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ABSTRACT OF THE THESIS

Chronic Stress and Extended Access to Cocaine Produce Increased Drug Intake:

Involvement of k-opioid Receptor Activation
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The transition from recreational cocaine use to drug addiction (aka "drug

dependence™) is thought to be a result of the dysregulation of brain reward and stress

Xi



systems. The present studies examined the participation of k-opioid receptor activation
in the escalation of cocaine intake produced by either extended-access to cocaine or
stress.

Part 1: Dynorphin is a neuropeptide that activates k-opioid receptors to produce
negative emotional states (e.g., dysphoria) associated with cocaine dependence.
Injection of norbinaltorphimine (norBNI), a k-receptor antagonist, attenuated cocaine
intake in rats allowed extended access (6 h/day). These findings indicate a functional
role of k-receptors in cocaine dependence and implicate k-receptors as a potential
therapeutic target.

Part 2: Chronic mild stress (footshocks: 0.5 mA, 20 min/session: 10 min after
each hour of self-administration) during cocaine self-administration sessions (2 h/day)
produced a significant escalation in cocaine intake in rats. This data suggests that
stress is a factor that contributes to drug addiction. Western blot analysis revealed that
in the nucleus accumbens (NAc) core, phosphorylation of GluR1at serine 845 was
significantly decreased in stressed subjects in comparison to non-stressed subjects and
in the NAc shell, phosphorylation of ERK1/2 was increased in subjects undergoing
cocaine withdrawal.

Extended access to cocaine as well as exposure to stress are environmental
factors that have each been shown to cause increased cocaine intake, which can be

indicative of a transition to drug addiction.
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Introduction

1. Cocaine and Addiction

Cocaine is a potent reinforcer with a high abuse potential. Like many drugs of
abuse, addiction to cocaine can result in an individual seeking and taking the drug
even at a high cost to the addicted individual, his family, and to society. In the
European Union, cocaine use has increased dramatically in the past decade (Hoare and
Moon, 2010). In the United States, there are approximately 1.4 million current
(previous month) cocaine users (National Survey on Drug Use and Health , 2011). In
2009, it was estimated that 422, 896 emergency department visits were related to
cocaine (Substance Abuse and Mental Health Services Administration, 2011).
However, most recreational cocaine users do not become cocaine addicts. Studies have
approximated that 15.6% (29 million) of the U.S. adult population will engage in
nonmedical or illicit drug use at some time in their lives but approximately 19% (5.4
million) of those who had used drugs will go on to acquire addiction to illicit drugs
(Grant and Dawson, 1998; Grant et al, 2004). In the transition from recreational
cocaine use to addiction, cocaine users will spend progressively more time and effort
to chase the euphoria associated with cocaine that continually decreases with repeated
use (Ahmed et al, 2002). In order to be able to properly treat and, possibly, prevent
cocaine addiction, it is necessary to know how cocaine administration affects and
dysregulates brain neurocircuitry.

Drug addiction (also referred to as “substance dependence”) is defined as a

maladaptive pattern of substance abuse leading to clinically significant impairment or



distress, as manifested by three (or more) of the following occurring at any time in the
same 12-month period ("Diagnostic and Statistical Manual of Mental Disorders:
DSM-IV-TR," 2000):
1. Tolerance, which is defined by either of the following:
(a) the progressive need for higher drug doses to produce a desired
effect which results in an escalation of drug use
(b) markedly diminished effect with continued use of the same amount
of substance.
2. Withdrawal, as manifested by either of the following:
(a) emergence of characteristic withdrawal symptoms for the
substance, or
(b) the same (or closely related) substance is taken to avoid or relieve
withdrawal symptoms.
3. The substance is often taken in larger amounts and/or over a longer period
than intended.
4. Unsuccessful efforts to cut down or control substance use.
5. A great deal of time is spent in trying to obtain the substance, use the
substance, or recover from its effects.
6. Important social, occupational, or recreational activities are reduced or

sacrificed due to substance use.



7. Substance use is continued despite understanding of the persistent physical
or psychological problems that are likely to have been caused or exacerbated
by the substance.

Cocaine is a psychostimulant drug that blocks dopamine reuptake on the
central nervous system and leads to increases in synaptic dopamine levels. Dopamine
is a neurotransmitter originally considered to mediate reward, but recent research has
shown that it is not only associated with appetitive stimuli but also aversive stimuli
and that instead of processing reward, it might be more involved in the attribution of
incentive salience and learning processes associated with positive and negative
reinforcement (Berridge, 2007). When dopamine is released by neurons in response to
salient stimuli (e.g., the taste of palatable food), it is recycled back into the pre-
synaptic neuron through the dopamine transporter (DAT). DATs and dopamine D2
autoreceptors work together to limit synaptic dopamine levels via rapid dopamine
reuptake and negative feedback regulation, respectively (Bello et al., 2011). However,
cocaine prevents dopamine from being recycled by blocking DATS, which leads to
excessive amounts of dopamine in the synapse, which amplifies the message to and
response of the post-synaptic neuron. It is believed that this excess of synaptic
dopamine is responsible for the hedonic effect (the "high”) of cocaine ("Drug Facts:
Cocaine," 2010). With chronic use, cocaine has been shown to cause long-term
changes in the brain reward and stress systems, and these neuroadaptations are
hypothesized to cause the development and maintenance of escalated drug intake

associated with cocaine addiction (Edwards and Koob, 2010).



Addiction can be viewed as the end result of a transition from recreational drug
use to excessive, compulsive drug use, which is a defining feature of addiction
(Ahmed and Koob, 1998). Many factors can contribute to this transition: route of drug
administration, availability, genetic makeup, history of drug use, and stress (Koob and
Le Moal, 1997). Thus, it is critical to understand which neuroadaptive changes are
associated with recreational drug use and the loss of behavioral control over drug-
seeking and drug-taking seen in addiction. ldentifying these neuroadaptive changes is
critical, not only in understanding addiction but also for the development of
therapeutic targets for the treatment of the addiction.

1.1 Studying Drug Addiction with the Rat Model

It is difficult to study the cause of drug addiction using only human subjects
because of polydrug use, failure to comply, and individual differences. With these
limitations in mind, it has been advantageous to model certain aspects of addiction
using animal models (Hyman, Malenka, and Nestler, 2006). Drug self-administration
in animals is often used to investigate the reinforcing properties of drugs of abuse and
has shown that cocaine is an effective reinforcer in both humans and animals (Goeders
and Guerin, 1994). Cocaine is readily self-administered by humans, monkeys, and rats
(Koob and Bloom, 1998).

In these models, drug availability is a determining factor in the transition from
stable drug intake to excessive drug intake. When rats are maintained on a restricted 1-
hour access (short access; ShA) to self-administer intravenous cocaine, drug intake

remained low and stable. In contrast, rats that are given extended drug availability by



being maintained on a 6-hour access (long-access; LgA) to cocaine display escalation
of drug intake over days (Ahmed and Koob, 1998). LgA rats also display increased
intake early in the session, sustained intake over the session, and an upward shift in the
dose-effect function, suggesting an increase in the hedonic set point (Koob and Kreek,
2007). This phenomenon is also observed in humans where increasing drug
availability can trigger escalation of stimulant consumption (Wikler, 1952). Human
cocaine addicts have been shown to self-administer cocaine to the extent of their funds
and drug availability and within the limits of tolerable side effects (ex. jitteriness,
nervousness, dysphoria, etc.). Therefore, an extended access model of cocaine
availability, rather than short-access, is believed to more closely reflect the human
condition of drug addiction (Koob and Kreek, 2007).

Stress has also been found to be an integral factor in the transition from drug
use to drug dependence. There is evidence that mild foot-shock, which is a stressor to
animals, increases cocaine escalation in comparison to subjects that are not exposed to
the stress. (Mantsch and Katz, 2007; Goeders and Guerin, 1994). Social stress has also
been shown to increase cocaine intravenous (1V) self-administration in rats (Miczek
and Mutschler, 1996). In cocaine dependent humans, the incidence of a number of
stress disorders, including post-traumatic stress disorder (PTSD; Najavits et al, 1998)
and panic disorders (Anthony, et al, 1989) is higher than the normal population. In a
subpopulation of cocaine users, stressful life events may be a factor that leads to later

cocaine use, abuse, and/or addiction (Sinha et al., 1999; 2001).



It has also been observed that both human and animal cocaine users adjust their
intake to maintain a specific level of cocaine reward. Koob et al. (1994) has shown
that rats trained to self-administer IV cocaine with limited access (3 hours/day)
develop a stable and regular drug intake across sessions. This finding has been
systematically reproduced in cocaine users (Zittel-Lazarini et al., 2007). These results
suggest that both humans and animals actively regulate their cocaine intake in order to
experience the positive rewarding effects of the drug at an ideal level, also known as
the hedonic or reward set point. Thus we can conceptualize escalation of drug intake,
which is indicative of drug addiction, as an alteration in the hedonic set point due to
allostatic changes in response to drug availability, environmental stress, etc.

1.2 Allostatic Regulation tied to Cocaine Addiction

Allostasis is defined by “the process of achieving stability through change”
(Koob and Kreek, 2007). The difference between homeostatic regulation and
allostatic regulation is that homeostatic regulation reacts only to deviations from
normal set points, whereas allostatic regulation allows for continuous readjustments to
new set points depending on demand (Sterling and Every, 1988). Thus, an allostatic
model of brain motivational systems can frame addiction as a cycle of continued
dysregulation of the brain reward and stress systems. The brain reward system
includes dopamine and opioid peptide networks (Koob and Le Moal, 2001). The stress
system includes neurotransmitters such as corticotropin-releasing factor (CRF),
norepinephrine, and dynorphin that produce aversive or stress-like states (Edwards and

Koob, 2010).



These processes of dysregulation result in the negative emotional state that
contributes to the compulsive seeking and taking of drugs, even in the face of
detrimental consequences. Chronic use of drugs of abuse will force the brain to
maintain stability through epigenetic, biochemical, cellular, and neuroplastic changes.
These changes can cause a decreased function of reward circuits and recruitment of
brain stress systems thus setting up an elevated reward set point (a new hedonic set
point) which leads to the loss of control over cocaine intake, which represents one
defining feature of cocaine addiction (Edwards and Koob, 2010).

Because dysregulation of brain systems is linked to increased and escalating
patterns of intake, the examination of cocaine self-administration under conditions that
promote these patterns of intake should allow for better understanding of the factors
that contribute to cocaine addiction. The present study tested the hypothesis that k-
opioid receptor activity increases cocaine intake. To this end, we used two different
experimental approaches to explore this possibility. The first experiment tested the
effect of a k-opioid receptor antagonist (norbinaltorphimine, norBNI) on cocaine
intake. The second experiment focused on stress-induced escalation and explored
whether it was associated with changes in k-opioid receptor-regulated signaling
cascades.

1.3 Dynorphin / k-opioid receptor activation

The norBNI experiment focused on the k-opioid system that has been shown to

play a role in mediating negative reinforcement. The dysregulation of the k-opioid

system is thought to result in a potentiation of brain stress systems that promotes a



dysphoric state during withdrawal and, consequently, motivate cocaine intake via
negative reinforcement. Thus, we hypothesized that chronic k-opioid receptor
blockade with norBNI would attenuate cocaine intake in rats with extended access to
cocaine.

The activation of the dynorphin system in the nucleus accumbens has been
associated with reduced dopamine release as a consequence of chronic administration
of opioids and psychostimulants, specifically cocaine and amphetamine (Nestler 2004;
Koob 2008; Wee and Koob, 2010). Dynorphins are a class of opioid peptides cleaved
from the precursor protein prodynorphin and are endogenous ligands for the k-opioid
receptor, a member of the G-protein coupled receptor family. Dynorphin is produced
in many parts of the brain, including the hypothalamus, striatum, hippocampus, and
spinal cord where it has a role in many different physiological actions including motor
function, cardiovascular function, eating, sensory processing, and pain perception
(Fallon and Leslie, 1986). Dynorphin activates k-opioid receptors which inhibits
dopamine release in the mesolimbic pathway. Dynorphin appears to function in an
intercellular feedback loop. The release of dynorphin binds to the k-opioid receptors
present on dopaminergic presynaptic nerve terminals in the nucleus accumbens and
also on cell bodies and dendrites in the ventral tegmental area to inhibit their
functioning (Nestler et al., 1999). Figure 1 and 2 illustrates this feedback loop,
motivationally and molecularly, respectively. Chronic cocaine exposure upregulates
the activity of this negative feedback loop which results in increased dynorphin

peptide levels.



Dynorphin-induced dopamine inhibition produces negative emotional states
(e.g. dysphoria) associated with cocaine dependence and decreased reward during
cocaine withdrawal, thus increasing the motivation to take cocaine to relieve this
aversive state (Spanagel and Shippenberg, 1992; Margolis et al., 2003; Sivam, 1989;
Spangler, Unterwald, and Kreek, 1993). This compensation to take more drug to avoid
the dysphoric state seen in withdrawal marks a change in the hedonic set point and
thus a dysregulation of the dynorphin system (a brain stress system); there is an
inability for the drug to be sufficiently rewarding to overcome the dysphoric state
without escalating intake (Figure 1).

At the molecular level, the activation of the dynorphin system by chronic
cocaine starts with the activation of stimulatory G-protein coupled dopamine D1
receptors that stimulates protein kinase A (PKA) activity to increase cyclic-AMP
(cCAMP) formation. This leads to an increase in the phosphorylation of cCAMP
response-element binding protein (CREB) on serine 133 (Edwards and Koob, 2010).
Phosphorylation of CREB allows translocation to the nucleus and, in the nucleus, p-
CREB binds to specific DNA sequences called cAMP response elements (CRE),
which increases the transcription of certain downstream genes (Purves, et al, 2008).
CREB is known to increase the transcription of a large number of genes that can alter
neuronal function and regulate synaptic plasticity (Frank and Greenberg 1994; Mayr
and Montminy 2001) such as c-fos, prodynorphin (the precursor of dynorphin), CRF,
and brain-derived neurotrophic factor (BDNF), which have all been implicated in

aspects of drug addiction (Nestler et al., 1999, Edwards and Koob, 2010, Itoi et al,
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1996, Pandey et al., 2004). Thus increased transcription of prodynorphin can lead to
an increase in dynorphin peptide levels and, ultimately, dynorphin release. Figure 3
illustrates this process in a non-addicted state and figure 4 illustrates this process in the
addicted state.

Studies have shown that activation of the k-opioid receptors causes place
aversion in rodents and dysphoria in humans (Pfeiffer et al. 1986; Shippenberg and
Herz, 1986). These data suggest that dynorphins, acting through «-opioid receptors,
underlie the dysphoric, aversive, and anxiogenic effects of stress resulting in an
overall negative emotional state. This negative emotional state during cocaine
withdrawal is thought to promote drug relapse and compulsive patterns of use. It is
plausible to hypothesize that dynorphin activation of k-opioid receptors mediates the
intense craving and dysphoria during drug withdrawal in human and animal models of
drug addiction (Chavkin, 2012).

Thus, we hypothesized that pretreatment with nor-binaltorphimine (norBNI), a
highly selective, long-lasting kx-opioid receptor antagonist, would prevent animals
from becoming dependent on cocaine even if given long-access to the drug, by
preventing the negative reinforcement associated with the activation of k-opioid
receptors and thus preventing the over-recruitment of the dynorphin system and the
change in the hedonic set point.

1.4 Stress & Cocaine
Stress has been identified as a factor in the transition from recreational cocaine

use to cocaine dependence. In biological terms, stress is defined as any condition that
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alters the homeostasis of an organism (Kim and Diamond, 2002). Exposure to
stressors induces behavioral and physiological changes that promote long-term,
adaptive responses to such stressful events (Krugers et al., 2010). Such changes may
include the alteration of brain reward circuits resulting in a greater sensitivity to the
reinforcing properties of drugs thus increasing the motivation for compulsive drug use.
Thus, with regards to drug addiction, stress may “prime” brain reward systems making
drug use more reinforcing than without stress (Piazza and Le Moal 1998, Koob and Le
Moal 1997). It has been suggested that during acute and chronic stress states, there is
greater motivation to enhance mood. Since addictive substances provide both negative
reinforcement (by reducing negative affect through relief from stress) and positive
reinforcement (by enhancing mood), initial drug use may be used to modulate tension
or distress enhanced by stress. However, the repeated use of this maladaptive coping
strategy to successfully reduce negative affect and increase positive affect may lead to
drug intake as the pervasive response for both stress relief and mood enhancement
(Shiffman 1982).

The stress-cocaine experiment focused on the effects of stress on cocaine
intake and adaptations in brain neurocircuitry related to the x-opioid receptor system.
Neuroadaptations were studied through analysis of phosphoprotein levels between rats
with a history of stress-induced escalation of cocaine intake versus rats with a history
of stable cocaine intake and rats with no history of exposure to cocaine. Various
human and animals studies have found a positive association between chronic stress

and drug abuse. Human individuals with early histories of sexual abuse have been
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found to be at greater risk for drug abuse and often report an earlier age of onset for
drug abuse (Dembo et al. 1988; Harrison et al. 1997; Widom et al. 1999). In fact, in
cocaine dependent individuals, the incidence of stress disorders, including post-
traumatic stress disorder (PTSD; Najavits et al, 1998) and panic disorder (Anthony, et
al, 1989) is higher than the normal population. Studies have suggested that, at least in
a subpopulation of cocaine users, stressful life events may be a factor that leads to
later cocaine use, abuse, and/or addiction (Sinha et al., 1999; 2001).

Laboratory animals exposed to social defeat stress and animals exposed to
foot-shock stress also increased cocaine self-administration (Covington and Miczek,
2001; Goeders and Guerin, 1994). Stress-induced escalated cocaine intake can be seen
in animals even when given a limited access (2 or 3 hours per session) to the drug
(Mantsch and Katz, 2007). Human subjects have reported that initial cocaine use
produces profound subjective feelings of well-being along with a decrease in anxiety
(Gawin and Ellinwood, 1989). On the other hand, cocaine withdrawal often includes
symptoms such as severe anxiety, restlessness, agitation and depression (Goeders and
Guerin, 1994). In both human and rats, there is a positive correlation between stress
and cocaine seeking (Sinha, Capatano, and O'Malley, 1999; Ahmed and Koob, 1997;
Erb and Stewart, 1999). These findings suggest the possibility that neuroadaptations in
brain stress circuits may lead to a greater sensitivity to the reinforcing properties of
cocaine.

Changes in glutamate homeostasis may be a possible neuroadapatation in drug

addiction. Glutamate is the main excitatory neurotransmitter in the central nervous
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system. Glutamate receptors can be divided into two categories: ionotropic glutamate
receptors and metabotropic glutamate receptors. lonotropic glutamate receptors are
ligand-gated ion channels and are classified into three major subtypes: N-methyl-D-
aspartic acid (NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid
(AMPA) and kainic acid (Guo et al., 2009). AMPA receptors are responsible for the
primary depolarization in glutamate-mediated neurotransmission and play key roles in
synaptic plasticity (Santos et al., 2009). They are heterotretrameric protein complexes
composed of various subunits referred to as GluR1, GIuR2, GIuR3, GIuR4 which
combine in tetramers in different stoichiometries (Hollman and Heinemann, 1994) and
determine channel function (i.e. conductance and sensitization/resensitization
properties) (Ozawa, Kamiya, and Tsuzuki, 1998) and trafficking to synapses
(Malinow, Mainen, and Hayashi, 2000) The key post-translational modification in
regulating AMPA receptor function is phosphorylation (Carvalho et al., 2008) which
can regulate the physiological properties of the channel as well as protein trafficking
(Santos et al., 2009). The GIluR1 subunit has four phosphorylation sites but the one of
interest in this study is at serine 845 (S845) that is phosphorylated by PKA (Roche et
al., 1996) and regulates AMPA receptor opening probability and assists in delivering
GluR1-containing AMPA receptors to the synapse (Banke et al., 2000; Esteban, 2003).

Changes to glutamate homeostasis occur after withdrawal from chronic
cocaine administration (Figure 5). Reduction of cystine-glutamate exchange results in
a decrease in basal extrasynaptic glutamate levels. This results in an upregulation of

activator G protein signalling 3 (AGS3) causes a decrease in mGIluR2/3 signaling and
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results in an increase in synaptic release of glutamate (Kalivas, 2009). This leads to a
Ca®" influx through Ca?* permeable AMPA receptors and thus increases intracellular
Ca®" levels. Ca**/calmodulin-dependent kinase Il (CamKl1) is activated following
increases in intracellular Ca** (Hanson and Schulman, 1992). Ras, acting through the
ERK1/2 MAPK signaling pathways, enhances AMPA receptor-mediated synaptic
transmission by driving synaptic delivery of AMPA receptors containing long
cytoplasmic tails to the membrane (Zhu et al., 2002). In this pathway, the
phosphorylation of CREB is dependent on a PI 3-kinase-sensitive activation of the
ERK1/2 MAPK cascade (Perkinton, Sihra, and Williams, 1999). The phosphorylation
of CREB increases transcription of specific genes that have been implicated in drug
addiction. Withdrawal also causes lowered levels of mesolimbic dopamine release and
increased PKA activity (Fitzgerald et al., 1996; Lee and Messing, 2008). PKA is
implicated in the phosphorylation of CREB and GIuR1%**°. The phosphorylation of
GIuR1 at serine 845 increases the opening probability of AMPA receptors as well as
assists in the delivery of GluR1-containing AMPA receptor to the synapses (Banke et
al., 2000; Esteban, 2003).

Behaviorally, the hypothesis was that foot-shock stress would cause cocaine
escalation, as seen in other studies. Molecularly, the hypothesis was that stress-
induced escalation of cocaine intake is driven by x-opioid receptor-regulated signaling
cascades. Thus, there should be differences in phosphoprotein levels between these
three groups of animals (stress-induced cocaine intake, cocaine intake, and naive)

within the mesolimibic circuitry, specifically the nucleus accumbens. The mesolimbic



15

dopaminergic circuitry (Figure 6) is composed of ventral tegmental area (VTA)
dopaminergic neurons and its projections to the nucleus accumbens (NAc), the
amygdala (Amy), and the medial prefrontal cortex (mPFC) (Guo et al, 2009). The
VTA and the NAc are the nuclei most consistenly implicated in a variety of reward
effects (Bjorkland and Dunnet, 2007).

The NAc is involved in the attentional and emotional states that accompany
motivated behavior (Muschamp and Carlezon, 2013). The NAc is associated with
dopamine and glutamate homeostasis. The NAc and its inputs from other components
of the mesolimbic dopamine circuitry are critical in the activation of drug-seeking
behavior in response to various drugs of abuse or drug-paired stimuli (Ghitza et al.,
2004). The NAc receives excitatory glutamatergic afferents from the prefrontal cortex
and certain limbic structures and receives dopaminergic inputs from the ventral
tegmental area (McFarland, Lapish, and Kalivas, 2003; Corbit, Muir, and Balleine,
2001).The NAc and its inputs exists as a "limbic-motor" interface by integrating
memory input from the amygdala and contextual information from the hippocampus
and then coordinating appropriate goal-directed behavior responses through the
recruitment of elements of the basal ganglia, such as the globus pallidus, that are
critical for motor output (Mogenson, Jones, and Yim, 1980; Redgrave, Vautrelle, and
Reynolds, 2011).

The NAc is comprised of two regions, the "shell” and the "core", which differ
in connectivity, neurochemistry, and function (Meredith et al., 1996; Heimer et al.,

1991; Brog et al., 1991; Corbit, Muir, and Balleine, 2001). The shell is innervated
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preferentially by the ventromedial prefrontal and infralimbic cortex, whereas the core
is innervated preferentially by the dorsal prefrontal cortex and is more closely
connected with structures associated with somatomotor function (Berndse, Graaf, and
Groenewegen, 1992). With regards to drug addiction, the medial NAc shell is
suggested to be involved in the processing of information regarding the motivational
significance of learned drug cues (Ghitza et al., 2003) and the NAc core is suggested
to be involved in the execution of drug-seeking responses (McFarland, Lapish, and
Kalivas, 2003; Everitt, Dickinson, and Robbins, 2001). Because of these distinctions,
this study looked at the NAc shell and core, separately.

Repeated drug exposure causes compensatory neuroadaptations in neurons of
the NAc that modulate excess dopamine in a homeostatic fashion by activating the
transcription promoting activity of CREB. This attenuates dopamine transmission by
increasing expression of dynorphin. The seeking and relapse from abused drugs may
be mediated by increased glutamatergic transmission in the NAc (Zhu, Rockhold, and
Ho, 1998; Kenny and Markou, 2004). The NAc adapts to glutamate transmission in
two ways: 1) promotion of presynaptic glutamate release and 2) alterations in
postsynaptic responsiveness to released glutamate.

Extracellular signal-related kinase (ERK1/2) activity was evaluated herein
because it is a downstream component of k-opioid receptor activation and it is an
upstream component of dynorphin production. We also looked at the phosphorylation
of AMPA receptor subunit, GIuR1 at serine 845 because it is an index of PKA activity

that is part of D1-like receptor activation that leads to increased dynorphin production.
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Also, k-opioid receptor activation can inhibit both dopamine and glutamate
transmission (Nestler et al., 1999; Hjelmstad and Fields; 2001). If glutamate
homeostasis is affected by cocaine withdrawal or stress, it may be reflected in the level
of p-GIuR1%**,

Therefore, this study explores whether cocaine escalation is driven by chronic
K-opioid receptor activity. Specifically, we tested: 1) whether NorBNI persistently
antagonizing k-opioid receptor activity attenuates extended access-induced cocaine
escalation and 2) whether stress-induced cocaine escalation is driven by k-opioid
receptor-regulated signaling cascades. Figure 7 shows the connections between all
these components. Better understanding of the factors that may promote escalating
self-administration patterns in rats and the identification of the neurobiological
substrates through which the factors act should assist in further understanding of the

mechanisms underlying human cocaine addiction.



Materials and Methods

2. Materials and Methods - both experiments

All animal use procedures were approved by The Scripps Research Institute
Animal Care and Use Committee and were in accordance with National Institutes of
Health guidelines (NIH publication no. 85-23, revised 1996).
2.1 Animals and apparatus - both experiments

Thirty-eight male Wistar rats (Charles River, Hollister, CA), each weighing
between 270-370 g at the beginning of the study were used. The rats were housed in
groups of two or three in plastic cages with a reversed 12:12 hour light/dark cycle
(lights on at 6:00AM for the Nor-BNI study and 10:00PM for the cocaine-stress stress
study). Food and water were available without restraint outside of self-administration
sessions. During self-administration sessions, each rat was placed in a standard
operant conditioning chamber, which was situated within a light- and sound-
attenuating cubicle (28x26x20x cm; Med Associates Inc., St. Albans, VT). The
chamber had two retractable response levels mounted on a sidewall and a stimulus
light above each lever. Cocaine injection was delivered by a syringe pump (RazelTM
Scientific Instruments, Georgia, VT) located on top of the cubicle. Self-administration
sessions were controlled and recorded by a PC computer with custom interface and
software in the experimental room.

For the cocaine stress studies, rats were given electric foot-shocks delivered

through stainless steel grid floors of the self-administration chambers. Shocks (0.5
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mA, 100 ms duration) were delivered an average of every 30 s for 10 min after each
hour of self-administration.
2.2 Procedure - both experiments

For catheterization surgery, rats were anesthetized with 2 or 3% isoflurane.
They were implanted with a silastic catheter (0.3 mm i.d. x 0.64 mm o.d.; Dow
Corning Co. Midland, M) into either the right or left external jugular vein under
aseptic conditions. The other end of the catheter was placed subcutaneously on the
back of the rat where it exited the rat via a metal guide cannula (22G; Plastics One
Inc., Roanoke, VA) that was anchored onto the back of the rat. At the end of the
surgery, rats were given an analgesic (Flunixin, 2.5 mg/kg s.c.) and an antibiotic
(Cefazolin, 75 mg, s.c.) once a day for a minimum of two days after surgery. The
patency of the catheters in the rats was tested using the short-acting barbituate
methohexital sodium (Brevital, 10 mg/ml, 2 mg/rat) around a week after surgery and
whenever catheter failure was suspected during the study. Patency of the catheter was
indicated by a loss of muscle tone within three s after the methohexital sodium
injection.

Self-administration sessions were conducted once a day, five days a week,
during the rats’ dark (active) cycle. Before the start of each session, the rats were
flushed with the antibiotic. Then the rat’s catheter was connected to a tube that exited
the chamber via a protected metal tether, and was connected to a syringe pump. At the
start of each session, the two response levers would come out of the sidewall and be

present in the chamber. Pressing the right (active) lever resulted in the delivery of 0.1
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ml of cocaine solution over 4 s. During an injection, the stimulus light above the right
lever was illuminated and lasted throughout a drug time out period (20 s) that began
after each injection. Pressing the left (inactive) lever was counted but had no other
consequences. When the session ended, the levers would retract into the chamber.
After the session, the rat's catheter was flushed again with heparinzied saline (0.9%
saline containing 30 U/ml of heparin) and the rat would be returned to its home cage.
2.3 NorBNI Experiment
2.3.1 Animals

Thirteen male Wistar rats were used for the Nor-BNI study, of which seven
received norBNI (30 mg/kg, s.c.) and the other six received saline.
2.3.2 Procedure

Around a week after catheterization surgery, rats were tested in self-
administration sessions once a day, five days a week. Rats were trained to press the
active lever for cocaine (0.5 mg/kg per injection) under a fixed-ratio 1 (FR1) schedule
of reinforcement, when every lever press was reinforced with a cocaine infusion. After
active lever responses became stable (<15% variation in response in three consecutive
days), rats were subdivided into four groups balanced by the number of
injections/session on the last baseline session. Of the eight rats that were injected with
norBNI, four were put in 1 hour (short access, ShA) sessions and four were put in 6
hours (long access, LgA) sessions. Of the eight that were injected with saline, four

were put in ShA sessions and four were put in LgA sessions.
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The norBNI was subcutaneously injected at the end of baseline before
beginning long-access self-administration. Saline was used as a control. Previous
studies indicate that norBNI antagonism of the «-opioid receptors for at least 21 days
across several species (Butelman et al. 1993; Horan et al. 1992; Jones and Holtzman,
1992). For this reason, only one injection was given.

The rats were tested for 18 sessions. On the 19" session, a progressive-ratio
(PR) schedule was implemented, in which the "price" (number of lever presses)
required for the next reinforcement increases progressively (measure of motivation)
(Table 1).

2.4 Cocaine-Stress Experiment
2.4.1 Animals

Twenty-two male Wistar rats were used. Six rats were allowed to self-
administer cocaine and experienced foot-shocks. Eight rats were allowed to self-
administer cocaine and never experienced foot-shocks. Eight were used as naive
controls that had no experience with cocaine self-administration nor foot-shocks.
2.4.2 Procedure

After a week or two after catheterization surgery, rats were ran in self-
administration sessions once a day, five days a week. Rats were trained to press the
active lever for cocaine under a FR1 schedule of reinforcement where the rats self-
administered 0.5 mg/kg per injection with no time out period after injection. Each
session lasted two hours and twenty min: one hour of self-administration followed by

ten min of no self-administration (both levers retract into the chamber) and a house-
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light illuminating the chamber, then another hour of self-administration and ending
with another ten min of no self-administration and a house light on. After active lever
responses became stable, training session ended.

In each session afterwards, the rats self-administered 0.5 mg/kg per injection of
cocaine on a FR1 schedule with a 20 second time-out period after each injection. Once
the rats reached a baseline responding (< 15% variation in response in three
consecutive days), the rats were randomly subdivided into two groups balanced by the
number of injections/session on the last baseline session. Six were to be foot-shocked
during the two 10 minute no self-administration periods while eight did not have foot-
shocks added into those 10 minute periods. The foot-shocks were at 0.5 mA and
lasting 100 ms and occurred around every 30 s.

2.4.3 Western Blotting

The rats were anesthetized quickly in a bell jar with isoflurane and decapitated
immediately after loss of consciousness. The decapitation occurred around 22 hours
after the final operant session. The brains were subsequently removed and frozen in
isopentane at -30°C, and stored in a -80°C freezer. Sections were serially cut using a
cryostat kept at -20°C. Tissue punches were obtain from the nucleus accumbens shell
and core (1.5 mm, +2.5-+1.0 bregma) which were removed with a glass pipette
(Figure 10). All tissue samples were transferred into homogenization buffer containing
(mM) 10M Tris-HCI, pH 7.4, 5M NaF, 1M Na3zVO,, 1M EDTA and 1M EGTA then
sonicated on ice for 30 s and centrifuged at 13,000 rpm for 30 min at 4°C. The pellet

which was composed primarily of nuclei and large debris was discarded while the
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remaining supernatant which contained the cyotplasmic proteins was collected and
centrifuged at 13,000 rpm for another 30 min at 4°C. The pellet (P2) containing the
synaptosomoal membrane fraction of proteins was then solubilized.

The protein samples were resolved using a 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-page) then the separated proteins from each
gel were transferred to a nitrocellulose membrane (company and origin) at 0.3 A
overnight.. Each was blocked with a blocking buffer containing 5% milk (5 grams of
blotting-grade blocker per 100 ml of 1X TTBS) for an hour at room temperature. The
membranes were then probed with primary antibodies against p-GluR1 S845 (1:500),
Glurl (1:500), b-tubulin (1:50,000), p-ERK1/2 (1:500), ERK 1/2 (1:1,000 for the NAc
core, 1:10,000 for NAc shell), overnight at 4°C on a shaker. Antibodies for the f3-
tubulin were purchased from Santa Cruz Biotechnology (Santa Cruz,CA, USA). The
rest of the antibodies were purchased from Cell Signaling Technology (Danvers, MA,
USA).

After incubation with primary antibodies, the membranes were washed 3 times
with 1X TTBS (200 ml 10X TBS, 1800 ml millig water, 2ml Tween-20) for 15 min
per each wash, then each membrane was incubated with the appropriate secondary
antiserum for 1 hour at room temperature. The secondary antiserum was from Bio-rad
(Hercules, CA). After incubation with secondary antiserum, the membranes were
again washed three times with 1X TTBS, then the membranes were developed using
enhanced chemiluminescense (ECL) reagents from Thermo Scientific (Rockford, IL).

Luminescence from the blots was detected using Hyblot CL autoradiography film
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from Denville Scientific (Metuchen, NJ) followed by film development using a Kodak
X-OMAT 2000A processor.

Immunoreactive protein bands visualized on film were scanned into a
computer and the band intensities were quantified using the ImageJ application
(National Institutes of Health). Band intensities from the samples were compared to
the corresponding background intensities of the film. For each protein, phosphorylated
protein levels were normalized to the total protein levels, therefore, total GIuR1 was
probed after stripping the same membrane that was confirmed to contain p-GluR1
S845; the same was done for total ERK1/2 with the membrane that was confirmed to
contain p-ERK1/2 and B-tubulin was also re-probed on the membrane that
corresponded to GIuR1. Thus, changes in phosphorylation state within each brain

region were able to be determined as in Edwards et al. (2011).



Results

3.1a NorBNI Results - In LgA rats, NorBNI injection attenuated cocaine intake in
comparison to saline injection

Figure 8 illustrates the cocaine treatment timeline for the experimental groups
used in the analysis of norBNI on cocaine self-administration. Self-administering
animals developed stable cocaine intake by the end of the 11 days of training with a
mean daily cocaine intake (sessions 9-11) averaging 18.3 cocaine-reinforced lever
presses (9.15 mg/kg) per hour for all groups of animals. Animals were separated into
long-access (LgA; 6 hour access of cocaine daily) and short-access (ShA; 1 hour
access of cocaine daily) groups, and injected with either saline or norBNI. The saline-
injected LgA animals had a significantly cocaine intake in comparison to the norBNI-
injected LgA animals (two way ANOVA, F=6.989, P= 0.0203, Graph 1). There was
no effect of norBNI between ShA animals (Graph 2).
3.1b NorBNI Results - In LgA rats, NorBNI injection decreased motivation for
cocaine in comparison to saline injection

NorBNI (30 mg/kg) decreased cocaine self-administration in LgA rats under a
progressive-ratio schedule (Graph 3) in comparison to saline in LgA rats. However,
there was no difference in effect when comparing nor-BNI injected ShA rats versus
saline injected ShA rats. Saline-ShA rats took an average of 3.5 = 0.5 injections.
NorBNI-ShA rats took an average of 3.7 + 0.7 injections. Saline-LgA rats took an
average of 10.8 £ 0.6 injections. NorBNI-LgA rats took an average of 7.0 + 0.4

injections. The breakpoint for norBNI-LgA rats was around 15 presses whereas the

25



26

breakpoint for saline-LgA rats was around 32 presses and the breakpoint for ShA rats
was around 6 presses.
3.2a Cocaine-Stress Results - Exposure to foot-shock stress increase cocaine self-
administration

Figure 9 illustrates the cocaine treatment regimen for the behavioral groups
used in the analysis of protein phosphorylation levels between naive animals, cocaine
and foot-shock stress animals, and cocaine and non foot-shock stressed animals. The
self-administering animals developed stable cocaine intake by the end of by the end of
the 20 sessions of training with mean daily cocaine intake (sessions 18-20) averaging
20 cocaine-reinforced lever presses (10 mg/kg) per hour for all groups of animals.
After reaching stable intake, the animals were split into groups of either no foot-shock
(each session was identical to the training session) or foot-shock (where foot-shock
was added to both 10 minute intervals). Cocaine self-administration behavior for the
foot-shock group trended significantly higher than that of the non-foot-shock group
(Graph 4, F; 7=8.929; P=0.0203). Before withdrawal and decapitation, the mean daily
cocaine intake (days 30-34) for the foot-shock group was 45.1 + 9.1 cocaine-
reinforced presses (22.55 + 4.6 mg/kg) for the whole session and 24.4 + 5.2 cocaine-
reinforced presses (12.2 + 2.6 mg/kg) for the first hour while for the no foot-shock
group, the whole session had a mean of 24.8 £7.1 cocaine-reinforced presses (12.4 +
3.6 mg/kg) for the whole session and 13.6 + 3.7 cocaine-reinforced presses (6.8 + 1.8
mg/kg) for the first hour. The naive animals were rats that had no cocaine exposure

within their lifetimes.
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Tissue punches of the nucleus accumbens (NAc) core and shell were collected
from coronal brain slices as depicted in Figure 10. All observed changes involved
regulation of protein phosporylation status since there were no significant alterations
in the total amount of GIuR1 or ERK in any brain region studied.
3.2b Cocaine-Stress Results - Phosphorylation of GIuR1 S845 in the NAc core
was significantly decreased in foot-shock (stressed) animals in comparison to no
foot-shock (non-stressed) animals

There was a significant decrease in GIuR1%%*°

phosphorylation found in the
NAC core after one day of withdrawal in animals exposed to foot-shock stress in
comparison to animals not exposed to the foot-shock stress (Graph 5 and Figure 11,
F2.10= 3.574, p=0.0481 ). However, there was no such change in GluR1%%*
phosphorylation in the NAc shell between groups.
3.2c Cocaine-Stress Results - Phosphorylation of ERK1/2 in the NAc core was
increased in no foot-shock (non-stressed) animals in comparison to foot-shock
(stressed) animals

There was a trend for an increase in ERK1/2 phosphorylation found in the NAc
core after one day of withdrawal in cocaine self-administration animals not exposed to
foot-shock stress in comparison to animals that were exposed to foot-shock stress
(Figure 11). However, this increase was not enough to be considered significant

(P=0.06). There was no such change in ERK1/2 phosphorylation in the NAc shell

between groups.



Discussion

The negative reinforcement due to the dysregulation of reward and stress
systems in drug addiction is thought to be attributed to two processes: 1) function in
the reward system where positive motivational circuits of the mesolimbic
dopaminergic circuitry (the "reward pathway") is diminished and 2) brain stress
systems such as cortictropin-releasing factor (CRF), norepinephrine, and dynorphin
are recruited, producing aversive or stress-like states (Edwards and Koob, 2010). This
study showed that the activation of the k-opioid receptor/dynorphin brain stress
system drives extended access-induced cocaine escalation. The norBNI experiment
indicated that antagonizing k-opioid receptor activity attenuated extended access-
induced increased cocaine intake.

In contrast, the stress-cocaine experiment showed that certain k-opioid receptor
activity, specifically the ERK pathway activity in the NAc shell, is present in cocaine
withdrawal but is not altered in the presence of a stress history. However, this
experiment showed a significant decrease in p-GIuR1%*° in the NAc core in rats with
both stress history and cocaine withdrawal which may indicate that stress-induced
escalation may not be driven by «-opioid receptor activity, but may instead be driven
by the dysregulation of glutamate homeostasis.

4.1 The norBNI Experiment

To test the hypothesis that the persistent antagonism of k-opioid receptor

activity should attenuate cocaine intake, rats were treated with 30 mg/kg of norBNI, a

long-acting, selective k-opioid receptor antagonist before being given extended access
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(LgA; 6 hours/session) to cocaine. On a fixed-ratio (FR1) schedule, cocaine intake in
LgA rats injected with norBNI was attenuated in comparison to LgA rats injected with
saline (Graph 1). On a progressive-ratio (PR) schedule, norBNI-LgA rats showed a
significantly decreased breakpoint in comparison to saline-LgA rats but norBNI-LgA
rats still had an average breakpoint significantly higher than both groups of ShA
(short-access; 1 hour/session) rats (Graph 3). It has been reported that compulsive drug
use emerges when daily access to cocaine for self-administration is prolonged and is
associated with increased motivation to engage in cocaine-seeking behavior (Ahmed
and Koob, 1998; Mantsch et al., 2001). The progressive-ratio schedule demonstrates
that prolonged access to cocaine self-administration increases motivation for cocaine
intake (as seen in saline-LgA rats) but this motivation is selectively mediated by «-
opioid receptor activity (as seen in norBNI-LgA rats).

NorBNI has a very long-duration of action. In this experiment, one injection of
30 mg/kg norBNI was sufficient to create this long-lasting attenuation of cocaine
intake in LgA rats. Horan et al. (1991) showed that action of norBNI at k-opioid
receptors gradually increased to a maximum over 24 hours and lasted 21 days in mice.
Melief et al. (2011) showed that norBNI lasts more than three weeks in mice
following a single dose. Also, Broadbear et al. (1994) showed norBNI activity after 1
hour, peaking at 4 hours, and was present for at least 4 weeks.

NorBNI is a highly selective k-receptor antagonist. Takemore et al. (1988)
demonstrated that up to 20 mg/kg of norBNI (subcutaneously injected, just like in this

study) selectively antagonized k-opioid antinociceptive effects, without inhibition of p
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and 0 receptor agonists. Broadbear et al. (1994) showed that at 32 mg/kg, norBNI was
effective against selective k-receptor agonists but it did not affect a 8 receptor agonist
and had an attenuated effect on agonists that had an affinity for both p and « receptors
but antagonized such agonists when used in conjunction with a selective p antagonist.
Thus, an injection of 30 mg/kg should be selective for k-opioid receptors in rats,
especially after the initial hours of treatment.

The lack of effect of norBNI on short-access cocaine self-administration has
been previously reported in rats and monkeys (Wee et al., 2009; Glick et al., 1995;
Negus et al., 1997) and was seen in this study (Graph 2). Also, although norBNI (3
mg/kg) has been shown to inhibit the acquisition of cocaine self-administration at a
very low dose (approximately 0.075 mg/kg per injection), norBNI had no effect on a
higher dose of cocaine (approximately 0.15 mg/kg per injection), which is lower than
the 0.5 mg/kg per injection used in this study (Kuzmin, Gerrits, and Ree, 1998).
Considering the lack of difference in FR and PR schedule intake between norBNI-ShA
and saline-ShA rats, cocaine self-administration in ShA rats probably does not involve
K-opioid receptor activity. This supports the notion that it takes chronic cocaine use to
cause the dysregulation of k-opioid receptor activity resulting in the negative
emotional state (e.g., dysphoria, etc.) seen in cocaine withdrawal and addiction. This
negative emotional state motivates the individual to take more drug in order to
alleviate the withdrawal-associated symptoms (negative reinforcement). Thus it is
possible that persistent antagonism of the k-opioid receptor may prevent the formation

of this negative emotional state caused by extended access-induced cocaine escalation.
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Injection of norBNI attenuated cocaine intake in LgA rats by blocking the
effects of increased dynorphin (a brain stress neurotransmitter) on this system. With
norBNI preventing the effects of an increase in a brain stress neurotransmission, the
dysregulation of the brain reward and stress systems usually caused by chronic
cocaine intake cannot be achieved. Thus, we see that although the norBNI prevented
LgA animals from reaching the intake levels seen in the saline-LgA animals, the
norBNI-LgA rats still had a higher level of intake for cocaine than the ShA animals.
Therefore, with extended access to cocaine, norBNI decreased the effect of activation
in brain stress neurotransmission, but probably did not prevent loss of positive reward
function caused by acute cocaine intake, so norBNI-LgA rats still had more motivation
to take cocaine than ShA rats but less motivation than saline-LgA rats (as seen in the
PR schedule data, Graph 3).

4.2 Stress-cocaine Experiment

This experiment demonstrated that repeated exposure to an uncontrollable,
mild foot-shock escalates the drug intake of cocaine self-administering rats. Thus
chronic stress during a period of cocaine availability can escalate cocaine intake,
similarly to how extended access to cocaine can escalate cocaine intake, which we
observed in the norBNI experiment.

A number of studies have explored exposure to different types of stress and its
facilitation of cocaine intake. Miczek and Mutschler (1996) showed that repeated
social-defeat stress increased the rate of cocaine intake. Covington and Miczek (2001)

also showed that social-defeat stress increased cocaine intake during a 24-hour binge.



32

Goeders and Guerin (1993) showed that repeated non-contingent foot-shock (0.2
increasing to 0.6 mA, 100 ms duration, around 50 shocks per session) facilitated the
acquisition of intravenous cocaine self-administration. Mantsch and Katz (2007) also
showed that foot-shock (sequences of three 0.6 mA, 100 ms shock administered at 1-s
intervals, around 29 shocks per session) produced a significant escalation of cocaine
self-administration. Erb, Shaham, and Stewart (1996) demonstrated that foot-shock
stress induced reinstatement of cocaine-taking behavior after prolonged extinction
sessions and after a 4- to 6-week drug-free period; the foot-shock was at least as
effective as a priming injection of cocaine. These finding indicate that stress can
influence a number of aspects of the addiction process, including acquisition and
relapse. Thus, stress may serve as a therapeutic target during the management of
cocaine addiction.

It is plausible that stress may facilitate cocaine escalation by facilitating the
progression of cocaine-induced neuroplasticity. This study hypothesized that stress
induced escalation may be driven by «k-opioid receptor-regulated signaling cascades
since the norBNI study confirmed that extended access-induced escalation was driven
by chronic x-opioid receptor activity. We focused on the NAc since it is critically
involved in aversive behaviors associated with dynorphin and k-opioid receptor
activation (Shirayama and Chaki, 2006). This study measured changes in
phosphoprotein in comparison to total protein levels between rats undergoing cocaine
withdrawal (with and without stress history) and rats with no cocaine history.

Extracellular signal-related kinase (ERK) activity was measured since it is a
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downstream component of k-opioid receptor activation and it is an upstream
component of dynorphin production (Figure 7). Striatal ERK phosphorylation is
hypothesized to play a central role in the persistence of cocaine craving in withdrawal
(Lu et al., 2006). Studies have shown that in cocaine-sensitized rats, ERK2
phosphorylation is increased in the NAc during withdrawal, with the increases being
significant at seven and twelve days in comparison to one day withdrawal (Boudreau
et al., 2007; Steketee and Kalivas, 2011). Cocaine context-associated ERK1/2
phosphorylation was found in the NAc core of cocaine self-administration rats and in
the shell of both cocaine self-administration and yoked animals after three weeks of
withdrawal (Edwards et al., 2011). In addition, acute and repeated swim-stress have
also been shown to increase k-opioid mediated ERK activation (Shen et al., 2004;
Bruchas and Chavkin, 2008). These studies suggest that cocaine withdrawal should
result in increased phosphorylation of ERK1/2 (compared to total ERK1/2), especially
in rats with a stress history. However, this experiment showed that there was no
difference in phosphorylation of ERK1/2 in the NAc core, although in the NAc shell,
there was a trend for increased (P= 0.06) p-ERK1/2 in rats undergoing cocaine
withdrawal in comparison to naive rats. Also, stress history did not affect ERK1/2
phosphorylation in the NAc shell.

The results from this experiment suggest: 1) ERK activation during withdrawal
is specific to the shell, 2) ERK activation occurs during cocaine withdrawal, and 3)
ERK activation is not affected by stress history. Since ERK activation is not affected

by stress history, it is possible that the mechanism in which stress increases cocaine
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escalation is not the same mechanism in which extended access increases cocaine
escalation. Stress-induced cocaine escalation may be «-opioid receptor activity
independent.

This study chose to assay for the phosphorylation of the AMPA receptor
subunit GluR1at serine 845 as it is an index of PKA activity which is part of D1-like
receptor activation that leads to increased dynorphin production (Figure 11). Also, x-
opioid receptor activation can inhibit both dopamine transmission and glutamate
transmission (Nestler et al., 1999; Hjelmstad and Fields; 2001). If glutamate
homeostasis is affected by cocaine withdrawal or stress, it may be reflected in the
levels of p-GIuR1%%**,

Studies have shown that cocaine withdrawal results in lowered levels of
mesolimbic dopamine and increased PKA activity (Fitzgerald, 1996; Lee and
Messing, 2008). PKA is implicated in the phosphorylation of CREB and GluR1%%%
and increases in p-GluR1%** has been seen in cocaine withdrawal (Ferrario et al,
2011). This would suggest that cocaine withdrawal should result in increased p-
GIuR1%**, regardless of stress history. However, our results showed that p-GluR1%%%
levels did not differ significantly in the NAc shell but, in the NAc core, levels actually
decreased in rats that were both in cocaine withdrawal and had a stress history.

During cocaine withdrawal, there is an increase in synaptically-released
glutamate (Kalivas, 2009). In addition, stress-induced cocaine seeking is associated

with a significant overflow of synaptic glutamate into the NAc core from pre-limbic

afferents (McFarland, Lapish, and Kalivas, 2003). To add, p-GIuR1%%** functions to
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potentiate AMPA receptor response to glutamate and AMPA receptor trafficking to
the neuronal membrane (Banke et al., 2000; Esteban, 2003). Therefore, it is likely that
in rats with both cocaine withdrawal and stress history, there are very high levels of
glutamate in the NAc core that may be excitotoxic. This glutamate excitotoxicity can
activate endoplasmic reticulum (ER) stress (Snyder et al., 200) in order to bring
neurons back to glutmate homeostasis. ER stress leads to the increased activation of
calcineurin, a phosphatase specific to p-GIuR1 at serine 845 (Mukherjee and Soto,
2011). A theoretical increased activation of calcineurin would increase the
dephosphorylation of p-GIuR1%**. Thus, it is likely that the reason why there is a

158 in the NAc core of stressed cocaine-withdrawal rats is because

decrease in p-GIuR
they have a higher level of calcineurin activity in the NAc core. By dephosphorylating
p-GIuR1%**  calcineurin is also preventing further potentiation and trafficking of
AMPA receptors to the cell surface which may also help bring the neuron back to
glutamate homeostasis. Somewhat in accordance with this study's cocaine withdrawal
data, tolerance to cocaine-stimulated p-GluR1%%* develops in the NAc core (but not
shell) between (1 day) and chronic (18 day) cocaine exposure (Edwards et al., 2007),
further suggesting a homeostatic balance between cocaine and glutamate signaling.
Dysregulation of this balance may promote escalation of cocaine intake.

The region-specificity of the phosphoprotein changes further supports the
notion that the NAc shell and the NAc core differ in function. The NAc exists as a

"limbic-motor" interface. The NAc core is suggested to influence motor activity,

specifically the execution of cocaine-seeking responses and these responses have been
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shown to be mediated by prefrontal glutamate release (McFarland, Lapish, and
Kalivas, 2003). This glutamate release to the core would explain why there is
decreased GIuR1°** phosphorylation in the core instead of the shell since glutamate
release would be higher in the NAc core than in the NAc shell.

This region-specificity is also supported by the evidence that ERK1/2
activation is NAc shell-specific in cocaine withdrawal. The NAc shell is implicated in
the processing of information regarding the motivational significance of learned drug
cues (Ghitza et al., 2003) and is also hypothesized to play a central role in the
persistence of cocaine craving in withdrawal (Lu et al., 2006). Since ERK1/2
activation only correlated with cocaine withdrawal, it makes sense that it was only
seen in the NAc shell and its activation likely has a role in cocaine seeking behavior.
4. Future Directions

In order to have a better understanding of what is occurring in the NAc core
during stress-induced escalation, more experiments should be done. Performing
microdialysis in the NAc core in a replication of the stress-cocaine study and
measuring glutamate levels would help confirm if the dysregulation of glutamate
homeostasis is what is contributing to stress-induced cocaine escalation.

Also, replicating the stress-cocaine study with an extra cohort of animals who
do not self-administer but are still exposed to the same foot-shock stress paradigm can
reveal the effects of stress itself on neuroadaptations. This would give a better
understanding of what neuroadaptations may be driven by stress, driven by cocaine

withdrawal, and driven synergiestically by both.
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The ERK pathway activation in cocaine withdrawal in this study showed that
K-opioid receptor activation may mediate cocaine withdrawal but may not be
necessary for facilitating stress-induced cocaine escalation. However, injection of
norBNI into rats before they are exposed to foot-shock stress could help confirm this
suggestion. If k-opioid receptor activation is necessary for stress-induced cocaine
escalation, then such escalation would be attenuated with norBNI pre-treatment.

In addition, since rats were pre-treated with norBNI in the norBNI experiment,
this study showed that k-opioid receptor activation facilitates increased intake in
extended access cocaine self-administration. However, how would cocaine intake be
affected if k-opioid receptors were chronically activated? Would the dysphoria drive
intake? Or would the dysphoria reduce overall behavior? Injection of a selective «-
opioid receptor agonist (such as salvinorin A) in LgA rats may help answer these
questions.

Escalating patterns of drug self-administration have been proposed to reflect
compulsive drug use (Mantsch and Katz, 2007). In conclusion, Extended access to
cocaine as well as exposure to stress are environmental factors that have each been
proven to cause increased cocaine intake, which is indicative of a transition from drug
use to drug addiction. Understanding the molecular mechanisms underlying these
contributing environmental factors will widen general understanding of the
multifaceted study of drug addiction, as well as lead to the development of new

therapeutic targets
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Figure 1: Dynorphin is a brain stress neurotransmitter that activates k-opioid receptors
and is conjectured to produce negative emotional states (e.g., dysphoria) associated
with cocaine dependence and thus increases the motivation to administer cocaine to
compensate for these aversive effects (Edwards and Koob, 2010).
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Figure 2: Dynorphin appears to function in an intercellular feedback loop. The release
of dynorphin binds to the k-opioid receptors present on dopaminergic nerve terminals
in the nucleus accumbens and also on cell bodies and dendrites in the ventral
tegmental area (Nestler et al., 1999).
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Cocaine affects Dopamine Transmission in the Mesolimbic Pathway —
Non-Addicted State
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Figure 3: The effect of cocaine intake on dopamine transmission in the mesolimbic
pathway in the non-addicted state.
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Cocaine affects Dopamine Transmission in the Mesolimbic Pathway —
Non-Addicted State
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mesolimbic pathway.
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Figure 5:. Changes to glutamate homeostasis occurs after withdrawal from chronic
cocaine administration. Reduction of cystine-glutamate exchange results in a decrease
in basal extrasynaptic glutamate levels. This and upregulation of activator G protein
signalling 3 (AGS3) cause a decrease in mGIluR2/3 signaling which results in an
increase in synaptically released glutamate (Kalivas, 2009). The rest of this can be
read in Figure 7.
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Figure 6: . The mesolimbic dopaminergic circuitry is composed of VTA

dopaminergic neurons and its projections, the nucleus accumbens (NAc), the
amygdala (Amy), and the medial prefrontal cortex (mPFC) (Guo et al., 2009).
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Figure 7: Neuroadaptation Overview

Chronic Cocaine Use: Chronic cocaine causes the over-activation of
dopamine D1-like receptors which stimulates PKA activity and increases cCAMP
activity. This leads to an increase in the phosphorylation of CREB (Edwards and
Koob, 2010) which activates it, allowing it to be translocated and to bind to specific
DNA sequences, which increases the transcription of certain downstream genes
(Purves, et al, 2008) leading to an increase in dynorphin production. Dynorphin can
inhibit both dopamine and glutamate transmission (Nestler et al., 1999; Hjelmstad and
Fields; 2001).

Cocaine Withdrawal: During cocaine withdrawal, there is an increase in
synaptically released glutamate (Kalivas, 2009). The NMDA receptor activates the
ERK pathway (Kaprivinsky, 2003). ERK1/2 MAPK cascade leads to the
phosphorylation of CREB (Perkinton, Sihra, and Williams, 1999).

Withdrawal also causes lowered levels of mesolimbic dopamine release and
increased PKA activity (Fitzgerald, 1996; Lee and Messing, 2008). PKA is implicated
in the phosphorylation of CREB as well as GIuR1%**. Increase in the phosphorylation
of GIuR1%®* has been seen in cocaine withdrawal (Ferrario et al, 2011). The
phosphorylation of GIuR1 at serine 845 increase the opening probability of AMPA-Rs
as well as assists in the delivery of GluR1-containing AMPA-R to the synapses (Banke
et al., 2000; Esteban, 2003).

Stress: Stress increases dynorphin (Land et al., 2008) while stress-induced
cocaine seeking is associated with a remarkable overflow of synaptic glutamate into
the NAc core from pre-limbic afferents (McFarland, Lapish, and Kalivas, 2003). Stress
has also been shown to increase kappa-opioid mediated ERK activation (Bruchas and
Chavkin, 2008; Shen et al., 2004).
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Cocaine Self-Administration and NorBNI or Saline Injection
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Figure 8: Timeline for NorBNI Experiment: cocaine self-administration regimens and
injections (NorBNI or Saline).
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Figure 9: Timeline for Stress-Cocaine Experiment: cocaine-self-administration
regimens and withdrawal times. Animals were euthanized by decapitation after one
day of cocaine withdrawal.

then decapitation
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Figure 10: Regional Dissections for Stress-Cocaine Experiment: schematic
representation of regional brain dissections collected from 1.5-mm thick coronal
slices. NAc core (NAC) and shell (NAS) in anterior-posterior coordinates depicting
the posterior side of brain slices. Taken from "Emergence of context-associated GIuR1
and ERK phosphorylation in the nucleus accumbens core during withdrawal from
cocaine self-administration™ (2011) with permission from Scott Edwards who was the

primary author of the study.
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Figure 11: Significantly decreased NAc Core GIuR1 S845 phosphorylation following
one day cocaine withdrawal in animals that have been exposed to both cocaine self-
administration and footshock stress. Increased (P=0.06) NAc Shell ERK1/2
phosphorylation following one day cocaine withdrawal in animals that have been
exposed to cocaine self-administration but not footshock stress.
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Graph 1: The «k-opioid receptor antagonist norBNI attenuates cocaine intake in long-
access subjects

Norbinaltorphimine (norBNI) is a k-opioid receptor antagonist (i.e. it blocks
the effects of dynorphin). It was injected into a subgroup of rats before allowing them
extended-access (6 h/day) to cocaine. The control rats were injected with saline before
extended-access to cocaine. In comparison to saline-injected LgA rats (n=4), norBNI-
injected rats (n=4) had lower cocaine intake (F;;=6.989; P=0.0203).

This graph was produced in part by Tim Whitfield, Ph.D.
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Graph 2: The «k-opioid receptor antagonist norBNI showed no effect on ShA cocaine
intake.
This graph was produced in part by Tim Whitfield, Ph.D.
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Graph 3: The k-opioid receptor antagonist norBNI decreased cocaine self-
administration in LgA rats under a progressive-ratio schedule.

Rates of cocaine intake compared across groups in the norBNI experiment.
Saline was used as the vehicle (veh). Saline-ShA rats took an average of 3.5 + 0.5
injections. NorBNI-ShA rats took an average of 3.7 + 0.7 injections. Saline-LgA rats
took an average of 10.8 + 0.6 injections. NorBNI-LgA rats took an average of 7.0 £
0.4 injections. The breakpoint for norBNI-LgA rats was around 15 presses whereas the
breakpoint for saline-LgA rats was around 32 presses and the breakpoint for ShA rats
was around 6 presses. (* = P <0.05; ** = P <0.01; *** = P <0.001; **** =P <
0.0001).

This graph was produced in part by Tim Whitfield, Ph.D.
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Graph 4: Mild foot-shock stress induced cocaine escalation.

Animals that received mild intermittent foot-shocks (0.5mA, 20 min/day: 10

min after each hour of self-administration) during cocaine self-administration sessions
(2 h/day) displayed a significant escalation (F;13=1.3; P <0.001) in cocaine intake in
comparison to animals that had no such stressor. Each session's P-value was compared
to session 1. This data suggests that stress is a factor that contributes to drug
addiction. The following graph illustrates the results of cocaine intake in animals
chronically exposed to stress versus animals not subjected to stress. (* = P <0.05; **
= P <0.01; *** = P <0.001; **** = P <0.0001).
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Graph 5: GIuR1%** phosphorylation was significantly decreased in rats with both
cocaine withdrawal and stress history.

Following cocaine self-administration (1d WD). Western blot analysis
compared phophoprotein level variation between foot-shock subjects, non foot-shock
subjects, and cocaine-naive subjects. Results showed that in the nucleus accumbens
(NAC) core, phosphorylation of GIuR1 at serine 845 was significantly decreased
during withdrawal from cocaine self-administration in stressed subjects in comparison
to non-stressed subjects. Phosphoprotein was compared to total protein.

This graph was produced by Scott Edwards, Ph.D.
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Graph 6: ERK1/2 phosphorylation was increased in rats undergoing withdrawal.
Following cocaine self-administration (1d WD). Western blot analysis
compared phosphoprotein level variation between foot-shock subjects, non-foot-shock
subjects, and cocaine-naive subjects. Results showed that in the nucleus accumbens

(NAC) shell, phosphorylation of ERK1/2 was increased during withdrawal from
cocaine self-administration. Phosphoprotein was compared to total protein.
This graph was produced by Scott Edwards, Ph.D.
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Table 1: Progressive Ratio Schedule. The number of lever presses needed for each

cocaine injection.

Progressive Ratio
(PR) Schedule

Cocaine Lever Presses

Injections Needed

1st 1
2nd 2
3rd 4
4t 6
5t 9
6t 12
7t 15
8t 20
9th 25
10t 32
11t 40

12th

50
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Figure 10 is a reprint of material as it appears in "Emergence of Context-
associated GIuR1 and ERK Phosphorylation in the Nucleus Accumbens Core during
Withdrawal from Cocaine Self-administration.” Edwards, Scott, Ryan K. Bachtell,
Daniel Guzman, Kimberly N. Whisler, and David W. Self. Addiction Biology 16.3
(2011): 450-57. Dr. Scott Edwards was first author of this paper.

Graphs 1, 2, and 3 were produced by Dr. Tim Whitfield.

Graphs 5 and 6 were produced by Dr. Scott Edwards.
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