of time (F7, 57 = 3.09; p < 0.05), and a significant effect of
stress × time interaction (F7, 57 = 3.114, p < 0.05). Bonferroni post hoc tests
suggested that stressed mice exhibited a higher CRF release compared with
nonstressed controls across the reinstatement test (p<0.05; see Figure 20).
Diagrammatic representations of probe placements in the VTA and a Nisslstained tissue showing the location of the probe are presented in Figure 21 (three
mice with incorrect placement, one mice with inaccurate dialysate were excluded
from data analysis).

Figure 21. Placements of intra-VTA unilateral probes for the in vivo microdialysis
experiment. Left, each figure corresponds to a coronal section of the mouse brain
from -3.08 to -3.88 mm from bregma (Paxinos & Franklin, 2001). The dark bar
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represents the location of unilateral probes. Right, a photomicrograph of correct
placement after Nissl staining.

Experiment 11: Role of CRF R1 in the VTA after stress during abstinence in
cocaine seeking

The cocaine seeking observed in the stressed group was prevented by antagonism
of CRF-R1 in the VTA (Figure 22). Diagrammatic representations of probe
placements in the VTA and a Nissl-stained tissue showing the location of the
probe are presented in Figure 23 (one mice with incorrect placements were
exclude from data analysis). A two way ANOVA revealed a significant effect of
stress on cocaine seeking (F1, 23 = 6.89; p < 0.05), and a significant interaction
between stress and drug treatment was also observed (F1, 23 = 4.68; p < 0.05).
However, drug treatment effect is not significant (F1, 23 = 1.70; p = 0.21). As
shown in Figure 22, nose poke responses on the active side previously associated
with cocaine reinforcement were significantly reduced in animals treated with
CRF-R1 antagonist compared with those treated with aCSF (Bonferroni t = 2.45,
p<0.05).
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Figure 22. Intra-VTA microinjections of CRF R1 antagonist (CP 376,395; 1
μg/0.2μl/side) blocked stress-escalated cocaine seeking. The graph is split into the
treatment groups. The graph is split into the treatment groups. Left bars represent
stressed group. Right bars represent nonstressed control group. Lefts, groups from
left to right: aCSF (n=6), CP 1 μg/0.2μl/side (n=6). Right, groups from left to
right: aCSF (n=6), CP 1 μg/0.2μl/side (n=6). * p < 0.05 vs. Nonstressed + aCSF
group. # p < 0.05 vs. Stressed + aCSF group.
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Figure 23. Schematic portrayal of accurately placed intra-VTA sites. Left, each
figure corresponds to coronal sections of the mouse brain from -3.08 to -3.88 mm
from bregma (Paxinos & Franklin, 2001). Filled circles represent the location of
each bilateral cannulae. Right, a photomicrograph of correct placement after Nissl
staining.

Experiment 12

Dopamine release in the NAcSh underlies stress-escalated

cocaine seeking

Diagrammatic representations of probe placements in the NAcSh and a Nisslstained tissue showing the location of the probe are presented in Figure 24. We
found that tonic levels of dopamine were increased in the stressed mice, based on
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baseline samples before the reinstatement test comparing with nonstressed control
group (p<0.05

see figure 25).

Figure 24. Placements of intra-NAcSh probes for the in vivo microdialysis
experiment. Left, each figure corresponds to a coronal section of the mouse brain
from + 1.70 to + 1.10 mm from bregma (Paxinos & Franklin, 2001). Right, a
photomicrograph of correct placement after Nissl staining.

After the insertion of cocaine self-administration panel, dopamine release in the
NAcSh decreased significantly in both previously stressed mice. A two-way
repeated-measures ANOVA of nanomolar concentrations revealed a significant
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main effect of time (F18, 246 = 16.09; p < 0.001), and a significant effect of stress ×
time interaction (F36, 187 = 1.75, p < 0.05). Bonferroni post hoc tests suggested that
both stressed and nonstressed control mice exhibited a significant decrease across
time (p<0.05; see Figure 25). Interestingly, we found that dopamine release is not
correlated with cocaine seeking behavior (data are not shown), indicate that there
is a dissociation between cocaine seeking and NAcSh-dopamine release.
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Figure 25. Dopamine levels in the NAcSh before and during reinstatement test in
socially stressed (n = 7), and nonstressed control (n = 6) mice. All data are
represented as mean ± SEM; * p < 0.05 vs. controls.
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IV. DISCUSSIONS

Aim 1: Repeated intermittent social defeat stress escalated cocaine selfadministration and enhanced dopamine release in the NAcSh

The findings from the studies of aim 1 characterize specific social stress
conditions that escalate the rate of cocaine self-administration and intensify the
dopamine response in NAcSh to a stimulant challenge. The reinforcing effects of
cocaine are enhanced by previous exposure to a broader range of social stress
conditions than those that are necessary to increase alcohol drinking (Norman et
al., 2015). Although previous studies showed that social stress escalated
subsequent cocaine intake in rats, the current data represent the first evidence that
intermittent episodes of social defeat stress in male mice engender substantial
neuroadaptations in the mesolimbic dopaminergic system and persistently escalate
the rate of cocaine self-administration.

Social defeat stress experience can escalate drug seeking and lead to intense
cocaine taking in rats (Cruz, Quadros, Hogenelst, Planeta, & Miczek, 2011;
Miczek et al., 2011). For example, rats that experienced social defeat stress selfadministered more i.v. cocaine under a progressive ratio schedule and during
binge-like 24 h access (Covington, III & Miczek, 2001; Quadros & Miczek,
2009). While previous studies have focused on social defeat stress in rats, the
current study provides the first evidence identifying intermittent social defeat
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conditions (both mild and moderate stress intensities) that increase cocaine selfadministration at low unit doses in mice.

Although social defeat stress can interact with the reinforcing effects of cocaine,
episodes of social defeat stress escalate cocaine self-administration in a dosedependent manner, with 0.3 mg/kg/infusion showing the largest escalations in the
current study. These results are consistent with earlier findings in rats, which
demonstrated that mild social stress, in the form of non-injurious threats,
increased the rate of self-administration at low to moderate doses of cocaine (ca.
0.031-0.125 mg/kg/infusion) compared to controls (Miczek & Mutschler, 1996).
It is possible that the higher doses of cocaine could produce a ceiling effect, such
as dopamine release in the NAcSh, which overlaps with the potential stress
effects. These findings indicate that the stress-induced increase in cocaine intake
may be most prominent at lower unit doses that are part of the ascending limb of
the dose-response curve, which coincide with stress-induced dopamine release in
the NAcSh.

The intensity and duration of stress appear to be important parameters
determining the interaction between stress and cocaine self-administration.
Stressors, especially when acute, lead to increased cocaine self-administration
only within a limited range of intensities. For example, high intensity
unpredictable foot shocks increases the acquisition of cocaine self-administration
(Goeders & Guerin, 1994), but mild shocks do not (Ramsey & van Ree, 1993).
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Similarly, other physical stressors of very short duration, such as exposure to a
hot plate for 30 s before the self-administration session, fail to modify cocaine
intake (Ramsey & van Ree, 1993). Here we have designated these two intensities
as mild and moderate, respectively, in contrast to more severe procedures
(Golden, Covington, III, Berton, & Russo, 2011; Miczek, 1982). The present
study demonstrates that cocaine self-administration can be influenced by exposure
to either mild or moderate social defeat stress, suggesting that repeated social
defeat stress may induce neuroadaptations that are particularly important for
cocaine self-administration.

The mesolimbic dopaminergic system has been implicated in the rewarding
effects of drugs of abuse (Koob & Le Moal, 2001; Wise & Koob, 2014), as well
as in responses to aversive stress (Brischoux et al., 2009). The dopaminergic
projections from the ventral tegmental area (VTA) to the nucleus accumbens are
the key pathways in drug intake and stress (Nestler, 2005). In the present study,
we focused on the NAcSh, which has been postulated to be more important than
the core portion of the nucleus accumbens for drug reward (Ikemoto, Qin, & Liu,
2005; Pontieri, Tanda, & Di Chiara, 1995). For example, lesions of dopamine
terminals in the shell, but not in the core, can attenuate conditioned place
preference induced by i.v. administration of cocaine or d-amphetamine (Sellings,
McQuade, & Clarke, 2006; Sellings & Clarke, 2003). The current study shows
that episodic social defeat stress induced greater increases in extracellular
dopamine levels in NAcSh in response to an acute d-amphetamine challenge
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compared to controls. This coincides with escalations in cocaine selfadministration in defeated mice. This pattern may indicate that social defeat
stress induces neuroadaptation in NAcSh dopamine transmission, contributing to
the subsequently increased cocaine intake. It will be a future option to use cocaine
as a challenge. However, the use of amphetamine to demonstrate stress-induced
sensitization is congruent with ealier work (Yap & Miczek, 2007). Interestingly,
mice that experienced moderate defeat stress showed an even larger and longer
lasting increase in dopamine response after d-amphetamine challenge than those
who experienced less severe brief stress.

In line with the intensive research in rats (Covington, III & Miczek, 2005;
Schuurman, 1980), social defeat stress results in large increases in corticosterone
in mice (Norman et al., 2015). In particular, both mild and moderate social defeat
stress escalate corticosterone, without indication of habituation over the course of
repeated stress experiences (Norman et al., 2015). Moreover, after 10 days of
social defeat stress, moderate social defeated mice show an even greater plasma
corticosterone concentration compared to mild social defeat group (Norman et al.,
2015).

Previous studies demonstrate that corticosterone may interact with dopaminergic
systems. For example, corticosterone administration increases extracellular
dopamine concentration in the nucleus accumbens and induces dopamine
dependent locomotor activity (Piazza & Lemoal, 1996). Hence, it is possible that
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corticosterone released during social defeat stress may influence the activity of
dopamine neurons, which results in increased extracellular dopamine release in
NAcSh, and ultimately contributes to the stress-induced escalation of cocaine
intake.

In conclusion, the studies of aim 1 demonstrate that social defeat stress stimulates
mesolimbic dopaminergic activity, and increases cocaine self-administration in
male mice. While both mild and moderate social defeat stress increased low-dose
cocaine self-administration, moderate social defeat stress led to a higher and
longer dopamine release than mild defeat stress. These findings indicate that
stress intensity may be a critical factor in stress-induced drug use disorders. In
addition to the role of corticosterone-dopamine interactions in the mesolimbic
system during social defeat stress we are now investigating how extrahypothalamic corticotropin releasing factor (CRF) contributes to the stressescalated cocaine intake.

Aim 2: Roles of CRF in stress-escalated cocaine self-administration and CRF
release in the VTA after repeated episodes of social defeat exposure

The experiments from aim 2 demonstrate that repeated social stress results in long
lasting increased CRF release in the VTA and CRF R1 exerts multiple roles
during the initial reaction to social stress and during long-term neuroadaptations
that are relevant to escalated cocaine taking. Antagonism of CRF acting on
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receptor subtype 1 has proven effective in preventing and reversing social stress
effects on cocaine self-administration and reinstatement. Treatment with a CRF
R1 antagonist prior to each brief episode of social defeat stress prevents
subsequent escalated cocaine intake. More importantly, our study is the first one
to reverse stress escalated cocaine intake long after the stress experience. Our
findings show that antagonism of CRF R1 dose-dependently reverses social stress
effects when given prior to cocaine self-administration. We have begun to identify
critical neural sites for CRF action, and we found that intra-VTA antagonism of
CRF R1 is sufficient to reverse social defeat stress-escalated cocaine selfadministration.

Many types of stress activate the HPA axis, which triggers the PVN of the
hypothalamus to release CRF into the portal blood system of the pituitary. This
causes the secretion of adrenocorticotropic hormone (ACTH) from the anterior
pituitary (Rivier, Rivier, & Vale, 1982) and subsequently stimulates the
production of glucocorticoids from the adrenal cortex into the bloodstream.
Acutely, the HPA axis activation is adaptive, and promotes coping during and
after exposure to most stressors (McEwen & Gianaros, 2011). However,
excessive HPA axis activation could lead to a series of dysfunctions including
drug use disorders (Goeders, 2002a; Goeders, 2002b). Previous studies have
shown that social defeat stress can result in increased corticosterone level in
plasma (Manvich, Stowe, Godfrey, & Weinshenker, 2016; Norman et al., 2015),
suggesting that experience with social defeat stress affects HPA axis. CRF
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release, as the initial step in the activation of the HPA axis, plays a key role in
regulating neuroendocrine systems and is thought to be one of the key links
between the behavioral and physiological effects of stress and drugs of abuse
(Shaham et al., 2000). A previous study has shown that antagonism of CRF R1
attenuates footshock stress-induced reinstatement to drug seeking in rats (Shaham,
Erb, Leung, Buczek, & Stewart, 1998). The current study confirms (Boyson et al.,
2011) and extends it to show that systemic injection of a CRF R1 antagonist can
also prevent the escalation of cocaine intake after repeated social defeat stress in
mice. These findings indicate that CRF R1 is involved in the development of long
lasting neuroadaptation due to repeated episodes of social stress.

Our results demonstrate that stress effects not only can be prevented, but also can
be successfully reversed by CRF R1 antagonism. Previous studies have focused
on the role of CRF receptor antagonists in preventing the effects of social stress
(Boyson et al., 2014; Boyson et al., 2011) and other environmental stresses
(Robison et al., 2004). However, the current work investigates how to reverse
stress effects on cocaine self-administration after repeated social defeat stress
experience. To our knowledge, this is the first study showing that several weeks
after exposure to repeated social stress, systemic CRF R1 antagonist injection
prior to cocaine self-administration can reverse stress escalated cocaine selfadministration in mice, providing more translational evidence for the possible
treatment of stress induced cocaine use disorders.
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In addition to the HPA axis, stress results in CRF release and CRF receptor
activation in extra-hypothalamic pathways (Holmes, Heilig, Rupniak, Steckler, &
Griebel, 2003). CRF-like immunoreactivity has been identified in the neocortex,
extended amygdala, medial septum, hypothalamus, thalamus, cerebellum, and
autonomic midbrain and hindbrain nuclei (Charlton et al., 1987; Swanson et al.,
1983). Recent studies have drawn more attention to CRF signaling in the VTA.
Wang et al. (2005) demonstrated that acute foot shock stress (0.3-0.6 mA)
increases CRF within the VTA in rats (Wang et al., 2005). Consistent with foot
shock stress effects, both acute and repeated social stress promote CRF release
within the posterior VTA in rats (Holly et al., 2016). Such evidence suggests that
CRF efflux in the posterior VTA sub-region is triggered by exposure to stress and
maybe essential for coping with stress. The present results demonstrate that intraVTA antagonism of CRF R1 is sufficient to reverse social defeat stress-escalated
cocaine self-administration, suggesting that activation of CRF R1 after repeated
social defeat stress also exerts physiological and behavioral effects like
heightened vulnerability to cocaine self-administration via extra-hypothalamic
system, particular in the VTA (Miczek et al., 2008).

Activation of both CRF R1 and CRF R2 in the VTA contributes to the escalation
of cocaine “binge” taking in rats that have experienced brief episodes of social
defeat stress (Boyson et al., 2014), while the present study focuses on the CRF R1
since only CRF R1 mRNA is identified in mouse VTA (Van Pett et al., 2000).
Compared to CRF R2, CRF R1 has been hypothesized to be more relevant in

106

VTA CRF and CRF R1 in stress-escalated cocaine taking and seeking
stress-induced drug use disorders (Koob, 2010). Blacktop et al. demonstrated that
intra-VTA microinjections of CRF R1 antagonists, but not CRF R2 antagonists,
decreased foot shock-induced reinstatement of cocaine seeking in rats.
Additionally, reinstatement effects can be induced by intra-VTA injections of a
CRF R1 agonist, but not by a CRF R2 agonist (Blacktop et al., 2011). Due to the
key role of CRF R1 and its distribution pattern in the VTA, the current study
focuses on the role of CRF R1 in stress-escalated cocaine taking in mice.

Dopaminergic neurons in the VTA are critical to the reinforcing effects of drugs
of abuse (Koob & Volkow, 2010). Drugs that are abused by humans have been
proposed to share the property of evoking a dopamine surge in the NAc (Di
Chiara & Imperato, 1988). Cocaine elevates dopamine in the NAc by blocking the
uptake of dopamine through the dopamine transporter and this mechanism of
action is correlated with their effectiveness as reinforcers (Ritz, Lamb, Goldberg,
& Kuhar, 1987). Moreover, optogenetic self-stimulation of dopamine neurons of
the VTA is sufficient to drive the progression with a relatively rapid time course
from recreational drug use to compulsive use (Pascoli, Terrier, Hiver, & Luscher,
2015). Taken together, these studies demonstrate that activation of the mesolimbic
dopamine reward system originating in the VTA is closely associated with drug
use disorders.

Abundant evidence suggests that an interaction between CRF and dopamine
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system may result in the stress-escalated cocaine self-administration. Our work
targets CRF R1 in the VTA and demonstrates that intra-VTA CRF R1 antagonist
can block stress escalated cocaine intake. These findings indicate that CRF in the
VTA may modulate dopamine signaling that subsequently influence drug taking.
In addition, previous studies have shown that intra-VTA antagonism of CRF
receptors can prevent stress increased dopamine release from NAcSh (Boyson et
al., 2014) and stress escalated cocaine self-administration during a 24 h “binge”
(Boyson et al., 2014; Boyson et al., 2011). At the cellular level, CRF increases
action potential firing rate in VTA dopamine neurons via CRF R1 and involving a
protein-kinase-C

dependent

enhancer

Ih

(Korotkova,

Brown,

Sergeeva,

Ponomarenko, & Haas, 2006; Wanat, Hopf, Stuber, Phillips, & Bonci, 2008). This
evidence indicates that CRF can regulate dopamine neurons through its receptors.

In summary, experiments from aim 2 confirm and extend the roles of CRF R1 in
stress escalated cocaine self-administration, indicating that CRF R1 can be a
target for either blocking or reversing stress effects. Importantly, we demonstrate
that CRF within the VTA has increased after repeated social defeat stress, which
is responsible for the later escalated cocaine self-administration. The current study
starts to explore CRF-dopamine interactions by targeting CRF receptors in the
one of the sources of dopamine, namely the VTA. For future studies, the precise
interactions of CRF and dopamine systems need to be further investigated by
targeting at the specific CRF and dopaminergic neurons by using the ontogenetic
or chemogenetic approach, which perhaps ultimately elucidating the neural
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mechanisms of stress induced drug use disorders.

Aim 3: Repeated intermittent social stress during abstinence increased the
reinstatement of cocaine seeking in mice

In this study, our primary aim was to investigate whether exposure to stressful
environment during abstinence would increase cocaine seeking in mice in a
reinstatement model. Our findings demonstrated that repeated social defeat stress
during abstinence facilitated cocaine seeking in mice. This stress effect was long
lasting, as it still existed when the abstinence period was prolonged to 30 days. In
addition, our findings indicated that social stress experience only affected
responding that was previously reinforced by cocaine infusions, but not nonreinforced responses (e.g. when nose pokes led to saline infusions). To our
knowledge, this is the first preclinical study manipulating social stress experience
during abstinence and demonstrating that repeated social stress can enhance
subsequent cocaine seeking behavior in a mouse model.

Reinstatement models were developed to study some features of relapse-like
behavior in the preclinical field. Environmental factors involved in vulnerability
have largely focused on the role of different kinds of stress. Exposure to novelty
stressor increases the propensity to develop initial intravenous drug selfadministration (Piazza & LeMoal, 1996) and can also facilitate reinstatement of
drug self-administration after extinction (de Wit & Stewart, 1981; Shaham,
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Rajabi, & Stewart, 1996; Stewart & Vezina, 1987). However, many reinstatement
studies focus on acute stress such as foot shock and its effects on reinstatement of
drug seeking in animal models, whereas the stressors that addicts experience are
usually repeated and chronic. Thus, the findings from reinstatement animal
models may have limited translational value to the clinic.

The goal of the current study is to establish a mouse model for stress-escalated
cocaine seeking with higher face validity. Exposure to stress during abstinence is
known to trigger relapse in addicts (Sinha, 2008), yet there is little preclinical
evidence demonstrating this phenomenon. To closely mimic this kind of stress
experience in the addicts, cocaine experienced mice were socially defeated during
the period of drug abstinence and they subsequently showed higher cocaine
seeking responses compared to nonstressed controls. Under short access to
cocaine, these mice did not become drug dependent, still the current findings
indicate that social stress can increase the propensity to reinstate drug seeking.
Moreover, our findings suggest that social stress experience during abstinence
play a long-lasting role in escalating cocaine seeking even after a 30-d period.

A separate cohort of mice was allowed to self-administer saline, and subsequently
were socially defeated during abstinence. Presentation of aversive defeat
experiences did not influence saline seeking in mice with a saline selfadministration history, but only increased cocaine seeking in cocaine experienced
mice. This finding reduces the possibility that increased cocaine seeking is driven
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by the presence of cue light, and it indicates that the specificity of social stress
effects on drug-associated behaviors.

In conclusion, repeated intermittent social stress exposure during abstinence
results in a persistent and specific increase in cocaine seeking. These findings
suggest that manipulations of social stress during abstinence can provide a higher
face validity to study stress-induced drug reinstatement and lay the foundation for
future work investigating its neurobiological underpinnings.

Aim 4. Roles of CRF and CRF R1 in stress-escalated cocaine seeking

The current studies show that CRF and CRF R1 in the VTA may contribute to
social stress increased cocaine seeking. Repeated social defeat stress resulted in
increased CRF release in the VTA and blockade of CRF R1 in the VTA reversed
escalated cocaine seeking, suggesting that CRF in the VTA mediating stress
effects through R1 receptors. Concurrent with the stress-induced changes in
behavior and CRF system, repeated intermittent social stress leaded to augmented
dopamine release in the NAcSh. However, dopamine release in the NAcSh
dropped gradually across the reinstatement of cocaine seeking test.

Stress appears to increase the vulnerability to addiction in humans (Sinha, 2008).
Substantial studies have demonstrated that stressors can enhance drug selfadministration and induced relapse-like behavior in rats (Mantsch, Baker, Funk,
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Le, & Shaham, 2016; Miczek et al., 2008). However, manipulation of social stress
during the period of drug abstinence and exploring its effects on modulating drug
relapse-like behaviors is totally neglected in preclinical studies. To reveal the
roles of stress in a mouse model of drug use disorders in different phases, in aim 3
we manipulated social defeat stress during abstinence and showed that repeated
intermittent social defeat stress increased cocaine-seeking behaviors in cocaine
experience mice. It provides a robust model for further investigating the
underlying mechanisms that mediate the interaction between stress and cocaine
seeking.

CRF signaling is activated and elevated in the VTA after repeated social defeat
stress exposure, which is in concordant with two previous findings demonstrating
that acute footshock stress increases CRF within the VTA (Wang et al., 2005) and
acute social defeat stress escalates extracellular CRF in the posterior VTA (Holly
et al., 2016). The current study found CRF tone elevated in the VTA one day after
the last episode of social defeat stress. To our knowledge, this is the first paper
demonstrates that repeated social defeat stress persistently increase extracellular
CRF in the VTA in mice.

Holly et al. (2016) showed neither stressed nor nonstressed rats exhibited phasic
change in VTA CRF during the reinstatement test (Holly et al., 2016). By contrast,
the current study demonstrated that CRF levels in the VTA increased over the
course of the test, particularly in the first one hour. The difference could be
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attributed to the different manipulations of social stress. In our study, mice
experienced social defeat stress during abstinence phase, when the shifts in CRF
activity within the VTA during forced cocaine abstinence may combine with
repeated social stress. Hence, stress exacerbates the drug seeking, and
significantly increases both tonic and phasic extracellular CRF. This increased
CRF perhaps could be due to the recruitment of previously silent CRF neurons
(George, Le, & Koob, 2012), or increased vesicular storage or increased firing
rate of CRF neurons located in, projecting to, or passing through the VTA (van
den Pol, 2012), or increased CRF production and somatodendritic release from
CRF neurons within the VTA itself (Grieder et al., 2014) during abstinence period
and reinstatement test. Besides, a conditioned response to anticipate a reward
during reinstatement test may also contribute to the elevated CRF tone. It is worth
mentioning that in Holly et al.’s study, they differentiate the subregions of the
VTA in rats, however, in the current study, it is hard to study the subregions of
the smaller VTA in mice in terms of employing microinjection or microdialysis
techniques.

Consistent with previous pharmacological studies, manipulations of CRF release
in the brain, like microinjection of CRF, its agonist or antagonist into specific
brain

regions,

can

influence

drug

self-administration,

withdrawal

and

reinstatement of drug seeking behaviors (Huang et al., 2010; Rassnick, Heinrichs,
Britton, & Koob, 1993; Wang et al., 2005). For example, direct perfusion of
exogenous CRF into the VTA reinstated responding on the previously active level,
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and this effect was blocked when CRF was co-perfused with the CRF antagonist
α-helical CRF (Wang et al., 2005). In agreement with current findings,
reinstatement of cocaine seeking is mediated by CRF release in the VTA.

More CRF receptors studies have shown that either CRF R1 or CRF R2
antagonism can prevent maladaptive behaviors and neurochemical responses
caused by stressful encounters in rats (Boyson et al., 2014; Cooper & Huhman,
2007; Heinrichs, Pich, Miczek, Britton, & Koob, 1992; Jasnow, Banks, Owens, &
Huhman, 1999; Jasnow, Davis, & Huhman, 2004). However, there are conflicting
reports in the literature on the involvement of CRF receptor subtypes within the
VTA in the interaction between stress and cocaine addiction-like behaviors. Some
have reported that CRF R1, but not CRF R2, are required for stress-induced
reinstatement

of

cocaine

seeking.

They

demonstrated

that

intra-VTA

microinjection of CRF R1 antagonists, but not CRF R2 antagonists, decreased
foot shock-induced cocaine seeking in rats. Additionally, reinstatement effects
can be induced by VTA injections of a CRF R1 agonist, but not by a CRF R2
agonist (Blacktop et al., 2011). While others have found both CRF R1 and R2 are
relevant in stress-induced cocaine addiction-like behaviors (Boyson et al., 2014).
These discrepant findings may be attributed to divergent CRF R1 and R2
distributions in different strains of animals and functional heterogeneity of CRF
signaling in the VTA.
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Due to the lack of CRF R2 distribution in the VTA in mice (Van Pett et al., 2000),
the current study focuses on the CRF R1 and reveals that CRF R1 is critical in
stress escalated cocaine seeking. The finding showed intra-VTA CRF R1
antagonism microinjection prior to reinstatement test reversed escalated cocaine
seeking, which is in agreement with our aim 2 study regarding the CRF R1 in
stress escalated cocaine self-administration. These results add to the growing
literature that CRF R1 is not only involved in preventing stress induced cocaine
taking and seeking (Blacktop et al., 2011; Boyson et al., 2011; Sarnyai, Shaham,
& Heinrichs, 2001), but also in reversing the stress effects on maladaptive drug
taking and seeking. Combined with the CRF signaling in the VTA, these findings
suggest that social stress can cause long-term neuroadaptations involving both
CRF and CRF R1 in the VTA, which may interpret the vulnerability in
reinstatement of cocaine seeking behaviors.

We confirm previous findings that prior exposures to certain types of stressors
induced augmented dopamine release in the NAcSh (Boyson et al., 2014; Holly,
Shimamoto, DeBold, & Miczek, 2012; Miczek et al., 2011). Enhanced dopamine
release in the NAcSh is possibly the result of neuroadaptations stemming from the
repeated activation of VTA dopamine cells during each defeat. Social defeat,
restraint, and footshock stress all result in persistent increases in burst firing in
VTA dopamine neurons (Anstrom et al., 2009; Anstrom & Woodward, 2005;
Brischoux et al., 2009). Dopaminergic VTA neurons express mRNA for CRF R1
(Ungless et al., 2003; Van Pett et al., 2000), so CRF may be playing a role in
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VTA dopamine cell activation. Increased CRF release in the VTA may impact on
these dopamine neurons projecting to NAcSh. At such, repeated activation of
dopamine neurons via CRF in the VTA may drive the increased tonic level of
dopamine in the NAcSh after repeated intermittent social stress.

In agreement with the literature, our study showed that elevated tonic dopamine
level in the NAcSh is associated with exposure to aversive stimuli, like social
defeat stress experience during abstinence. However, when nose pokes resulted in
no reinforcements during the reinstatement test, the dopamine release in the
NAcSh started to decrease in both stressed and nonstressed groups. The NAc and
its dopaminergic inputs from the VTA have long been considered to serve as an
anatomical substrate of behaviors related to motivation and reward, possibly
relevant to hedonia (Koob & LeMoal, 2001; Wise, 1998). Previous findings
indicate that increased dopamine transmission in the NAcSh is a major
neurochemical trigger for cocaine priming-induced reinstatement of cocaineseeking behavior (Anderson, Bari, & Pierce, 2003; Anderson & Pierce, 2005;
Bachtell, Whisler, Karanian, & Self, 2005). Since dopamine release in the NAc is
associated with reward-related states, during the withholding of expected reward,
dopamine release could phasically decrease in the NAc (Biesdorf et al., 2015).
These may explain the dopamine drop during the reinstatement test. Additionally,
studies have suggested that VTA DA neurons (input from the dorsolateral
tegmentum) projecting to lateral NAcSh mediate positive reinforcement (Lammel
et al., 2012), while DA cells (input from the lateral habenula) project to mPFC are
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responsible for aversive stimuli (Lammel et al., 2012; Gunaydin et al., 2014).
Since there was no reinforcement during cocaine seeking test, the VTA-prefrontal
cortex (PFC) pathway may be more relevant for modulating cocaine-seeking
behavior. For example, dopamine transmission in the VTA-dorsal medial PFC
also contributes to the reinstatement of drug seeking (Kalivas & McFarland 2003;
Bossert et al., 2005; Schmidt et al., 2005). Future studies are needed to measure
dopamine release in other brain regions, particularly the PFC, to further test this
hypothesis.

To sum up, social stress-facilitated cocaine seeking due to escalated tonic CRF in
the VTA, and CRF plays a role through CRF R1, with the evidence that CRF R1
antagonist block social stress effects on cocaine seeking. Moreover, decreased
dopamine is concurrent with no expected reward, which compensates with the
increased dopamine after repeated social defeat stress. This work complements a
growing literature implicating the roles of VTA-CRF in stress escalated cocaine
self-administration

and

seeking

in

animal

models.

Although

previous

pharmacological studies and the current study have shown the CRF mechanism
underlie the stress facilitated drug self-administration and seeking, future studies
need to employ identify CRF-containing projections to the VTA and manipulate
the circuits to further modulate stress-induced drug use disorders.

General Discussion
Cocaine self-administration model
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Elucidating the roles of social stress in drug use disorders is a hallmark feature of
the current dissertation. These experiments investigate social stress and explore its
effects on cocaine taking and seeking in mouse models. On one hand, I establish
robust social stress mouse models in cocaine use disorders, as stressed mice
showed dysfunctional behaviors in terms of cocaine taking and seeking. These
models provide possibilities to further identify neural mechanisms that could be
targeted for treatment. On the other hand, as we know that drug taking and
seeking are not equal as drug use disorders. Even mice voluntarily self-administer
cocaine; it is unclear whether these animals are addicted to the drug, in particular
under a short cocaine self-administration period. In employing an operant drug
self-administration model to study social stress effects on cocaine selfadministration and seeking, we may need to be cautious when translating these
findings to clinical research.

According to the DSM-5, people suffer from drug use disorders are not just taking
of drugs but compulsive drug use maintained despite adverse consequences for
users. This kind of pathological behavior appears only in a small proportion (15 to
17 %) of those using drugs (Warner, Kessler, Hughes, Anthony, & Nelson, 1995).
One previous science paper explored the three of the essential diagnostic criteria
for addiction in rats and proposed addiction-like behaviors can be observed in
rodents (Deroche-Gamonet et al., 2004). In that experiment, rats were allowed to
self-administer cocaine for 3 months. During the prolonged self-administration
period, they evaluated the three addiction-like behaviors including persistence in
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drug seeking, extremely high motivation to take the drug and resistance to
punishment. Strikingly, rats that met all three positive criteria represented 17% of
the entire sample (n=58) (Deroche-Gamonet et al., 2004), which is similar to the
percentage of human cocaine users diagnosed as addicts (Warner, Kessler,
Hughes, Anthony, & Nelson, 1995). Since addiction-like behaviors appear only
after extended access to cocaine, the degree of exposure is one variable in
contributing addiction. Beside, rats showing no addictive like behaviors did not
differ from those which met three criteria in terms of intake of cocaine during the
entire self-administration period or sensitivity to the unconditioned effects of the
drug (Deroche-Gamonet et al., 2004). Those data indicate the degree of
vulnerability in the exposed individuals. Another report came out in the same year
also demonstrated that prolonged cocaine-taking history resulted in compulsive
cocaine seeking (Vanderschuren & Everitt, 2004). In that study, the finding
showed that cocaine seeking can be suppressed by presentation of an aversive
conditioned stimulus, but after extended cocaine-taking history, drug seeking
becomes impervious to adversity. Besides, persistent cocaine seeking in the
presence of signals of environmental adversity after a prolonged cocaine-taking
history was not due to impaired fear conditioning nor to an increase in the
incentive value of cocaine, and may reflect the establishment of compulsive
behavior (Vanderschuren & Everitt, 2004). Unfortunately, neither of those papers
considered other factors (like stress), which also determine the development of
addiction based on clinical findings (Brewer, Catalano, Haggerty, Gainey, &
Fleming, 1998).
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Individual differences in the stress response
This dissertation investigated the roles of social stress in escalating cocaine selfadministration and seeking, however, it did not characterize the individual
differences in stress responses. Most humans who experience trauma, loss or
persistent adversity do not become ill (Hyman 2007). Hence, it is important to
understand the mechanisms that contribute to adaptive and resilient responses as
opposed to susceptibility to illness.

Krishnan et al. (2007) investigated the mechanism of resilient versus susceptible
responses to stress using a social defeat stress model in mice. They found that in
mice susceptible to social defeat, expression of brain-derived neurotrophic factor
(BDNF) increases in the VTA. Recently, several members of the WNT
(Wingless)-DVL signaling cascade, including phospho-GSK3β (glycogen
synthase kinase-3β), show significant downregulation in the NAc of susceptible,
but not resilient, mice, demonstrating concerted regulation of this pathway in the
NAc due to social defeat stress (Wilkinson et al., 2011).

In addition, individual differences to social stress may be predictive of subsequent
cocaine self-administration. One previous study from our laboratory has shown
that latency to enter a threatening environment is highly predictive of the
subsequent stress-escalated cocaine self-administration in rats (Boyson et al.,
2016). Specifically, rats with a short latency to enter a threatening environment
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self-administer cocaine at a higher rate and accumulate more cocaine infusions
during a 24-h binge than rats with a long latency to enter the threatening
environment.

Although this dissertation demonstrated social stress escalated cocaine selfadministration and seeking in male mice without characterizing the individual
differences in stress response, future studies need to consider individual
differences when developing and implementing animal models to capture a
human condition in stress-related drug use disorders.

CRF-R1 antagonists
Another hallmark feature of these experiments is that brain penetrant-CRF R1
antagonists have therapeutic potential for stress-escalated cocaine taking and
seeking. These results are in agreement with other animal literature, as substantial
preclinical studies have demonstrated fairly consistent effects of CRF R1
blockade on stress-mediated behaviors, like anxiety and depression (Holsboer &
Ising, 2008), and drug use disorders (Heilig & Koob, 2007; Mantsch et al., 2016;
Shaham et al., 1997; Zorrilla, Heilig, de, & Shaham, 2013).

These and other preclinical findings with CRF R1 antagonists drive a substantial
studies start to find the clinical translation of the preclinical results. The first CRF
R1 antagonist study in humans employed R121919, which showed promise in
depression (Zobel et al., 2000). However, it was terminated because of safety
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issues widely shared by first-generation CRF R1 antagonists. Later on, CRF R1
antagonists with improved safety followed, but yielded negative results both in
depression (Binneman et al., 2008) and anxiety disorders (Coric et al., 2010).
Since early CRF-R1 antagonists did not have drug-like physiochemical and
pharmacokinetic properties and they were just too lipophilic and showed poor oral
bioavailability (Chen, 2006; Koob & Zorrilla, 2010), intense medicinal chemistry
efforts have synthesized compounds with more favorable properties. Some nonpeptide CRF-R1 antagonists with favorable properties are GW876008/emicerfont
(Di et al., 2008), MPZP (Richardson et al., 2008; Specio et al., 2008), BMS-562,
086/pexacerfont (Gilligan et al., 2009; Zhou, Dockens, Liu-Kreyche, Grossman,
& Iyer, 2012), and NBI-77860/verucerfont (Tellew et al., 2010).

Recently, two clinical studies evaluated the effects of CRF R1 antagonists
including pexacerfont and verucerfont (Kwako et al., 2015; Schwandt et al.,
2016), on a battery of experimental outcomes in alcohol use disorders. Both of
them have failed to demonstrate the efficacy of CRF R1 antagonists in treating
alcohol use disorders. Specifically, the drug, BMS-562, 086, trade name:
pexacerfont, was synthesized by Bristol-Meyers Squibb and was shown to have
good bioavailability in rats, dogs, and chimpanzees, with considerable promise for
clinical trials (Zhou et al., 2012). However, the first clinical trial with pexacerfont
in anxious alcoholics proved ineffective at reducing EtOH craving after stressful
or EtOH-related cues using functional magnetic resonance imaging (fMRI)
responses to EtOH stimuli (Kwako et al., 2015). Since the binding kinetics and
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the time constant of dissociation from the receptor (‘off-rate’) are major
determinants of CRF R1 receptor antagonist efficacy (Fleck, Hoare, Pick,
Bradbury, & Grigoriadis, 2012), it is possible that the slow-rate mechanism of
verucerfont contributed to its lack of efficacy. Therefore, the second study
evaluated the effects of pexacerfont on stress-induced alcohol craving and on
brain responses to aversive stimuli in treatment-seeking women with anxious
alcohol dependence (Schwandt et al., 2016). Unfortunately, this drug still did not
suppress alcohol craving or negative emotionality in patients (Schwandt et al.,
2016).

Why does the CRF R1 fail in the translation from preclinical to clinical research?
There are a couple of possibilities that may explain why promising medications
do not work in the clinic. Firstly, the human laboratory model and the laboratory
animal model are not exactly the same in terms of evaluating efficacy of the
drugs. For example, those clinical studies did not directly evaluate the
effectiveness of pexacerfont or verucerfont on alcohol drinking directly, so testing
alcohol craving in abstinent alcoholics may also have considerable translational
value, like rat models of stress-induced EtOH seeking. However, the lever press
or nose poke responses in rodents are not necessarily comparable to feelings of
craving in human drug users.

Secondly, the stress manipulations used in the human laboratory are different
from the stressful experiences which drug users encounter in their life. Even the
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methods (presentation of negative pictures) used to induce stress were
standardized, but it is not clear that it causes the levels of anxiety, craving, or
physiological stress responses in their non-laboratory life. Addiction is a dynamic
process that moves through cycles of maladaptive behaviors, all of which distort
homeostatic stress mechanisms (Koob & Volkow, 2010). The effectiveness of
medications for alcohol use disorders may vary both across individuals and also
within individuals at different times (Heilig, Warren, Kunos, Silverman, &
Hewitt, 2011; Koob, 2010; Koob & Zorrilla, 2010; Logrip, Zorrilla, & Koob,
2012).

Lastly, the two clinical studies with negative findings are all dealing with
alcoholic patients. So far, there are still no clinical studies evaluating the effects
of CRF R1 antagonists in psychostimulant or opiate use disorders. Particularly,
whether CRF R1 antagonists can block stress-escalated drug taking or seeking
requires further verifications in clinical research.

Sex differences in stress-induced drug use disorders
Lastly, I need to point out that this dissertation was conducted in male mice only.
One of the previous studies from our laboratory has suggested that female rats
exhibit a longer “binge” pattern than males after social stress experience (Holly et
al. 2012). Other studies have also shown that female rodents are more susceptible
to drug craving (Robbins et al., 1999; Kennedy et al., 2013) and reinstatement of
drug seeking (Kippin et al. 2005). In humans, although men are more likely than
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women to use almost all types of illicit drugs (Substance Abuse and Mental
Health Services Administration, 2016), women are more likely to engage in
“binge” like patterns (O’Brien and Anthony 2005). Based on the emerging
evidence, it is imperative to study sex differences in preclinical research in future
studies, which providing more effective treatments for drug dependence and
addiction tailored to women and men respectively.

To sum up, our experiments demonstrated that CRF R1 antagonism could block
social stress escalated cocaine taking and seeking in male mice, indicating CRF
R1 may be a potential target to treat stress escalated cocaine taking and seeking in
humans. One remarkable characteristic of the current studies is that we employ
social stress to model the stressful events in rodents. Previously, most studies
employ footshock, restraint stress or others artificial stressors, however, such
stressors do not have a direct counterpart in human society and cannot mimic the
common stress that human beings may encounter in their daily lives. As a
consequence, the previous results based on those stressors can hardly provide
convincing clinical guidance. By implanting social stress in mouse models, our
findings have more validity to the clinic. In addition, we focused on studying the
repeated stress effects on cocaine intake and seeking, instead of the effects of
rapid or acute stress. These manipulations are more similar as the addicts
experience in their non-laboratory life. Our findings not only show that CRF R1
antagonism is effective in protecting against stress-induced cocaine relapse-like
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behavior, but also on reducing escalated cocaine taking after a prior history of
social stress experience.
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