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ABSTRACT 

 
The role of chemokines as chemotactic cytokines and their functions in 

the immune system and related pathologies are well defined. Recently, strong 

evidence supporting the hypothesis that chemokines can act as modulators of 

neuronal activity and influence neurotransmission has been reported. The 

chemokine CXCL12 is constitutively expressed in adult brain and expression of 

CXCL12 and its cognate receptor CXCR4 have been reported in regions of rat 

brain that construct dopamine (DA) and glutamate (GLU) pathways such as 

ventral tegmental area (VTA), substantia nigra (SN), and nucleus accumbens 

(NAc). In the central nervous system (CNS), activation of CXCR4 on 

dopaminergic neurons and astrocytes initiate cascade of events that leads to DA 

and GLU release and influence synaptic transmission. In vivo, 

intracerebroventricular (ICV) CXCL12 has been shown to potentiate cocaine-

induced locomotor activity. Based on these evidences, the studies, as outlined in 

this dissertation, aimed to expand understanding of how CXCL12/CXCR4 

interaction can affect cocaine-induced behavior and reinforcement, with special 

focus on mechanisms involving GLU.  

We first evaluated involvement of CXCR4 activation by CXCL12 on 

cocaine-induced locomotor activity using a selective CXCR4 antagonist 

AMD3100. Results demonstrated that AMD3100 (5, 10 mg/kg, IP) pretreatment 

dose-dependently attenuated cocaine-induced locomotor activity without 

affecting the baseline activity. Thereafter, effects of AMD3100 on cocaine’s 

reinforcing efficacy were tested using a biased conditioned place preference 
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(CPP) paradigm. In all CPP experiments, saline pretreated controls established 

a significant preference for the cocaine-paired context following four pairings 

with cocaine (10 mg/kg, IP). Rats pretreated with 2.5 and 5 mg/kg AMD3100 

prior to each pairing session showed significantly lower preference for the 

cocaine-paired side, whereas rats pretreated with 1 mg/kg AMD3100 showed 

similar preference for the cocaine-paired side as the saline controls when tested 

in the absence of the drug. Rats pretreated with AMD3100 (5 mg/kg, IP) just 

once prior to testing showed significantly lower preference for the cocaine-paired 

side. These results demonstrate that CXCR4 antagonism reduces development 

and expression of cocaine-induced CPP.  

Intravenous cocaine self-administration (SA) was performed to examine 

the effects of AMD3100 on the acquisition of cocaine-taking behavior and 

reinstatement to cocaine-seeking. Acquisition of cocaine SA was studied using 

three doses of cocaine (0.375, 0.5, 0.75 mg/kg/infusion) on a fixed-ratio 1 (FR-1) 

schedule of reinforcement. Two doses of AMD3100 (5, 10 mg/kg, IP) were 

tested. In all SA experiments, saline pretreated controls readily acquired cocaine 

self-administration. The lower and higher AMD3100 decreased the number of 

reinforcers earned during the two hour sessions compared to saline controls 

when tested against acquisition of 0.375 and 0.5 mg/kg/infusion cocaine. 

However, when tested against the 0.75 mg/kg/infusion cocaine, only 10 mg/kg of 

AMD3100 resulted in reduction in responding, but not the lower dose. When a 

dose response curve was plotted using all doses of cocaine and AMD3100 
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tested, the effects of AMD3100 were represented by a significant downward shift 

of the dose response curve.  

Effects of AMD3100 on cocaine-seeking were evaluated using the 

reinstatement model, in which rats that were extinguished from self-

administration of 0.5 mg/kg/infusion cocaine underwent reinstatement testing 

with cue or cue + drug presentation. A compound cue (light and tone stimulus), 

that was used during the acquisition training, and submaximal dose of cocaine 

(5mg/kg, IP) were used. In both reinstatement conditions, rats pretreated with 

saline reinstated following the presentation of cue or cue + drug prime. Rats 

pretreated with AMD3100, 30 minutes prior to reinstatement session, showed 

significantly lower number of lever presses indicating drug-seeking was not as 

robust compared to the saline pretreated controls.  

Following the observations that cocaine-induced behaviors may be 

partially mediated by CXCL12/CXCR4 interaction, neurochemical changes were 

examined to elucidate the underlying mechanisms. CXCR4 immunoreactivity in 

prefrontal cortex (PFC) following withdrawal from 7 days of repeated cocaine (15 

mg/kg, IP) was evaluated. Although positive CXCR4 immunoreactivity was 

observed in PFC, there were no significant differences in the intensity of CXCR4 

expression compared to the saline treated controls at acute (2 hours, 2 and 10 

days) or protracted (30 days) withdrawal time points. In contrast, CXCL12 

protein levels in PFC and NAc were negatively influenced after protracted 

withdrawal from 7 days of repeated cocaine (15 mg/kg, IP) administration. 

Following assessment of regional expression of CXCR4, cellular expression was 
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evaluated using triple labeling immunohistochemistry which revealed the positive 

CXCR4-immunoreactivity on cells staining positively for vesicular glutamate 

transporter 1 (vGlut1) and glial fibrillary acidic protein (GFAP) showing that the 

glutamatergic neurons and astrocytes in the PFC express CXCR4.  

To assess the effects of CXCL12 on GLU transmission, microdialysis of 

NAc was performed. Following unilateral injection of 50 ng CXCL12 into the 

lateral ventricle, increase in extracellular GLU was observed. In a follow up 

study, AMD3100 pretreatment (10 mg/kg, IP) attenuated cocaine-induced 

increase in extracellular GLU in the NAc. Since the glutamate transporter 

subtype-1 (GLT-1) is a major regulator of extracellular GLU and upregulation of 

GLT-1 expression and function has been shown to attenuate reinstatement to 

cocaine-seeking, its expression was evaluated using immunoblot analysis of the 

NAc and PFC of rats that self-administered cocaine. The results revealed that 

AMD3100 (10 mg/k, IP; daily injection 30 min prior to SA session) pretreatment 

upregulated GLT-1 levels in the NAc but not PFC.  

In summary, results of the present study show that CXCL12/CXCR4 

interaction may modulate cocaine-induced behavioral effects including 

reinforcement and reinstatement to cocaine-seeking. Neurochemical 

assessments revealed the presence of CXCR4-expressing glutamatergic 

neurons in the PFC and AMD3100-induced up-regulation of GLT-1. Most 

importantly, we provided direct evidence of CXCL12/CXCR4 mediated GLU 

transmission in NAc. Together, these results expand our understanding of 
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chemokine’s role as neuromodulators and identify CXCR4 as a novel target for 

development of new pharmacotherapies for the treatment of cocaine addiction.  
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CHAPTER 1 

GENERAL INTRODUCTION 

Cocaine Abuse and Cost to Society 

For fiscal year 2017, president Obama requested 31.1 billion dollars in 

funding for reduction of illicit drug use in the United States (Federal Drug Control 

Budget Request, 2017). Clearly, illicit drug use and dependence is a serious 

public health concern with heavy socioeconomic burden. According to the 

National Drug Threat Assessment by the U.S. Department of Justice National 

Drug Intelligence Center, the total economic cost of illicit drug use in 2007 was 

more than 193 billion dollars, including costs related to crime, healthcare and lost 

productivity. Moreover, the number of drug-induced deaths has been steadily 

rising since 2004 when the assessments began. Currently, there are an 

estimated 27 million Americans, ages 12 or older, that have used an illicit drug 

during the past month, and cocaine ranks as the fourth highest used illicit drug 

with 1.5 million users (SAMHSA, 2014).  

 

Cocaine: A Short History  

Cocaine, a natural alkaloid derived from the coca leaf, is placed in the 

Schedule II of the Comprehensive Drug Abuse Prevention and Control Act of 

1970, due to its high abuse potential. Reportedly, first used among indigenous 

South Americans, it was made popular as an ingredient in a Italian coca-wine 

called Vin and in the original Coca-Cola recipe in the late 1800’s in United States. 

Cocaine was marked as a replacement for food and for its stimulant and anti-



	 2	

nociceptive properties and was sold in various forms including cigarettes, powder 

and mixtures specifically formulated for intravenous injections. In 1906, Pure 

Food and Drug Act was passed to restrict the use of cocaine as additives in 

drinks and food, and in 1914, the U.S. congress passed the Harrison Act that 

limited dispensation of cocaine, requiring a doctor’s order.  

Currently, cocaine is one of the most widely abused recreational drugs 

with multiple routes of administration that include, inhalation, nasal insufflation, 

and intravenous injection. Cocaine’s effects can begin just minutes after 

consumption and last between five and ninety minutes depending on the route of 

administration and the doses taken (Zimmerman, 2012). Physiologically, it has 

vasoconstrictive, prothrombiotic, anesthetic, sympathomimetic and psychoactive 

properties and can lead to many adverse effects including tachycardia, ischemic 

stroke and myocardial infarction (Pomara et al., 2012, Zimmerman, 2012). 

Cocaine use and abuse is associated with uncontrollable pattern of use with 

rapid onset of acute withdrawal characterized by anxiety, depression, irritability 

and anhedonia, and development of tolerance from repeated use.  

 

Lack of Pharmacological Treatment for Cocaine Addiction 

National Institute of Drug Abuse (NIDA) defines drug addiction as a 

“complex disease” that is chronic and often relapsing. Despite much effort to 

identify and develop a pharmacotherapy, to date there is no Food and Drug 

Administration (FDA)-approved drug for the treatment of cocaine addiction. The 

pharmacological agents developed and approved for treatment of other diseases 
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have shown some efficacy in treating cocaine addiction. The types of 

pharmacological interventions vary widely and include antidepressants, 

anticonvulsants and dopamine (DA) and glutamate (GLU) receptor agonists and 

antagonists (Lima et al., 2002). All of these drugs, in some ways, aim to restore 

and preserve neurochemical changes in the brain that result from exposure to 

cocaine. 

Currently available treatments for cocaine dependence rely mainly on 

behavioral interventions such as contingency management, motivational 

incentives and cognitive-behavioral therapy. With the high rate of relapse even 

after intervention, it is imperative, that in order to increase the effectiveness of 

treatment, pharmacotherapy that can complement the behavioral interventions 

must be found.  

 

Scientific Rationale 

In order to gain a deeper understanding of the changes in the central 

nervous system (CNS) elicited by cocaine use, and to find a novel substrate that 

can be targeted for development of a pharmaceutical therapeutic, following 

specific aims were devised: 

1. To explore whether intervention of CXCL12/CXCR4 signaling can alter 

cocaine taking and seeking behaviors. 

2. To study the role of CXCL12/CXCR4 signaling in the reward pathway 

through examination of cellular and regional expression of the receptor 

following cocaine exposure and withdrawal.  
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3. To investigate whether intervention of CXCL12/CXCR4 signaling can 

modulate GLU transmission in the reward circuit. 

The fundamental goal of proposed the investigation is to gain a broader 

understanding of the CXCL12/CXCR4 chemokine system in drug-associated 

reward and relapse, and explore the possibility for development of novel 

therapeutics for stimulant abuse. The central hypothesis that will be tested is that 

blockade of CXCR4 by its antagonist, AMD3100, will inhibit the activation of 

mesolimbic dopamine and corticolimbic glutamate reward pathways that will 

ultimately lead to inhibition of cocaine reward and relapse (Refer to Figure 1.1 

and 1.2 for more detailed description of the working hypothesis). 

 

Dopamine Neuropharmacology 

DA is a vesicular monoamine neurotransmitter synthesized by 

decarboxylation of L-dihydroxyphenylalanine (L-DOPA) and is degraded by 

monoamine oxidase (MAO) upon release (Cooper et al., 2003). There are five 

known DA receptor subtypes of which D1 and D5 receptors are grouped together 

as D1-like and D2, D3 and D4 receptors are categorized as D2-like receptors. 

The receptors in the same category of DA receptors share sequence homology 

and pharmacology (Surmeier et al., 1992, Cooper et al., 2003, Neve, 2009). 

Upon activation, D1 receptors, coupled to Gαs subunits stimulate adenylyl 

cyclase (AC), increase cyclic adenosine monophosphate (cAMP) production and 

activate protein kinase A (PKA).  The Gαq coupled D1 receptor stimulation 

activates phospholipase C (PLC) and the inositol triphosphate (IP3) pathway 
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leading to intracellular calcium mobilization (Cooper et al., 2003, Beaulieu and 

Gainetdinov, 2011). On the other hand, D2 receptors are coupled to Gαi/o 

subunits and have effects opposite of D1 receptors upon activation.  

In the telencephalon, high concentrations of D1 receptors are found in 

neocortical area including the frontal cortex and striatum such as NAc (Mansour 

and Watson, 1995, Cooper et al., 2003, Neve, 2009). In NAc, DA receptor 

expression is heterogeneous with high levels of expression in the shell (Mansour 

and Watson, 1995). In the mesencephalon, D2 receptors are more widely 

distributed in the areas of the midbrain and hindbrain such as the substantia 

nigra (SN) and ventral tegmental area (VTA).  In neuronal circuits, D1 receptors 

are predominantly postsynaptic and with dense expression on the medium spiny 

neurons (MSN’s) of the NAc (Cooper et al., 2003). In contrast, D2 receptors are 

localized on both pre- and postsynaptic neurons. The presynaptic D2 receptors 

act as autoreceptors and regulate DA synthesis and release (Cooper et al., 

2003). The supporting evidences are 1) D2 receptor mRNA and binding is 

localized in the SN and VTA which contain cell bodies of efferents that project to 

terminal areas; 2) D2 receptor mRNA and tyrosine hydroxylase, an enzyme that 

converts tyrosine to DOPA in the rate limiting step of DA synthesis, are 

colocalized; 3) lesions in the medial forebrain bundle result in simultaneous loss 

of TH and D2 receptor mRNA (Mansour and Watson, 1995). 

 

Dopamine-associated Cocaine Neuropharmacology and Behavioral Effects  
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Similar to other psychostimulants, cocaine increases extracellular DA in 

the reward system. In the brain, cocaine acts as a monoamine transporter 

inhibitor that blocks reuptake of DA, norepinephrine (NE) and serotonin (5-HT). 

The acute psychomotor stimulant effects of cocaine are mainly attributed to 

increased synaptic DA through inhibition of reuptake by blocking DA transporters 

(Heikkila et al., 1975). Cocaine, binds to the DA transporter (DAT), which is 

responsible for termination of DA synaptic transmission through transportation of 

DA out of the synaptic cleft and back into the presynaptic terminal. Inhibition of 

DA removal increases the effects of synaptic DA through prolonged lifetime in the 

cleft and increased diffusion between synapses (Bradberry, 2000).  

While the full extent of cocaine’s effects involve multiple neurotransmitters 

and brain regions, it has been well established that increased DA transmission in 

the mesolimbic pathway mediates reward and psychomotor activity of acute 

cocaine (Ettenberg et al., 1982, Kuczenski et al., 1991, Koob, 1992). The 

mesolimbic DA pathway consists of dopaminergic neurons projecting from the 

VTA to NAc (Gerfen, 2010).  

Administration of cocaine results in noticeably greater increase in 

extracellular DA in amplitude and duration when compared to that of naturally 

occurring reinforcers such as food (Wise, 2004). In animal models, cocaine 

induces locomotor activation and sensitization, conditioned place preference 

(CPP) and is readily self-administered (Kalivas et al., 1981, Kuczenski et al., 

1991, Koob, 1992, Kaddis et al., 1993, Witkin, 1993, Cervo and Samanin, 1995, 

Koob and Nestler, 1997, Tzschentke, 1998, Roberts et al., 2013). Both non-
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contingent and contingent administration of intravenous (IV) cocaine results in 

increased DA concentration in the NAc (Pettit and Justice, 1989). Although 

cocaine is not self-administered directly into the NAc, lesions of the VTA, bilateral 

administration of DA antagonists into the NAc, and DA depletion by chronic D-

amphetamine administration prevent cocaine self-administration (SA) (Roberts et 

al., 1977, Roberts and Koob, 1982a, Goeders and Smith, 1983, Phillips et al., 

1983, Maldonado et al., 1993, Gerrits and Van Ree, 1996).  

Administration of DA receptor antagonists show differential effects on 

cocaine SA depending on the region and reinforcement schedule used 

(McGregor and Roberts, 1993). Systemic administration of DA receptor 

antagonists, α-flupenthixol or pimozide produces a dose-dependent increase in 

cocaine SA (de Wit and Wise, 1977, Ettenberg et al., 1982), and subcutaneous 

administrations of selective D1 and D2 antagonists also increase cocaine SA 

(Corrigall and Coen, 1991). Similarly, microinjections of D1 antagonist SCH-

23390 into the NAc, amygdala or striatum dose-dependently enhance the rate of 

cocaine SA under a fixed ratio-5 schedule of reinforcement (Caine et al., 1995). 

However, it has been shown that low doses of D1 antagonists, SCH-23390 and 

SCH39166 can produce opposite effects and reduce cocaine SA (Caine et al., 

1995). Other studies also reported that D1 and D2 antagonists decrease cocaine 

SA under progressive ratio schedules of reinforcement, which indicates that the 

intervention decreased reinforcing strength of the drug (Hubner and Moreton, 

1991, McGregor and Roberts, 1993).  
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Similar results have been reported in conditioned place preference (CPP) 

paradigms, where D1 but not D2 receptor antagonists attenuate the development 

of cocaine-CPP, and D1 receptor agonists alone were able to produce a place 

preference while D2 had no effect (Graham et al., 2007). 

Before further discussion, it is important to understand that cocaine has 

both acute and prolonged effects. In humans, acute cocaine tends to produce 

euphoria along with a sense of well-being, and in animals, it produces a transient 

increase in locomotor activity. With repeated use, physical dependence develops 

in humans. Similarily, in animals, tolerance and sensitization to cocaine 

characterized by diminishing or intensified acute behavioral effects, such as 

behavioral sensitization, are observed.  Development of tolerance or sensitization 

may depend on the pattern of administration. It has been shown that intermittent 

dosing paradigms induce sensitization while continuous administration through 

an osmotic pump leads to tolerance (Post, 1980, Kuribara, 1996). 

Consistent with clinically reported physical disturbances produced by 

chronic drug exposure and cessation, repeated cocaine exposure and withdrawal 

produces neuroadaptations at the molecular and cellular levels in origin and 

target region of the mesolimbic reward circuit (Koob, 1992, Koob and Le Moal, 

1997). These changes may explain the underlying mechanisms of tolerance, 

behavioral sensitization, dependence to cocaine and withdrawal induced craving 

(Nestler et al., 1990, Nestler et al., 1993). Chronic treatments with 

psychostimulants can result in a short-term decrease in basal and drug-induced 

DA levels (Parsons et al., 1991, Pothos et al., 1991, Imperato et al., 1992, 
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Rossetti et al., 1992, Segal and Kuczenski, 1992). After cocaine SA, there is a 

transient reduction in VTA-stimulated NAc DA release, and decreased 

augmentation of stimulated DA overflow in response to cocaine challenge 

(Siciliano et al., 2015). These short-term reductions in extracellular DA underlie 

the symptoms associated with cocaine cessation and craving at the early stages 

of withdrawal.  In contrast, other studies have found an increase in drug-induced 

DA release in the NAc following chronic psychostimulant treatment (Kalivas and 

Duffy, 1993, Robinson, 1993, Wolf et al., 1993). This enhancement of 

extracellular DA is hypothesized to be the underlying mechanism of behavioral 

sensitization. Behavioral sensitization is thought to involve presynaptic 

mechanisms since repeated injections of psychostimulants into the VTA, but not 

NAc produce behavioral sensitization (Kalivas, 1986, Kalivas and Weber, 1988, 

Vezina and Stewart, 1990, Hooks et al., 1992, Perugini and Vezina, 1994).  

At the cellular level, chronic cocaine treatment produces a temporary 

increase in firing pattern of VTA DA neurons. At resting state, tonic firing rates of 

VTA DA neurons are between 1 and 8 Hz. With stimulation, the low rate tonic 

firing switches to transient high-frequency firing with rates greater than 15 Hz 

(Volkow and Morales, 2015). This change in the pattern of firing of VTA DA 

neurons has been associated with drug-associated cues where the firing returns 

to tonic in the absence of expected stimulation or reward (Schultz, 2002). 

However, at longer withdrawal after chronic cocaine, electrophysiological 

measurements revealed attenuated spontaneous activity of VTA DA neurons, 

which may underlie the decreased basal level of extracellular DA in the NAc and 
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account for anhedonia and cocaine craving following withdrawal (Ackerman and 

White, 1992).  

Accompanying the transient adaptations in the VTA DA transmission are 

the long-lasting neuroadaptations in the NAc. Repeated cocaine causes 

enhancement of the NAc D1 DA receptor sensitivity (Henry and White, 1991), 

and following withdrawal from chronic cocaine, D2 DA receptor binding-density in 

the NAc is increased (Goeders and Kuhar, 1987).  

The PFC also receives dense dopaminergic projections from the VTA. The 

PFC pyramidal neurons and GABAergic interneurons, known to express different 

subsets of DA receptors (Brozoski et al., 1979, Benes et al., 1991, Goldman-

Rakic, 1997, Kawaguchi and Kubota, 1997, Muly et al., 1998, Baker et al., 2002, 

Constantinidis and Goldman-Rakic, 2002, Gorelova et al., 2002, Homayoun and 

Moghaddam, 2007), combine to regulate executive and cognitive function and 

drug-associated memory formation (Sawaguchi and Goldman-Rakic, 1991, 

Roberts et al., 1998, Rao et al., 2000). Evidence supports involvement of drug-

associated memory in relapse which can last far longer than withdrawal 

symptoms (O'brien et al., 1992). This is evident from the observation that drug-

dependent persons show increased tendency to relapse with presentation of a 

cue that had been previously associated with prior drug use (Childress et al., 

1986, Ehrman et al., 1992).  

 

Glutamate Neuropharmacology 
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GLU is a major excitatory transmitter in the CNS. There are two types of 

GLU receptors, ionotropic and metabotropic. The ionotropic receptors are 

fundamentally ion channels permeable to cations, and are further divided into 

three receptor families named after the preferred agonists, N-methyl-D-aspartate 

(NMDA), a-amino-3-hydroxy-5methyl-4-isoxazolepropionic acid (AMPA), and 

kainate. The metabotropic GLU receptors (mGluR 1-8) are G protein linked 

seven transmembrane receptors. Depending on cellular location and their 

activity, mGluR’s are categorized into two subgroups – mGluR1/5 and mGluR2/3. 

The mGluR1/5 receptors activate PLC - DAG - IP3 pathway, and have been 

reported to assist in postsynaptic GLU signaling (Jin et al., 2015).  On the other 

hand, the mGluR 2/3 are negatively coupled to adenylyl cyclase (AC), and act as 

autoreceptors that exert inhibitory tone on the presynaptic neuron and regulate 

GLU release (Meldrum, 2000).  

GLU signaling is terminated mainly by glutamate transporters that 

reuptake synaptic GLU. To date, 5 subtypes of GLU transporters have been 

identified. They are known as excitatory amino acid transporters 1-5 (EAAT 1-5) 

in humans. In non-human species, EAAT2 and EAAT3, are also known as 

glutamate transporter subtype-1 (GLT-1) and GLU and aspartate transporter 

(GLAST), respectively. Both are predominately glial, whereas EAAT1, 2, and 5 

are typically neuronal (Meldrum, 2000). Unlike Na+ coupled glial transporters, the 

neuronal GLU transporters are coupled to Cl- and, when activated, hyperpolarize 

the postsynaptic membrane and suppress synaptic activity. 

.  
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Glutamate-associated Cocaine Neuropharmacology and Behavioral Effects 

Although GLU is a ubiquitous neurotransmitter in CNS, glutamatergic 

afferents to the NAc has been associated with drug dependence. While NAc is a 

region of converging afferents from amygdala, hippocampus, medial thalamus 

and PFC, activation of the prefrontal cortex and amygdala is commonly observed 

in brain imaging studies in human addicts exposed to drug associated cues 

(Goldstein and Volkow, 2002). The development of physical dependence 

involves the transition from sporadic or controlled drug use to compulsive or 

uncontrolled drug use despite negative consequences. GLU signaling in 

mesocorticolimbic GLU pathway (PFC to NAc) has been associated with this 

transition (Everitt and Robbins, 2005). 

Involvement of GLU in drug addiction was first recognized from a 

behavioral sensitization studies demonstrating that NMDA antagonists block 

development of behavioral sensitization (Karler et al., 1989). Thereafter, GLU in 

the VTA has been associated with development of cocaine dependence following 

reports showing that an acute injection of cocaine produced GLU-dependent long 

term potentiation in VTA DA cells (Ungless et al., 2001).  

While GLU in the VTA has been implicated in development of addiction-

related behaviors, GLU transmission in the NAc has been shown to be important 

in the expression of behavioral sensitization. Pierce et al. showed that expression 

of behavioral sensitization following repeated cocaine was accompanied by an 

increase in GLU transmission in NAc. They also reported that the core and shell 
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of the NAc differentially regulate the effect, by showing that augmentation of 

motor responses to cocaine challenge was abolished after injection of NMDA 

receptor antagonists into the core, but not the shell, using a behavioral 

sensitization paradigm (Pierce et al., 1996).  

Furthermore, evidence supports the role of GLU in drug-associated 

maladaptive behaviors including craving and relapse from withdrawal (Koob and 

Le Moal, 1997, Berke and Hyman, 2000, Kelley and Berridge, 2002, Hyman et 

al., 2006, Anderson et al., 2008). Physical and emotional withdrawal symptoms, 

including dysphoria and anhedonia, may arise with abrupt cessation of drug use 

(Gawin and Ellinwood Jr, 1989, Markou and Koob, 1991, Goldstein, 2001). This 

manifestation of withdrawal symptoms could lead to incubation of craving and 

ultimately relapse.  Typically, relapse to drug seeking and taking is modeled by 

allowing animals to self-administer and acquire a drug-reinforced behavior 

(usually lever presses), followed by extinction of the behavior and assessment of 

stimulus-induced reinstatement of the same drug-reinforced behavior. The stimuli 

include but are not limited to stress, drug-associated cues, and priming injection 

of drug. The model of reinstatement or relapse has been used to study brain 

structures involved in the process and screen drugs to block relapse. One of the 

major findings from the use of the model is that the reinstatement to cocaine 

seeking is mediated by GLU release in the NAc core (NAcC), which receives 

glutamatergic input from PFC (Cornish et al., 1999, Weiss et al., 2000, 

McFarland and Kalivas, 2001, McFarland et al., 2004). Intra-accumbens AMPA 

and NMDA receptor stimulation increases the number of cocaine-reinforced 
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responses, and infusion of AMPA agonists reinstates cocaine-seeking behavior 

after a week of extinction (Cornish et al., 1999). Furthermore, AMPA receptor 

antagonists in NAc prevents cue-induced and cocaine-primed reinstatement to 

cocaine-seeking (Cornish and Kalivas, 2000, Di Ciano and Everitt, 2001). The 

metabotropic GLU receptors have been associated with reinstatement (mGluR) 

to cocaine. Activation of mGluR2/3 and inhibition of mGluR1/5 attenuate cocaine 

seeking (Baptista et al., 2004, Adewale et al., 2006, Bäckström and Hyytiä, 2006, 

Peters and Kalivas, 2006). 

In the NAc, basal levels of extracellular GLU are regulated by the cystine-

glutamate antiporter (system xc-) and GLT-1. The system xc- exchanges 

extracellular cystine for intracellular GLU and increases synaptic GLU when 

activated (Baker et al., 2002). The down-regulation of system xc- causes reduced 

basal GLU level in the NAc of animals in cocaine withdrawal. (Pierce et al., 1996, 

Baker et al., 2003). Activation of system xc- by chronic N-Acetylcysteine (NAC) 

inhibits the cocaine-induced increase in extracellular GLU to prevent drug-

induced reinstatement (Madayag et al., 2007). The proposed mechanism 

involves restoration of the GLU homeostasis in the NAc, alleviating withdrawal 

symptoms associated with decreased GLU levels during withdrawal. In addition, 

increased mGluR2/3 activation through restoration of basal GLU level has been 

proposed as another possible mechanism with an mGluR2/3 antagonist 

preventing inhibition of cocaine reinstatement by NAC (Moran et al., 2005).  

In contrast, GLT-1 transports extracellular GLU back into neurons or 

astrocytes, therefore decreasing synaptic GLU (Knackstedt et al., 2010, 
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Rasmussen et al 2011}. GLT-1, as the major regulator of extracellular GLU, 

accounts for the reuptake of 94% of total GLU in the forebrain regions (Tanaka et 

al., 1997). Cocaine SA reduces GLT-1 expression and function in the NAc 

(Knackstedt et al., 2010). Upregulation of GLT-1 expression by β-lactam 

compounds has been shown to reduce reinforcing efficacy of cocaine, attenuate 

cocaine taking, and cue- and cocaine-induced reinstatement to cocaine seeking 

(Knackstedt et al., 2010, Rasmussen et al., 2011b, Ward et al., 2011, Kim et al., 

2015). 

 

Chemokine System: General Overview 

Chemokines are small, secreted molecules of 8-12 kilodaltons (kDA) in 

size. The name is derived from their classical role as chemoattractants.  

Interleukin-8 (IL-8), that has the capability to attract neutrophils, was the first 

chemotactic agent discovered (Yoshimura et al., 1987). Further advancements 

came when chemokines with HIV suppressive effects and chemokine receptors 

(CKR) acting as coreceptors for viral entry were identified (Yoshimura et al., 

1987, Garzino-Demo et al., 1995, Bleul et al., 1996, Feng et al., 1996, Oberlin et 

al., 1996). Thereafter, more than 50 genes encoding chemokines have been 

identified in the human genome (Baggiolini et al., 1997).  

Chemokines are classified into four families, CXC, CC, CX3C and C, 

based on spacing of the conserved cysteine residues in the N-terminus (Murphy 

et al., 2002). Ligands are named by adding “L” at the end followed by a number 

(e.g. CXCL12, CX3CL1). Likewise, CKRs follow the same pattern of 
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nomenclature except with an “R” at the end (e.g. CXCR4, CCR5). The receptors 

share 25 to 80% sequence homology and are G-protein coupled receptors 

mediating diverse signaling cascade in response to their ligands (Oberlin et al., 

1996, Ragozzino, 2002, Reaux-Le Goazigo et al., 2013). Chemokine signaling is 

complex due to the ability of one chemokine to act on multiple chemokine 

receptors and complex receptor-mediated signal transductions.  

Chemokines are known to interact with Gαi to inhibit AC that results in 

intracellular cAMP activity or inhibit Gqα to activate PLC that subsequently 

increases PKC activity and cytosolic Ca2+ (Knall et al., 1996, Wells et al., 1998, 

Zheng et al., 1999, Bacon and Harrison, 2000, Bajetto et al., 2001). Certain 

chemokines also interact with the Gβγ dimers leading to increased sodium 

channel activity in primary sensory neurons (Belkouch et al., 2011). In addition, 

chemokines can activate mitogen-activated protein kinase (MAPK) cascade 

involving extracellular signal-regulated kinase (ERK 1/2) activation, JNK and P38 

(Ganju et al., 1998, Wang et al., 2000, Bajetto et al., 2001). ERK phosphorylation 

has been associated with cocaine psychomotor activation, cocaine reward, 

reconsolidation of memories for cocaine cues and time-dependent increase in 

cocaine-seeking after withdrawal (Lu et al., 2006). Acute and repeated cocaine 

has been shown to increase ERK phosphorylation in the regions of 

mesocorticolimbic reward pathway including the PFC and NAc (Valjent et al., 

2004). Repeated, but not acute cocaine administration increase ERK 

phosphorylation in the VTA (Valjent et al., 2000). Appropriately, pretreatment with 

the selective ERK inhibitor SL327 blocks cocaine-induced ERK phosphorylation, 
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and abolishes cocaine-induced behavioral effects including cocaine locomotor 

sensitization and development of cocaine-induced CPP (Valjent et al., 2000). 

Additionally, activation of ERK2 has been shown to induce synaptic transmission 

through a CXCR2-mediated mechanism (Giovannelli et al., 1998).  

Chemokine receptors are also known to interact with Janus kinases 

(JAKs) and signal transducers and activators of transcription (STATs) (Ganju et 

al., 1998, Mellado et al., 1998). The JAK/STAT pathway has been associated 

with increased chronic ciliary neurotrophic factor (CNTF), which is known release 

known to influence cocaine-induced biochemical adaptations in the VTA (Berhow 

et al., 1996). Moreover, nuclear factor-kappa B (NF-kB) has been reported to 

play a role in chemokine receptor signaling (Moriuchi et al., 1997). NF-kB is a 

downstream mediator of transcription factor ΔFosB, which becomes induced by 

repeated drug-administration. ΔFosB induction by chronic cocaine administration 

has been reported in dorsal and ventral striatum VTA and shown to increase 

sensitivity for drugs of abuse (Ang et al., 2001).   

Many of the chemokines and their receptors are constitutively expressed 

in the brain by neurons, microglia, astrocytes and other immune cells (Bacon and 

Harrison, 2000). Historically, chemokines had a well-defined role as 

immunoinflammatory mediators (Baggiolini, 2001). Their functions relating to 

migration promoting effects on leukocytes and immune related neuropathologies, 

including neuroAIDS, Alzheimer’s Disease traumatic brain injury , experimental 

autoimmune encephalomyelitis, multiple sclerosis and meningitis, have been 

thoroughly studied (Feuerstein et al., 1998, Gabuzda et al., 1998, Ghirnikar et al., 
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1998, Hoffman and Karpus, 1998, Lahrtz et al., 1998, Ransohoff and Tani, 1998, 

Glabinski and Ransohoff, 1999, Miller and Meucci, 1999, Sørensen et al., 1999, 

Xia and Hyman, 1999, Serafini et al., 2000, Meucci, 2014). However, the role of 

constitutively expressed chemokines in the brain is still poorly understood.  

Recent findings identified chemokine and chemokine receptor’s role in 

neurotransmission and neuromodulation in the CNS. It has been reported that 

chemokines increase Ca2+ in neurons that is thought to underlie stimulatory 

effects of chemokines on the release of neurotransmitters and chemokine-

induced changes on synaptic plasticity (Ragozzino et al., 1998, Oh et al., 2002, 

Ragozzino, 2002). A patch clamp study showed that GRO β, also known as 

CXCL2, enhances excitatory post-synaptic currents (EPSC) in the Purkinje 

neurons (Ragozzino et al., 1998). Additionally, CCL2 and CX3CL1 have been 

shown to modulate neuronal excitability via inhibition of GABA-induced currents 

or enhancement of GABA input sensitivity (Gosselin et al., 2008, Heinisch and 

Kirby, 2009) and mediate NMDA and AMPA signaling via enhancement and 

suppression of NMDA and AMPA induced currents (Gao et al., 2009, Lauro et 

al., 2010). 

Involvement of chemokines in heterologous desensitization through 

receptor inhibition via Gαi coupled intracellular signaling or receptor 

internalization has been shown (Lefkowitz, 1998, Ali et al., 1999). CKR activation 

can reduce μ-opioid receptor activity (Steele et al., 2002a) and analgesic effect of 

morphine (Rogers et al., 2000, Steele et al., 2002b, Szabo et al., 2002, Adler et 

al., 2005).  



	 19	

The role of chemokines in expression of GLT-1 also has been reported. 

Fractalkine (CX3CL1) has been shown to increase astrocytic GLT-1 expression 

and activity that was blocked by dihydrokinate, a selective GLT-1 inhibitor 

(Catalano et al., 2013). Following stimulation by lipopolysaccharide or tumor 

necrosis factor-alpha (TNF-α), mouse primary astrocytes increased the 

production of MIP-2γ (CXCL14) and subsequent expression of astrocytic GLT-1 

(Fang et al., 2012).  

 

CXCL12/CXCR4-mediated Neuromodulation and Neurotransmission 

CXCL12 also know as stromal cell-derived factor-1 alpha (SDF-1α) is only 

one of the few chemokines that are constitutively expressed in the CNS (Bacon 

and Harrison, 2000).  Six human (α, β, γ, δ, ε, φ) and three rodent (α, β, γ) splice 

variants of CXCL12 that arise from a common mRNA precursor have been 

identified (Shirozu et al., 1995, Gleichmann et al., 2000, Yu et al., 2006). 

CXCL12, is the smallest but predominant isoform, composed of only 89 amino 

acids including a 19 amino acid signaling peptide. CXCL12 was thought to bind 

only to one receptor, CXCR4, until findings showing interaction between CXCL12 

and CXCR7 on T-lymphocytes (Balabanian et al., 2005). However unlike 

CXCR4, CXCR7 activation does not cause intracellular calcium mobilization and 

is thought to provide growth and survival advantages (Balabanian et al., 2005, 

Burns et al., 2006).  

CXCL12 and CXCR4 have been widely detected in the developing and 

adult CNS (Banisadr et al., 2002a, Stumm et al., 2002a, Stumm et al., 2003, 
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Stumm et al., 2007, Schönemeier et al., 2008, Sánchez-Alcañiz et al., 2011). 

Neuronal expression by dopaminergic, cholinergic, GABAergic and 

vasopressinergic neurons has ben reported (Banisadr et al., 2002b, Banisadr et 

al., 2003, Trecki et al., 2010). Additionally, studies have found CXCR4 

expression by astrocytes and microglia (Ohtani et al., 1998b, Bajetto et al., 2001, 

Bonavia et al., 2003).  

CXCL12/CXCR4 interactions have been reported to play a role in 

transmission of classical neurotransmitters. CXCL12 increases the spontaneous 

release of GLU and GABA in melanin concentrating hormone neurons in a 

biphasic manner (Guyon et al., 2005). At low concentrations, CXCL12 increases 

the frequency of discharge; and at high concentrations, it decreases the 

frequency of discharge. CXCR4 activation can also enhance GABAA 

postsynaptic events directly through an increase in calcium influx to modulate 

neurotransmitter release (Guyon et al., 2006). In addition, CXCR4 activation by 

CXCL12 triggers TNF-α mediated GLU exocytosis from astrocytes on a 

millisecond time scale (Callewaere et al., 2006, Cali et al., 2008, Cali and Bezzi, 

2010, Trecki et al., 2010). As reviewed in the previous section, astrocytes play an 

important role in maintenance of synaptic GLU and millisecond time scale of 

release by astrocytes may significantly affect GLU neurotransmission. 

CXCL12 has also been implicated in DA transmission (Callewaere et al., 

2006, Guyon et al., 2006, Skrzydelski et al., 2007, Trecki and Unterwald, 2009, 

Trecki et al., 2010). Ex vivo clamp recordings of DA neurons in rat SN showed 

that CXCL12 depolarizes DA neurons and switches the pattern of firing from low 
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frequency tonic to high frequency burst mode (Skrzydelski et al., 2007). 

Moreover, in vivo intranigral administration of CXCL12 decreases intracellular 

and increases extracellular DA content in the dorsal striatum (Skrzydelski et al., 

2007). This suggests that CXCR4 activation by CXCL12 triggers DA release from 

CXCR4-expressing DA neurons.  

CXCL12 can elicit opposite effects depending on the concentration. At low 

concentrations, CXCL12 induces high voltage-activated calcium currents and DA 

release, but at higher concentrations, inhibits the calcium currents and decreases 

DA release (Guyon and Nahon, 2007a). These effects are partially explained by 

concentration dependent differences in CXCL12 biding. CXCR4 has two bindings 

sites for CXCL12. CXCL12 binds to a single high affinity site at low 

concentrations, whereas it binds to a second lower affinity site at high 

concentrations (Guyon and Nahon, 2007a). Another possible explanation comes 

from dimerization of CXCR4. Following CXCL12 binding, CXCR4 can undergo 

dimerization that may activate distinct intracellular signaling pathways (Mellado et 

al., 2001). The chemokine receptors of CC and CXC families have been 

demonstrated to undergo a ligand-mediated homodimerization required for Ca2+ 

flux (Mellado et al., 2001). It also has been shown that the heterodimerization of 

chemokines can induce Ca2+ responses at 10- to 100-fold lower than the 

threshold for either chemokine alone (Mellado et al., 2001). 

 

General Summary of Objectives 
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Cocaine remains one of the most widely abused drugs. Cocaine abuse 

continues to be a public health concern with heavy socioeconomic burden. Lack 

of an efficacious and safe pharmacotherapy for cocaine addiction, despite 

decades of research, provides the rationale for additional research to find novel 

approaches and new gargets for treatment of cocaine dependence. Evidence 

supporting a role for CXCL12 and CXCR4 in DA and GLU transmission opens 

the door to a new avenue to be explored. However, chemokines’ physiological 

role as agents that can influence neuromodulation and neurotransmission have 

largely been unexplored. Moreover, in vivo effects of chemokine receptor 

modulation, especially in the models of drug use and relapse, have not been 

thoroughly examined.  

DA and GLU in the reward circuit mediate cocaine’s psychoactive 

properties. Both CXCL12 and CXCR4 are expressed constitutively in the adult 

brain (Klein et al., 1999, Banisadr et al., 2003, Schonemeier et al., 2008, Trecki 

et al., 2010). CXCR4 localized on dopaminergic neurons and astrocytes 

influence DA and GLU synaptic transmission (Limatola et al., 2000, Callewaere 

et al., 2006, Guyon et al., 2006, Skrzydelski et al., 2007, Cali et al., 2008, Cali 

and Bezzi, 2010), and CXCL12 potentiates cocaine-induced locomotor activation 

(Trecki and Unterwald, 2009).  

Based on pieces of these evidence, the studies presented in this 

dissertation investigate interactions between the chemokine, CXCL12, and its 

receptor, CXCR4, in the context of cocaine addiction and relapse. The effects of 

CXCR4 antagonism on behavioral effects produced by cocaine including 
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locomotor activity, development and expression of CPP and SA were assessed. 

In order to elucidate the underlying mechanisms behind the findings of behavioral 

effects, changes in CXCR4 expression, CXCL12 protein levels and CXCR4 

mediated changes in PFC GLU levels were investigated. Together, these studies 

significantly expand the understudied role of chemokine receptor signaling and 

provide strong evidence that substrates within the chemokine system could be a 

novel target for the development of a pharmacological agent for cocaine 

addiction.  
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Figure 1.1. CXCR4 activation by CXCL12 activates mesolimbic dopamine 
and corticolimbic glutamate pathways to modulate cocaine reinforcement 
and relapse. Cocaine-induced increase in CXCL12 in the VTA and the PFC will 

activate CXCR4 expressing dopaminergic or glutamatergic neurons of the 

mesolimbic and corticolimbic reward pathways, respectively. Activation of the 

mesolimbic reward pathway will lead to increase in extracellular dopamine levels 

in the nucleus accumbens that is known to mediate cocaine reward and 

reinforcement. Activation of the corticolimbic reward pathway during withdrawal 

will cause a spike in extracellular glutamate levels in the nucleus accumbens and 

lead to relapse to drug-seeking. 
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Figure 1.2 CXCR4 antagonism by AMD3100 inhibits cocaine reward and 
relapse through mechanism involving decreased dopamine and glutamate 
in the nucleus accumbens. CXCR4 blockade by AMD3100 inhibits cocaine-

induced activation of the mesolimbic dopamine pathway and reduce the 

extracellular dopamine levels in the nucleus accumbens to decrease cocaine 

reward. AMD3100 administration inhibits cocaine or cue-primed increase in 

extracellular glutamate in the nucleus accumbens and prevents relapse to 

cocaine-seeking.   
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CHAPTER 2 

EFFECTS OF AMD3100 ON COCAINE-INDUCED CONDITIONED PLACE 

PREFERENCE AND LOCOMOTOR STIMULATION 

 

Introduction 

Central functions of chemokines are not restricted to neuroinflammation 

and chemotaxis but also extend to neuromodulatory actions on physiological 

circuits that underlie CNS diseases (Laan et al., 1999, Steele et al., 2002b, Adler 

et al., 2005, Liu et al., 2014). CXCL12, formerly known as stromal cell derived 

factor one alpha (SDF-1α), is one of the few chemokines found in the CNS 

(Banisadr et al., 2003, Tissir et al., 2004) and is a CXC category chemokine 

secreted by bone marrow stromal cells as well as populations of neuronal and 

non-neuronal cells (Stumm et al., 2002b). At the cellular level, CXCL12 binds to 

and activates two receptors, CXCR4 and CXCR7, the former being the major 

receptor for CXCL12 in the brain that is expressed by astrocytes, microglia, and 

neurons (Bleul et al., 1996, Tanabe et al., 1997, Ohtani et al., 1998a, Bajetto et 

al., 2002). CXCL12 has a selective and commercially-available antagonist 

(AMD3100) available to probe its receptor mechanism of action. 

 Data suggest that chemokine systems are altered by cocaine exposure 

and influence cocaine’s in vivo effects. Chemokine levels are reduced in the 

plasma of cocaine abusers during withdrawal and elevated in mice following 

acute cocaine exposure (Araos et al., 2015). CXCL12 injected ICV or into the 

ventral tegmental area (VTA) enhances locomotor activation produced by acute 
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exposure to cocaine (Trecki and Unterwald, 2009). CXCL12 injected locally into 

the substantia nigra (SN) causes an elevation in extracellular dopamine (DA) in 

the dorsal striatum that is dependent on active CXCR4 receptors (Guyon et al., 

2006, Guyon and Nahon, 2007a, Skrzydelski et al., 2007). Immunohistochemical 

data obtained from drug-naïve rats show that CXCR4 receptors are expressed by 

DA neurons in the substantia nigra (Banisadr et al., 2002b) and GABAergic 

medium spiny neurons in the lateral shell of the accumbens (NAc) (Trecki et al., 

2010). Despite evidence linking the chemokine CXCR4 system to cocaine’s in 

vivo action, its role in the cocaine reinforcement has not been delineated. Here, 

using conditioned place preference (CPP) and motor activity assays, we tested 

the hypothesis that the CXCR4 receptor system influences rewarding and 

locomotor stimulant effects of cocaine. We provide initial evidence that a CXCR4 

receptor antagonist attenuates development and expression of cocaine CPP and 

attenuates locomotor activation produced by cocaine.  

 

Materials and Methods 

Animals and drugs 

Adult male Sprague-Dawley rats from Taconic (Hudson, NY) were used. 

All animal use procedures were conducted in accordance with the NIH Guide for 

the Care and Use of Laboratory Animal and approved by the Temple University 

Institutional Animal Care and Use Committee. Rats were housed in a controlled 

environment with constant airflow, temperature (21-23 °C), on a reversed 12 hour 

light/dark cycle. All rats had ad libitum food and water access. Cocaine 
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hydrochloride was purchased from Sigma-Aldrich (St Louis, MO, USA). 

AMD3100 was purchased from AstaTech (Bristol, PA, USA). All drugs were 

dissolved in physiological saline and injected via intraperitoneal (IP) route in a 

volume of 1 ml/kg.  

 

Conditioned place preference (CPP) 

CPP experiments were conducted as described (Gregg et al., 2015, 

Tallarida et al., 2015). CPP chambers (45 cm x 20 cm x 20 cm) consisted of two 

compartments separated by a removable door. Each compartment was 

environmentally distinguishable, with one compartment consisting of black walls 

and textured floor, and the other having white walls with vertical black stripes and 

a smooth floor. A 6-day biased design consisting of three phases was used: a) a 

pre-test in the absence of drug on day 1; b) 4 days of conditioning with cocaine; 

and c) a post-test on day 6 in the absence of drug. On day 1, we conducted a 30-

min pre-test to determine the initial compartment preference (i.e., drug-free rats 

were allowed free access to both compartments and the time spent in each 

compartment was determined). The compartment in which a rat spent the least 

amount of time (least-preferred side) was designated as the drug-paired 

compartment for the subsequent conditioning phase, which began the day after 

the pre-test and consisted of a 4-day conditioning paradigm in which rats were 

subjected to two conditioning sessions per day, once in the morning and another 

in the afternoon that were separated by 4 hours.   



	 29	

 For experiments investigating effects of AMD 3100 on development of 

cocaine CPP, rats were pretreated before the morning session with saline or 

AMD3100 (1, 2.5 or 5 mg/kg) 15 min before cocaine (10 mg/kg) and then 

confined to their least-preferred (drug-paired) compartment for 30 min. For the 

afternoon session, rats were injected with saline and placed in their preferred 

compartment for 30 min. Control animals were conditioned with saline in each 

compartment for 30 min. On day 6 rats were placed back into the chamber in a 

drug-free state and allowed free access to both compartments for 30 min. For 

each rat, a preference score was calculated as the difference in time spent on 

the drug-paired side between post-test and pre-test days (i.e., preference score = 

time spent on drug-paired side post-test – time spent on drug-paired side pre-

test).  

 Experiments investigating effects of AMD 3100 on expression of cocaine 

CPP followed a similar procedure. Following the pre-test, rats were injected in 

the morning conditioning session with cocaine (10 mg/kg) or saline and confined 

to their least-preferred compartment for 30 min. For the afternoon session, rats 

were injected with saline and placed in their preferred compartment for 30 min. 

On the day after the 4-day conditioning phase, rats were injected with AMD 3100 

(5 mg/kg) or saline and placed back into the chambers and allowed free access 

to both compartments for 30 min. A preference score was determined as 

described above.  

 

Locomotor activity 
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Locomotor measurements were conducted as described using a Digiscan 

Microsystem consisting of transparent plastic chambers (45 cm x 20 cm x 20cm) 

set inside metal frames equipped with 16 infrared light emitters and detectors 

(Barr et al., 2015, Gregg et al., 2015, Tallarida et al., 2015). Rats were allowed to 

habituate to the test chambers for 60 minutes. Rats pretreated with AMD 3100 

(5, 10 mg/kg) or saline 15 min before cocaine (15 mg/kg) or saline were then 

placed back into activity chambers and activity was measured for 90 min in 5-min 

intervals.  

 

Statistical analysis 

CPP data were analyzed using a two-way ANOVA (pretreatment x 

treatment). Time-course locomotor data were analyzed using a repeated 

measures two-way ANOVA (pretreatment x treatment), and cumulative locomotor 

data were analyzed with a one-way ANOVA. In cases of significant main effects, 

differences between individual groups were determined with a Bonferroni post-

hoc test.  Statistical significance was set at p < 0.05. 

 

Results 

AMD3100 inhibits development and expression of cocaine CPP 

Effects of AMD3100 (5 mg/kg) on development of cocaine (10 mg/kg) 

CPP are presented in Figure 2.1. Two-way ANOVA revealed effects of 

pretreatment [F (1, 26) = 5.03, p < 0.05] and treatment [F (1, 26) = 15.16, p < 

0.001]. Post-hoc analysis revealed that cocaine (SAL + COC) produced a greater 
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preference than saline (SAL + SAL; p < 0.01). AMD3100 pretreatment reduced 

cocaine place preference (AMD + COC vs. SAL + COC; p < 0.05). Two lower 

doses of AMD3100 (1, 2.5 mg/kg, IP) were tested against cocaine (10 mg/kg). 

Dose-effect data for AMD3100 are graphed as % cocaine (alone) CPP (Figure 

2.1 box). One-way ANOVA revealed a main effect [F (3, 36) = 3.688, p < 0.05] 

with 2.5 and 5 mg/kg AMD3100 reducing cocaine CPP (p < 0.05). 

 Effects of AMD3100 (5 mg/kg) on expression of cocaine (10 mg/kg) CPP 

are presented in Figure 2. Two-way ANOVA indicated pretreatment [F (1, 26) = 

5.29, p < 0.05] and treatment [F (1, 26) = 8.58, p < 0.01] effects and a significant 

interaction [F (1, 26) = 9.85, p < 0.01]. Post-hoc analysis revealed that cocaine 

(SAL + COC) produced greater preference than saline (SAL + SAL; p < 0.001), 

and AMD3100 pretreatment reduced cocaine CPP (AMD + COC vs. SAL + COC; 

p < 0.01). 

                                                                                                                                                                       

AMD3100 reduces cocaine-induced activity without affecting basal locomotor 

activity 

Effects of AMD3100 on cocaine-induced and basal locomotor activity are 

presented in Figure 2.3. Two-way ANOVA conducted on the time-course data 

revealed significant effects of treatment [F (5, 494) = 134.39, p < 0.0001] and 

time [F (18, 494) = 7.59, p < 0.0001] and a significant interaction [F (90, 494) = 

2.27, p < 0.0001]. Acute cocaine (15 mg/kg) injection (SAL + COC) produced 

locomotor activation compared to drug-naïve rats (SAL + SAL) (min post-

injection, p value: 5 min, p < 0.05; 10 min, p < 0.01; 15 min, p < 0.05; 20-45 min, 
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p < 0.001; 55 min, p < 0.01; 60 min, p < 0.05; 65 min, p < 0.05). In rats treated 

with a combination of 5 mg/kg AMD3100 and cocaine [AMD(5) + COC], 

locomotor activity was lower compared to rats treated with only cocaine (SAL + 

COC) (min post-injection, p value: 5 min, p < 0.05; 20 min, p < 0.001; 25 min, p < 

0.05; 30 min, p < 0.001; 35 min, p < 0.001; 40 min, p < 0.05). For cocaine-treated 

rats that also received pretreatment with the higher dose (10 mg/kg) of 

AMD3100, locomotor activity was also reduced compared to AMD3100-naïve 

rats treated with cocaine (SAL + COC) ) (min post-injection, p value: 15 min, p < 

0.05; 20 min, p < 0.01; 25 min, p < 0.001; 30-45 min, p < 0.001; 50 min, p < 

0.05). In cocaine-naïve rats, locomotor activity in saline-treated rats (SAL + SAL) 

was not significantly different from rats treated with 5 mg/kg AMD3100 [AMD (5) 

+ SAL] (p > 0.05) or 10 mg/kg AMD3100 [AMD(10) + SAL] (p > 0.05). 

 For cumulative activity counts (0-60 min) (Figure 2.3, box), one-way 

ANOVA revealed a significant main effect [F(5, 30) = 14.28, p < 0.0001]. 

Bonferroni post-hoc analysis indicated that rats treated with cocaine (SAL + 

COC) displayed greater cumulative locomotor activity than drug-naïve rats (SAL 

+ SAL) (p < 0.001). Furthermore, in cocaine-treated rats, pretreatment with 5 

mg/kg AMD3100 [AMD(5) + COC] (p < 0.01)  or 10 mg/kg AMD3100 [AMD(10) + 

COC] (p < 0.001) reduced locomotor activity compared to pretreatment with 

saline (SAL + COC). In cocaine-naïve rats, locomotor activity in saline-treated 

rats (SAL + SAL) was not significantly different from rats treated with 5 mg/kg 

AMD3100 [AMD(5) + SAL] (p > 0.05)  or 10 mg/kg AMD3100 [AMD(10) + SAL] (p 

> 0.05). 
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Discussion 

Chemokines have been linked to cocaine’s in vivo action, with plasma 

levels of CXCL12 increasing in mice exposed to acute cocaine and decreasing in 

human cocaine abusers during abstinence (Araos et al., 2015), but their 

influence on behavioral effects related to the addictive properties of cocaine has 

not been reported. We demonstrated that AMD3100, a CXCR4 antagonist, 

inhibits cocaine CPP. AMD3100, when injected before cocaine on each day of 

conditioning, blocked the development, or acquisition, of cocaine place 

preference. AMD3100, when injected once, after the 4-day conditioning and 

immediately before testing for place preference in the absence of cocaine, also 

blocked expression of cocaine place conditioning. The efficacy of AMD3100 

against cocaine CPP suggests active CXCR4 receptors are required for the 

acquisition and maintenance of cocaine place conditioning.  

 The CPP assay is used to investigate rewarding effects of abused drugs, 

including psychostimulants (Tzschentke, 2007). The preference for one 

environment over the other confers information regarding the motivational state 

created by the drug. If the drug induces a positive state or ‘rewarding’ effect, the 

subject is expected to spend more time in the drug-paired environment. DA 

levels in the nucleus accumbens (NAc) have been implicated in the rewarding 

effects of psychostimulants and are important in producing motivated behaviors 

(Roberts et al., 1980, Ikemoto and Panksepp, 1999). Therefore, the acquisition of 

cocaine-induced CPP depends on activation of the mesolimbic DA system, which 
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consists of DA pathways that originate in the VTA and terminate in the limbic 

system including the NAc. In rats that developed cocaine CPP, significantly 

greater elevations in DA levels were found in the NAc when rats were placed in 

cocaine-paired side compared to when placed in vehicle-paired side during 

conditioning (Duvauchelle et al., 2000a, Duvauchelle et al., 2000b). D1 and D2 

receptor antagonist such as SCH23390 and haloperidol have been found to 

block cocaine-induced CPP (Spyraki et al., 1987, Cervo and Samanin, 1995, 

Nazarian et al., 2004). 

CXCL12 and CXCR4 co-expression on dopaminergic neurons (Banisadr 

et al., 2003) and CXCR4 mediated DA release have been reported (Skrzydelski 

et al., 2007). In addition, CXCL12 injected ICV or into the ventral tegmental area 

(VTA) enhances locomotor activation produced by acute exposure to cocaine, an 

effect abolished by AMD3100 (Trecki and Unterwald, 2009). Based on the 

evidence that provided a connection between the CXCL12/CXCR4 system and 

cocaine’s in vivo effects, we speculated that behavioral effects observed in the 

CPP experiments are associated with AMD3100’s ability to inhibit CXCR4-

mediated DA release.  

 In addition, GLU function has been found to be an important mediator in 

the expression of a conditioned response that has been previously acquired. 

NMDA and AMPA/kainate receptor antagonists MK-801 and DNQX, respectively, 

have been shown to block expression of cocaine CPP when given prior to testing 

(Cervo and Samanin, 1995, Tzschentke and Schmidt, 1997). Therefore, the 

effects of AMD3100 on expression of cocaine CPP suggest a possible 
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involvement of CXCR4 in GLU-associated cocaine’s behavioral effects. A 

specific role for the CXCL12/CXCR4 system in corticolimbic GLU function has 

not been defined but CXCL12 can increase GLU neurotransmission in the brain 

(Limatola et al., 2000, Bezzi et al., 2001, Guyon and Nahon, 2007a). CXCR4 is 

expressed on astrocytes and microglia associated with GLU signaling, and 

activation of astrocytic CXCR4 by CXCL12 initiates a chain of events, including 

release of the pro-inflammatory cytokine tumor necrosis factor alpha (TNF-α) and 

prostanglandins, that leads to GLU release (Bezzi et al., 2001, Cali et al., 2008). 

A biased CPP design was used in the present experiments. In a biased 

design, the preference of each rat for a particular environment is assessed 

before the conditioning phase by placing rats in the apparatus, and then by 

determining the amount of time rats spend in each compartment. The least-

preferred compartment for each subject is then assigned to be the drug-paired 

compartment. With a biased design, a compartmental shift by an animal following 

conditioning with a drug may be indicative of increased preference due to 

rewarding effects or decreased aversion due to anxiolytic effects, or a 

combination of both. For cocaine, it is important to note that the dose of 10 mg/kg 

used in our experiments produces robust, reliable place conditioning in both 

unbiased (Thorn et al., 2014) and biased (Browning et al., 2014, Barr and 

Unterwald, 2015, Tallarida et al., 2015, Galaj et al., 2016, Merkel et al., 2016) 

designs that is thought to reflect its rewarding effects. While the most 

parsimonious explanation for the efficacy of AMD3100 against cocaine CPP is an 

inhibition of cocaine’s rewarding effects, it will be important in future work to 
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further clarify by investigating interactions between AMD3100 and cocaine in 

additional animal models, such as self-administration assays to assess 

reinforcing efficacy and relapse behaviors and the elevated plus maze to assess 

anxiety-like behaviors.  

Cocaine is a psychomotor stimulant and produces hyperactivity when 

administered to animals (Sahakian et al., 1975, Reith, 1986). Cocaine-induced 

hyperactivity is related to activation of DA system. DA receptor antagonists such 

as SCH23390 and haloperidol, have shown to abolish the psychomotor stimulant 

properties of cocaine (Reimer and Martin-Iverson, 1994, Ushijima et al., 1995). 

CXCR4 expression has been reported in substantia nigra (SN), the key area of 

the brain that mediates cocaine’s locomotor effects (Banisadr et al., 2002a). 

CXCL12 elicits a biphasic reaction from the dopaminergic neurons in rat 

substantia nigra. Low concentrations of the CXCL12 have been shown to 

depolarize the dopaminergic neurons whereas higher concentrations of CXCL12 

hyperpolarize dopaminergic neurons through an indirect action of the CXCR4 

receptor on GABAergic neurons (Banisadr et al., 2003, Guyon et al., 2005). 

Activation of CXCR4 on the GABAergic neurons in the substantia nigra reticulata 

increase inhibitory tone on dopaminergic neurons in the substantia nigra pars 

compacta (SNC). Together, these evidences suggest that AMD3100’s effect 

observed in our experiment is a result of CXCR4 mediated DA transmission. It is 

worth noting that AMD3100 had no effect on baseline activity suggesting that 

CXCL12 at tonic levels does not regulate locomotor activity (Trecki and 

Unterwald, 2009).  
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In summary, the current study is the first to report that the systemic 

administration of AMD3100 attenuates cocaine-induced locomotor activity and 

reduces the rewarding effects of cocaine. The study adds to the growing 

literature supporting the role for the chemokine system in neurotransmission and 

modulation of synaptic plasticity and identifies the potential role of 

CXCL12/CXCR4 in behaviors elicited by cocaine. 
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Figure 2.1. AMD3100 inhibits development of cocaine CPP. Rats underwent 

4 days of conditioning with cocaine (10 mg/kg) and were pretreated with saline or 

AMD3100 (5 mg/kg) prior to each conditioning session. Data are presented as a 

difference score (difference in time spent on cocaine-paired side between post-

test and pre-test). N= 7-8 rats/group. **p < 0.01 compared to SAL + SAL and *p < 

0.05 compared to SAL + COC. Dose-effects of AMD3100 (1, 2.5, 5 mg/kg) on 

cocaine CPP. Data are presented as the percentage cocaine CPP. N=8-11 

rats/group. *p < 0.05 compared to the group treated only with cocaine (i.e., 

AMD3100 naïve-group).  
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Figure 2.2. AMD3100 inhibits expression of cocaine CPP. Rats underwent 4 

days of conditioning with cocaine (10 mg/kg). Rats were then injected with saline 

or AMD3100 (5 mg/kg) once, 1 minute prior to the post-test for CPP. Data are 

presented as a difference score (difference in time spent on cocaine-paired side 

between post-test and pre-test). N= 7-8 rats/group.  ***p < 0.001 compared to 

SAL + SAL and **p < 0.01 compared to SAL + COC.  
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Figure 2.3. AMD3100 reduces cocaine-induced locomotor activity. Rats 

pretreated with saline or AMD3100 (5, 10 mg/kg) were injected with cocaine (15 

mg/kg) or saline 15 min later and activity was measured for 90 min. Data are 

presented as total activity counts. ***p < 0.001, **p < 0.01 or *p < 0.05 compared to 

SAL + SAL and ###p < 0.001, ##p < 0.01 or #p < 0.05 compared to SAL + COC. N 

= 5=6 rats/group. Box) Data are presented as cumulative locomotor counts from 

0-60 min. ***p < 0.001 compared to SAL + SAL or ###p < 0.001, ##p < 0.01 

compared to SAL + COC.  
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CHAPTER 3 

 

EFFECT OF AMD3100 ON COCAINE SELF-ADMINISTRATION AND 

REINSTATEMENT TO DRUG SEEKING 

 

Introduction 

Cocaine is one of the most commonly abused drugs with approximately 

1.5 million current users in the United States (SAMHSA, 2014). The reinforcing 

properties of cocaine are primarily mediated by increase in dopamine (DA) in the 

nucleus accumbens (NAc) (Pettit and Justice, 1989, Schultz, 2002, Wise, 2004). 

Cocaine binds to DA transporters to increase the extracellular concentration of 

DA by blocking its reuptake (Heikkila et al., 1975). The main dopaminergic input 

to the NAc comes from the VTA. It has been reported that disruption of DA 

signaling by intra-accumbens administration of dopaminergic antagonists in NAc 

or targeted 6-hydroxydopamine (6-OHDA) lesions in NAc attenuates cocaine 

self-administration (Roberts and Koob, 1982b), indicating that increased 

dopaminergic signaling in NAc is the underlying mechanism in acquisition of 

cocaine SA (Hubner and Moreton, 1991, McGregor and Roberts, 1993, Caine et 

al., 1995).  

Repeated cocaine use produces enduring neuroplastic alterations in the 

NAc that have been associated with the incubation and ensuing expression of 

craving for the drug. During withdrawal from repeated cocaine use, decreased 
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basal levels of glutamate (GLU) are observed (Pierce et al., 1996, Baker et al., 

2003). Likewise, a long-term decrease in GLU signaling through AMPA (α-amino-

3-hydroxy-5-methyl-4-isoxazolepropionic acid) and metabotropic GLU receptor 

(mGluR) signaling has been reported (Swanson et al., 2001, Thomas et al., 

2001, Xi et al., 2002). Consistent with role of GLU in mediating incubation of 

craving, reinstatement to cocaine-seeking has been associated with increase in 

the NAc GLU upon cue or drug exposure (Cornish and Kalivas, 2000, McFarland 

and Kalivas, 2001, McFarland et al., 2003, Knackstedt and Kalivas, 2009). 

Strategies that maintain GLU homeostasis, through enhancement of GLU 

reuptake by increasing GLU transporter expression and function, during drug- 

and cue-exposure have been successful in preventing reinstatement in various 

SA models (Knackstedt et al., 2010, Ward et al., 2011, Trantham-Davidson et al., 

2012, Kim et al., 2015).  

The chemokine CXCL12 and cognate receptor CXCR4 are constitutively 

expressed by the dopaminergic neurons in the striatum and nucleus accumbens 

(Banisadr et al., 2003, Skrzydelski et al., 2007, Trecki et al., 2010). In addition, 

data from our laboratory showed CXCR4 expression by the glutamatergic 

neurons and astrocytes in the prefrontal cortex (Chapter 4). CXCR4 activation on 

dopaminergic neurons and astrocytes can initiates release of neuronal DA and 

astrocytic GLU to increase the extracellular neurotransmitter levels (Limatola et 

al., 2000, Callewaere et al., 2006, Guyon et al., 2006, Guyon and Nahon, 2007a, 

Skrzydelski et al., 2007, Cali et al., 2008, Cali and Bezzi, 2010). Furthermore, 

intracerebroventricular (ICV) administration of CXCL12 has been shown to 
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potentiate cocaine-induced locomotor activity through a CXCR4-mediated 

mechanism, providing a evidence that the CXCL12/CXCR4 interaction influences 

cocaine-induced behavior (Trecki and Unterwald, 2009).  

Expression of CXCR4 in the key regions of reward pathway by the 

dopaminergic and glutamatergic afferents that project to NAc and 

aforementioned neurochemical and behavioral effects permit speculation that 

CXCR4 activity may regulate cocaine-induced neurotransmission. However, 

CXCR4’s role in cocaine addiction and in corticolimbic GLU signaling has not 

been thoroughly evaluated.  Therefore, the experiments in the current study were 

designed to test the hypothesis that CXCR4 antagonism will decrease cocaine 

taking and seeking behavior using acquisition of self-administration and cue and 

cue + drug induced reinstatement paradigms.  

 

Materials and Methods 

Animals 

Adult male Sprague-Dawley rats from Taconic (Hudson, NY) weighing 250 

to 275 grams upon arrival were used. Animals were housed in a controlled 

environment with constant airflow and temperature (21-23 °C) on a reversed 12-

hour light/dark cycle with ad libitum access to food and water. All self-

administration testing were done during the dark cycle. All animal use procedures 

were conducted in accordance with the NIH Guide for the Care and Use of 

Laboratory Animals and approved by the Temple University Institutional Animal 

Care and Use Committee.  
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Drugs 

Cocaine hydrochloride was generously supplied by the NIDA Drug Supply 

(Bethesda, MD), while AMD3100 was purchased from AstaTech (Bristol, PA).  

Cocaine was dissolved in saline, and AMD3100 was dissolved in sterile water for 

injection. All non-contingent injections were through intraperitoneal route of 

administration using 1 ml/kg volume.  

 

Jugular vein catheterization surgery and recovery 

The jugular vein catheterization was performed as previously described 

(Watterson et al., 2014). Rats were anesthetized with 5% isoflurane in vaporized 

oxygen and maintained on 2.5% isoflurane at a constant flow rate of 2L/min. 

Respiration and heart rate were continuously monitored during surgery. 

Chlorohexidine and alcohol were used to clean the incision sites. Meloxicam 

(5mg/kg; SC) was given immediately after surgery, and during the 3 days of 

recovery. Catheter patency was maintained by flushing 0.2 ml of heparinized 

saline (100 USP) during recovery and before each active SA session.  

 

Self-administration apparatus 

Rat operant conditioning chambers (Med-Associates, St. Albans, VT) that were 

tailored for intravenous infusions contingent on lever responding were used. 

Each chamber was equipped with two retractable levers with a circular light 
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above each lever, a house light and a monotone speaker. Intravenous infusions 

were delivered from a 10mL syringe by a computer-controlled infusion pump.  

 

Acquisition of self-administration 

To study the effects of AMD3100 on drug-taking behavior, rats were allowed to 

self-administer one of three doses of cocaine (0.375, 0.5, 0.75 mg/kg/inf.) under 

a fixed ratio-1 (FR-1) reinforcement schedule during daily 2-hour sessions until 

stable acquisition criteria were met. The rats were randomly assigned to receive 

AMD3100  (5 or 10 mg/kg) or saline. Treatment with AMD3100 or saline occurred 

30 minutes prior to each self-administration session. The dose of AMD3100 was 

chosen based on previously conducted locomotor experiments showing that 

these two doses attenuate cocaine-induced locomotor activity without affecting 

the baseline activity (chapter 2). The acquisition training lasted for minimum of 10 

days or until acquisition criteria was met (minimum 20 reinforcers earned per 2 

hour session, with no more than 20% variation over three sessions and at least 

80% responses on the cocaine-reinforced (active) lever). Cocaine reinforcements 

were paired with a light stimulus directly above the cocaine-paired lever. The 

number of lever presses and infusions were recorded for each session. Pump 

time was adjusted between 2 to 4 seconds using one concentration of cocaine 

solution, to adjust for weight gain and differences between animals. In 

experiment 1, 2 and 3, effects of AMD3100 (5 and 10 mg/kg) on acquisition of 

one of the three doses of cocaine (0.375, 0.5 and 0.75 mg/kg/inf.) were 

evaluated, respectively. 
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Reinstatement  

To examine the effects of AMD3100 on reinstatement of cocaine-seeking, 

experimentally naive rats were allowed to self-administer cocaine (0.5 mg/kg/inf.) 

under a FR-1 reinforcement schedule. Upon an active lever press, rats received 

an infusion of cocaine that was paired with compound cue (light and tone 

stimulus complex). A dose of 10 mg/kg AMD3100 was selected based on greater 

efficacy shown in the acquisition studies. Only the rats that exhibited stable 

responding on the active lever during the last 3 days of cocaine SA training were 

included. After successful acquisition, rats went through extinction training, 

during which responses on either the active or inactive lever did not result in drug 

reinforcement or activation of the stimulus complex. Extinction criteria was set as 

< 25% of baseline active lever responding (average number of responding during 

the last 3 days of acquisition training). Rats underwent a minimum of 10 

extinction training session until the extinction criteria were met. Twenty-four 

hours after completion of extinction training, reinstatement sessions were 

conducted on two consecutives days (reinstatement day 1: cue-induced; 

reinstatement day 2: cue + cocaine-induced). Each reinstatement session lasted 

2 hours. The cue and cue + drug primed reinstatement tests were performed 

under conditions in which responses on the lever previously paired with cocaine-

infusion resulted in presentation of the stimulus complex but not cocaine 

reinforcement. For the cue + drug primed reinstatement testing, rats were 

injected with cocaine (5 mg/kg, IP) immediately before the session. The rats 
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received AMD3100 (10 mg/kg, IP) or saline pretreatment 30 minutes prior to 

testing.  

 

Data analysis and statistics 

GraphPad Prism 6 software was used for statistical analysis. All FR-1 SA data 

was analyzed by two-way ANOVA (pretreatment x day) followed by Bonferroni 

post hoc test to compare effects of pretreatments on each day of SA. The dose 

response curve was analyzed using two-way ANOVA (cocaine dose x 

pretreatment) followed by Bonferroni post hoc test to compare effects of 

AMD3100 treatment to saline treatment against a dose of cocaine. 

Reinstatement data was analyzed by two-way ANOVA (pretreatment x session) 

followed by Bonferroni post hoc test to compare effect of pretreatments. Values 

of p < 0.05 were considered statistically significant.  

 

Results 

AMD3100 reduces cocaine SA under FR-1 schedule of reinforcement 

Rats were allowed to self-administer cocaine under a short-access (2 

hours) FR-1 reinforcement schedule, during which one lever press equated to 

one infusion of cocaine. The average number of reinforcements per session, in 

the form of cocaine infusions, was used as the endpoint to assess effects of 

CXCR4 antagonism on drug-taking behavior using systemic administration of 

AMD3100 (Figure 3.1A, B, C), and effect of cocaine dose (0.375, 0.5, 0.75 

mg/kg/inf) on acquisition of SA (Figure 3.2). 
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In experiment 1A, a cocaine dose of 0.375 mg/kg/inf. was used to test the 

effect of AMD3100 (5 mg/kg IP) on drug-taking behavior. Saline pretreated rats 

readily acquired cocaine self-administration. However, AMD3100 pretreatment 

significantly decreased the number of infusions during the last 5 days of 

acquisition (see Figure 3.1A). Two-way ANOVA revealed significant main effects 

of time [F (9, 157) = 6.379, p<0.001] and treatment [F (1, 157) = 12.97, p<0.004]. 

A significant main effect of interaction was not found [F (9, 157) = 0.8543, 

p=0.5675]. Bonferroni post hoc tests showed a significant reduction in the 

number of cocaine infusions on days 6 and 10 in AMD3100 treated rats. 

In experiment 1B, a higher dose of AMD3100 (10 mg/kg, IP) was tested 

using the same experimental design employed in experiment 1A. The higher 

dose of AMD3100 produced a greater reduction in responding compared to the 

lower dose (see Figure 3.1B). Two-way ANOVA found significant main effects of 

time [F (10, 185) = 7.027, p<0.0001] and treatment [F (1, 185) = 42.37, p<0.001]. 

There was no significant main effect on interaction [F (10, 185) = 1.846, 

p=0.0555]. Bonferroni post hoc tests showed a significant decrease in the 

number of cocaine infusions in AMD3100 treated rats between days 7 and 11.  

 In experiment 2, 0.5 mg/kg/inf. cocaine was readily self-administered by 

saline pretreated rats whereas both doses of AMD3100 (5, 10 mg/kg, IP) 

pretreatment significantly decreased responding for cocaine (see Figure 3.1C). 

Two-way ANOVA indicated significant main effects of treatment [F (12, 322) = 

2.239, p=0.0101] and time [F (2, 322) = 45.94, p<0.0001]. There was no 

significant main effect of interaction [F (24, 322) = 0.6375, p=0.9068]. Bonferroni 
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post hoc tests showed that 5 mg/kg AMD3100 decreased the number of cocaine 

infusions on days 4 and 9 through 13, and 10 mg/kg AMD3100 also decreased 

the number of infusions on days 4 through 13.  

 In experiment 3, rats readily acquired self-administration of 0.75 mg/kg/inf. 

cocaine, albeit with a smaller number of total responses compared to the lower 

cocaine doses (see Figure 3.1D). Direct comparison of this effect is shown by 

fewer number of cocaine infusions per session during the last three days of 

acquisition training (refer to dose response in Figure 3.2). Only 10 mg/kg 

AMD3100 decreased responding on the drug-reinforced lever, but not 5 mg/kg 

AMD3100. Two-way ANOVA revealed significant main effects of time [F (9, 296) 

= 2.170, p=0.0241] and treatment [F (2, 296) = 57.65, p<0.0001]. There was no 

significant main effect of interaction [F (18, 295) = 0.6514, p=0.8570] Bonferroni 

post hoc tests found significant effects of AMD3100 on days 2-10, except on day 

8.  

 

AMD3100 treatment causes a downward shift in cocaine SA dose-response 

curve.  

In order to investigate dose effects on cocaine SA under a FR-1 

reinforcement schedule, and the effects of AMD3100 on varying doses of 

cocaine, the average number of infusions during the last 3 days of acquisition 

was plotted on one graph (Figure 3.2). The results showed a dose dependent 

decrease in rate of responding across cocaine doses tested (0.375, 0.5 0.75 

mg/kg/inf), and that the cocaine doses are on the descending limb of the dose 
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response curve that is consistent with prior reports (Piazza et al., 2000). Both 

doses of AMD3100 (5, 10 mg/kg, IP) caused a downward shift of the dose 

response curve. Two-way ANOVA revealed a significant main effects of 

treatment (cocaine) [F (2, 75) = 7.360, p<0.0012] and pretreatment (AMD3100) 

[F (2, 75) = 15.61, p<0.0001]. There was no significant main effect of interaction 

[F (4, 75) = 2.226, p=0.0742] Bonferroni post hoc tests found significant 

differences between saline vs. 5 mg/kg AMD3100, and saline vs. 10 mg/kg 

AMD3100, in the groups that self-administered 0.375 and 0.5 mg/kg/inf cocaine, 

but not in the group that responded for 0.75 mg/kg/inf cocaine.  

 

AMD3100 has no consequences on inactive lever responding. 

 To verify that the effects of AMD3100 were not due to decreased 

locomotor activity, inactive lever responding was analyzed. Two-way ANOVA 

showed no main effect of interaction or treatment (Figure 3.3). 

 

AMD3100 increases percentage of inactive lever presses. 

Data revealed an increased percentage of inactive lever responding in rats 

treated with AMD3100 (10 mg/kg, IP). Percent inactive lever responding was 

calculated by dividing the number of inactive lever presses by the total number of 

lever presses (active + inactive) and multiplying by 100. Two-way ANOVA 

discovered significant main effects of pretreatment [F (9, 171) = 5.950, p<0.0001] 

and time [F (9, 171) = 5.857, p<0.0001] (days of SA). However, Bonferroni post 

hoc found no differences between treatments in a specific day (Figure 3.4).  
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AMD3100 pretreatment blocks cue- and cue + cocaine-primed reinstatement to 

cocaine-seeking behavior. 

In experiment 4, the effects of AMD3100 on reinstatement to cocaine 

seeking were investigated. There were no significant differences in average 

number of responding during the last 3 days of acquisition training between rats 

in the saline and AMD3100 pretreatment groups for reinstatement. Two-way 

ANOVA of lever presses during reinstatement (pretreatment x session) revealed 

significant main effects of treatment [F (1, 42) = 26.17, p<0.0001] and session [F 

(3, 42) = 13.21, p<0.0001] as well as a significant interaction [F (3, 42) = 4.996, 

p=0.0047] (Figure 3.5). Data showed that extinction training significantly 

decreased average number of active lever presses per 2-hour session. Testing 

for cue-induced reinstatement revealed a clear reinstatement response in saline 

treated rats, where as AMD3100 treated rats showed significantly decreased 

rates of responding (**p<0.01). Cue + drug primed reinstatement testing showed 

higher degree of reinstatement in saline treated rats and more pronounced 

attenuation of reinstatement by AMD3100 (**p<0.001).  

 

Discussion 

In this study, we report, for the first time, that modulation of a chemokine 

receptor CXCR4 influences cocaine SA. The results of the study show that 

cocaine’s reinforcing effects may be potentially mediated by CXCR4 activity. The 

administration of the CXCR4 antagonist AMD3100 decreased the number of 
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responses under FR-1 reinforcement schedule and attenuated cue- and cue + 

cocaine-induced reinstatement to cocaine seeking.  

Although the mechanism by which CXCR4 decreases cocaine’s 

reinforcing properties has not been completely elucidated, it has been well 

established that DA and GLU transmission in mesocorticolimbic reward pathway 

plays a critical role in the expression of drug-associated behaviors such as SA 

and reinstatement to drug seeking (McFarland and Kalivas, 2001, McFarland et 

al., 2003, Kalivas et al., 2005, Kalivas and Volkow, 2005, Knackstedt and 

Kalivas, 2009). Several evidences support CXCR4’s influence on 

neurotransmission in the reward circuit. CXCR4 expression has been observed 

on the neuronal cell bodies of DA neurons (Banisadr et al., 2003, Trecki et al., 

2010). In vitro patch clamp recordings show CXCR4 receptor stimulation by 

CXCL12 depolarizes DA neuron in rat substantia nigra (SN) and switches cell 

firing from tonic to burst leading to synaptic DA release (Skrzydelski et al., 2007). 

Physiological relevance has been shown by intra-nigral administration of 

CXCL12 in live animals that increased extracellular DA while at the same time 

decreased intracellular content, suggesting neuronal release of DA (Skrzydelski 

et al., 2007). The same study also reported contralateral circling behavior in rats 

treated with CXCL12 unilaterally. CXCR4 antagonist AMD3100 blocked both of 

these effects (Skrzydelski et al., 2007). Based on these evidences, we speculate 

that our findings showing reduction of cocaine SA under FR-1 reinforcement in 

rats treated with AMD3100 is due to decreased DA transmission in the NAc via a 

presynaptic mechanism.  



	 53	

The effects of AMD3100 found from three separate acquisition 

experiments are represented as a downward shift of the curve showing lower 

rate of responding across doses. Interestingly, the lower dose of AMD3100 (5 

mg/kg) treatment did not have an effect on acquisition of high dose of cocaine 

(0.75 mg/kg/inf) (Figure 3.1D), which suggests that the dose of AMD3100 could 

not sufficiently suppress DA transmission to reduce observed behavior. However, 

the alternate interpretation of downward shift of dose response curve in SA 

experiments can be made. It can be argued that AMD3100 increased strength of 

cocaine, hence requiring less number of infusion to achieve same positive 

rewarding state obtained from greater number of less rewarding dose of cocaine. 

Therefore, additional investigations, using the full spectrum of doses in the 

inverted U-shaped dose response curve or the progressive schedule of 

reinforcement, are necessary to evaluate the effect of AMD3100 on reinforcing 

strength of cocaine.  

Inactive lever responding was analyzed to verify that effects of AMD3100 

were not due to decreased stereotypy. The number of inactive lever presses 

decreased as rats acquired cocaine SA, and during the last 3 days of acquisition 

training, rats were able to discriminate between active and inactive lever with 

more than 95% accuracy as shown by < 5% inactive lever responding. However, 

in rats that were treated with AMD3100, especially with the higher dose, the 

percentage of inactive lever responding remained > 20% throughout the training. 

This suggests that AMD3100 is decreasing the ability of rats to discriminate 
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between cocaine- and saline-associated behaviors and also that AMD3100’s 

effects are not due to decreased locomotion.  

Our results showing attenuation of both cue and cue + drug primed 

reinstatement suggest that, in addition to DA, CXCR4 may modulate GLU 

transmission in NAc. Reports showing that elevations in cocaine-induced 

extracellular GLU is dependent upon neuronal activation (McFarland et al., 

2003). CXCR4 localization by neurons showing positive immunoreactivity for 

vesicular glutamate transporter 1 (vGlut1) helps us to predict that reduction in 

GLU transmission maybe involved in the underlying mechanism of observed 

behavioral effects. In fact, subsequent microdialysis studies have found that 

systemic administration of AMD3100 (10 mg/kg) reduced cocaine-induced 

extracellular GLU in NAcC, which further supports the role for CXCR4 in 

reinstatement to cocaine seeking (Chapter 4).  

In addition to dopaminergic input from the ventral tegmental area (VTA), 

glutamatergic input from the prefrontal cortex (PFC) is another major source of 

neurotransmitter in the accumbens (Meredith, 1999). Adaptations in corticolimbic 

pathway, connecting PFC and NAc, has been associated with diminished 

cognitive control leading to compulsive drug taking and enhanced glutamatergic 

drive in response to drug-associated cues (Kalivas and Volkow, 2005). 

Particularly, increases in extracellular GLU in NAc, has been associated with 

reinstatement of cocaine-associated behavior (Kalivas et al., 2005, Knackstedt 

and Kalivas, 2009). Cocaine elevates extracellular GLU only in rats with prior 

cocaine exposure but not in drug naïve rats further supporting the role of GLU in 
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reinstatement to cocaine-seeking (Smith et al., 1995, Reid and Berger, 1996, 

McFarland et al., 2003, Miguens et al., 2008, Knackstedt and Kalivas, 2009).  

Apart from glutamatergic efferents from the VTA that project to the NAc, 

astrocytes are another category of cells that mediate extracellular GLU in NAc. 

Activation of astrocytic CXCR4 triggers calcium-dependent and exocytosis-like 

GLU release from astrocytes to increase extracellular GLU (Callewaere et al., 

2006, Calì et al., 2008, Cali and Bezzi, 2010). Like neurons, astrocytes release 

GLU in a millisecond time scale, which suggests that astrocytic GLU release may 

enhance synaptic transmission.  

Additionally, preliminary data indicate that AMD3100 treatment increase 

GLT-1 expression in the NAc. Historically, glutamate transporter subtype-1 (GLT-

1) and cystine-glutamate antiporter (system xc-) were known as two major 

regulators of synaptic GLU (Baker et al., 2002, Knackstedt et al., 2010, 

Rasmussen et al., 2011a). Neuroadaptations in system xc- and subsequent 

decrease in basal extracellular GLU during withdrawal in NAc have been implied 

as the underlying force behind development of craving and ensuing relapse to 

drug seeking (Baker et al., 2003, Moran et al., 2005, Kau et al., 2008, Bridges et 

al., 2012). Strategies to restore GLU homeostasis through modulation of system 

xc- and GLU-1 have been successful in decreasing reinforcing efficacy of 

cocaine, reducing cocaine SA, and reinstatement to cocaine-seeking (Baker et 

al., 2002, Moran et al., 2005, Madayag et al., 2007, Knackstedt et al., 2010, 

Ward et al., 2011, Trantham-Davidson et al., 2012, Fischer et al., 2013, Kim et 

al., 2015). Therefore, it is likely that two mechanisms - exocytosis-like release of 
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GLU and transporter-mediated reuptake, are involved in maintenance of GLU 

homeostasis and cocaine-induced alterations in GLU levels.  

In conclusion, the current study showed that cocaine’s reinforcing efficacy 

and cue and cue + cocaine-induced reinstatements are in part, modulated by 

CXCR4, and revealed the potential therapeutic utility of AMD3100 as a GLU-

based CNS medication. With the absence of efficacious and safe 

pharmacological treatment for cocaine dependence, FDA-approved CXCR4 

antagonists like AMD3100 (Plerixafor™) maybe a viable option for further 

investigation.  
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Figure 3.1 (Experiment 1). Effects of AMD3100 pretreatment on acquisition 

of cocaine SA. Rats self-administered cocaine (0.375 mg/kg/inf) under FR-1 

schedule of reinforcement where each drug-reinforced lever-press resulted in an 

infusion of cocaine and light stimulus. Figure 3.1A (left) shows the effect of 5 

mg/kg AMD3100 and Figure 3.1B (right) shows the effect of 10 mg/kg AMD3100 

on the number of cocaine infusions against saline pretreatment.  The data show 

that AMD3100 pretreatment decreased the number of cocaine infusions with a 

more significant difference found with the 10 mg/kg AMD3100 dose (Refer to 

dose response in Figure 3.2 for direct comparison between the two doses) (n=8-

10 / group, * p<0.05; **p<0.01). 

 

 

 

  

B. A. 
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Figure 3.1 (Experiment 2). Effects of AMD3100 pretreatment on acquisition 

of cocaine SA. Rats self-administered cocaine (0.5 mg/kg/inf) under FR-1 

schedule of reinforcement where each drug-reinforced lever-press resulted in an 

infusion of cocaine and light stimulus. Numbers in parenthesis denote dose of 

AMD3100 in mg/kg. The data show that both doses of AMD3100 pretreatment 

significantly decreased drug-reinforced lever presses compared to control (n=7-

11 / group; */#p<0.05, **/##p<0.01, ***p<0.001; *SAL vs. AMD (5); #SAL vs. AMD 

(10).  

 

  

C. 
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Figure 3.1 (Experiment 3). Effects of AMD3100 pretreatment on acquisition 

of cocaine SA. Rats self-administered cocaine (0.75 mg/kg/inf) under FR-1 

schedule of reinforcement where each drug-reinforced lever-press resulted in an 

infusion of cocaine and light stimulus. Numbers in parenthesis denote dose of 

AMD3100 in mg/kg. Pretreatment with the 10 mg/kg AMD3100 decreased drug-

reinforced lever presses but not 5 mg/kg AMD3100 (n=5-15 / group; *p<0.05, 

**p<0.01).  

D. 
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Figure 3.2. Effects of AMD3100 on cocaine SA dose response curve. Each 

point represents the average number of drug-reinforced responding during the 

last 3 days of cocaine SA under FR-1.  Data show a dose-dependent decrease in 

the average number of infusions per session, during the last 3 days of 

acquisition, with increasing doses of cocaine, as represented by the dotted line. 

AMD3100 decreased responding for the 0.375 and 0.5 mg/kg/inf. cocaine. Only 

the high dose of AMD3100 (10 mg/kg) decreased responding for 0.75 mg/kg/inf 

cocaine. (*/p<0.05, **p<0.01, ***p<0.001).  
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Figure 3.3. AMD3100 does not affect inactive lever responding. To verify that 

treatment effects observed during acquisition were not due to decreased 

stereotypy, inactive lever responding per 2-hour session was analyzed. Error 

bars are S.E.M. Panel A (Left) and panel B (right) show effects of 2 different 

doses of AMD3100. The number in the parenthesis denotes dose of AMD3100 in 

mg/kg. Two-way ANOVA and Bonferroni post hoc found no differences between 

pretreatment or time.  
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Figure 3.4 Effect of AMD3100 treatments on % inactive lever responding. 

AMD3100 (10 mg/kg) increased responding on the lever that was not reinforced 

with cocaine-reinforcement. Data presented as percentage of incorrect or 

inactive lever responding. Error bars are S.E.M (n=8-10 / group).  
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Figure 3.5 (Experiment 4). Effect of AMD3100 treatment on cue-induced and 

cue + drug primed reinstatement. Rats were allowed to acquire 0.5 mg/kg 

cocaine under fixed ratio-1 schedule of reinforcement prior to extinction training. 

Rats were treated with AMD3100 (10 mg/kg, IP) prior to reinstatement testing. 

Data are represented as number of active lever presses per 2-hour session 

(previously paired with drug-reinforced and light stimulus). AMD3100 treatment 

decreased cue-induced and cue + cocaine primed reinstatement to cocaine-

associated lever presses (n=5-7 / group, **p<0.01, ****p<0.0001). Dose of 

cocaine used for priming was 5 mg/kg.   
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CHAPTER 4 
 

NEUROCHEMICAL CHANGES THAT UNDERLIE CXCL12/CXCR4 MEDIATED 
BEHAVIORAL EFFECTS IN COCAINE REINFORCEMENT AND RELAPSE 

 
 

Introduction 

Chemokines are chemotactic cytokines, historically known to control the 

migratory patterns and positioning of immune cells. Accordingly, they play a 

critical role in pathologies involving inflammation, autoimmune and 

neurodegenerative diseases (Feuerstein et al., 1998, Gabuzda et al., 1998, 

Hoffman and Karpus, 1998, Glabinski and Ransohoff, 1999, Xia and Hyman, 

1999, Serafini et al., 2000, Meucci, 2014). Most chemokines are induced by an 

inflammatory response. However, CXCL12 (SDF-1α) is expressed constitutively 

in adult brain (Banisadr et al., 2002a), and is only one of the two chemokines 

found to be reduced in plasma of cocaine abusers during withdrawal (Araos et al., 

2015).  CXCL12’s roles as chemoattractant for leukocytes (Balabanian et al., 

2005) and hematopoietic stem cells during development (Nagasawa et al., 1998, 

Sugiyama et al., 2006), and as a facilitator of tumor growth and angiogenesis 

(Orimo et al., 2005) have been well defined. CXCL12 binds to two receptors 

CXCR4 and CXCR7. CXCR4 is the major receptor for CXCL12 and its 

involvements in embryonic development (Nagasawa et al., 1998) and human 

immunodeficiency virus (HIV) pathology have been well characterized (Meucci, 

2014). 

Recently, expansion beyond the traditional role of CXCL12 and its 

receptor CXCR4 has been observed. Recent studies identified CXCL12 and 
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CXCR4 as modulators of DA transmission in the CNS (Limatola et al., 2000, 

Callewaere et al., 2006, Guyon et al., 2006, Skrzydelski et al., 2007, Cali et al., 

2008, Cali and Bezzi, 2010, Trecki et al., 2010). The nigrostriatal DA pathway 

consists of dopaminergic efferents that send projections from the substantia nigra 

(SN) to the caudate putamen (CPu) and has been associated with drug-induced 

locomotor activation (Beeler et al., 2009). DA neurons in the SN and cholinergic 

neurons in CPu express CXCR4 (Banisadr et al., 2002a). Accordingly, a 

unilateral injection of CXCL12 in substantia nigra results in dopamine (DA) 

release in dorsal striatum and increase in contralateral circling. These results are 

CXCR4 dependent as administration of CXCR4 antagonist abolished the effects. 

(Skrzydelski et al., 2007).  

In addition, there is evidence showing CXCR4-mediated DA transmission 

in the mesolimbic system that has been previously associated with drug-

reinforcement, compulsive drug-taking and relapse (Spanagel and Weiss, 1999). 

CXCR4 expression on DA neurons in the VTA and GABAergic interneurons in 

the NAc shell (NAcSh) has been reported (Banisadr et al., 2002a, Trecki et al., 

2010). Appropriately, CXCL12 administration into the VTA increases ambulatory 

activity, and decreases ambulatory activity when injected into the NAc (Trecki 

and Unterwald, 2009). Moreover, we showed that systemic administration of 

CXCR4 antagonist AMD3100 attenuates cocaine-induced locomotor activity 

(Chapter 2).   

The corticolimbic system consists of glutamatergic neurons that project 

from the PFC to NAc. Increase in GLU in NAcC has been identified as the 
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underlying mechanism of cue- and drug- induced reinstatement to cocaine-

seeking (McFarland and Kalivas, 2001, McFarland et al., 2003, Knackstedt and 

Kalivas, 2009). Although CXCR4 mediated corticolimbic GLU transmission has 

not been shown, CXCL12 can increase GLU neurotransmission in the brain 

(Limatola et al., 2000, Bezzi et al., 2001, Guyon and Nahon, 2007a). In vitro 

study showed that CXCL12 initiates series of events including release of TNF-α 

to induce exocytosis-like release of GLU from astrocytes (Callewaere et al., 2006, 

Cali and Bezzi, 2010).  

Based on this evidence, we hypothesized that CXCR4 mediated DA and 

GLU transmission may influence cocaine’s rewarding effects and relapse to 

cocaine seeking. In the previous chapters, we showed that AMD3100 prevented 

development and expression of cocaine induced (CPP) (Chapter 2). We also 

showed that AMD3100 pretreatments during acquisition of cocaine self-

administration (SA) reduced cocaine-taking, and AMD3100 pretreatment before 

reinstatement testing attenuated cue- and cue + drug-induced reinstatement 

(Chapter 3). 

The mechanisms by which CXCL12 and CXCR4 modulate the behavioral 

effects of cocaine are not thoroughly studied. The current study investigated 

neurochemical changes that may underlie observed behavioral effects. CXCR4 

expression on glutamatergic neurons in the PFC, and changes in CXCR4 

expression and CXCL12 protein concentrations during withdrawal from repeated 

cocaine, were assessed. In addition, the ability of CXCL12 to induce an increase 
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in extracellular GLU, and the effect of AMD3100 on the cocaine-induced increase 

in extracellular GLU were evaluated.  

 

Materials and Methods 

Animals 

 Adult male Sprague-Dawley rats from Taconic (Hudson, NY) were used. 

Rats were housed two per cage on a 12-hour light-dark cycle (7AM – 7PM) with 

ad libitum access to food and water. All rats were allowed minimum 3 days to 

acclimate to the animal facility prior to handling, injections, surgeries or 

experimentation. At the end of the experiment, rats were euthanized by CO2 

exposure until unconscious and decapitated for brain collections. All animal use 

procedures were conducted in accordance with the NIH Gide for the Care and 

Use of Laboratory Animal and approved by the Temple University Institutional 

Animal Care and Use Committee.  

 

Drugs 

Cocaine hydrochloride was supplied by the NIDA Drug Supply (Bethesda, 

MD), and AMD3100 was purchased from AstaTech (Bristol, PA). Meloxicam and 

heparin were purchased from Temple University veterinary supply. CXCL12 

(SDF-1α) was purchased from R&D Systems (Minneapolis, MN). Cocaine was 

dissolved in saline, and AMD3100 was dissolved in sterile water for injection. All 

non-contingent intraperitoneal injections were administered using 1 ml/kg 
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volume. CXCL12 was dissolved in artificial cerebrospinal fluid. A total injection 

volume of 5uL was used.  

 

Triple-labeling immunohistochemistry 

Rats were administered cocaine (15 mg/kg, IP) or saline once daily for 7 

days. Following treatments, rats were divided into four groups depending on 

period of withdrawal. Rats were euthanized and brains were collected at 4 

separate time points of 2 hours, 2, 10 and 30 days after the last cocaine or saline 

administration. For the collection of the brains, rats were perfused with 0.9% 

NaCl saline and 4% paraformaldehyde (PFA). Following collection, whole brains 

went through post-fixation in 4% PFA for 48 hours 2 mm thick coronal segments 

were made using a brain matrix to be embedded in paraffin. Paraffin-fixed tissues 

were cut into 5 μM sections using a Leica microtome and slide mounted. Tissue 

sections were de-paraffinized and HIER (heat-induced epitope retrieval) retrieved 

using citrate buffer (pH 6.0). Tissue sections will then be incubated in rabbit 

polyclonal anti-CXCR4 antibody (1:500, NLS1380, Novus Biologicals, Littleton, 

CO) for 45 minutes in RT followed by detection with anti-rabbit AP (alkaline 

phosphatase)-labeled polymer system (Vector Laboratories, MP4501, 

Burlingame, CA) for 30 minutes in RT. CXCR4 protein expression was visualized 

with VectorBlue (Vector Laboratories, SK-5300). For co-labeling, tissue sections 

were incubated with mouse monoclonal anti-glial fibrillary acidic protein (GFAP) 

antibody (1:750, Cell Signaling, Danver, MA), overnight at 4 °C. GFAP was 

detected using anti-mouse AP-labeled polymer system (Vector Laboratories, 
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MP5402) followed by VectorRed (Vector Laboratories, SK-5100) for visualization. 

For co-labeling with vesicular glutamate transporter-1 (vGlut-1), tissue sections 

were incubated with mouse monoclonal anti-vGluT1 antibody (1:500, Abcam, 

San Francisco, CA) in RT for 30 minutes. The v-Glut1 was detected using anti-

mouse rat-adsorbed HRP (Horseradish peroxidase)-labeled polymer system 

(Vector Laboratories, MP-7422) and visualized with a diaminobenzine (DAB) 

chromogen (Sigma, D4293). Staining procedures for each protein were done in a 

sequential manner and sections were dehydrated and permanently mounted for 

bright field microscopy.  

 

Analysis of CXCR4 expression 

 Images taken using bright field microscope (Nikon Eclipse 80i, Nikon 

Instruments Inc., Melville, NY) were processed and analyzed using ImageJ 

Software (Rasband, 1997-2005) . Images were converted to RGB stack followed 

by elimination of background. Detection threshold was adjusted to generate 

reflection of observed CXCR4 staining for the images. Percent area of CXCR4 

positive staining limited to the set threshold was measured using built-in 

measurement function. 

 

CXCL12 ELISA 

Rats received daily injections of cocaine (5, 10, 30 mg/kg, IP) or saline for 

7 days. Following 30 days of withdrawal from the last injection, animals were 

euthanized and brains were collected. The brains were flash frozen using 2- 
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methyl butane and stored in -80 °C. PFC and NAc were punched from partially 

thawed brain for analysis. Tissues were homogenized using R&D Cell Lysis 

Buffer (R&D Systems, Minneapolis, MN) and protein content from individual 

animals was determined by the Pierce BCA Protein Assay Kit (Thermo Scientific, 

Waltham, MA). Levels of CXCL12 were detected using an ELISA kit from 

NeoScientific (Woburn, MN). Optical density (O.D.) was read at 450 nm and the 

concentration of CXCL12 was determined by comparing the O.D. of the samples 

to a standard curve. 

 

Microdialysis Part 1: Effects of AMD3100 on cocaine-induced increase in 

extracellular GLU 

Chronic indwelling cannulae targeting the nucleus accumbens were 

implanted as describes previously (Barr et al., 2014). Rats were induced with 

isoflurane vaporized oxygen (5% induction, 2-3% maintenance) at a flow rate of 

2L/minute. With the guidance of a small mammal stereotaxic frame (Kopf, 

Tujunga, CA), 21 gauge sterilized stainless steel guide cannulae (Plastics One, 

Roanoke, VA) were implanted using stereotaxic coordinates of  +1.5 mm anterior 

and 1.0 mm lateral to bregma, and 6.4 mm from dura for the nucleus accumbens 

based on Paxinos and Watson (2009). Dummy cannulae were inserted 

immediately after surgery.  

Following surgery, rats were single housed and allowed two days for 

recovery. Microdialysis was conducted in freely moving rats. Dummy cannulae 

were removed from the guide cannulae, and a laboratory-made concentric 
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microdialysis probe (1.5 mm exposed membrane length) was inserted into the 

guide cannula. Artificial CSF containing 147 mM NaCl, 2.7 mM KCl, 1mM 

Nah2PO4, 1.4 mM Na2HPO4, 2.1 mM MgCl2 and 1.6 mM CaCl2 adjusted to pH 

7.4 was continuously perfused through the probe at a rate of 1.0 μL per minute. 

Dialysate collection began 4 hours following probe insertion at 20 minute 

intervals. Following collection of two baseline samples, AMD3100 (10 mg/kg, IP) 

or saline was administered. After two more baseline sample collections, cocaine 

(15 mg/kg, IP) was administered. Then dialysates were collected for an additional 

100 minutes. Following experiments, brains were collected for probe placement.  

 

Microdialysis Part 2: CXCL12 induced changes in extracellular GLU 

Surgical procedures for implantation of guide cannulae were same as 

described above. Two 21 gauge guide cannulae were bilaterally implanted. One 

was inserted into the nucleus accumbens using the same stereotaxic coordinates 

as above, and another probe was placed into the lateral ventricle using the 

coordinates of - 1.0 mm anterior and -1.7 mm lateral to bregma, and 3 mm from 

dura for the nucleus accumbens with based on Paxinos and Watson (2009). 

Dialysate collection began 4 hours following probe insertion at 20 minute 

intervals. Following three baseline sample collections, CXCL12 (25, 50 ng / 5 ug; 

R&D Systems, Minneapolis, MN) were infused into the lateral ventricle. The 

doses were selected based on a previous study reporting that 25 to 100 ug 

CXCL12 potentiated cocaine-induced locomotor activity (Trecki and Unterwald, 

2009). The injector protruded 1 mm beyond the tip of the guide cannulae. After 
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CXCL12 infusion, dialysates were collected for an additional 100 minutes. 

Following experiments, brains were collected for determination of probe 

placement.  

 

GLU quantification 

Dialysates were analyzed using Amplex® Red Glutamic Acid Assay Kit 

(Invitrogen, Carlsbad, CA) that allows detection of GLU as low as 40 nM. In the 

assay, L-glutamic acid is oxidized by glutamate oxidase to produce α-

ketoglutarate, NH3 and H2O2. H2O2 reacts with Amplex® Red reagent (10-acetyl-

3,7-dihydrooxyphenoaxazine) in a 1:1 stoichiometric ratio in a reaction catalyzed 

by horseradish peroxidase (HRP) to generate resofurin. Fluorescent resofurin 

was measured with Perkin Elmer Envision Microplate reader using 540 nm and 

590 nm excitation and emissions wave lengths, respectively. 

 

GLT-1 western blot analysis 

Rats were allowed to self-administer cocaine (0.75 mg/kg/inf) under a 

fixed ratio (FR-1) reinforcement schedule during 2 hour daily session. The rats 

received daily AMD3100 (10 mg/kg, IP) or saline 30 minutes prior to SA session 

began. After 10 days of SA, rats were euthanized for brain collection 2 hours 

following last SA session. NAc was dissected and analyzed for GLT-1 protein 

density using Western Blot analysis. Tissues were sonicated in a 1% sodium 

dodecyl sulfate solution containing 1mM sodium fluoride and 1mM sodium 

vanadate, then boiled for 5 minutes for homogenization. Protein concentrations 
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of each sample was measured using NanoDrop 2000 spectrometer (Thermo 

Fisher Scientific, Waltham, MA). 20 μg per loading sample were loaded onto 7.5% 

Mini Protean Precast gels (Bio-Rad, Hercules, CA) for separation and transferred 

onto nitrocellulose membranes using iBlot® (Life Technologies, Carlsbad). 

Membranes were blocked in Odyssey Blocking Buffer (Li-cor Biosciences, 

Lincoln, NE) for 1 hour in room temperature (RT) and incubated over night in 

4 °C in anti-GLT-1 antibody (1:100,000; AB1783, Milipore, Billerica, MA). After 

incubation in primary antibody, membranes were washed 3 times with Tween-

Tris Buffered Saline (TTBS) followed by 90 minute incubation in anti-β-tubulin 

antibody in RT (1:800,000; T8535, Sigma, Saint Louis, MO). After another TTBS 

wash cycle, membranes were incubated in IRDye® 800 and IRDye 680®-

conjugated secondary antibodies (1:10,000; Li-Cor Biosciences) for 1 hour in RT. 

After final TTBS wash cycle, membrane was exposed using Odyssey® Infrared 

Imaging System (Li-Cor Biosciences).  

 

Statistical analysis 

GraphPad Prism 6 software was used for statistical analysis. Values of p < 

0.05 were set for statistical significance. Data showing the effects of CXCL12 on 

extracellular GLU was analyzed using two-way ANOVA (treatment x time) 

followed by Sidak’s multiple comparisons test to assess effect of treatment 

against baseline (time = 0’). Data showing effects of AMD3100 treatment on 

cocaine-induced changes in GLU levels were analyzed using Two-way ANOVA 

(treatment x time) followed by Tukey’s multiple comparisons test to assess effect 



	 74	

of treatment at each time point and Sidak’s multiple comparisons test to evaluate 

effect of pretreatment and treatment against baseline. GLT-1 protein expression 

data were analyzed using t-tests. CXCL12 protein concentration in NAc and PFC 

were analyzed using One-way ANOVA, followed by Bonferroni post hoc test. 

 

Results 

CXCR4 receptors are localized on vGlut1 and GFAP expressing cells in PFC 

 To determine if the CXCR4 is expressed by glutamatergic neurons and 

astrocytes of the PFC sections were triple stained with anti-CXCR4, anti-vGlut-1, 

and anti-GFAP antibodies. Results demonstrate that glutamatergic neurons and 

astrocytes in PFC express CXCR4 (Figure 4.1C). Cells positive for vGlut1 or 

GFAP also showed positive immunoreactivity for CXCR4.  

 

Withdrawal from repeated cocaine does not affect CXCR4 expression in PFC. 

 The percentages of area showing positive CXCR4 immunoreactivity in 

PFC following repeated saline or cocaine administration are shown in Figure 

4.1A. There were no significant differences in CXCR4 expression at any of the 

withdrawal time points between cocaine and saline treatments (2 hour, 2, 10, and 

30 days). However, an increasing trend in CXCR4 expression with increased 

withdrawal period was observed. Two-way ANOVA show a significant main effect 

of time [F (3, 21) = 3.945, p=0.0223] but not treatment [F (1, 21) = 2.592, 

p=0.1224] or interaction [F (3, 21) = 1.131.  
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 Withdrawal from repeated cocaine influences CXCL12 levels in PFC and NAc 

Changes in CXCL12 levels in NAc and PFC following cocaine withdrawal 

are shown in Figure 4.2. In the NAc, ordinary one-way ANOVA found no 

significant main effect of treatment [F (3, 17) = 2.948, p=0.0625]. In the PFC, an 

ordinary one-way ANOVA found no significant main effect on treatment [F (3, 17) 

= 2.105, p=0.1375].  

 

CXCL12 increases extracellular GLU in NAcC. 

Following administration of 50 μg of CXCL12, but not 25 μg, a significant 

increase in GLU was detected in the dialysate. Two-way ANOVA revealed a 

main effect of treatment [F (2, 80) = 3.241, p=0.0443] but not time [F (7, 80) = 

1.331, p=0.2468] or interaction [F (14, 80) = 0.9068, p=0.5549]. Sidak’s multiple 

comparisons test showed significant increase in GLU at 80 minutes following 

CXCL12 infusion (0 vs. 80 minute; *p<0.05). Baseline GLU concentrations for 25 

μg CXCL12-treated rats were 0.648 ± 0.086 μmol/L, and for 50 μg CXCL12-

treated rats were 0.329 ± 0.032 μmol/L.  

 

Cocaine increases extracellular GLU in NAcC through CXCR4 mediated 

mechanism. 

 To investigate the effects of CXCR4 antagonism on GLU transmission in 

NAcC, extracellular GLU levels were monitored. Average baseline levels of GLU 

for SAL/SAL group were 0.141 ± 0.057 μmol/L, for AMD/SAL group were 0.150 ± 

0.020 μmol/L, for SAL/COC group were 0.086 ± 0.027 μmol/L, and for AMD/COC 
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0.203 ± 0.048 μmol/L. There was no statistical difference in baseline GLU levels 

between groups (p>0.05). Analysis of GLU levels, following administration of 

cocaine (Figure 4.6), showed a significant effect of treatment [F (3, 124) = 13.31, 

p<0.0001]. There were no significant effects of time [F (8, 124) = 1.297, p=0.2513] 

and interaction [F (24, 124) = 1.500, p=0.0792]. Tukey’s multiple comparisons 

test showed significant increase in GLU levels at 20 minutes after cocaine 

injection (SAL/SAL vs. SAL/COC; unmarked; p<0.05) and significant reduction in 

GLU levels following AMD3100 treatment (20 to 100 minute; SAL/COC vs. 

AMD/COC; *p<0.05, **p<0.01, ***p<0.001). Sidak’s multiple comparison 

comparing changes within the treatment groups showed no effects of saline or 

AMD3100 pretreatments.  

 

AMD3100 pretreatment increases GLT-1 expression in NAc of rats that self-

administered cocaine. 

To evaluate if AMD3100 would induce an increase in GLT-1 expression, 

western blot analysis were performed. Data demonstrate that AMD3100 

treatment significantly increased GLT-1 expression in NAc (Figure 4.5A) but not 

in PFC (Figure 4.5B). A t-test analysis revealed a significant difference between 

the AMD3100 and saline treated rats (***p<0.001). 

 

Discussion 

We report for the first time that the cell bodies of glutamatergic neurons in 

the PFC express CXCR4. Although this is not direct evidence of CXCR4 
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mediated GLU transmission in the NAc, it strengthens our hypothesis that 

CXCR4 receptors are involved in corticolimbic GLU function. PFC glutamatergic 

neurons project to the NAc. This corticolimbic pathway has been associated with 

compulsive drug taking and enhanced glutamatergic activity in response to drug 

associated cues (Kalivas and Volkow, 2005). In particular, an increase in 

extracellular GLU in the NAc, has been associated with cue and cocaine-induced 

reinstatement of cocaine–associated behavior (Kalivas et al., 2005, Knackstedt 

and Kalivas, 2009).  

Results from microdialysis studies showing that intracerebroventricular 

(ICV) administration of CXCL12 induces increases in extracellular GLU levels in 

NAc provide evidence of chemokine-mediated GLU transmission. Together, the 

with the efficacy of AMD3100 in reducing cocaine-induced increases in 

extracellular GLU, the results suggest that this is the underlying mechanism by 

which AMD3100 reduced expression of CPP and reinstatement to cocaine-

seeking, both of which are know to be mediated by corticolimbic GLU function.  

One limitation in interpretation of the results is that ICV injection yields a 

uniform distribution of CXCL12 and can have a global effect on widespread 

CXCR4 receptors in the CNS. The same can be said about the systemic 

administration of AMD3100. Therefore, involvement of CXCR4 in other regions of 

the brain and on other types of neurons must be considered. Although our study 

did not investigate CXCR4 expression on PFC GABAergic interneurons, possible 

modulation of synaptic transmission by GABA cannot be eliminated due to three 

reasons. 1) CXCR4 expression on GABAergic interneurons in the PFC has been 



	 78	

reported. CXCR4 regulates migration of GABAergic neurons in the developing 

cerebral cortex (Stumm et al., 2003), and CXCR4 is required for proper regional 

and laminar distribution of GABAergic interneurons in the cortex (Tanaka et al., 

2010). 2) The strength of tonic inhibitory tone exerted by GABAergic neurons 

plays a major role in neuronal activity in the PFC (Kawaguchi and Kubota, 1997, 

Homayoun and Moghaddam, 2007, Ascoli et al., 2008). 3) Electrophysiological 

recordings showed that CXCL12 enhances GABAergic transmission 

(Bhattacharyya et al., 2008, Miller et al., 2008), and can increase inhibitory post-

synaptic current (IPSC) in 5-HT neurons and dopaminergic neurons through 

GABA and mediated mechanism (Guyon et al., 2006, Heinisch and Kirby, 2010). 

Therefore, it is possible that GLU transmission may be indirectly modulated 

through a presynaptic mechanism involving GABA. In short, CXCL12-induced 

enhancement of GABA input onto the glutamatergic projection neurons can result 

in reduction of extracellular GLU in the NAc.  

 The locomotor study in chapter 2 showed that AMD3100 had no effect on 

basal activity at the doses tested, suggesting that CXCR4 signaling does not 

tonically regulate activity under normal physiological conditions. It has been 

shown that CXCR4 activation by CXCL12 can induce synaptic transmission 

through mobilization of intracellular calcium (Limatola et al., 2000, Banisadr et al., 

2003, Guyon et al., 2006), and AMD3100 blocks this response by preventing 

binding of CXCL12 to CXCR4. However, AMD3100 alone is unable to elicit any 

intracellular calcium mobilization, chemotaxis, or induce CXCR4 internalization, 

indicating that ADM3100 does not act as a CXCR4 agonist (Hatse et al., 2002). 
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Therefore, AMD3100 pretreatment may be able to prevent a spike in a CXCR4-

mediated surge in GLU levels, without altering basal levels of GLU.  

Our results showed a trend of decreasing CXCL12 protein levels in the 

PFC following withdrawal from chronic cocaine (Figure 4.2). Since CXCL12 

enhances GABAergic transmission (Bhattacharyya et al., 2008, Miller et al., 

2008), reduction in CXCL12 levels may result in  disinhibition of GABAergic input 

onto the glutamatergic projection neurons and ultimately lead to increased GLU 

release in the NAc. This may be a compensatory mechanism in place to 

counterbalance the decrease in basal GLU levels in NAc found during cocaine 

withdrawal (Miguens et al., 2008).  

The expression of CXCR4 is also observed on astrocytes in the PFC. 

Several studies have already demonstrated CXCR4 expression on astrocytes. 

CXCL12 was implicated in GLU release from cultured astrocytes through a 

mechanism involving a CXCR4-mediated TNF-α release from astrocytes 

(Callewaere et al., 2006, Cali and Bezzi, 2010). Lazarini et al., reported detection 

of CXCR4 transcript from purified astrocytes using RT/PCR and also showed an 

immunoblot of CXCR4 protein from astrocytic cultures (Lazarini et al., 2000). 

CXCR4 expression by fetal human and macaque neurons and astrocytes 

immediately ex vivo has also  been reported (Klein et al., 1999). However, the 

astrocytic CXCR4 expression was identified only in the PFC, but not in the NAcC 

(Trecki et al., 2010). Therefore, it is unlikely that astrocytes in the NAcC directly 

contribute to extracellular GLU. On the other hand, astrocytes in the PFC may 

indirectly modulate activity of the PFC output neurons for several reasons. 1) 
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Astrocytes can release GLU in relatively fast time scale on the order of a few 

hundred milliseconds (Callewaere et al., 2006, Calì et al., 2008). 2) It has been 

reported that the astrocytes creating the tripartite synapse communicate with 

adjacent pre- and postsynaptic neurons in a bidirectional manner by releasing 

GLU and other gliomitters (Newman, 2003, Perea and Araque, 2005). 3) It has 

been reported that inhibition of NMDA receptors on GABAergic neurons 

decreases GABA activity. Therefore, astrocytic GLU release can result in 

increased stimulation of nearby NMDA receptors on GABAergic neurons and 

increased inhibitory tone on glutamatergic neurons. The end consequence would 

be decreased GLU transmission in the NAc, the opposite of what is observed 

following CXCR4 activation on glutamatergic neurons. Therefore depending on 

which population of CXCR4 receptors becomes activated (neuronal vs. 

astrocytic), CXCL12 may elicit differential effects.  

Studies have demonstrated that CXCL12 can have opposite effects based 

on concentration. At low concentrations, CXCL12 acts as a neuromodulator and 

induces high voltage-activated calcium currents and DA release, but at high 

concentrations, CXCL12 decreases DA release and inhibits calcium currents 

(Guyon and Nahon, 2007b). In vivo, administration of low concentrations of 

CXCL12 (25-100ng/5μL) potentiates cocaine-induced locomotor activity, but a 

high concentration of CXCL12 (200ng/5μL) had the opposite effect (Trecki and 

Unterwald, 2009). It has been hypothesized that at low concentrations, CXCL12 

binds to a single high affinity binding site, whereas at high concentrations, 
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CXCL12 binds to a low affinity binding site (Guyon and Nahon, 2007b) which 

may explain the opposite effects observed. 

The evaluation of CXCR4 expression following repeated cocaine 

administration revealed that cocaine withdrawal did not induce CXCR4 up- or 

down-regulation. This is consistent with an in situ hybridization and double 

immuno-labeling studies that showed astrocytic CXCR4 expression does not 

change following ischemia near the border of insult (Stumm et al., 2002b). On the 

other hand, although analysis did not reveal significant changes in CXCL12 

levels after 30 days of withdrawal from cocaine, a downward trend with 

increasing cocaine dose was observed. This is consistent with the report of 

CXCL12 down-regulation in cocaine addicts (Araos et al., 2015).  

The implication of CXCL12 downregulation during cocaine-withdrawal has 

been discussed above, but it is worth noting that there seems to be a negative 

functional relationship between the CXCL12 and TNF-α. Data from our laboratory 

showed that TNF-α stimulation of human primary astrocytes can reduce CXCL12 

levels. Repeated cocaine exposure and withdrawal can increase TNF-α (Lee et 

al., 2001, Kousik et al., 2012, Levandowski et al., 2014, Liou et al., 2014). In 

contrast to decreased CXCL12 levels following repeated cocaine exposure, TNF-

α is reported to be elevated in cocaine abusers. As mentioned, activation of 

CXCR4 on astrocytes causes TNF-α release (Callewaere et al., 2006, Cali and 

Bezzi, 2010, Trecki et al., 2010). Therefore, TNF-α may decrease available 

CXCL12 for binding through a negative feedback-like mechanism.  
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  Immunoblot analysis of GLT-1 expressions in rats that self-administered 

cocaine revealed that AMD3100 pretreatment selectively increased GLT-1 

expression in the NAc but not the PFC, when compared to that of saline 

pretreated rats. This effect is opposite of what has been reported with other 

chemokines. CX3CL1 and CXCL14 have been shown to increase GLT-1 

expression. The effect by CX3CL1 was blocked by a selective GLT-1 inhibitor 

dihydrokinate (Catalano et al., 2013). This evidence suggests that chemokines 

may play diverse roles in GLU homeostasis and warrant further investigation. 

Nevertheless, GLT-1 upregulation has been reported to decrease reinstatement 

to cocaine seeking. GLT-1 accounts for more than 90% of forebrain GLU 

clearance (Tanaka et al., 1997), and plays a major role in maintaining GLU 

homeostasis. Self-administration of cocaine reduces GLT-1 expression and 

function resulting in reduced GLU reuptake (Knackstedt et al., 2010).  

Restoration of GLT-1 function prevents cue- and cocaine-induced reinstatement 

cocaine (Knackstedt et al., 2010). Together, this evidence suggests that two 

distinct but converging mechanisms are involved in attenuation of reinstatement 

to cocaine-seeking by AMD3100 – CXCR4 mediated inhibition of synaptic GLU 

transmission and increase in GLU reuptake.  

 In summary, our studies have significantly expanded the understanding of 

the role that CXCL12 and CXCR4 plays in synaptic transmission and 

maintenance of extracellular GLU levels. We have identified CXCR4 receptor 

expression on glutamatergic neurons in the PFC, detected changes in CXCL12 

protein expression in corticolimbic reward circuit, and showed that CXCL12 and 
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CXCR4 influence GLU transmission in the NAc. These effects provide evidence 

justifying subsequent investigations into CXCL12 and CXCR4’s involvement in 

reinforcement and relapse to cocaine and other psychostimulants.  
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Figure 4.1. CXCR4 expression following withdrawal from repeated cocaine.  

Data show that there were no significant differences in percentage of area 

showing positive staining for CXCR4 in PFC following four different withdrawal 

periods after repeated cocaine (Figure 4.1A; n=3-4 / group). Vertically matched 

images (i.e. a vs. b) show representative images of CXCR4 (Blue) and GFAP 

(Red) expression in the PFC at a same withdrawal time point (Figure 4.1B). 

Labels between the panels denote withdrawal period. Bregma +3.2 to 3.7 mm.  

Triple-labeling shows CXCR4 expression on GFAP (orange arrow) and vGlut1 

positive cells (black arrow) in PFC (Figure 4.1C). CXCR4 (Blue), vGlut1 (Brown), 

GFAP (Red). 
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Figure 4.2. CXCL12 levels after 30 days of withdrawal after repeated 

cocaine administration. CXCL12 protein levels were measured in NAc and 

PFC of rats that were administered daily with cocaine for 7 days (5, 10, 30 mg/kg, 

IP). Data are represented as mean protein concentration per mg of protein 

(pg/mg). Error bars are S.E.M (n=5-6 / group). Data show cocaine withdrawal did 

not elicit statistically significant changes in CXCL12 concentration in NAc (Figure 

4.2A; p=0.0625) or PFC (Figure 4.2B; p=0.137). 
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Figure 4.3. CXCL12-induced GLU in nucleus accumbens. Rats were infused 

with CXCL12 (25, 50 μg; 5μL in volume) into the lateral ventricle, and 

extracellular GLU levels in the NAc were measured at 20 minute intervals using 

microdialysis. Data are shown as fold change from baseline concentration. Error 

bars are S.E.M. (n=4-5 / group). The extracellular concentrations of GLU were 

increased following 50 μg CXCL12 administration (*p<0.05). No changes were 

observed following 25 μg of CXCL12.   

  



	 87	

 

Figure 4.4. Effect of AMD3100 on cocaine-induced GLU in NAc. Extracellular 

GLU levels in the NAc were monitored using microdialysis. Data are represented 

as fold change from baseline GLU concentrations. The first arrow indicates time 

of pretreatment (saline or AMD3100) and the second arrow shows time of 

treatment (saline or cocaine). Error bars are S.E.M. (n=3-6 / group). GLU levels 

increased following cocaine (15 mg/kg, IP) treatment in saline pretreated rats 

(SAL/COC vs. SAL/SAL). AMD3100 (10 mg/kg, IP) pretreatment blocked the 

cocaine-induced increase in GLU (SAL/COC vs. AMD/COC; *p<0.05, **p<0.01, 

***p<0.001). SAL=saline; COC=cocaine; AMD=AMD3100. Panel B shows probe 

placements.  
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Figure 4.5. Effect of AMD3100 treatment on GLT-1 expression. Expression of 

GLT-1 was measured in the nucleus accumbens and PFC of rats that self-

administered cocaine (0.75 mg/kg, IP) for 10 days. The AMD3100 (10 mg/kg, IP) 

or saline pretreatment were administered 30 minutes prior to each SA session 

(total 10 times). Data are shown as percent of saline control + S.E.M. (n=3-5 / 

group). AMD3100 pretreatments significantly increased GLT-1 expression in the 

NAc (panel A; ***p<0.001) but not PFC (panel B). Panel C shows representative 

protein bands. The molecular weights for GLT-1 and B-tubulin were 70 and 50 

Kda, respectively.   
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GENERAL DISCUSSION 

Cocaine is a powerful stimulant with a very high abuse potential. While the 

full extent of cocaine’s effect involves multiple neurotransmitters and brain 

regions, an increase in DA transmission in the mesolimbic reward pathway 

mediates reward and psychomotor activity of acute cocaine (Ettenberg et al., 

1982, Kuczenski et al., 1991, Koob, 1992). A hallmark characteristic in the 

development of cocaine addiction is the transition from initial drug use to habitual 

and ultimately compulsive drug seeking (Everitt and Robbins, 2005). Repeated 

cocaine use can lead to physical dependence and manifestation of withdrawal 

symptoms following abrupt cessation. The neurochemical changes in the 

corticolimbic GLU reward pathway are known to underlie expression of persistent 

craving long after discontinued use and relapse upon exposure to drug-

associated stimuli.  

CXCL12 has been implicated in modulation of DA and GLU transmission. 

Application of CXCL12 onto dopaminergic neurons results in depolarization and 

transition from tonic to burst firing leading to DA release (Skrzydelski et al., 

2007). In vivo, CXCL12 administration into the substantia nigra (SN) increases 

extracellular DA in the striatum (Skrzydelski et al., 2007). Previously described 

CXCL12’s effect on GLU transmission is mediated through astrocytes 

(Callewaere et al., 2006, Cali et al., 2008, Cali and Bezzi, 2010). Activation of 

CXCR4 receptors on astrocytes initiate series of events, including release of pro-

inflammatory cytokine, TNF-α, that leads to GLU release in the order of a few 

hundred milliseconds (Callewaere et al., 2006, Calì et al., 2008).  
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In the synapse, astrocytes are functionally integrated through strategic 

positioning and influence synaptic transmission. Traditionally, astrocytes have 

been viewed as passive participants in synaptic function, as providers of 

metabolic functions. However, findings revealed that astrocytes exchange 

information with pre- and postsynaptic neurons and regulate neurotransmission 

(Newman, 2003, Perea and Araque, 2005). Neurotransmitters released from 

presynaptic neurons evoke an increase in calcium concentration in adjacent 

astrocytes and cause release of GLU (Newman, 2003). Astrocytes are capable of 

mobilizing intracellular calcium through release of calcium stores from the 

endoplasmic reticulum (Perea and Araque, 2005). Subsequently, GLU released 

from astrocytes can bind to pre and postsynaptic neurons to produce excitatory 

or inhibitory responses.  

Based on this evidence showing modulation of DA and GLU transmission 

by CXCL12 and CXCR4, we hypothesized that this chemokine system may 

contribute to cocaine-induced changes in DA and GLU transmission and 

ultimately mediate cocaine’s behavioral effects.  

 The effects of intracranial CXCL12 on cocaine induced locomotor have 

been examined in a published article (Trecki and Unterwald, 2009). We have 

added to previous findings by testing effects of the CXCR4 antagonist, 

AMD3100, on cocaine-induced increases in locomotor activity, and demonstrated 

that systemic administration of AMD3100 dose-dependently decreased cocaine-

induced hyperactivity. Although CXCL12/CXCR4 interaction has been assessed 
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in locomotor experiments, no previous studies have examined its role in cocaine 

reinforcement and relapse.   

Based on efficacy of AMD3100 on the locomotor experiments, the role of 

CXCL12/CXCR4 signaling in cocaine reward was evaluated using cocaine- 

induced conditioned place preference (CPP) and self-administration paradigms.  

AMD3100 reduced expression and development of cocaine-induced CPP 

(Chapter 2) and reduced cocaine taking behavior and cue and cue + drug 

induced reinstatement to cocaine seeking (Chapter 3). The results suggest that 

cocaine’s rewarding effects are at least in part mediated by CXCR4 activation by 

CXCL12.  

Although there are no animal models of addiction that can perfectly 

replicate human pathology of addiction, rodent intravenous SA is a readily 

accepted model for studying addiction under controlled conditions in the 

laboratory. Compared to other models of addiction, the contingent delivery of the 

drug mimics addictive behavior that occurs in the natural environment. For this 

reason, SA seems to have a high degree of validity. Among the wide range of SA 

techniques that were developed to model specific aspects of addiction, we 

decided to use acquisition of SA under a fixed ratio-1 schedule of reinforcement 

to evaluate drug taking behavior. Most addictive drugs are self-administered, and 

the FR-1 paradigm is a good method to validate the abuse potential of a 

substance. More clinically relevant is the reinstatement paradigm used to model 

relapse following a period of abstinence. The reinstatement model is based on 

the observation of human drug abusers who relapse following exposure to the 
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drug itself or environmental cues that had been previsouly associated with drug-

taking. Therefore, the ability of AMD3100 to reduce reinstatement to cocaine 

seeking identifies CXCR4 as a potential target for treatment of cocaine addiction. 

 In chapter 4, we identified CXCR4 expression on glutamatergic neurons 

and astrocytes in the PFC and assessed changes in CXCR4 expression and 

CXCL12 protein concentration during withdrawal from repeated cocaine. It has 

been previously shown that chemokine receptor activation mobilizes intracellular 

calcium in neurons (Oh et al., 2002, Ragozzino, 2002). It is hypothesized that the 

activation of CXCR4 increases the cytosolic calcium concentration to initiate the 

release of neurotransmitters. Therefore, activation of CXCR4 on dopaminergic 

and glutamatergic neurons in the origin of reward pathways (i.e. VTA and PFC) 

may increase extracellular concentrations of DA and GLU in the target region 

(i.e. NAc). Based on this evidence, we hypothesize that AMD3100’s effects on 

cocaine-associated behavior come directly from its ability to inhibit transmitter 

release.  

 The ability of CXCL12 to influence GLU transmission was confirmed in the 

microdialysis studies where CXCL12 injected into the lateral ventricle increased 

extracellular GLU concentration (Chapter 4). We also showed that systemic 

administration of AMD3100 reduces the cocaine-induced increase in extracellular 

GLU in the NAc (Chapter 4). Because intracerebroventricular and systemic 

injection uniformly spreads the injected drugs, the effects of CXCL12 or 

AMD3100 on CXCR4 in specific regions, or on select population of cells, cannot 

be assumed from this experiment alone. However, identification of CXCR4 in the 
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corticolimbic glutamate pathway, that has been previously associated with 

reinstatement to cocaine seeking, and established ability of CXCR4 to elicit GLU 

release upon activation, we hypothesize that inhibition of the CXCR4 on PFC 

GLU and resident astrocytes in the NAc prevent the abrupt increase in 

extracellular GLU following drug or cue presentation in the reinstatement model 

leading to the observed effects of AMD3100.  

 Because chemokines have an active role in inflammation and other 

neuroimmune pathologies, targeting the chemokine system may have greater 

efficacy in treating diseases with comorbid cocaine dependence. For instance, it 

has been reported that intravenous cocaine use significantly increases the risk of 

HIV infection (Chaisson et al., 1989). Because CXCR4 is a co-receptor for HIV-1 

entry (Donzella et al., 1998), AMD3100 may be able to ameliorate symptoms 

associated with HIV and cocaine dependence . In fact, AMD3100 has been 

shown to block the entry of the T-lymphotropic HIV strains (Schols et al., 1997). 

Furthermore, CXCR4 has been implicated in HIV-associated neurocognitive 

disorders (HAND). AMD3100 inhibits the ability of gp120 to cause synaptic and 

neuronal injuries by disrupting NMDA receptor function by down-regulating the 

phosphorylation of the NR1 subunit (Ru and Tang, 2015). Therefore, the 

potential therapeutic applications of AMD3100 may reach far beyond what has 

been shown in the current study.  

 The studies conducted in this dissertation investigated how the 

chemokine, CXCL12, and its receptor, CXCR4, are influenced by cocaine and 

how modulation of the CXCL12/CXCR4 system affects behavioral effects of 
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cocaine. The difficulty in treating cocaine addiction stems from the fact that there 

are distinct stages in the progression of the disease including the initial drug-

taking, transition of recreational to compulsive use, withdrawal and relapse 

following cessation of use. As described in the previous paragraphs, these 

stages of cocaine dependence are associated with dysregulation of specific 

neurotransmission systems. Because the CXCL12/CXCR4 system can modulate 

both DA and GLU transmission in the reward pathways that regulate cocaine’s in 

vivo effects, it has the potential to disrupt all stages of disease progression and 

may result in greater efficacy.   

   

Future Directions 

While our studies have laid the foundation for evaluating the role of 

CXCL12 and CXCR4 in cocaine addiction, there are key areas that still require 

further investigation. Originally, the microdialysis experiments were designed so 

that we would have enough volume of dialysate for GLU and DA analysis. 

However, most of the dialysates were used in the optimization of the assay used 

to detect GLU concentration in dialysates, and DA analysis could not be 

completed. Given that cocaine’s primary mechanism of action is through an 

increase in extracellular DA, and that some of our behavioral assays, such as 

development of CPP and acquisition of SA, are mediated by DA transmission in 

the mesolimbic DA, analysis of DA should be evaluated.  

In order to further elucidate the mechanism by which CXCL12 and CXCR4 

influence neurotransmission, the functional impact on the VTA DA neurons, PFC 
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GLU neurons and NAc medium spiny neurons (MSNs) should be investigated 

using electrophysiological techniques. These input and output regions of the 

mesolimbic and corticolimbic reward system consist of multiple types of neurons, 

such as GABAergic interneurons, that may indirectly impact CXCL12 and 

CXCR4 mediated activation of neurons.  For instance, CXCL12 indirectly 

modulates 5-HT neurotransmission via GABA and GLU synaptic afferents in the 

dorsal raphe nuclei (Heinisch and Kirby, 2010). 

Future studies should also evaluate CXCL12/CXCR4 signaling in the 

context of other psychostimulants that share the same fundamental mechanism 

of action with cocaine such as methylenedioxypyrovalerone (MDPV). Like 

cocaine, MDPV is a triple reuptake inhibitor with activity at DA, norepinephrine 

(NE) and 5-HT transporters with highest affinity for the DA transporters. 

(Baumann et al., 2013). Since the first reports of abuse of synthetic cathinones in 

2008, MDPV abuse in the United States has seen a rapid increase, and has 

been categorized as Schedule I drug due to its high abuse potential. 

In order to evaluate AMD3100’s potential as a pharmacological agent for 

the treatment of psychostimulant addiction, its effect on natural reinforcers must 

be evaluated first. This can be done by comparing the results from sucrose SA 

and drug SA under a progressive ratio schedule of reinforcement that models 

reinforcing strength or motivation to self-administer the reward. Negative effects 

of AMD3100 on sucrose SA would indicate that it does not affect natural rewards.  

Lastly, in order to increase our understanding of chemokines as 

neuromodulators, the influence of other chemokines on synaptic transmission 
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must be evaluated. CX3CL1, also known as fractalkine, is a good candidate, 

since it is constitutively expressed in adult CNS. In fact, it has already been 

shown that CX3CL1 indirectly affects synaptic transmission by increasing GLT-1 

(Catalano et al., 2013) and enhancing hippocampal NMDA receptor function 

(Scianni et al., 2013). 

 

Conclusions 

 

To our knowledge, the investigations in this dissertation are the only ones 

exploring the influences of the chemokine, CXCL12, and its cognate receptor, 

CXCR4, on the behavioral effects related to the addictive phenotype. We found 

that CXCL12 administration increases extracellular GLU in the NAc, and CXCR4 

antagonism, by the administration of AMD3100, reduces cocaine-induced 

increase in extracellular GLU. We hypothesized that the neurotransmitters DA 

and GLU are released in response to CXCR4 activation on neurons and 

astrocytes and speculated that CXCL12/CXCR4 are involved in cocaine’s 

behavioral effects. We showed that the CXCR4 antagonist, AMD3100, can 

effectively attenuate rewarding effects of cocaine in CPP and SA experiments 

and reduce reinstatement to cocaine-seeking. In conclusion, our studies have 

laid the foundation for evaluating the role of chemokines in drug addiction and 

added to the rapidly growing literature that supports the role for chemokines as 

neuromodulators.  
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