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ABSTRACT 
 

THE ROLE OF MU OPIOID RECEPTORS IN THE 
BEHAVIORAL EFFECTS OF COCAINE 

 
 

Avery Soderman 
 

Doctor of Philosophy 
 

Temple University, 2009 
 

Doctoral Advisory Committee Chair:  Ellen M. Unterwald, Ph.D. 
 

Animal models have proven to be useful tools for modeling human neurochemical 

and behavioral responses to drugs of abuse, including cocaine.  Cocaine is a psychomotor 

stimulant that facilitates monoaminergic neurotransmission by binding to transporters and 

inhibiting the reuptake of dopamine, serotonin and norepinephrine into presynaptic 

neurons.  Many of the behavioral effects of cocaine, including its locomotor-activating 

and reinforcing properties, have been attributed to the ability of cocaine to enhance 

dopaminergic activity.  In addition to its direct effects on monoamine neurotransmitters, 

cocaine impacts other neurotransmitter systems including the endogenous opioid system.  

The effects of selectively antagonizing mu opioid receptors on cocaine-induced behaviors 

were evaluated during this research.  This research also evaluated the effect of selectively 

antagonizing dopamine D1 or D2 receptors on cocaine-induced mu opioid receptor 

occupancy by endogenous opioid ligands.   This research furthered our understanding of 

how the endogenous opioid and dopaminergic systems interact to mediate cocaine-

induced behaviors.  
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Although data support the role of mu opioid receptors in modulating cocaine-

mediated locomotion and reward, the location of the mu opioid receptors involved has 

not been established.  An evaluation of the effects of a selective mu opioid receptor 

antagonist administered directly into specific brain regions on cocaine-induced behaviors 

is important for understanding how the endogenous opioid and dopaminergic systems 

interact to mediate cocaine-induced behaviors.  The studies outlined herein sought to 

determine the contribution of mu opioid receptors in specific regions of the 

mesocorticolimbic system to the rewarding and locomotor-activating effects of cocaine in 

the rat.  In addition, to further understand the role of mu opioid receptors in cocaine 

reward, neuronal activation was studied via cFos activation following the expression of 

cocaine-induced place preference.  Results of the research outlined herein demonstrate 

the importance of mu opioid receptors in cocaine-induced reward and activity, and 

demonstrate the anatomical selectivity of mu receptors within the nucleus accumbens, 

VTA and caudate putamen in this regard.  These data suggest that cocaine causes the 

release of endogenous opioid peptides and that these peptides contribute to the rewarding 

and locomotor-stimulating effects of cocaine.  Further, these data also suggest that opioid 

peptides are released in the nucleus accumbens shell during the expression of cocaine 

place preferences and that mu opioid receptors in this region are critical for the 

manifestation of this behavior. 

Although data demonstrate that extracellular levels of endogenous opioid peptides are 

increased following cocaine administration, the time- and dose-dependent occupancy of 

mu opioid receptors within specific brain regions had not been established in previous 

studies.  The present research sought to determine the time– and dose-dependent 
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occupancy of mu opioid receptors, measured indirectly by displacement of 3H-DAMGO 

binding, within specific brain regions.  3H-DAMGO binding was measured by in vitro 

autoradiography.  In addition, the contribution of dopamine D1 and D2 receptors in 

cocaine-induced 3H-DAMGO displacement was evaluated.  Results demonstrate that 

cocaine administration caused a dose- and time-dependent displacement of 3H-DAMGO 

binding to mu opioid receptors within the nucleus accumbens core and shell.  This 

displacement was attenuated by pretreatment with a selective D2 dopamine receptor 

antagonist, demonstrating that cocaine, acting via D2 dopamine receptors, can cause the 

release of an endogenous opioid peptide that binds to mu opioid receptors within the 

nucleus accumbens core and shell. 

Previous studies have demonstrated that chronic administration of non-selective 

mu opioid receptor antagonists has profound effects on mu opioid receptor density and 

signaling.  The research presented herein sought to determine whether chronic treatment 

with the selective mu opioid receptor antagonist, CTAP, would increase mu opioid 

receptor density and agonist-stimulated G-protein activation.  In addition, this research 

sought to determine whether chronic CTAP administration would sensitize animals to the 

locomotor stimulating effects of cocaine.  Results outlined herein demonstrate that 

chronic CTAP treatment sensitized animals to the locomotor effects of cocaine and that 

this sensitization occurred in conjunction with an increase in mu opioid receptor density 

within the nucleus accumbens core and shell. 
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CHAPTER 1 

GENERAL INTRODUCTION 

Scientific Rationale 

 

Cocaine addiction continues to be a major health problem with high human and 

financial costs.  According to the National Institute on Drug Abuse, six million 

Americans aged 12 and older had abused cocaine in 2006 (National Survey on Drug 

Use and Health).  Although cocaine abuse has been a major focus of scientific study 

over the past several decades, available treatments remain inadequate for most 

people.  An improved understanding of the biological basis of addiction is necessary 

to develop and provide more effective treatments.  Addiction is characterized by 

persistent cellular and molecular changes within the reward pathways of the brain that 

develop over time with chronic drug use (Sklair-Tavron et al., 1996).  To understand 

addiction, one must understand how the effects of the drug during the initial 

exposures lead progressively to persistent molecular and cellular changes with 

chronic drug use. 

Cocaine is a widely abused psychostimulant, with direct inhibitory actions on 

dopamine, serotonin, and norepinephrine reuptake into presynaptic nerve terminals 

(Heikkila et al., 1975; Ritz et al., 1987; Nicolaysen and Justice, 1988).  As reuptake is 

the major mechanism by which these neurotransmitters are removed from their sites of 

action, inhibition of reuptake by cocaine potentiates the actions of these 

neurotransmitters.  This inhibition of reuptake plays a critical role in the initial 

reinforcing properties of cocaine (Heikkila et al., 1975; Ritz et al., 1987).  The 
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mesolimbic dopaminergic system is believed to play a primary role in mediating this 

reinforcing property, and this system has been found to contain dopaminergic neurons 

as well as opioid peptides and receptors (Geary and Wooten, 1983; DiChiara and 

Imperato, 1988; Olive et al., 2001).  Evidence suggests that the endogenous opioid 

system plays an important role in the rewarding effects of cocaine (Bain and Kornetsky 

1987; Corrigall and Coen, 1991; Bilsky et al., 1992).  For instance, these studies 

showed that in animal models of drug reinforcement, the nonselective opioid receptor 

antagonists, naloxone and naltrexone, can reduce the rewarding effects of cocaine.  In 

addition, cocaine induced hyperactivity can be attenuated by pretreatment with 

naloxone (Houdi et al., 1989).  Finally, mu opioid receptor densities are increased in 

several brain regions in cocaine-dependant men (Zubieta et al., 1996). This data showed 

an increase in mu opioid receptor binding within the amygdala, cingulate cortex and 

frontal cortex, as measured by PET, 1-4 days after the last cocaine use.  This increase in 

binding showed a significantly positive correlation with self-reported craving.   These 

studies suggest an interaction between central opioid and dopamine systems in the 

behavioral effects of cocaine.  An evaluation of the effects of selective mu opioid 

receptor antagonists on the behavioral effects of cocaine is critical for understanding 

the how the endogenous opioid and dopaminergic systems interact to mediate cocaine-

induced behaviors. 

The overall aim of this research was to determine the role of mu opioid receptors in 

the behavioral effects of cocaine, specifically cocaine-induced reward and 

hyperactivity.  An additional aim of this research was to determine the time-and dose-

dependent occupancy of mu opioid receptors by endogenous opioid peptides following 



 3 

cocaine administration.  A final aim of this study was to determine whether chronic 

administration of the selective mu opioid receptor antagonist CTAP sensitized animals 

to the hyperlocomotor effects of cocaine, and whether this was accompanied by an up-

regulation of mu opioid receptor expression or function. 

The overall hypothesis for this dissertation is that selective blockade of mu opioid 

receptors by CTAP within specific brain regions would attenuate cocaine-induced 

reward and hyperactivity.  This would suggest that cocaine causes the release of 

endogenous opioid peptides that bind to and activate mu opioid receptors, which is an 

additional hypothesis of this dissertation.  A final hypothesis of this dissertation is that 

repeated administration of CTAP would sensitize animals to the locomotor effects of 

cocaine, which would correspond to an increase in mu opioid receptors and mu opioid 

receptor coupling to G-proteins. Key experiments presented herein determined: 

1. the role of mu opioid receptors within specific regions of the 

mesocorticolimbic system in cocaine-induced reward.  Cocaine-induced reward was 

studied using condition place preference paradigms coupled with neuronal 

activation studied via cFos up-regulation.   

2. the role of mu opioid receptors within specific regions of the 

mesocorticolimbic system in cocaine-induced hyperactivity.  Cocaine-induced 

hyperactivity was measured with the use of activity monitors.   

3. time- and dose-dependent occupancy of mu opioid receptors by endogenous 

opioid peptides following cocaine administration.  Mu opioid receptor occupancy 

was measured indirectly by displacement of  3H-DAMGO binding to tissue sections.  
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In addition, the role of dopamine receptors in this displacement was determined 

through the use of selective dopamine D1 or D2 receptor antagonists. 

4. whether repeated CTAP administration (once daily for five days) sensitized 

animals to the locomotor effects of cocaine.  In addition, these experiments 

determined whether increased mu opioid receptor density or mu opioid receptor 

coupling to G-proteins occurred in sensitized animals.  CTAP-induced sensitization 

to the locomotor effects of cocaine was measured with activity monitors.  Mu 

opioid receptor quantitation was measured by 3H-DAMGO binding.  G-protein 

coupling measurements were performed using DAMGO-stimulated in situ 

[35S]GTPγS binding.  

 

Pharmacokinetics and Pharmacologic Actions of Cocaine 

Cocaine has been extensively studied over the past several decades in order to better 

understand the neuronal mechanisms involved in cocaine reward, addiction and relapse.  

Cocaine is one of the most widely abused psychostimulants and the two main 

formulations that are abused include cocaine hydrochloride which is taken by 

intravenous or intranasal administration, and cocaine base that is heated and the vapors 

inhaled.  Cocaine can be absorbed through any mucous membrane, smoked or injected.  

Cocaine has a half-life of 0.5-1.5 hours in the plasma (Fleming et al., 1990).  The 

highest concentrations of cocaine following injection are found in the kidney, lung and 

brain (Prakash and Das, 1993).  The principal action of cocaine is blocking 

catecholamine re-uptake in both the periphery and central nervous system (Heikkila, et 

al., 1975; Ritz et al., 1987; Nicolaysen and Justice, 1988).  A second action of cocaine 
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is its local anesthetic effects.  This effect is caused by competitively blocking sodium 

channels in neuronal cells, and impairing conduction of nerve impulses.  An indirect 

action of cocaine includes the release of endogenous opioid peptides (Olive et al., 

2001). 

In the periphery, cocaine causes vasoconstriction, hypertension, and tachycardia 

through catecholamine accumulation.  In the central nervous system, inhibition of 

dopamine re-uptake by cocaine results in euphoria and hyperlocomotion.  Following 

administration, cocaine is metabolized in the liver to benzoylecgonine and ecgonine, 

and a minor active metabolite norcocaine (Fleming et al., 1990; Benowitz, 1993).  

Following intraperitoneal (i.p.) injection of cocaine in rats, cocaine and its metabolites 

rapidly accumulate in the brain and this accumulation corresponded with increased 

dopamine concentrations within the nucleus accumbens (Pettit et al., 1990; Hedaya and 

Pan, 1997).  This increase in dopamine concentration within the nucleus accumbens is 

caused by the ability of cocaine to inhibit the re-uptake of dopamine into presynaptic 

nerve terminals (Figure 1.1).  Cocaine binds noncompetitively to the dopamine 

transporter (DAT) resulting in elevated and prolonged levels of dopamine in the 

synapse (McElvain and Shenk, 1992).  Several studies using selective dopamine 

receptor antagonists and knock-out animals have shown that DAT is critical for 

cocaine-induced hyperlocomotion (Giros et al, 1996; Gainetdinov and Caron, 2003).  In 

addition, DAT knock-out animals show a reduced response to the rewarding effects of 

cocaine (Medvedev et al., 2005). 

 

Cocaine and Dopamine 
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Figure 1.1  Dopaminergic Synapse 

Schematic representation of dopamine being released from a pre-synaptic neuron 

and binding to dopamine receptors on a post-synaptic neuron.  In the absence of 

cocaine, dopamine is removed from the synapse by reuptake into the pre-synaptic 

neuron by the dopamine transporter.  In the presence of cocaine, this re-uptake is 

inhibited, leading to the increased concentration of extracellular dopamine.  

(Modified from www.NIDA.gov) 
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Although cocaine’s actions include inhibition of re-uptake of serotonin, 

norepinephrine and dopamine into presynaptic nerve terminals, cocaine’s effect on  

dopamine re-uptake has attracted the most attention.  Dopamine has been shown to be 

important for drug reward as well as brain stimulation reward and reward for natural 

reinforcers, including food and water (Wise and Rompre, 1989).  In addition, virtually 

all addictive drugs increase extracellular dopamine, specifically within the nucleus 

accumbens (DiChiara and Imperato, 1988).  Cocaine has been shown to activate the 

mesolimbic dopamine pathway in humans (Kilts et al., 2001).  The mesocorticolimbic 

dopamine system consists of dopamine neurons with cell bodies in the ventral 

tegmental area (VTA) and projections to the nucleus accumbens (NAcc) and prefrontal 

cortex (PFC) (Fuxe et al., 1985; Wise and Rompre, 1989).  Activation of this pathway 

results in the release of dopamine within the NAcc and PFC. 

Released dopamine binds to a number of dopamine receptor subtypes including the 

D1-like (D1 and D5) and D2-like (D2, D3 and D4) receptors.  Activation of these 

receptors by dopamine affects several intracellular signaling events.  Activation of the 

D1-like receptors (acting through Gαs/olf G-proteins) stimulate whereas activation of 

D2-like receptors (acting through Gαi G-proteins) inhibit adenylyl cyclase (AC) and the 

production of cyclic adenosine 3’, 5’-monophosphate (cAMP).  Chronic cocaine 

administration decreases inhibitory G-protein (Gαi) levels in the NAcc and VTA 

(Nestler et al., 1990) and increases D1-receptor stimulated adenylyl cyclase activity 

(Unterwald et al., 1996).   
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In animal models, acute cocaine administration stimulates locomotor activity 

(Schroeder et al., 2007) and is rewarding using both conditioned place preference 

(CPP) and self-administration models (Ettenberg et al., 1982; McKinzie et al., 1999; 

Schroeder et al., 2007).  The link between the behavioral effects of cocaine and the 

endogenous dopamine system has been extensively studied using genetic and 

pharmacologic manipulations.  For example, genetic alterations of the dopamine 

receptor subtypes have provided insight into their role in cocaine-induced behaviors.  

Cocaine does not stimulate locomotor activity in D1 receptor knockout mice as 

compared to their wild-type littermates (Miner et al., 1995; Xu et al., 2000).  However, 

the rewarding effects of cocaine as measured by CPP are unaffected in these animals 

(Miner et al., 1995).  Similarly, dopamine D2 receptor knockout mice have a blunted 

locomotor response to cocaine and in addition, have altered response to cocaine in a 

drug discrimination paradigm (Chausmer et al., 2002).   These mice will also readily 

self-administer cocaine as compared to their wild-type littermates (Caine et al., 2002).  

These data suggest that dopamine D1 receptors are involved in the locomotor effects of 

cocaine and that the dopamine D2 receptors are involved in the locomotor-stimulating 

and discriminative stimulus effects of cocaine.  As with all knockout models, these data 

should be interpreted with caution due to the potential for developmental abnormalities 

and compensatory mechanisms.   

Although there are several pharmacotherapies being evaluated, there are currently 

no effective treatments for cocaine addiction.  Many of these therapies target the 

dopamine system, including dopamine agonists as substitution agents, dopamine 

antagonists as blocking agents, or antidepressants to treat withdrawal-related symptoms 
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(Kosten and Kosten, 1991; Mello and Negus, 1996; Kosten et al., 2002).  Additional 

therapies are directed against the endogenous opioid system. 

 

Cocaine and the Endogenous Opioid System 

In addition to its direct effects on monoamine neurotransmitters, cocaine can 

indirectly modulate a number of other neurochemical systems, including the 

endogenous opioid system.  The endogenous opioid system modulates a number of 

physiological responses, including analgesia, pain and addictive behavior.  Cocaine has 

been shown to alter levels of endogenous opioid peptides (Costa et al., 1978; Sivam, 

1989) and can have profound effects on the expression and function of opioid receptors 

(Hammer, 1989; Izenwasser et al., 1996; Schroeder et al., 2007).   

The three main classes of endogenous opioid peptides include the endorphins, 

enkephalins, and dynorphins.  The pro-opiomelanocortin, pro-enkephalin, and pro-

dynorphin genes encode for the β-endorphin, enkephalin and dynorphin peptides 

respectively.  POMC is expressed in the pituitary, arcuate nucleus of the hypothalamus, 

nucleus tractus solitarius, and amygdala (Civelli et al., 1982; Schlussman et al., 2000).  

The main members of the enkephalin family include met- and leu-enkephalin (Akil et 

al., 1984), which are highly expressed in the nucleus accumbens (Morris et al., 1989).  

The main members of the dynorphin family include dynorphin A and dynorphin B 

(Akil et al., 1998) and these peptides are also highly expressed in the nucleus 

accumbens (Fallon and Leslie, 1986).  The enkephalins and β-endorphin bind 

preferentially to the mu and delta opioid receptors, and the dynorphins bind 

preferentially to the kappa opioid receptor (Raynor et al., 1994).   
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The three “classical” opioid receptor types include the mu, delta and kappa opioid 

receptors.  These three opioid receptors belong to a super-family of pertussis toxin-

sensitive G protein-coupled receptors (GPCR) coupled to inhibitory G proteins (Gi/Go), 

inhibiting adenylyl cyclase or activating phospholipase A2/C when activated (Klee et 

al., 1975). In addition to these signaling events, activation of opioid receptors has been 

shown to increase potassium and decrease calcium conductance (Werz and MacDonald, 

1983; Werz and MacDonald, 1984; North and Williams, 1987; Shen and Crain, 1990).  

The human mu, delta and kappa opioid receptor genes are located on chromosomes 

6q24-25, 1p34.3-36.1 and 8q11.2 respectively (Befort et al., 1994; Wang et al., 1994; 

Yasuda et al., 1994).  Overall, the amino acid sequences of the rat mu, delta and kappa 

opioid receptors are approximately 60% identical to one another.  Higher identities are 

found in the transmembrane regions (~75%) and intracellular regions (~65%).  

Conversely, the extracellular regions are only ~35% identical (Satoh and Minami, 

1995).  There are potential N-linked glycosylation sites in the N-terminal domains of 

the mu, delta and kappa opioid receptors.  In addition, two conserved cysteine residues, 

which are thought to be involved in disulfide bonding, are found in the first and second 

extracellular loop of these three receptors.  An additional conserved cysteine residue is 

found in the C-terminal domain, and is a potential site for palmitoylation (Satoh and 

Minami, 1995). 

Expression of opioid receptor RNA has been studied in several animals including 

the rat.  The expression of mu opioid receptor mRNA in the rat brain has been revealed 

by in situ hybridization histochemistry (Delfs et al., 1994; mansour et al., 1994; Minami 

et al., 1994).  Signals of mu opioid receptor mRNA have been found in the olfactory 
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bulb, nucleus accumbens, caudate putamen, ventral tegmental area, globus pallidus and 

ventral pallidus.  Cells expressing mu opioid receptor mRNA are disseminated in the 

hippocampus, where locally applied opiates excite the pyramidal cells, possibly through 

the disinhibition of tonically active inhibitory GABAergic neurons.  Mu opioid receptor 

receptor mRNA is also found in the amygdaloid complex and the thalamic nuclei.  

Anatomical and physiological studies indicate that neurons of the medial thalamic 

nuclei, which express high levels of mu opioid receptor mRNA, play a role in the 

transmission of nociceptive information (Kaelbar et al, 1975).  Additional areas of mu 

opioid receptor mRNA expression include the interpenduncular nucleus, pons medulla, 

parabrachial nucleus and nucleus solitaris.  Respiratory neurons are located in the 

parabrachial nucleus and nucleus solitaries (Vibert et al., 1976) and expression of mu 

opioid receptor mRNA in these regions suggests that this receptor may play a role in 

respiratory depression by opiates. 

Of the three classes of opioid receptors, the mu opioid receptor is the major target 

of most opioid analgesics (Vaccarino 2001).  Mu opioid receptor agonists are rewarding 

when administered in either the nucleus accumbens (Olds, 1982; van der Kooy et al., 

1982) or rostral VTA (Devine and Wise, 1994).  An important role of the mu opioid 

receptor within the NAcc and VTA in modulating the reinforcing properties of cocaine 

has been described (Corrigall et al., 1999).  Infusion of the mu opioid receptor 

antagonist naltrexone into the VTA inhibits cocaine self-administration (Ramsey et al., 

1999).  Infusion of the mu opioid receptor agonist DAMGO into the VTA enhances 

cocaine self-administration in rats (Corrigall et al., 1999).  Mu opioid receptor knockout 

mice have been shown to be hyporesponsive to the rewarding effects of cocaine using 
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conditioned preference paradigms (Becker et al., 2002; Hall et al., 2004).  Studies have 

shown that cocaine administration in rats can increase beta-endorphin levels in the 

nucleus accumbens (Olive et al., 2001; Roth-Deri et al., 2003).  One proposed 

mechanism by which mu opioid receptors influence cocaine reinforcement is by 

disinhibition of VTA dopamine neurons.  Mu opioid receptor stimulation inhibits 

GABAergic neurons in the VTA, resulting in increase dopamine outflow into the 

nucleus accumbens (Johnson and North, 1992a; Mathon et al., 2003).  In addition, a 

single nucleotide polymorphism (SNP) at position 118 of the mu opioid receptor gene 

(A118G) results in a 3-fold increase in mu receptor affinity for beta-endorphin (Bond et 

al., 1998).   

 

Mesocorticolimbic System 

Perhaps the best characterized neuronal pathway involved in cocaine reward and 

locomotor activity is the mesolimbic dopamine system.  This system is comprised of 

dopamine neurons with cell bodies in the ventral tegmental area (VTA) of the 

midbrain and projections to the limbic forebrain, including the nucleus accumbens, 

prefrontal cortex, and dorsal striatum.  The nucleus accumbens is rich in both 

dopamine and opioid receptors (Tempel and Zukin, 1987; Wamsley et al, 1989) and 

cocaine administration has been shown to increase dopamine levels in the nucleus 

accumbens (Pettit and Justice, 1989).  The VTA-nucleus accumbens pathway is a key 

detector of natural and drug rewarding stimuli (Roberts and Koob, 1982; Goeders and 

Smith, 1983).  Dopamine levels in the nucleus accumbens also modulate locomotor 

activity (Hooks et al., 1992).   
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The VTA can be divided into rostral and caudal regions based on cell types and 

neuronal connections.  The caudal VTA has a higher proportion of dopamine 

containing neurons, where as the rostral VTA has a higher proportion of GABAergic 

interneurons (Johnson and North, 1992b).  Recent data have also suggested functional 

heterogeneity within the VTA.  For example, rats will self-administer the GABAA 

receptor antagonist picrotoxin into the rostral but not caudal VTA (Ikemoto et al., 

1997b).  This blockade of rostral GABAA receptors results in an increase in dopamine 

outflow in the nucleus accumbens as measured by microdialysis (Ikemoto et al., 

1997a).  Similarly, heroin or morphine injections into the rostral VTA are rewarding 

as shown by conditioned place preference (Olmstead and Franklin, 1997) and animals 

will self-administer morphine, the selective mu opioid receptor agonist DAMGO or 

cocaine into the rostral VTA (Devine and Wise, 1994). 

Dopamine neurons within the VTA project to the nucleus accumbens and this 

mesolimbic dopamine system is a critical component of the endogenous reward 

circuitry. (Figure 1.2) The nucleus accumbens can be subdivided into core and shell 

subregions based on neuronal connections and cell populations.  Intravenous cocaine 

increases dopamine in the nucleus accumbens shell to a greater degree than in the 

core (Pontieri et al., 1995).  The shell receives glutamatergic input from the 

hippocampus, amygdala and prefrontal cortex (Heimer et al., 1997).  The core of the 

nucleus accumbens has a high proportion of GABAergic medium spiny neurons that 

project to the VTA (Kalivas et al, 1993).  The shell region of the nucleus accumbens 

is connected to other emotion-regulating areas of the brain, such as the amygdala, and 

is where dopamine influences responses to novel rewarding stimuli (Pontieri et al.,  
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Figure 1.2 Key Neuronal Circuits Linked to the Pharmacology of Cocaine 

A sagittal rat brain section showing multiple pathways involved in the rewarding 

actions of cocaine.  Abbreviations: AMG=amygdala, DMT=dorsomedial thalamus, 

NAcc=nucleus accumbens, SN=substantia nigra, VP=ventral pallidum, VTA=ventral 

tegmental area
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1995).  The nucleus accumbens core, however, influences the acquisition of cocaine 

seeking in response to cocaine associated cues (Ito et al., 2004).  Activation of the 

VTA-nucleus accumbens pathway induces firing of dopamine neurons in the VTA 

and the subsequent release of dopamine from these neurons into the nucleus 

accumbens and prefrontal cortex.  Many drugs of abuse, although having very 

different initial mechanisms of action, ultimately lead to dopamine outflow within the 

nucleus accumbens (Nestler and Aghajanian, 1997).  Other drugs of abuse, including 

cannabinoids, act directly on the nucleus accumbens (Robbe et al., 2001;  

Manzoni and Bockaert 2001).  These various drugs of abuse all produce a similar 

downstream effect, which is the inhibition of medium spiny neurons within the nucleus 

accumbens.   

Cocaine-Induced Conditioned Reward 

Drug addiction is a chronic disease characterized by compulsive drug seeking and 

taking despite serious negative physical and social consequences.  Addiction involves a 

biological process which includes the effects of repeated exposure to a drug on the 

neuronal pathways within the brain over time.  Repeated drug exposure ultimately leads  

to adaptations within individual neurons in these pathways.  These adaptations 

ultimately lead to the behaviors associated with addiction, and include dependence, 

tolerance, sensitization, and drug seeking.  A critical challenge in understanding the 

biological basis of addiction, and the purpose of this research, is to understand the 

initial events that occur with acute drug taking and ultimately lead to the addicted state.  

All drugs of abuse, despite having varying mechanisms of action and pharmacological 

effects, cause certain common effects after both acute and chronic exposure.  Acutely, 
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these drugs are rewarding, which promotes repeated drug taking.  One model 

commonly used to study the rewarding effects of drugs is the conditioned place 

preference (CPP) model.  During conditioning, animals receive drug in one 

environment and on alternate days saline paired with a second environment.  

Alternating pairing occurs for four to twelve days.  On test day, drug-free animals are 

given free access to both environments and their preference for each environment is 

assessed.  A conditioned preference exists when the animal has a preference for the 

drug-paired environment.  Using CPP models, cocaine has been shown to be rewarding 

(Mucha et al., 1982).  Additional studies using CPP models have shown that the non-

selective opioid receptor antagonists, naloxone and naltrexone, can reduce the 

rewarding effects of cocaine (Bain and Kornetsky 1987; Corrigall and Coen, 1991; 

Bilsky et al., 1992) suggesting an interaction between central opioid and dopaminergic 

systems in cocaine reward. 

An additional model useful for studying drug reward as well as brain reward 

mechanisms is the CPP model following intracranial administration of agonists and 

antagonists to localized brain regions.  Studies employing intracranial administration 

techniques have confirmed that injections of morphine or DAMGO into the VTA or the 

nucleus accumbens produces conditioned place preference (Olds, 1982; Bozarth, 1987; 

Bals-Kubik et al., 1993).  I hypothesized that injections of a selective mu antagonist 

into specific brain regions within the mesocorticolimbic reward pathway would 

attenuate cocaine-induced reward and hyperactivity. 

 

Cocaine-Induced Neuronal Activation 
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Studying neuronal activation following the administration of drugs of abuse has 

proven to be a useful tool in identifying brain regions involved in the rewarding effects 

of these drugs.  A widely employed method for studying neuronal activation employs 

transcription factor upregulation.  Transcription factors warranting the most attention 

include the CREB and Fos families of transcription factors.  Both include factors 

regulated by drugs of abuse and both are altered over time with chronic cocaine use 

(Hayman et al., 1995; Carlezon et al., 1998).  In addition, both are regulated by cAMP 

levels (De Cesare and Sassone-Corsi, 2000; Mayr et al., 2001; Lonze and Ginty, 2002).  

Acute cocaine exposure has been shown to down regulate the cAMP signaling pathway 

while chronic cocaine exposure has been shown to up-regulate the cAMP signaling 

pathway (Terwilliger et al., 1991).   

The Fos family of transcription factors comprise a class of early immediate genes 

whose expression is induced within minutes of exposure to a stimulus (Young et al., 

1991).  The Fos family of transcription factors include cFos, FosB, Fra-1, Fra-2 and 

deltaFosB.  cFos can be activated by various second messenger signals, including 

calcium, PKC, and cAMP (Shaywitz and Greenberg, 1999; Mayr and Montiminy, 

2001).  Fos family members heterodimerize with Jun family transcription factors (cJun, 

JunB and JunD) to form the activator protein-1 (AP-1) complex (Franza et al., 1988).  

The AP-1 complex binds to specific DNA sequences in the promoters of various target 

genes and act as either transcriptional activators or repressors, depending on the AP-1 

binding site.  Acute exposure to cocaine induces many Fos family members in the 

nucleus accumbens and dorsal striatum within 1-4 hours (Hope et al., 1994).   
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Additional studies have looked at neuronal activation, not following acute cocaine 

administration, but during cocaine seeking, once a conditioned preference had been 

established.  One study has shown that animals conditioned with cocaine show elevated 

levels of cFos in the prelimbic cortex, basolateral amygdala complex and nucleus 

accumbens core but not the central amygdala, caudate putamen or infralimbic cortex 

(Miller and Marshall, 2004).  A specific goal of this research was to extend previous 

findings by looking for neuronal activation in these and additional brain regions during 

the expression of cocaine place preference.   

 

Cocaine-Induced Hyperactivity 

Many of the behavioral effects of cocaine, including its locomotor-activating 

activities, have been attributed to the ability of cocaine to enhance dopaminergic 

activity (Ritz et al., 1987).  As discussed previously, in addition to its direct effects on 

monoamine neurotransmitters, cocaine impacts other neurotransmitter systems 

including the endogenous opioid system.  Previous studies using non-selective opioid 

receptor antagonists, naloxone and naltrexone have shown that the opioid system 

plays a role in cocaine-induced hyperlocomotion (Houdi et al., 1989, Kim et al., 

1997).  In addition, a recent study by our lab has demonstrated that icv administration 

of the selective mu opioid receptor antagonist CTAP significantly attenuated acute 

cocaine-induced hyperactivity (Schroeder et al., 2007).   

Studies have sought to determine receptor locations within the brain involved in 

locomotor activity.  Previous studies have shown that morphine and DAMGO 

administered into the caudal VTA induces hyperlocomotion in the rat (Joyce and 
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Iversen, 1979).  In addition, previous studies have shown that the accumbens core, 

but not the shell, contributes to the behavioral activation produced by amphetamine 

(Sellings and Clarke, 2003).  The caudate putamen has been shown to be important 

for locomotor activity in the rat.  Blockade of dopamine D2 receptors in the caudate 

putamen reduces spontaneous locomotion in the rat (Hauber and Munkle, 1997). 

Further, lesions of the caudate putamen reduce hyperactivity produced by morphine 

(Siegfried et al., 1982).  

 

Opioid-Induced Behavioral Sensitization 

Repeated opioid exposure also leads to adaptations within individual neurons in 

the mesocorticolimbic pathways (Chakrabarti et al., 1998; Jolas et al., 2000).  Similar 

to what is seen for cocaine, these adaptations ultimately lead to the behaviors which 

include dependence and tolerance.  When opioids are administered continuously, 

behavioral and pharmacological tolerance develops.  Opioid tolerance has been 

documented in both human and animal studies.  In its simplest pharmacological 

terms, opioid tolerance is a shift to the right in the dose response curve.   

In animals, many opioid receptor antagonists lead to pharmacological and 

behavioral cross-sensitization.  Sensitization is characterized by a progressive and 

enduring enhancement of the pharmacological or behavioral effect of the same dose 

of a drug, and may occur after a single exposure to a drug (Jackson and Nutt, 1993).  

Sensitization to both opiates and cocaine is associated with long-term morphological 

and molecular changes in the mesocorticolimbic pathway (Vanderschuren and 

Kalivas, 2000).   
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Chronic treatment with the nonselective opioid receptor antagonists naloxone or 

naltrexone increase the density of opioid receptors in cell culture and in vivo models 

(Zukin and Tempel, 1986; Zadina et al., 1994; Unterwald et al., 1995).  Studies have 

demonstrated that mu, delta and kappa opioid receptor densities are all increased 

following chronic opioid receptor antagonist treatment, although mu opioid receptors 

are of the largest magnitude (Zadina et al., 1994; Yoburn et al., 1995).  In addition, 

the analgesic potency of opioid receptor agonists is increased following chronic 

opioid receptor antagonist treatment (Tempel et al., 1985; Yoburn et al., 1985).   

In addition to receptor alterations, the coupling of these opioid receptors to G-

proteins is also altered following chronic antagonist treatment.  Mice have increased 

activation of G-proteins by mu opioid receptor agonists following chronic naloxone 

treatment (Narita et al., 2001).  In a separate study, an increase in inhibition of 

adenylyl cyclase following opioid agonist binding was observed in mice following 

chronic naltrexone administration (Cote et al., 1993).   

Evidence suggests that opioid receptors play an important role in the behavioral 

effects of cocaine.  Naloxone and naltrexone can reduce the rewarding effects of 

cocaine in animal models of drug reinforcement (Bain and Kornetsky, 1987; Bilsky et 

al., 1992) and naloxone can attenuate cocaine induced hyperactivity (Houdi et al., 

1989; Kim et al., 1997).  In addition, chronic administration of non-selective opioid 

receptor antagonists results in functional supersensitivity to opioids (Millan et al., 

1988; Cote et al., 1993).  At the time of this research, the effect of chronic 

administration of a selective mu opioid receptor antagonist on the behavioral effects 

of cocaine had not been studied.   
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General Summary of Objectives 

As illustrated above, there is evidence supporting the interaction between the 

dopamine and opioid systems within the mesocorticolimbic reward pathway.  Mu 

opioid receptor agonists including morphine increase dopamine release within the 

nucleus accumbens and caudate putamen (Di Chiara and Imperato, 1988).  The 

mechanisms by which these receptor systems interact to influence addiction require 

further study and were the focus of this research.  Previous research suggests that 

dopamine release in the nucleus accumbens is critical for the rewarding actions of drugs 

of abuse including cocaine (Hooks et al., 1992; Sellings et al, 2006).  Studying the way 

in which dopamine and mu opioid receptors interact within this region was central to 

these studies.   

Opioid receptor agonists and antagonists have profound effects on cocaine-

induced hyperactivity and conditioned reward.  Recently, the role specifically of the 

mu opioid receptor has been demonstrated based on the finding that 

intracerebroventricular administration of the selective mu opioid receptor antagonist, 

CTAP, can attenuate cocaine-induced behaviors (Schroeder et al., 2007).  A focus of 

this research was to determine the location of mu opioid receptors that are critical for 

cocaine-induced reward and hyperactivity.  Adult male Sprague Dawley rats received 

injections of CTAP into the caudate putamen, the rostral or caudal ventral tegmental 

area (VTA) or the medial shell or core of the nucleus accumbens prior to cocaine to 

determine the role of mu opioid receptors in the development of cocaine-induced 

reward and hyperactivity.  In addition, rats received injections of CTAP into the 
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medial shell or core of the nucleus accumbens prior to the expression of cocaine place 

preference to determine the role of mu opioid receptors in the expression of cocaine 

place preference.  Neuronal activation was measured during the expression of cocaine 

place preference to identify brain regions involved in this effect.  The hypothesis of 

this work is that cocaine causes the release of mu opioid peptides within the nucleus 

accumbens and VTA that bind mu opioid receptors and activate the 

mesocorticolimbic pathway, contributing to cocaine-induced conditioned reward and 

hyperactivity. 

Several studies have shown that cocaine can cause the release of endogenous 

opioid peptides.  An additional goal of this research was to characterize the dose- and 

time-dependency of cocaine-induced occupancy, by an endogenous opioid peptide, of 

mu opioid receptors within the nucleus accumbens, caudate putamen and VTA, as 

well as the involvement of D1 and D2 dopamine receptors in this effect.  Mu opioid 

receptor occupancy was measured by quantitative in vitro receptor autoradiography to 

determine the time- and dose-dependent displacement of 3H-DAMGO binding by 

endogenous opioid peptides following cocaine injection.  The hypothesis was that 

cocaine administration, acting indirectly through dopamine D1 and D2 receptors, 

would cause the release of endogenous opioid peptides, which would in turn cause a 

time- and dose-dependent displacement of mu opioid receptor binding by 3H-

DAMGO within the nucleus accumbens and VTA. 

An additional goal of this research was to show that once daily treatment for five 

days of a selective mu opioid receptor antagonist sensitizes rats to the locomotor 

effects of cocaine.  In previous studies, chronic naltrexone or naloxone treatment 



 23 

produced an increase in mu opioid receptor density accompanied by enhanced G-

protein coupling (Unterwald et al., 1995; Diaz et al., 2002).  A final goal of this 

research was to determine whether chronic CTAP treatment in rats increases mu 

opioid receptor density and agonist stimulated G-protein coupling within various 

brain regions.  Mu opioid receptor density was measured by quantitative in vitro 

receptor autoradiography.  G-protein coupling measurements were performed using 

DAMGO-stimulated in situ [35S]GTPγS binding.   
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CHAPTER 2 

COCAINE REWARD AND HYPERACTIVITY IN THE RAT: SITES OF MU 
OPIOID RECEPTOR MODULATION 

 

Introduction 

 

Cocaine is a psychomotor stimulant that facilitates monoaminergic 

neurotransmission by binding to transporters and inhibiting the reuptake of dopamine, 

serotonin and norepinephrine into presynaptic neurons (Heikkila et al., 1975; 

Nicolaysen and Justice, 1988).  Many of the behavioral effects of cocaine, including 

its locomotor-activating and reinforcing properties, have been attributed to the ability 

of cocaine to enhance dopaminergic activity (Ritz et al., 1987).  In addition to its 

direct effects on monoamine neurotransmitters, cocaine impacts other 

neurotransmitter systems including the endogenous opioid system.  Cocaine alters 

levels of endogenous opioid peptides (Hurd and Herkenham, 1993; Olive et al., 2001; 

Roth-Deri et al., 2003) and has profound effects on the expression and function of 

opioid receptors (Hammer, 1989; Unterwald et al., 1994; Izenwasser et al., 1996; 

Schroeder et al., 2003).  Together, dopamine and opioid peptides modulate rewarding 

behaviors and locomotor activity (Fink and Smith, 1980; Roberts and Koob, 1982).   

In animal models of drug reinforcement, the non-selective opioid receptor 

antagonists, naloxone and naltrexone, can reduce the rewarding effects of cocaine 

(Bain and Kornetsky 1987; Corrigall and Coen, 1991; Bilsky et al., 1992) suggesting 

an interaction between central opioid and dopaminergic systems in cocaine 

reinforcement.  Similarly, hyperactivity following acute cocaine can be attenuated by 
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pre-treatment with naloxone (Houdi et al., 1989; Kim et al., 1997).  Data from our lab 

have shown that intracerebroventricular (icv) administration of the selective mu 

opioid receptor antagonist, CTAP, significantly attenuates acute cocaine-induced 

hyperactivity and the development of sensitization and conditioned reward to cocaine 

(Schroeder et al., 2007).  In addition, mu opioid receptor knockout mice display 

decreased cocaine self-administration (Mathon et al., 2005).  All these data, taken 

together, suggest that the endogenous opioid system plays a role in cocaine-induced 

behaviors.  

Perhaps the best characterized neuronal pathway involved in reward and 

locomotor activity is the mesolimbic dopamine system.  This system is comprised of 

dopamine neurons with cell bodies in the ventral tegmental area (VTA) of the 

midbrain and projections to the limbic forebrain, including the nucleus accumbens, 

prefrontal cortex, and dorsal striatum.  The nucleus accumbens is rich in both 

dopamine and opioid receptors (Tempel and Zukin, 1987; Wamsley et al, 1989) and 

cocaine administration has been shown to cause the release of dopamine in the 

nucleus accumbens (Pettit and Justice, 1989).  The VTA-nucleus accumbens pathway 

is a key detector of natural and drug rewarding stimuli.  Dopamine levels in the 

nucleus accumbens also modulate locomotor activity (Hooks et al., 1992).   

  Although data support the role of mu opioid receptors in modulating 

cocaine-induced locomotion and reward, the location of the mu opioid receptors 

involved has not been established.  An evaluation of the effects of selective mu opioid 

receptor antagonists administered directly into specific brain regions on cocaine-

induced behaviors is important for understanding how the endogenous opioid and 
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dopaminergic systems interact to mediate the behavioral effects of cocaine.  The 

present study sought to determine the contribution of mu opioid receptors in specific 

regions of the mesocorticolimbic system to the rewarding and locomotor-activating 

effects of cocaine in the rat.  In addition, to further understand the role of mu opioid 

receptors in cocaine reward, neuronal activation was studied via cFos activation 

following the expression of cocaine-induced place preference.   

 

Materials and Methods 

Drugs 

Cocaine HCl was generously provided by the National Institute on Drug Abuse, 

dissolved in sterile saline, and injected intraperitoneally (ip) in a dose of 10 mg/kg 

and a volume of 1 ml/kg body weight.  The dose is based on the weight of the salt. D-

Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr (CTAP) was obtained from Sigma, dissolved 

in sterile saline, and 0.5 µg in 0.5 µl was administered bilaterally into the brain 

regions of interest.  

 

Animals and surgery 

All animal procedures were approved by Temple University’s Institutional 

Animal Care and Use Committee and followed guidelines set forth in the NIH’s 

Guide for the Care and Use of Laboratory Animals.  Male Sprague Dawley rats 

(approximately 60 days old) were obtained from Charles River Laboratory (Raleigh, 

NC), maintained on a 12-hour light/dark cycle (lights on 6 AM), and had ad libitum 

access to standard food and water.  Approximately five days after arrival at our 
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facility, animals underwent surgery for placement of two chronic indwelling 22GA 

cannulae.  Rats were anesthetized with Telazol (Fort Dodge Animal Health; 

tiletamine 20 mg/kg + zolazepam 20 mg/kg ip) and placed into a stereotaxic frame.  

The skull was exposed and two individual 22GA cannulae were inserted bilaterally 

into the nucleus accumbens core or medial shell, caudate putamen, rostral VTA or 

caudal VTA (1.0 mm above the intended site of injection).  Coordinates from bregma: 

nucleus accumbens core=A/P +1.7, M/L +/- 1.5, D/V -6.0, medial nucleus accumbens 

Shell=A/P +1.7, M/L +/- 0.6, D/V -6.0, caudate putamen= A/P +1.7, M/L +/- 1.5, 

D/V -4.5, rVTA= A/P -5.0, M/L +/- 1.6, D/V -8.0 at 6o towards midline and cVTA= 

A/P -6.04, M/L +/- 0.7, D/V -8.0 and were determined according to the atlas of 

Paxinos and Watson (1986).  The cannulae were secured to the skull with dental 

acrylic anchored to a stainless steel surgical screw inserted into the skull.  Stainless 

steel stylets, 1.0 mm longer than the guide cannulas, were inserted into the guide 

cannulas to keep them free of debris.  Animals were allowed to recover from surgery 

for five days prior to the start of the experiment.  Cannula placements were verified at 

the conclusion of the experiment. 

   

Effect of CTAP on the Development of Conditioned Place Preference 

Five days following implantation of bilateral cannula, drug administration and 

conditioning began.  Conditioning chambers consisted of a 20 X 20 X 42 cm 

plexiglas chamber divided into two distinct compartments by a partition containing a 

removable door.  One compartment had white walls with one inch wide vertical black 

stripes and a wire mesh floor.  The opposite compartment had black walls and a 
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smooth white floor.  An unbiased counterbalanced conditioning paradigm was used to 

assess conditioned place preference.  Conditioning occurred on days 1-4 of the 

procedure.  Animals received identical treatments on days 1 and 3 and were confined 

to one side of the chamber and on days 2 and 4 and confined to the other side of the 

chamber.  The order of drug and saline exposure days was counterbalanced for each 

condition and animals were randomly assigned to receive drug in either the black or 

striped side.  Animals were divided into four groups (N=6-10 per treatment group; 

intracranial/ip): saline/saline, saline/cocaine, CTAP/cocaine or CTAP/saline. All rats 

received bilateral cannula injections (saline 0.5 µl/side or CTAP 0.5 µg/0.5 µl/side) in 

their home cage 20 minutes prior to an ip injection (saline 1 ml/kg or cocaine 10 

mg/kg).  Animals were placed into the conditioning chamber immediately following 

the ip injection for 30 minutes.  Testing occurred on day 5 during which rats were 

allowed to freely explore both sides of the chamber in a drug-free state for 30 

minutes, and the time spent in each side was recorded.  The difference in seconds 

between the time spent in the drug-paired compartment and the saline-paired 

compartment was determined.   

 

Activity Measurement 

Activity was measured using a Digiscan D Micro System (Accuscan, Columbus, 

OH).  Each activity monitor consists of an aluminum frame equipped with 16 infrared 

light beams and detectors.  As the animal moves about the chamber, the beams are 

broken and recorded by a computer interfaced to the monitors.  Thus, total activity 

counts reflect ambulatory activity, as well as rearing, grooming and stereotypy. 
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Activity was measured within the conditioning chambers on day 1 as described 

above.  Activity was recorded and tallied in five-minute bins for 30 minutes following 

the ip injection of either cocaine (10 mg/kg) or saline.  Mean + SD activity counts 

were calculated for the total 30 minute test period for each treatment group on day 1 

of the study (N=6-10 per treatment group).   

 

Effect of CTAP on the Expression of Conditioned Place Preference 

Conditioned place preference was assessed as stated above with the following 

differences.  Animals were divided into four groups (N=6 per treatment group).  All 

rats received bilateral injections of saline (0.5 µl/side) into either the nucleus 

accumbens core or shell on days 1-4 in their home cage 20 minutes prior to an ip 

injection of saline (1 ml/kg) or cocaine (10 mg/kg).  Animals were placed into the 

conditioning chamber immediately following the ip injection for 30 minutes.  On day 

5, twenty minutes prior to the test for place preference, animals received bilateral 

injections of either CTAP (0.5 µg/0.5 µl/side) or saline (0.5 µl/side) into the core or 

shell of the nucleus accumbens and were returned to their home cages. Twenty 

minutes after the intracranial injections, animals were placed in the conditioning 

chambers and were allowed to freely explore both sides of the chamber for 30 

minutes.  The time spent in each side was recorded.  The difference in seconds 

between the time spent in the drug-paired compartment and the saline-paired 

compartment was determined.   
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cFos Immunohistochemistry 

cFos was measured in the brains from animals used in the study of the nucleus 

accumbens core in the establishment of cocaine conditioned place preference.  Ninety 

minutes post-testing for conditioned place preference, four animals/group were 

anesthetized with Telazol 40 mg/kg i.p. and perfused intraventricularly with PBS + 

heparin (7 ml/min for 10 min) followed by 10% neutral buffered formalin (NBF) (7 

ml/min for 10 min).  Brains were removed and submerged in 10% NBF for 1 week at 

4oC.  Brains were then dehydrated (70% EtOH 1h, 80% EtOH 1h, 95% EtOH 1h, 

95% EtOH 1h, 95% EtOH 1h, 100% EtOH 1h, 100% EtOH 1h, 100% EtOH 1h, 

xylene 45 min, xylene 45 min, paraffin 30 min, paraffin 30 min, paraffin 1h, paraffin 

1h) and embedded in paraffin for sectioning.  Five µM coronal sections were made 

throughout the brain regions of interest and adhered to slides for 

immunohistochemistry.  

Sections were incubated at 60oC overnight to initiate the paraffin removal and 

then rehydrated (xylene 5 min, xylene 5 min, 100% EtOH 3 min, 100% EtOH 2 min, 

95% EtOH 2 min, H2O 5 min).  Antigen retrieval was performed in citrate buffer (pH 

7.1) with incubation in a decloaking apparatus (22 PSI 30 seconds 127oC, Atm 

pressure 10 seconds) and then cooled to room temperature over 20 minutes.  Sections 

were rinsed for 5 minutes in water and then stained for cFos expression. 

Sections were stained using a Dako autostainer under the following conditions: 10 

min peroxide block, 20 min incubation in normal goat serum block, 30 minute power 

block (Biogenex), 1 hour incubation with primary antibody (Calbiochem PC05 1:20), 
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1 hour incubation with the secondary antibody (Chemicon AP132B 1:500), 30 minute 

incubation with Vectastain ABC and a 10 minute DAB incubation.  cFos positive 

cells were counted within the nucleus accumbens, motor cortex, prefrontal cortex, 

caudate putamen, basolateral amygdala, ventral pallidum, VTA and olfactory nucleus 

for the four treatment groups.  cFos positive nuclei were counted from six sections for 

each brain region from each animal.  Total number of cFos positive cells from the six 

sections was determined for each animal.  Group means and standard deviations were 

calculated from four animals per treatment group.   

 

Data Analysis 

All data were analyzed by two-way ANOVAs with pre-treatment and treatment 

factors.  Bonferroni’s post-hoc analysis was performed after significance was 

determined by ANOVA (Graphpad Prism V.4).  The null hypothesis was rejected 

when p<0.05.    

 

Results 

Effect of CTAP on the Development of Conditioned Place Preference 

Conditioned place preference together with microinjections of the selective mu 

opioid receptor antagonist CTAP into five specific brain regions was employed to 

evaluate the role of mu opioid receptors within these regions in the development of 

cocaine reward.  Figure 2.1 shows termination sites of the tracts from the injection 

cannula for all regions studied.  The data displayed in Figs. 2.2-2.6 represent the 

mean (+ SD) in preference for the drug-paired environment for each of the five 
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separate brain regions tested.  CTAP administered directly into the core of the nucleus 

accumbens attenuated the development of cocaine-induced conditioned place 

preference (Fig. 2.2).  Two-way ANOVA revealed significant treatment, pre-

treatment and interaction effects (Interaction:F(1,33)=7.909, p=0.0082; Pre-

treatment:F(1,33)=10.97, p=0.0023; Treatment:F(1,33)=13.17, p=0.001).  Bonferroni 

post-hoc analyses revealed that CTAP administered into the nucleus accumbens core 

significantly attenuated the development of a preference for a cocaine-paired 

environment (sal/coc vs CTAP/coc = p<0.001).  Injections of CTAP into the shell of 

the nucleus accumbens had no significant effect on the development of cocaine-

induced conditioned place preference (Fig. 2.3).  Two-way ANOVA revealed a 

significant difference between groups (Interaction:F(1,20)=2.356, p=0.1405; Pre-

treatment:F(1,20)=0.011, p=0.9179; Treatment:F(1,20)=91.76, p<0.0001).  Although 

cocaine produced a significant place preference, CTAP did not attenuate the 

development of a preference for a cocaine-paired environment (post-test: sal/coc vs 

CTAP/coc = p>0.05).  CTAP administered into the caudate putamen did not affect 

cocaine-induced conditioned place preference (Fig. 2.4).  Two-way ANOVA revealed 

a significant difference between groups (Interaction:F(1,20)=0.057, p=0.8132; Pre-

treatment:F(1,20)=0.1911, p=0.6667; Treatment:F(1,20)=70.02, p<0.0001).  

Although cocaine produced a significant place preference, CTAP into the caudate 

putamen did not attenuate the development of a preference for a cocaine-paired 

environment (post-test: sal/coc vs CTAP/coc = p>0.05).  Pre-treatment with CTAP 

into the caudal aspect of the VTA had no significant effect on cocaine-induced 

conditioned place preference (Fig. 2.5).  Two-way ANOVA revealed a significant 
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difference between groups (Interaction:F(1,20)=0.1476, p=0.7049; Pre-

treatment:F(1,20)=0.832, p=0.3725; Treatment:F(1,20)=48.97, p<0.0001).  Again, 

cocaine produced a significant place preference, although CTAP did not attenuate the 

development of a preference for a cocaine-paired environment when injected into the 

caudal VTA (sal/coc vs CTAP/coc = p>0.05).  However, pre-treatment of CTAP into 

the rostral VTA significantly attenuated cocaine-induced conditioned place 

preference (Fig. 2.6).  Two-way ANOVA revealed a significant difference between 

groups (Interaction:F(1,22)=9.516, p=0.0054; Pre-treatment:F(1,22)=1.001, 

p=0.3280; Treatment:F(1,22)=15.56, p<0.001).  Bonferroni post-hoc analyses 

revealed that intra-rostral VTA CTAP significantly attenuated the development of 

preference for a cocaine-paired environment (sal/coc vs CTAP/coc = p<0.05). 

Administration of CTAP plus ip saline (CTAP/sal) did not produce a significant place 

preference or place aversion in any of the five brain regions studied (one sample t-test 

against zero: = p>0.05 for all brain regions) and was not significantly different from 

saline (two-way ANOVA: CTAP/sal vs sal/sal = p>0.05 for all brain regions).  These 

data indicate that blockade of mu opioid receptors within the nucleus accumbens core 

or rostral aspect of the VTA prior to conditioning with cocaine attenuated the 

development of cocaine-induced reward. 

 

Effect of CTAP on Cocaine-Induced Hyperactivity 

Microinjections of the selective mu opioid receptor antagonist CTAP into five 

brain regions was employed to evaluate the role of mu opioid receptors in cocaine-

induced hyperactivity.  The data displayed in Fig. 2.7-2.11 represent the mean (+ SD)  
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Figure 2.1 Cannula Termination Sites 

Injection sites are plotted on coronal brain sections for rats that received 

intracranial injections of CTAP or saline.  The deepest penetration of the cannula 

track for all animals fell within the darkened ovals.  The distance of each section from 

bregma is given in millimeters (Paxinos and Watson, 1986).  Nucleus NAcc=nucleus 

accumbens; VTA=ventral tegmental area; CPu=caudate putamen. 
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Figure 2.2 Effect of Nucleus Accumbens Core CTAP on the Development of 

Cocaine-Induced Place Preference  

Animals received CTAP (0.5 µg/0.5 µl) or saline (0.5 µl) bilaterally through 

injection cannula prior to cocaine (10 mg/kg ip) or saline (1 ml/kg ip) in a 

conditioned place preference procedure.  Two-way ANOVA with Bonferroni post-

hoc analyses revealed that CTAP significantly attenuated the preference for a 

cocaine-paired environment when injected into the NAcc core (P<0.001).  Neither 

CTAP alone nor saline alone produced a place preference or place aversion, and both 

were significantly different from cocaine [CTAP/sal or sal/sal versus sal/coc: 

p<0.001].  Data are presented as mean (± SD) in seconds spent in the drug-paired 

chamber minus the saline paired chamber (N=12/group). 
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Figure 2.3 Effect of Nucleus Accumbens Shell CTAP on the Development of 

Cocaine-Induced Place Preference  

Animals received CTAP (0.5 µg/0.5 µl) or saline (0.5 µl) bilaterally through 

injection cannula prior to cocaine (10 mg/kg ip) or saline (1 ml/kg ip) in a 

conditioned place preference procedure.  Two-way ANOVA with Bonferroni post-

hoc analyses revealed that CTAP did not significantly attenuate the preference for a 

cocaine-paired environment when injected into the NAcc shell (P>0.05).  Data are 

presented as mean (± SD) in seconds spent in the drug-paired chamber minus the 

saline paired chamber (N=10/group). 
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Figure 2.4 Effect of Caudate Putamen CTAP on the Development of Cocaine-

Induced Place Preference  

Animals received CTAP (0.5 µg/0.5 µl) or saline (0.5 µl) bilaterally through 

injection cannula prior to cocaine (10 mg/kg ip) or saline (1 ml/kg ip) in a 

conditioned place preference procedure.  Two-way ANOVA with Bonferroni post-

hoc analyses revealed that CTAP did not significantly attenuate the preference for a 

cocaine-paired environment when injected into the caudate putamen (P>0.05).  Data 

are presented as mean (± SD) in seconds spent in the drug-paired chamber minus the 

saline paired chamber (N=8/group). 
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Figure 2.5 Effect of Caudal VTA CTAP on the Development of Cocaine-Induced 

Place Preference  

Animals received CTAP (0.5 µg/0.5 µl) or saline (0.5 µl) bilaterally through 

injection cannula prior to cocaine (10 mg/kg ip) or saline (1 ml/kg ip) in a 

conditioned place preference procedure.  Two-way ANOVA with Bonferroni post-

hoc analyses revealed that CTAP did not significantly attenuate the preference for a 

cocaine-paired environment when injected into the caudal VTA (P>0.05).  Data are 

presented as mean (± SD) in seconds spent in the drug-paired chamber minus the 

saline paired chamber (N=8/group). 
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Figure 2.6 Effect of Rostral VTA CTAP on the Development of Cocaine-Induced 

Place Preference  

Animals received CTAP (0.5 µg/0.5 µl) or saline (0.5 µl) bilaterally through 

injection cannula prior to cocaine (10 mg/kg ip) or saline (1 ml/kg ip) in a 

conditioned place preference procedure.  Two-way ANOVA with Bonferroni post-

hoc analyses revealed that CTAP significantly attenuated the preference for a 

cocaine-paired environment when injected into the rostral VTA (P<0.05).  Neither 

CTAP alone nor saline alone produced a place preference or place aversion, and both 

were significantly different from cocaine [CTAP/sal or sal/sal versus sal/coc: 

p<0.001]. Data are presented as mean (± SD) in seconds spent in the drug-paired 

chamber minus the saline paired chamber (N=10/group). 
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activity counts for animals in each experimental group.  CTAP pretreatment into the 

nucleus accumbens core, caudate putamen or caudal VTA significantly attenuated 

cocaine-induced hyperactivity.  For the core of the nucleus accumbens (Fig. 2.7), 

two-way ANOVA revealed a significant difference between groups 

(Interaction:F(1,32)=6.362, p<0.05; Pre-treatment:F(1,32)=6.195, p<0.05; 

Treatment:F(1,32)=4.433, p<0.05).  Bonferroni post-hoc analyses revealed that 

CTAP injected into the core of the nucleus accumbens significantly attenuated 

cocaine-induced hyperactivity (sal/coc vs CTAP/coc = p<0.001).  For the medial shell 

of the nucleus accumbens (Fig. 2.8), two-way ANOVA revealed a significant 

difference between groups (Interaction:F(1,27)=1.572, p>0.05; Pre-

treatment:F(1,27)=4.306, p<0.05; Treatment:F(1,27)=2.822, p>0.05).  Bonferroni 

post-hoc analyses revealed that CTAP injected into the shell of the nucleus 

accumbens did not attenuate cocaine-induced hyperactivity (sal/coc vs CTAP/coc = 

p>0.05).  For the caudate putamen (Fig. 2.9), two-way ANOVA revealed a significant 

difference between groups (Interaction:F(1,28)=7.052, p<0.05; Pre-

treatment:F(1,28)=9.258, p<0.01; Treatment:F(1,28)=15.30, p<0.001).  Bonferroni 

post-hoc analyses revealed that CTAP injected into the caudate putamen significantly 

attenuated cocaine-induced hyperactivity (sal/coc vs CTAP/coc = p<0.001).  For the 

caudal VTA (Fig. 2.10), two-way ANOVA revealed a significant difference between 

groups (Interaction:F(1,27)=14.50, p<0.001; Pre-treatment:F(1,27)=28.04, p<0.0001; 

Treatment:F(1,27)=3.734, p>0.05). Bonferroni post-hoc analyses revealed that CTAP 

injected into the caudal VTA significantly attenuated cocaine-induced hyperactivity 

(sal/coc vs CTAP/coc = p<0.001). For the rostral aspect of the VTA (Fig. 2.11),  
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Figure 2.7:  Effect of Nucleus Accumbens Core CTAP on Cocaine-Induced 

Hyperactivity   

Animals received CTAP (0.5 µg/0.5 µl) or saline bilaterally through injection 

cannula prior to cocaine (10 mg/kg ip) or saline (1 ml/kg ip) and total activity counts 

were recorded for 30 minutes.  Two-way ANOVA with pre-treatment and treatment 

as factors revealed that CTAP significantly attenuated cocaine-induced hyperactivity 

when injected into the NAcc core (P<0.001).  CTAP alone was not significantly 

different from saline [CTAP/sal versus sal/sal: p>0.05]. Data are presented as mean 

(± SD) for the total activity from the locomotor session (N=10/group). 
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Figure 2.8:  Effect of Nucleus Accumbens Shell CTAP on Cocaine-Induced 

Hyperactivity  

Animals received CTAP (0.5 µg/0.5 µl) or saline bilaterally through injection 

cannula prior to cocaine (10 mg/kg ip) or saline (1 ml/kg ip) and total activity counts 

were recorded for 30 minutes.  Two-way ANOVA with pre-treatment and treatment 

as factors revealed that CTAP did not significantly attenuated cocaine-induced 

hyperactivity when injected into the NAcc shell (P>0.05).  Data are presented as 

mean (± SD) for the total activity from the locomotor session (N=8/group). 
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Figure 2.9:  Effect of Caudate Putamen CTAP on Cocaine-Induced 

Hyperactivity   

Animals received CTAP (0.5 µg/0.5 µl) or saline bilaterally through injection 

cannula prior to cocaine (10 mg/kg ip) or saline (1 ml/kg ip) and total activity counts 

were recorded for 30 minutes.  Two-way ANOVA with pre-treatment and treatment 

as factors revealed that CTAP significantly attenuated cocaine-induced hyperactivity 

when injected into the caudate putamen (P<0.001).  CTAP alone was not significantly 

different from saline [CTAP/sal versus sal/sal: p>0.05]. Data are presented as mean 

(± SD) for the total activity from the locomotor session (N=8/group). 

 

 



 44 

 

 

 

Sal/Sal Sal/Coc CTAP/Coc CTAP/Sal
0

1000

2000

3000

4000

5000

6000

P<0.001 P<0.001D

Drug Condition
(Intra-cVTA/ip)

T
o

ta
l  

A
ct

iv
it

y/
30

 m
in

 

Figure 2.10:  Effect of Caudal VTA CTAP on Cocaine-Induced Hyperactivity 

 Animals received CTAP (0.5 µg/0.5 µl) or saline bilaterally through injection 

cannula prior to cocaine (10 mg/kg ip) or saline (1 ml/kg ip) and total activity counts 

were recorded for 30 minutes.  Two-way ANOVA with pre-treatment and treatment 

as factors revealed that CTAP significantly attenuated cocaine-induced hyperactivity 

when injected into the caudal VTA (P<0.001).  CTAP alone was not significantly 

different from saline [CTAP/sal versus sal/sal: p>0.05]. Data are presented as mean 

(± SD) for the total activity from the locomotor session (N=8/group). 
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Figure 2.11:  Effect of Rostral VTA CTAP on Cocaine-Induced Hyperactivity 

 Animals received CTAP (0.5 µg/0.5 µl) or saline bilaterally through injection 

cannula prior to cocaine (10 mg/kg ip) or saline (1 ml/kg ip) and total activity counts 

were recorded for 30 minutes.  Two-way ANOVA with pre-treatment and treatment 

as factors revealed that CTAP did not significantly attenuate cocaine-induced 

hyperactivity when injected into the rostral VTA (P>0.05).  Data are presented as 

mean (± SD) for the total activity from the locomotor session (N=8/group). 
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ANOVA revealed a significant difference between groups 

(Interaction:F(1,27)=0.2031, p>0.05; Pre-treatment:F(1,27)=0.0042, p>0.05; 

Treatment:F(1,27)=14.01, p<0.001).  Bonferroni post-hoc analyses revealed that 

CTAP injected into the rostral VTA did not attenuate cocaine-induced hyperactivity 

(sal/coc vs CTAP/coc = p>0.05).  Administration of CTAP plus i.p. saline 

(CTAP/sal) in any of the five brain regions studied did not alter total activity.  These 

data indicate that blockade of mu opioid receptors within the nucleus accumbens 

core, caudate putamen or caudal region of the VTA prior to cocaine attenuated 

cocaine-induced hyperactivity. 

 

Effect of CTAP on the Expression of Cocaine Place Preference 

The importance of mu opioid receptors within the nucleus accumbens core and 

shell in the expression of cocaine reward was investigated. Animals were conditioned 

with cocaine and 20 minutes prior to the test for expression of conditioned place 

preference CTAP or saline was administered into either the core or medial shell of the 

nucleus accumbens and preference determined.  Animals conditioned with cocaine 

and receiving saline into the core of the nucleus accumbens 20 minutes prior to the 

expression of conditioned place preference showed a significant place preference 

(Fig. 2.12).  Two-way ANOVA revealed a significant treatment effect 

(Interaction:F(1,30)=0.4857, p=0.4912; Pre-treatment:F(1,30)=2.626, p=0.1156; 

Treatment:F(1,30)=64.47, p<0.0001).  Bonferroni post-hoc analyses revealed that 

CTAP into the nucleus accumbens core did not attenuate the expression of a 

preference for a cocaine-paired environment (sal/coc vs CTAP/coc = p>0.05). 



 47 

However, CTAP injected into the nucleus accumbens shell significantly attenuated 

the expression of cocaine place preference (Fig. 2.13).  Two-way ANOVA revealed  

significant treatment, pre-treatment and interaction factors 

(Interaction:F(1,20)=15.85, p=0.0007; Pre-treatment:F(1,20)=14.12, p=0.0012; 

Treatment:F(1,20)=12.68, p=0.002; Bonferroni post-hoc: sal/coc vs CTAP/coc = 

p<0.001).  These data indicate that mu opioid receptors within the nucleus accumbens 

shell but not the core are important for the expression of a cocaine place preference. 

 

cFos Immunohistochemistry 

cFos immunoreactivity was measured to determine the brain regions that are 

activated during the expression of cocaine place preference and to determine whether 

neuronal activation is blocked by a mu opioid receptor antagonist given into the 

nucleus accumbens core during conditioning with cocaine.  Expression of cocaine-

place preference was accompanied by a significant increase in cFos positive nuclei 

within the olfactory nucleus, rostral motor cortex, medial nucleus accumbens shell, 

ventromedial nucleus accumbens shell, ventral pallidum, basolateral amygdala, and 

caudal VTA (Figure 2.14).  Two-way ANOVA show a significant difference between 

treatment groups within these seven brain regions (Treatment:  p<0.005 for all 

regions; Interaction:  p<0.01 for all regions except VP p=0.51; Pre-treatment:  p<0.05 

for all regions except the VP p=0.50; Post-hoc: sal/sal vs sal/coc p<0.001 for all 

seven regions).  Pretreatment with CTAP during conditioning prevented the increase 

in cFos positive nuclei within the rostral motor cortex, medial nucleus accumbens 

shell, ventromedial nucleus accumbens shell, basolateral amygdala and caudal VTA  
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Figure 2.12:  Effect of Nucleus Accumbens Core CTAP on the Expression of 

Cocaine-Induced Place Preference 

Animals received CTAP (0.5 µg/0.5 µl) or saline (0.5µl) bilaterally through 

injection cannula prior to testing for expression of cocaine-induced place preference.  

CTAP was injected into the NAcc core 20 minutes prior to the test for expression of 

cocaine-induced conditioned place preference.  Two-way ANOVA with Bonferroni 

post-hoc analyses revealed that CTAP did not significantly attenuate the preference 

for a cocaine-paired environment when injected into the NAcc core (P>0.05).  Data 

are presented mean (± SD) seconds spent in the drug-paired chamber minus the saline 

paired chamber (N=8/group). 
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Figure 2.13:  Effect of Nucleus Accumbens Shell CTAP on the Expression of 

Cocaine-Induced Place Preference 

Animals received CTAP (0.5 µg/0.5 µl) or saline (0.5µl) bilaterally through 

injection cannula prior to testing for expression of cocaine-induced place preference.  

CTAP was injected into the NAcc shell 20 minutes prior to the test for expression of 

cocaine-induced conditioned place preference.  Two-way ANOVA with Bonferroni 

post-hoc analyses revealed that CTAP significantly attenuated the preference for a 

cocaine-paired environment when injected into the NAcc shell (P<0.001).  Data are 

presented mean (± SD) seconds spent in the drug-paired chamber minus the saline 

paired chamber (N=8/group). 

 

 



 50 

O
lfa

cto
ry

 N
ucle

us

M
oto

r C
or t

ex, R
ostra

l

NAcc S
hell ,

 M
edia

l

NA
cc S

hel l,
 V

entr
om

edia
l

NA
cc C

o re

Ventr
al P

al li
dum

A
m

yg
dala

VTA, R
o stra

l

VTA, C
au

dal
0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

1 4 0

1 6 0

1 8 0

2 0 0

2 2 0

S a l-S a l
S a l-C o c
C T A P - C o c

*

*

C T A P - S a l

*
* *

*

*
*

*
*

*

*

cF
o

s 
po

si
ti

ve
 n

uc
le

i

 

Figure 2.14:  Neuronal Activation Following the Expression of Cocaine-Induced 

Place Preference 

Data are expressed as mean (± SD) of cFos positive nuclei per brain region. 

Animals were injected with CTAP (0.5 µg/0.5 µl) or saline (0.5 µl) into the nucleus 

accumbens core prior to saline (CTAP-sal or sal-sal) or cocaine (CTAP-coc or sal-

coc) conditioning.  Animals were euthanized ninety minutes following the test for 

expression of place preference, and brains removed and prepared for analysis.  Two-

way ANOVA shows a significant increase in cFos positive nuclei in the olfactory 

nucleus, rostral motor cortex, medial NAcc shell, ventromedial NAcc shell, ventral 

pallidum, basolateral amygdala, and caudal VTA (p<0.001 for all regions) in cocaine 

conditioned animals.  cFos induction was significantly attenuated within the rostral 

motor cortex, NAcc shell, amygdada and caudal VTA in animals pretreated with 

CTAP during conditioning ( p<0.001for all regions).   
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Table 1:  Neuronal Activation Following the Expression of Cocaine-Induced 

Place Preference 

Data are expressed as mean (±SD) of cFos positive nuclei 90 minutes following 

the test for expression of cocaine-induced conditioned place preference.  Animals 

were injected with CTAP (0.5 µg/0.5 µl) or saline (0.5 µl) into the nucleus 

accumbens core prior to saline (CTAP-sal or sal-sal) or cocaine (CTAP-coc or sal-

coc) during the conditioning days.  Two-way ANOVA show no significant 

differences in cFos positive nuclei in any region listed. (N=4/group) 

 

 

 

 

 

 

 

 

 

 

Sal-Sal Sal-Coc CTAP-Coc CTAP-Sal
Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev.

Caudal Motor Cortex 81 18.4 69.5 25.1 72.5 28.3 70.9 25.1
Rostral Caudate Putamen 35 18.2 24.5 8.2 30.3 4.6 34.4 18.2
Caudal Caudate Putamen 12.5 2.6 18.2 8.6 15.1 2.9 18.7 3.5
Rostral Hippocampus 24.1 3.6 26.3 1.2 31.2 5.7 27.8 4.1
Caudal Hippocampus 124.9 12.4 151.4 48.4 98.1 35.7 121.7 9.8
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Figure 2.15:  cFos Positive Nuclei Within the Ventromedial Nucleus Accumbens 

Shell 

Photomicrographs taken from the ventromedial nucleus accumbens shell A/P 

+1.68 (Paxinos and Watson, 1986).  Regions of cFos quantitation within the medial 

and ventromedial NAcc shell are highlighted with darkened ovals in the illustration.  

The square outline on the illustration shows the region where the photomicrographs 

were taken.  Bar indicates 10 µM.   
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(sal/coc vs CTAP/coc, p<0.001for all regions).  Staining for cFos positive nuclei 

within the ventromedial aspect of the nucleus accumbens shell for the four treatment 

groups is shown in Figure 2.15.  The number of cFos-positive nuclei was not 

increased in the nucleus accumbens core, caudal motor cortex, rostral caudate 

putamen, rostral hippocampus or caudal hippocampus during the expression of 

cocaine place preference (Figure 2.14 and Table 1).  These data indicate that 

expression of cocaine-induced reward activates neurons in the nucleus accumbens 

shell, motor cortex, basolateral amygdala, caudal VTA, ventral pallidum and 

olfactory nucleus, regions shown to be involved in reward and memory. 

 

Discussion 

Previous studies using non-selective opioid receptor antagonists have shown that 

the opioid system plays a role in cocaine-induced reward (Bain and Kornetsky, 1987; 

Corrigall and Coen, 1991; Bilsky et al., 1992) and hyperlocomotion (Houdi et al., 

1989, Kim et al., 1997).  In addition, a recent study by our lab has demonstrated that 

icv administration of the selective mu opioid receptor antagonist CTAP significantly 

attenuated acute cocaine-induced hyperactivity, and the development of sensitization 

and conditioned reward to cocaine (Schroeder et al., 2007). In the present study, we 

identify the anatomical loci within the mesocorticolimbic pathway where mu opioid 

receptors modulate cocaine-induced reward and hyperactivity.   

The VTA can be divided into rostral and caudal regions based on cell types and 

neuronal connections.  The caudal VTA has a higher proportion of dopamine 

containing neurons, where as the rostral VTA has a higher proportion of GABAergic 
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interneurons (Johnson and North, 1992b).  Recent data have also suggested functional 

heterogeneity within the VTA.  For example, rats will self-administer the GABAA 

receptor antagonist picrotoxin into the rostral but not caudal VTA (Ikemoto et al., 

1997b).  This blockade of rostral GABAA receptors results in an increase in dopamine 

outflow in the nucleus accumbens as measured by microdialysis (Ikemoto et al., 

1997a).  Similarly, heroin or morphine injections into the rostral VTA are rewarding 

as shown by conditioned place preference (Olmstead and Franklin, 1997) and animals 

will self-administer morphine, the selective mu opioid receptor agonist DAMGO or 

cocaine into the rostral VTA (Devine and Wise, 1994).  Our results also demonstrate 

functional differences between the rostral and caudal aspects of the VTA.  In 

assessing the impact of mu opioid receptor blockade on the development of cocaine 

place preference,  rats receiving bilateral injections of CTAP into the rostral VTA but 

not the caudal VTA prior to cocaine during the conditioning sessions, show a 

significant attenuation of cocaine-induced place preference.  These data agree with 

previous studies demonstrating that the non-selective opioid receptor antagonist 

naltrexone administered into the rostral VTA attenuates cocaine self-administration 

(Ramsey et al., 1999), and extends those findings to indicate that specifically mu 

opioid receptors within the rostral VTA play an important role in the development of 

cocaine place preference. 

Dopamine neurons within the VTA project to the nucleus accumbens and this 

mesolimbic dopamine system is a critical component of the endogenous reward 

circuitry.  The nucleus accumbens can be subdivided into core and shell subregions 

based on neuronal connections and cell populations.  Intravenous cocaine increases 
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dopamine in the nucleus accumbens shell to a greater degree than in the core (Pontieri 

et al., 1995).  The shell receives glutamatergic input from the hippocampus, amygdala 

and prefrontal cortex (Heimer et al., 1997).  The core of the nucleus accumbens has a 

high proportion of GABAergic medium spiny neurons that project to the VTA 

(Kalivas et al, 1993).  The results of the present study demonstrate that mu receptors 

in the core and the shell of the nucleus accumbens are selectively important for the 

development and expression of cocaine place preference respectively.  Bilateral 

injections of CTAP into the nucleus accumbens core but not the shell prior to cocaine 

during conditioning significantly attenuated the development of cocaine-induced 

place preference.  Blockade of mu opioid receptors in the nucleus accumbens shell, 

but not the core, blocked the expression of cocaine-induced conditioned place 

preference.  

Our current results can be explained by the hypothesis that cocaine causes the 

release of endogenous opioid peptides that activate mu opioid receptors in the nucleus 

accumbens and VTA.  Previous studies have demonstrated that cocaine can cause the 

release of endogenous opioids (Moldow and Fischman, 1987; Olive et al., 2001; 

Roth-Deri et al., 2003).  Mu opioid receptors are located on medium spiny neurons in 

the accumbens and on GABAergic interneurons in the VTA (Johnson and North, 

1992a).  Activation of mu opioid receptors inhibits GABA release in the VTA, thus 

disinhibiting mesolimbic dopamine neurons and increasing dopamine outflow in the 

nucleus accumbens.  The current data suggest that cocaine causes the release of 

endogenous opioids within the nucleus accumbens and rostral VTA.  These opioids 

may activate the mu opioid receptors on GABAergic neurons causing the 
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disinhibition of VTA dopamine neurons.  This, in turn could increase dopamine 

outflow throughout the mesocorticolimbic pathway, which is rewarding.  Thus, 

endogenous opioids acting on mu opioid receptors within the nucleus accumbens core 

and rostral VTA are important for the development of reward and the learned 

association between the rewarding aspects of cocaine and the environment.  Mu 

opioid receptors within the shell of the nucleus accumbens are not necessary for the 

development of cocaine-induced place preference, but are necessary for the 

expression of this preference.  This may be due to the shift from nucleus accumbens 

core-dependent establishment of behaviors to nucleus accumbens shell directed 

stimulus-response habits and may increasingly involve inputs from the hippocampus, 

amygdala and prefrontal cortex into the shell of the nucleus accumbens.   

The sites of neuronal activation within the mesocorticolimbic system during the 

expression of cocaine-induced conditioned place preference were also investigated 

using cFos as a marker of neuronal activation.  Previous studies have shown that 

animals conditioned with cocaine show elevated levels of cFos in the prelimbic 

cortex, basolateral amygdala complex and nucleus accumbens core but not the central 

amygdala, caudate putamen or infralimbic cortex (Miller and Marshall, 2004).  The 

present study showed an increase in cFos positive nuclei in the ventromedial and 

medial aspects of the nucleus accumbens shell, motor cortex, olfactory nucleus, 

ventral pallidum, basolateral amygdala, and caudal VTA in animals conditioned with 

cocaine as compared with saline-injected controls.  Our finding that exposure to a 

cocaine-paired environment increased cFos expression in the ventromedial and 

medial nucleus accumbens shell, olfactory nucleus, motor cortex, basolateral 
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amygdala, caudal VTA and ventral pallidum is supported by a large body of evidence 

indicating that these regions are involved in cocaine seeking (Brown et al., 1992; 

Crawford et al., 1995; Neisewander et al., 2000).  The current data confirm and add to 

previous findings.  The ability of CTAP administered into the medial nucleus 

accumbens shell to block expression of cocaine-induced place preference in this study 

also supports the finding that neurons within the shell region of the nucleus 

accumbens are activated during the expression of cocaine-induced conditioned place 

preference.   

 The present results also demonstrated that pretreatment with CTAP in the nucleus 

accumbens core during cocaine conditioning prevented the development of a cocaine 

place preference and blunted cFos elevation in all of these areas with the exception of 

the ventral pallidum and olfactory nucleus.  The medial and lateral shell of the 

accumbens project to the ventromedial and ventrolateral part of the ventral pallidum, 

respectively (Zahm and Heimer, 1990; Heimer et al., 1991).  These projections to the 

ventral pallidum are GABAergic and primarily co-localize with enkephalin (Zahm et 

al., 1985).  Previous studies have shown that blockade of mu opioid receptors in the 

ventral pallidum prevent the acquisition of cocaine-induced conditioned place 

preference (Skoubis and Maidment, 2003) and block reinstatement of active lever 

pressing by cocaine (Tang et al., 2005).  Our finding that blockade of mu opioid 

receptors in the nucleus accumbens core during cocaine conditioning did not 

attenuate cFos elevation within the ventral pallidum during the expression of place 

preference may be due to either the concentration of CTAP used or the site of 

administration.  The prefrontal cortex, including the olfactory nucleus contain 
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afferents from numerous locations including the VTA, amygdala and dorsal thalamus 

(Alexander et al., 1990; Kalivas and Nakamura, 1999) and the prefrontal cortex sends 

efferents to the nucleus accumbens (Heimer et al., 1997).  These data give support for 

the finding that mu opioid receptor blockade within the core during cocaine 

conditioning had no effect on neuronal activation within the olfactory nucleus during 

the expression of cocaine place preference.   

The mu opioid receptor antagonist attenuated the locomotor-stimulating effects of 

cocaine when administered into either the nucleus accumbens core, caudate putamen 

or caudal VTA, demonstrating a role of mu opioid receptors specifically within these 

brain regions in cocaine-induced hyperactivity.  Previous studies have shown that 

morphine and DAMGO administered into the caudal VTA induces hyperlocomotion 

in the rat (Joyce and Iversen, 1979), likely by increasing dopamine outflow.  This 

supports the hypothesis that cocaine is causing the release of opioids in the caudal 

VTA which in turn facilitates the hyperlocomotion response.  

The present results also demonstrate that blockade of mu opioid receptors in the 

nucleus accumbens core can attenuate cocaine-induced hyperlocomotion.  The 

specificity of the nucleus accumbens core over the shell in this regard agrees with 

previous findings that the accumbens core, but not the shell, contributes to the 

behavioral activation produced by amphetamine (Sellings and Clarke, 2003).  The 

other site of mu opioid receptor-mediated attenuation of cocaine locomotion in this 

study is the caudate putamen.  The caudate putamen has been shown to be important 

for locomotor activity in the rat.  Blockade of dopamine D2 receptors in the caudate 

putamen reduces spontaneous locomotion in the rat (Hauber and Munkle, 1997). 
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Further, lesions of the caudate putamen reduce hyperactivity produced by morphine 

(Siegfried et al., 1982).  

In summary, the results of the present study demonstrate the importance of mu 

opioid receptors in cocaine-induced reward and activity, and demonstrate the 

anatomical selectivity of mu receptors within the nucleus accumbens, VTA and 

caudate putamen in this regard.  These data suggest that cocaine causes the release of 

endogenous opioid peptides and that these peptides contribute to the rewarding and 

locomotor-stimulating effects of cocaine.  Further, the data also suggest that opioid 

peptides are released in the nucleus accumbens shell during the expression of cocaine 

place preferences and that mu opioid receptors in this region are critical for the 

manifestation of this behavior.  The question of which opioid peptide or peptides is 

involved has yet to be answered.  It has been shown that acute administration of 

cocaine causes the release of endogenous endorphins (Moldow and Fischman, 1987; 

Olive et al., 2001; Roth-Deri et al., 2003).  Our results provide strong evidence of a 

role specifically for mu opioid receptors within anatomically defined regions of the 

nucleus accumbens and VTA in cocaine-induced reward and activity in the rat.   
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CHAPTER 3 

COCAINE INDUCED MU OPIOID RECEPTOR OCCUPANCY WITHIN 
THE STRIATUM IS MEDIATED BY DOPAMINE D2 RECEPTORS 

 

Introduction 

In addition to the direct effects on monoamine reuptake, cocaine can alter levels 

of endogenous opioid peptides (Costa et al., 1978; Sivam, 1989) and can have 

profound effects on the expression and function of opioid receptors (Hammer, 1989; 

Izenwasser et al., 1996; Schroeder et al., 2007).  Data from our lab have shown that 

administration of the selective mu opioid receptor antagonist, CTAP, into either the 

nucleus accumbens core or ventral tegmental area (VTA) attenuated cocaine induced 

reward and hyperlocomotion (Chapter 2; Soderman and Unterwald, 2008).  

Furthermore, mu opioid receptor agonists are rewarding when administered in either 

the nucleus accumbens (Olds, 1982; van der Kooy et al., 1982) or rostral VTA 

(Devine and Wise, 1994).  The rewarding effects of opioids are due in part to their 

ability to increase dopamine outflow into the nucleus accumbens (Spanagel et al., 

1990a; Devine et al, 1993).  Intracerebroventricular beta-endorphin also increases 

dopamine release in the nucleus accumbens via its actions on mu opioid receptors 

(Spanagel et al., 1990b).  These data, taken together, suggest that the opioid and 

dopamine systems interact to mediate the rewarding effects of cocaine. 

Limbic brain regions including the nucleus accumbens, receive endorphinergic 

inputs from pro-opiomelanocortin (POMC) containing neurons in the arcuate nucleus 

of the hypothalamus (Bloom et al., 1978b; Finley et al., 1981).  Studies have shown 

that cocaine administration in rats can increase beta-endorphin levels in the nucleus 
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accumbens (Olive et al., 2001; Roth-Deri et al., 2003).  The ability of cocaine to 

increase the levels of endorphins within the nucleus accumbens is thought to be 

mediated indirectly through dopamine signalling. 

Dopamine reuptake inhibitors or dopamine receptor agonists injected into the 

nucleus accumbens shell are rewarding.  In rats, the dopamine uptake inhibitor 

nomifensine is self-administered into the shell of the nucleus accumbens (Carlezon et 

al., 1995; Carlezon and Wise, 1996).  Furthermore, co-infusion of the dopamine D2 

receptor antagonist sulpride significantly reduces responding for nomifensine 

(Carlezon and Wise, 1996), suggesting that activation of D2 receptors is involved in 

mediating the reinforcing effects of nomifensine.  In addition, the D1 and D2 

dopamine receptor agonists, SKF38393 and quinpirole are rewarding when injected 

into the shell of the nucleus accumbens as assessed by self-administration studies 

(Ikemoto et al., 1997b).  All these data suggest that in the shell of the nucleus 

accumbens, dopamine produces its rewarding effects via D1 and D2 receptors.   

In addition to its effects on beta-endorphin and dopamine, cocaine has been 

shown to alter the levels of other opioid peptide precursors and proteins.  The effect 

of cocaine self-administration on the expression of messenger RNAs for 

preprodynorphin and preproenkephalin was tested in the striatum of rats.  Following a 

seven day period of free access to cocaine, preprodynorphin mRNA levels were 

increased throughout the striatum, with the greatest increase seen in the dorsal 

striatum.  Enkephalin mRNA was slightly elevated in the nucleus accumbens, but not 

in the dorsal striatum (Hurd et al., 1992).  In a separate study, daily intraperitoneal 

injections of cocaine for 14 days in rats did not result in a significant increase in 
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preproenkephalin mRNA levels in any brain region tested including the striatum or 

nucleus accumbens (Branch et al., 1992).  In acute studies, rats receiving i.p. 

injections of 30 mg/kg cocaine showed elevated levels of preprodynorphin and 

preproenkephalin mRNA in the striatum and core of the nucleus accumbens 3 hours 

but not 30 minutes following the injection (Adams et al., 2000).  In a separate study, 

striatal peptide levels of met-enkephalin and dynorphin were measured in rats by 

radioimmunoassay following acute (single dose) or subchronic (one dose daily for 4 

days) administration of cocaine.  An acute administration of cocaine (20 or 30 mg/kg 

i.p.) did not affect peptide levels in the striatum measured 0.5, 1 or 1.5 hours later.  

Subchronic administration of cocaine (20 mg/kg/day for 4 days) increased striatal 

dynorphin levels without altering the levels of met-enkephalin (Sivam, 1989).  

Together, these results suggest that cocaine administration alters levels of endogenous 

peptides to varying extents throughout the striatum.   

Although data demonstrate increased levels of endogenous opioid peptides 

following cocaine administration, the time- and dose-dependent occupancy of mu 

opioid receptors within specific brain regions has not been established.  The present 

study sought to determine the time– and dose-dependent occupancy of mu opioid 

receptors, as measured indirectly by displacement of 3H-DAMGO binding, within 

specific brain regions.  3H-DAMGO displacement was measured by in vitro 

autoradiography.  The rationale of this technique is that increased opioid peptide 

levels following cocaine administration will bind to (or occupy) mu opioid receptors, 

and prevent exogenously applied 3H-DAMGO from binding, leading to a decrease in 

signal assessed by autoradiography.  In addition, pretreatment of animals with 
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selective dopamine D1 or D2 receptor antagonists was performed to determine the 

contribution of dopamine D1 and D2 receptors in cocaine-induced 3H-DAMGO 

displacement.  Results demonstrate that cocaine causes a time-dependent 

displacement of 3H-DAMGO binding to mu opioid receptors within the nucleus 

accumbens core and shell.  This cocaine-induced release of endogenous peptides is 

mediated by dopamine D2 receptors.   

 

Materials and Methods 

Drugs 

Cocaine HCl was generously provided by the National Institute on Drug Abuse, 

dissolved in sterile saline, and injected intraperitoneally (i.p.) in doses ranging from 

2.5 to 10 mg/kg and a volume of 1 ml/kg body weight.  The dose is based on the 

weight of the salt.  Eticlopride and SCH23390 were obtained from Sigma-Aldrich and 

diluted in sterile saline to a concentration of 1 mg/ml and 0.5 mg/ml respectively.  All 

drugs were administered i.p. at a volume of 1 ml/kg of body weight. 

 

Animals 

All animal procedures were approved by Temple University’s Institutional 

Animal Care and Use Committee and followed guidelines set forth in the NIH’s 

Guide for the Care and Use of Laboratory Animals. Male Sprague Dawley rats 

(approximately 60 days old) were obtained from Charles River Laboratory (Raleigh, 

NC), maintained on a 12-hour light/dark cycle (lights on 6 AM), and had ad libitum 

access to standard food and water.  Animals were group housed (3 animals/cage) for 
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the duration of the experiments.  Animals were acclimatized to the animal facility for 

1 week prior to initiation of experiments. 

 

Cocaine Time-Course Study 

Animals were weighed and randomly assigned to one of five experimental groups 

(N=3/group).  Animals received a single i.p. injection of saline (1 ml/kg i.p.) or 

cocaine (10 mg/kg i.p.).  Animals receiving saline were immediately exposed to CO2 

for 15 seconds and decapitated in an unconscious state.  Animals receiving cocaine 

were decapitated at either 5, 10, 20 or 30 minutes following the i.p. injections 

following brief exposure to CO2.  Brains were rapidly removed and frozen by 

immersion in 2-methylbutane cooled to -30oC.   

 

Cocaine Dose-Response Study 

Animals were weighed and randomly assigned to one of three experimental 

groups (N=4/group).  Animals received a single injection of saline (1 ml/kg i.p.) or 

cocaine (2.5, 10 or 20 mg/kg i.p.).  Ten minutes following injection, animals were 

exposed to CO2 for 15 seconds and decapitated in an unconscious state.  Brains were 

rapidly removed and frozen by immersion in 2-methylbutane at -30oC. 

 

Involvement of Dopamine D1 and D2 Receptors in Cocaine-Induced Endogenous 

Opioid Peptide Binding 

Animals were weighed and randomly assigned to one of four experimental groups 

(N=4/group).  Animals in groups 1 and 2 received a single injection of saline (1 ml/kg 
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i.p.), group 3 received the dopamine D1 receptor selective antagonist SCH23390 (0.5 

mg/kg i.p.) and group 4 received the dopamine D2 receptor selective antagonist 

eticlopride (1 mg/kg i.p.)  Thirty minutes later, animals in group 1 received saline (1 

ml/kg i.p.) and animals in group 2, 3 and 4 received cocaine (10 mg/kg i.p.).  Ten 

minutes later, animals were exposed to CO2 for 15 seconds and decapitated in an 

unconscious state.  Brains were rapidly removed and frozen by immersion in 2-

methylbutane at -30oC.   

 

Quantitative In Vitro Mu Opioid Receptor Autoradiography 

Brains were sectioned into 15 µm coronal sections throughout the striatum and 

VTA for all 3 studies described and thaw mounted on Superfrost-Plus Microslides 

(VWR, Pennsylvania).  Slides were air dried on ice for 20 minutes before being 

stored at -30oC for 2 days in a vacuum desiccator.  Eight to ten sections for total 

binding and eight to ten sections for non-specific binding from each of the striatum 

and VTA were used for 3H-DAMGO radioligand binding studies.  Sections for the 

striatum were chosen between A/P +2.0 and +1.8 from bregma, sections for the 

rostral VTA were chosen between A/P -4.9 to -5.1 from bregma and the caudal VTA 

between -5.9 and -6.1 from bregma according to Paxinos and Watson (6th edition, 

1986).  Sections were thawed at room temperature for 2 minutes prior to incubation 

with  5 nM 3H-DAMGO (Amersham Biosciences, New Jersey) to measure total 

binding or 5 nM 3H-DAMGO and 5 µM naloxone to measure nonspecific binding in 

50 mM Tris HCl pH 7.4 for 10 minutes on ice.  Sections were washed 6 x 20 seconds 

in ice cold 50 mM Tris pH 7.4 and dried under a cold stream of air.  Labeled sections 
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were exposed to tritium-sensitive film (Biomax MR, Kodak, New York) along with 

tritium standards (Amersham, Piscataway, NJ) for 14 weeks.  Optical densities for 

brain regions of interest were determined using a computer imaging device (AIS 6.0, 

Imaging Research, Inc.) and converted to fmol of radioligand bound per mg of tissue 

by reference to the tritium standards.  The optical density from the left and right 

aspects of each brain region were obtained and averaged for every section.  Eight to 

ten sections per brain region per animal were analyzed.  Specific radioligand binding 

was calculated by subtracting nonspecific binding from total binding.  Data from all 

animals in the treatment group were averaged to obtain a mean specific binding value 

for each treatment group.   

Data Analysis 

All data were analyzed by one-way ANOVA.  Bonferroni’s post-hoc analysis was 

performed after significance was determined by ANOVA (Graphpad Prism V.4).  The 

null hypothesis was rejected when p<0.05.    

 

Results 

Cocaine Time-Course Study 

3H-DAMGO binding was measured by quantitative in vitro receptor autoradiography 

to indirectly determine the time-dependent occupancy of mu opioid receptors within 

various brain regions following peripheral cocaine administration.  Figure 3.1 shows 

representative regions in which mu receptor binding was measured.  A representative 

non-specific binding section for the 0 min time point is shown in figure 3.2.  

Representative total binding sections for all quantified time points are also shown in 
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figure 3.2.  Results show a time-dependent decrease in 3H-DAMGO binding 

following cocaine administration within the nucleus accumbens core and shell (Figure 

3.3).  These results revealed a significant effect of cocaine on 3H-DAMGO binding 

within the nucleus accumbens core (F(4,10)=8.908, p=0.0007).  Bonferroni post-hoc 

analyses revealed that cocaine administration caused a time-dependent decrease in 

3H-DAMGO binding in the nucleus accumbens core (0 min vs 5 min = p>0.05; 0 min 

vs 10 min = p<0.05; 0 min vs 20 min = p<0.01; 0 min vs 30 min = p>0.05). Similarly, 

analysis of data obtained from the nucleus accumbens shell revealed a significant 

decrease in 3H-DAMGO binding (F(4,10)=8.445, p=0.0009).  Bonferroni post-hoc 

analyses revealed a significant decrease in 3H-DAMGO binding at 10 and 20 minutes 

following cocaine administration (0 min vs 5 min = p>0.05; 0 min vs 10 min = 

p<0.05; 0 min vs 20 min = p<0.01; 0 min vs 30 min = p>0.05). Data obtained for the 

caudate putamen, olfactory tubercle, cingulate cortex, motor cortex 2, rostral VTA 

and caudal VTA are shown in table 3.1.  There were no significant differences 

between time points in any of these brain regions (All ANOVA P>0.05).  These data 

indicate that cocaine causes a time-dependent decrease in mu opioid receptor binding, 

suggesting the release of mu opioid receptor peptides which occupy mu opioid 

receptors within the nucleus accumbens core and shell. 

 

Cocaine Dose-Response Study 

Mu opioid receptor binding measured by quantitative in vitro receptor 

autoradiography was employed to quantitate 3H-DAMGO binding following 

administration of increasing concentrations of cocaine.  Figure 3.1 shows 
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Figure 3.1:  Coronal Rat Brain Sections illustrating the Regions of Quantitation 

of Mu Opioid Receptor Binding 

Receptor densities from both the left and right hemisphere for each region of 

interest were obtained. The distance of each section from bregma is given in 

millimeters (Paxinos and Watson, 1986).  NAcc=nucleus accumbens; VTA=ventral 

tegmental area. 
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Figure 3.2:  Representative Total and Non-Specific Brain Sections Labeled with 3H-

DAMGO 

Brains were obtained at various times following injection of 10 mg/kg cocaine: 

time=0 min (2A), time=5 min (2B), time=10 min (2C), time=20 min (2D), time=30 min 

(2E), and non-specific binding for T=0 min (2F). 
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Figure 3.3:  Cocaine Time-Course Study  

Animals received a single injection of saline (1 ml/kg i.p.) or cocaine (10 mg/kg 

i.p.) and were euthanized either 0, 5, 10, 20 or 30 minutes later.  3H-DAMGO binding 

was quantified in the nucleus accumbens using in vitro receptor autoradiography and 

plotted as a % of saline (T=0) occupancy.  One-way ANOVA with Bonferroni post-

hoc analyses revealed a significant reduction in 3H-DAMGO binding in the NAcc 

core and shell at 10 and 20 minutes following cocaine injection (*=P<0.05, 

**=P<0.01 vs 0 min).  Data are presented as mean (±SD). (N=3 animals/group) 
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Mean SD Mean SD Mean SD Mean SD Mean SD
CP 100 15.7 100.4 16 86.9 24.1 87.3 13 95 15.8
OT 100 10.1 97.5 9.2 82.3 10.5 101.9 13.6 102.5 15.1
Cingulate Cortex 100 1.9 101.9 6.3 85.8 21.4 95.7 3.3 97.5 6.6
Motor Cortex 2 100 3.5 110.9 7.7 96.9 18 98.8 2.9 99.5 4.2
Rostral VTA 100 4.6 101.4 4.3 89.4 2.1 96.4 8.4 100.8 15.6
Caudal VTA 100 6.2 92.6 3.1 100.4 2.9 99.9 9.4 94.7 5.1

30 min0 min 5 min 10 min 20 min

 

 

Table 3.1:  Cocaine Time-Course Study    

Data are expressed as mean (±SD) of 3H-DAMGO binding.  Animals received a 

single injection of saline (1 ml/kg i.p.) or cocaine (10 mg/kg i.p.) and were euthanized 

at either 0, 5, 10, 20 or 30 minutes later.  3H-DAMGO binding was quantified using 

in vitro receptor autoradiography and expressed as a % of saline.  One-way ANOVA 

show no significant differences in 3H-DAMGO binding in any region listed. 

(N=3/group) 
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representative regions in which mu receptor occupancy was measured.  The data 

displayed in Fig. 3.4 represent the mean (+ SD) of 3H-DAMGO binding within the 

nucleus accumbens core and shell as a percentage of mu receptor binding to the saline 

control group.  Results show a decrease in 3H-DAMGO binding following cocaine 

administration within the nucleus accumbens core and shell.  One-way ANOVA 

revealed a significant effect of cocaine on 3H-DAMGO binding within the core 

(F(3,12)=11.56, p=0.0007).  Bonferroni post-hoc analyses revealed that 2.5 mg/kg or 

10 mg/kg cocaine administration resulted in a decrease in 3H-DAMGO binding 

(Saline vs 2.5 mg/kg cocaine = p<0.01; Saline vs 10 mg/kg cocaine = p<0.01).  One-

way ANOVA of data obtained from the nucleus accumbens shell was also significant 

(F(3,12)=7.634, p=0.0041).  Bonferroni post-hoc analyses revealed that both 2.5 and 

10 mg/kg cocaine administration produced a significant decrease in 3H-DAMGO 

binding (Saline vs 2.5 mg/kg cocaine = p<0.01; saline vs 10 mg/kg cocaine = 

p<0.01). Data obtained for all cocaine doses from the caudate putamen, olfactory 

tubercle, cingulate cortex, motor cortex 2, rostral VTA and caudal VTA were not 

significant by one-way ANOVA (Table 3.2). These data show similar results for the 

10 mg/kg dose of cocaine compared to results from the time-course study.  Reduced 

3H-DAMGO binding within the nucleus accumbens core and shell is seen in animls 

treated with 2.5 or 10 mg/kg cocaine. 

 

Involvement of Dopamine D1 and D2 Receptors  

The effect of selective blockade of dopamine D1 and D2 receptors on the 

reduction of 3H-DAMGO binding following cocaine administration was investigated.   
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Figure 3.4:  Cocaine Dose-Response Study   

Animals received a single injection of saline (1 ml/kg i.p.) or cocaine (2.5, 10 or 

20 mg/kg i.p.) and were euthanized ten minutes later.  3H-DAMGO binding was 

quantified in the nucleus accumbens using in vitro receptor autoradiography and 

plotted as a % of saline occupancy.  One-way ANOVA with Bonferroni post-hoc 

analyses revealed a significant reduction in 3H-DAMGO binding in the NAcc core 

and shell for animals injected with 2.5 and 10 mg/kg cocaine (** =P<0.01 vs 0 

mg/kg).  Data are presented as mean (±SD). (N=4 animals/group) 
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Mean SD Mean SD Mean SD Mean SD
CP 99.9 18.8 96.2 16.5 95.6 21.2 115.1 19.7
OT 100.1 16.9 98.6 33.9 85 10.9 91.2 10.9
Cingulate Cortex 100 9.1 97.6 8.8 90.3 9.9 97.3 4.8
Motor Cortex 2 99.9 9.9 97.3 7.9 84.9 13.4 92.2 7.4
Rostral VTA 100 9.1 102.9 14.6 89.2 14.6 103.8 23.8
Caudal VTA 100 6.2 105.7 17.1 102.7 11.9 107.2 6.7

Saline 2.5 mg/kg Cocaine 10 mg/kg Cocaine 20 mg/kg Cocaine

 

 

Table 3.2: Cocaine Dose-Response Study  

Data are expressed as mean (±SD) of 3H-DAMGO binding.  Animals received a 

single injection of saline (1 ml/kg i.p.) or cocaine (2.5, 10 or 20 mg/kg i.p.) and were 

euthanized ten minutes later.  3H-DAMGO binding was determined using in vitro 

receptor autoradiography and analyzed as a % of saline.  One-way ANOVA showed 

no significant differences in 3H-DAMGO binding in any region listed. (N=4/group) 
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Results show a significant decrease in 3H-DAMGO binding following 10 mg/kg 

cocaine administration within the nucleus accumbens core and shell (Figure 3.5).  

This decrease is significantly attenuated when animals are pre-treated with the 

selective dopamine D2 receptor antagonist eticlopride.  One-way ANOVA revealed a 

significant effect of cocaine administration on 3H-DAMGO binding within the 

nucleus accumbens core (F(3,12)=25.35, p<0.0001).  Bonferroni post-hoc analyses 

revealed that pretreatment with a dopamine D2 receptor antagonist but not a D1 

receptor antagonist significantly attenuated the reduction in 3H-DAMGO binding 

seen following cocaine administration (cocaine vs eticlopride = p<0.001; cocaine vs 

SCH23390= p>0.05).  Mu receptor binding following pre-treatment with the selective 

dopamine D2 receptor antagonist was not significantly different from saline controls 

(saline vs eticlopride= p>0.05).  Similarly, one-way ANOVA shows a significant 

difference for the nucleus accumbens shell (F(3,12)=30.14, p<0.0001).  Again, 

Bonferroni post-hoc analyses revealed that pretreatment with a dopamine D2 receptor 

antagonist but not a D1 receptor antagonist significantly attenuated the decrease in 

3H-DAMGO binding following cocaine (saline + cocaine vs eticlopride + cocaine = 

p<0.001; saline + cocaine vs SCH23390 + cocaine= p>0.05).  3H-DAMGO binding 

following pre-treatment with the selective dopamine D2 receptor antagonist was not 

significantly different from saline controls (saline + saline vs eticlopride + cocaine= 

p>0.05).  Data obtained for the caudate putamen, olfactory tubercle, cingulate cortex, 

motor cortex 2, rostral VTA and caudal VTA were not significantly different by one-

way ANOVA (Table 3.3).  These data indicate that the cocaine induced decrease in  
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Figure 3.5:  Dopamine D1 and D2 Receptor Antagonist Study.   

Animals received a single injection of saline (1 ml/kg i.p.), the D1 selective 

antagonist SCH23390 (0.5 mg/kg i.p.) or the D2 selective antagonist eticlopride (1 

mg/kg i.p.).  Thirty minutes later, animals in one of the two saline treated groups 

received i.p. injections of saline (1 ml/kg i.p.) and all other animals received cocaine 

(10 mg/kg i.p.).  Ten minutes later, animals were euthanized.  3H-DAMGO binding 

was quantified in the nucleus accumbens using in vitro receptor autoradiography and 

plotted as a % of saline occupancy.  One-way ANOVA with Bonferroni post-hoc 

analyses revealed a significant reduction in 3H-DAMGO binding in the NAcc core 

and shell in animals pretreated with saline prior to 10 mg/kg cocaine when compared 

to saline-saline animals.  This reduction was attenuated in animals pretreated with 

eticlopride, but not SCH23390.  Data are presented as mean (±SD). (N=4 

animals/group) (*=P<0.05, ** =P<0.01 vs saline + saline).   
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Mean SD Mean SD Mean SD Mean SD
CP 100 10.4 89.3 8.7 87.4 3.2 100.6 2.0
OT 100 25.5 83.2 10.0 75.8 7.6 88.4 7.2
Cingulate Cortex 100 5.2 91.6 6.5 92.6 10.6 91.9 12.5
Motor Cortex 2 100 6.6 91.5 4.6 89.3 7.0 92.9 13.3
Rostral VTA 100 12.0 93.1 3.9 91.5 9.2 115.6 9.0
Caudal VTA 100 15.0 98.3 7.6 96.5 14.9 100.7 10.8

Saline + Saline Saline + Cocaine SCH23390 + Cocaine Eticloprode + Cocaine

 

 

Table 3.3: Dopamine D1 and D2 Receptor Antagonist Study.  Data are expressed as 

mean (±SD) of 3H-DAMGO binding as a percent of saline controls.  Animals received a 

single injection of saline (1 ml/kg i.p.), the D1 selective antagonist SCH23390 (0.5 mg/kg 

i.p.) or the D2 selective antagonist Eticlopride (1 mg/kg i.p.)  Thirty minutes later, 

animals in the first saline group received i.p. injections of saline (1 ml/kg i.p.) and all 

other groups received cocaine (10 mg/kg i.p.).  Ten minutes later, animals were 

euthanized and 3H-DAMGO binding was quantified using in vitro receptor 

autoradiography and expressed as a % of saline.  One-way ANOVA show no significant 

differences in 3H-DAMGO binding in any region listed. (N=4/group) 
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3H-DAMGO binding within the nucleus accumbens core and shell is mediated by 

dopamine D2 receptors. 

Discussion 

The findings of this study demonstrate that cocaine, acting via D2 dopamine 

receptors, can cause a time-dependant decrease in 3H-DAMGO binding within the 

nucleus accumbens core and shell, suggesting that cocaine is causing the release of 

endogenous opioids that binds to mu opioid receptors in this brain region.  This 

finding is consistent with previously published studies showing that cocaine 

administration results in elevations of beta-endorphin within the nucleus accumbens 

(Olive et al., 2001; Roth-Deri et al., 2003) as well as elevated levels of 

preprodynorphin and preproenkephalin mRNA within the nucleus accumbens (Hurd 

et al., 1992) and extends these findings to show that opioid peptide release in the 

nucleus accumbens is coupled with mu opioid receptor binding.  3H-DAMGO binding 

was measured by in vivo autoradiography, under conditions that minimize 

endogenous ligand dissociation because this method allows for the visualization of 

changes in opioid receptor occupancy with high anatomical resolution.  The 

hypothesis of this experiment was that cocaine will cause opioid peptide release and 

these peptides will bind to mu opioid receptors. These peptides, having occupied the 

mu opioid receptors, will competitively displace subsequent exogenously applied 3H-

DAMGO, leading to a decrease in receptor binding assessed by autoradiography.  

Previous results from our lab have shown that mu opioid receptors within the nucleus 

accumbens, VTA and caudate putamen are involved in cocaine-induced behaviours 

(Chapter 2, Soderman and Unterwald, 2008) and as a result these regions were chosen 
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for these studies.  We chose to measure binding to mu opioid receptors within the 

rostral aspects of the striatum as previous studies have shown that mu opioid receptor 

density is greatest in these regions (Unterwald et al., 1998).  Our results show that 

cocaine decreased 3H-DAMGO binding in the nucleus accumbens core and shell 

suggesting an increase in mu opioid receptor occupancy by endogenous opioid 

peptides.  A time-dependent reduction in 3H-DAMGO binding was observed in both 

the core and shell of the nucleus accumbens, with maximal reduction at 20 minutes 

following cocaine administration.  These results are consistent with previous studies 

showing a significant increase in nucleus accumbens beta-endorphin 20 minutes 

following peripheral administration of 2.0 mg/kg cocaine (Roth-Deri et al., 2003).  In 

the same study, nucleus accumbens beta-endorphin levels returned to basal levels 40 

minutes following cocaine administration.  The results of this study show that mu 

opioid receptor occupancy in the nucleus accumbens shell 30 minutes following 

cocaine administration is not significantly different from the 0 time point, indicating a 

return to basal levels.  We hypothesize that the opioid peptide occupying mu opioid 

receptors within the nucleus accumbens is beta-endorphin as previous studies failed 

to see increases in dynorphin or enkephalin peptide or mRNA levels in this region 

following acute administration of cocaine within the time period of this study (<30 

min) (Sivam, 1989; Andrea et al., 1992; Hurd et al., 1992). 

The results of this study also indicate that both 2.5 and 10 mg/kg, but not 20 

mg/kg cocaine administration produced a decrease in 3H-DAMGO binding in the 

nucleus accumbens measured 10 minutes following cocaine administration (Figure 4).  

Administration of either 2.5 or 10 mg/kg cocaine caused a significant reduction of 3H-
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DAMGO binding in the nucleus accumbens core and shell.  These results are 

consistent with previous studies showing that cocaine self-administration in rats can 

alter the content of beta-endorphin from tissue punches of the nucleus accumbens 

(Sweep et al., 1988, 1989).  The current study used doses of cocaine shown to be 

reinforcing in the rat by cocaine self-administration (Ross et al., 1978) and rewarding 

by cocaine conditioned place preference models (Nomikos and Spyraki, 1988; 

Soderman and Unterwald, 2008).  In addition, it extends previous findings of beta-

endorphin release (Olive et al., 2001; Roth-Deri et al., 2003) within the nucleus 

accumbens to show that this release is coupled with mu opioid receptor binding. 

The lack of effect seen with the 20 mg/kg dose can be explained by previous 

work, as previous studies have shown this dose in rats to be less rewarding than lower 

doses (Durazzo et al., 1994; Russo et al., 2003).  This result may be explained by 

cocaine’s actions on monoamine re-uptake.  We hypothesize that at higher 

concentrations, cocaine’s inhibition of norepinephrine reuptake indirectly inhibits the 

release of beta-endorphin in the nucleus accumbens.  This action is hypothesized to 

be through inhibition of the beta-endorphin pathway from the arcuate nucleus of the 

hypothalamus.   

An additional result of this study indicates that cocaine-induced endogenous 

opioid peptide binding to mu opioid receptors within the nucleus accumbens core and 

shell is mediated by the dopamine D2 receptor.  Results show that the reduction in 

3H-DAMGO binding following cocaine administration is attenuated by pretreatment 

with the selective D2 dopamine receptor antagonist eticlopride but not the selective 

D1 dopamine receptor antagonist SCH23390.  These results are consistent with 
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several experiments studying the role of dopamine receptors in cocaine-induced beta-

endorphin release.  Blockade of dopamine D2 receptors in the arcuate nucleus with a 

selective antagonist significantly attenuated cocaine-induced increases in beta-

endorphin levels in the nucleus accumbens (Duron et al., 2006).  Other studies have 

shown that blockade of dopamine D1 receptors attenuates cocaine-induced beta-

endorphin release within the nucleus accumbens (Roth-Deri et al., 2003).  The 

differences in the results obtained between this and previous studies may be due to 

either the dose of cocaine used in the previous study (2.0 mg/kg, i.p.) or the dose of 

SCH23390 (0.25 mg/kg).  A full dose response curve for SCH23390 is needed to 

fully characterize the involvement of dopamine D1 receptors in cocaine-induced 

opioid peptide binding to mu opioid receptors. 

Cocaine administration had no effect on mu opioid receptor binding in any area 

studied other than the nucleus accumbens.  Cocaine did not decrease 3H-DAMGO 

binding in the caudate putamen, olfactory tubercle, cingulate cortex, rostral motor 

cortex, rostral or caudal VTA.  These results can be explained by the endogenous 

neuronal pathways involved in beta-endorphin signaling.  The neurons in the brain 

that synthesize and release beta-endorphin are predominantly present in the 

hypothalamic arcuate nucleus (Bloom et al., 1978a).  A dense innervation to the 

nucleus accumbens of beta-endorphin neurons originates in the arcuate nucleus 

(Bloom et al., 1978b; Finley et al., 1981).  The nucleus accumbens is also a terminal 

projection of the mesolimbic dopamine system, known to be involved in the 

reinforcing effects of cocaine (Wise, 1998).  Several studies have shown that mu 

opioid receptor agonists have rewarding effects when injected into the nucleus 
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accumbens (Olds, 1982; van der Kooy et al., 1982).  Results by our lab have shown 

that administration of the selective mu opioid receptor antagonist, CTAP, into the 

core of the nucleus accumbens during cocaine conditioning attenuated the rewarding 

effects of cocaine (Soderman and Unterwald, 2008).  It is not surprising, therefore, 

that decreased mu opioid receptor binding by 3H-DAMGO was detected in the 

nucleus accumbens following peripheral cocaine administration.  The lack of a 

significant decrease in 3H-DAMGO binding within the VTA was unexpected 

considering our results outlined in chapter 2 showing a role for mu opioid receptors 

within the VTA on cocaine-induced reward.  The most likely explanation is that the 

density of mu opioid receptors in the VTA coupled with the sensitivity of the assay 

was not adequate to see a difference between groups.   

The lack of significant findings in the caudate putamen was also unexpected 

considering our results outlined in chapter 2 showing a role for mu opioid receptors 

within the caudate putamen on cocaine-induced hyperactivity.  Although we are 

seeing a trend for reduced 3H-DAMGO binding within this region at the 10 and 20 

minute time points, the data is not significantly different from the 0 minute control 

group.  It is possible that very little opioid binding to mu opioid receptors within the 

caudate putamen is needed to induce the behavioral effects seen in chapter 2.  This 

binding as measured by 3H-DAMGO displacement is not significantly different from 

the control group but is adequate to produce behavioral effects.   

Previous studies have shown that beta-endorphin binds mu opioid receptors 

(Hazum et al., 1979) and that cocaine self-administration can increase beta-endorphin 

levels in the nucleus accumbens (Roth-Deri et al., 2003).  The present study adds to 
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previous studies by showing that cocaine causes the time-dependent decrease in 3H-

DAMGO binding within the nucleus accumbens core and shell, suggesting that 

cocaine causes the time-dependent release of mu opioid peptides which bind to mu 

opioid receptors.  In addition, this study shows that this reduction in 3H-DAMGO 

binding is mediated in part by dopamine D2 receptors. 

Other possibilities for reduced 3H-DAMGO binding seen in these experiments 

include receptor internalization following cocaine administration, although this 

internalization would be expected to result from increased opioid ligand binding.  

Another possibility includes heterologous desensitization of the mu opioid receptor.  

Mu opioid and D2 receptors are co-expressed by individual neurons in the rat 

striatum (Ambrose et al., 2004).  Increased synaptic dopamine following cocaine 

administration could lead to heterologous desensitization of the mu receptor via 

internalization with the dopamine receptors.  Additional studies are needed to 

determine the actual mechanism.  
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CHAPTER 4 
 
 

CTAP -INDUCED UPREGULATION OF MU OPIOID RECEPTORS IN 
RATS: ENHANCEMENT OF COCAINE-INDUCED LOCOMOTOR ACTIVITY 

 
Introduction 

 
Opioid peptides and their receptors modulate a variety of physiological processes 

including analgesia, sedation, euphoria and respiration.  Endogenous opioid peptides 

include the endorphins, enkephalins, and dynorphins.  These peptides have a high affinity 

to the mu (µ), delta (δ) and kappa (κ) opioid receptors. (Akil et al., 1984; Zadina et al, 

1997; Tseng et al., 2000; James et al., 1982) Cloning of these receptors showed that these 

proteins contain seven transmembrane domains and belong to a family of G protein 

coupled receptors (Uhl et al., 1994).  Activation of opioid receptors by their peptides 

alters intracellular signaling events, including inhibition of adenylyl cyclase activity, 

activating phospholipase A2/C, and increase potassium and decrease calcium channel 

permeability (Childers, 1991; North et al., 1987; Smart et al., 1994).  Of these three 

receptors, the mu opioid receptor is the major target of most opioid analgesics 

(Vaccarino, 2001).  In addition, the mu-opioid receptor is responsible for many of the 

unwanted side effects of these analgesics, including tolerance and dependence.  In mu 

opioid receptor knock-out mice, morphine does not produce antinociception or physical 

dependence (Matthes et al., 1996). 

Chronic treatment with the nonselective opioid receptor antagonists naloxone or 

naltrexone increase the density of opioid receptors in cell culture and in vivo models 

(Zukin and Tempel, 1986; Zadina et al., 1994; Unterwald et al., 1995).  Studies have 

demonstrated that mu-, delta- and kappa- opioid receptor densities are all  increased 
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following repeated opioid receptor antagonist treatment, although mu-opioid receptors 

are of the largest magnitude (Yoburn et al., 1995).  In addition, the analgesic potency of 

opioid agonists is increased following repeated opioid receptor antagonist treatment 

(Tempel et al., 1985; Yoburn et al., 1985).   

The coupling of opioid receptors to G proteins is also altered following repeated 

antagonist treatment.  Mice have increased activation of G proteins by mu opioid receptor 

agonists within the spinal cord following repeated naloxone treatment (Narita et al., 

2001).  In a separate study, an increase in mu opioid receptor inhibition of adenylyl 

cyclase was observed in mice following repeated naltrexone administration (Cote et al., 

1993).  These results suggest that repeated treatment with opioid receptor antagonists 

sensitize animals to opiate agonists via increases in opioid receptor density and increased 

G protein coupling.   

Evidence suggests that opioid receptors play an important role in the behavioral 

effects of cocaine.  Naloxone and naltrexone can reduce the rewarding effects of cocaine 

in animal models of drug reinforcement (Bain and Kornetsky, 1987; Bilsky et al., 1992).  

In addition, naloxone can attenuate cocaine induced hyperactivity (Houdi et al., 1989; 

Kim et al., 1997).  An evaluation of the effect of repeated CTAP administration on 

cocaine-induced hyperactivity, mu opioid receptor density and signalling is important for 

understanding the effect that repeated antagonist administration has on mu opioid 

receptors.   

The present study sought to determine whether repeated administration of the 

selective mu opioid receptor antagonist, CTAP, would increase mu opioid receptor 

density and agonist stimulated G-protein coupling. CTAP is a 7 amino acid synthetic 
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peptide with high selectivity for the mu opioid receptor (Pelton et al., 1986; Kramer et al., 

1989).  In addition, this study sought to determine whether repeated CTAP administration 

would sensitize animals to the locomotor stimulating effects of cocaine. Our hypothesis 

was that repeated CTAP administration would cause an increase in mu opioid receptor 

density and agonist-stimulated G-protein coupling.  As a result, we expected to see that 

animals were sensitized to the locomotor effects of cocaine.  Results demonstrate that 

repeated CTAP treatment sensitized animals to the locomotor effects of cocaine and that 

this sensitization occurs in conjunction with an increase in mu opioid receptor density 

within the nucleus accumbens core and shell.  Ultimately, this work will contribute to a 

better understanding of the molecular changes that occur following repeated opioid 

receptor antagonist treatment. 

 

Materials and Methods 

Drugs 

Cocaine HCl was generously provided by the National Institute on Drug Abuse, 

dissolved in sterile saline, and injected intraperitoneally (i.p.) in a dose of 15 mg/kg and a 

volume of 1 ml/kg body weight.  The dose is based on the weight of the salt.  D-Phe-Cys-

Tyr-D-Trp-Arg-Thr-Pen-Thr (CTAP) was obtained from Sigma, dissolved in sterile 

saline, and 4 µg in 5 µl was administered icv. 

 

Animals and surgery 

All animal procedures were approved by Temple University’s Institutional 

Animal Care and Use Committee and followed guidelines set forth in the NIH’s Guide 
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for the Care and Use of Laboratory Animals. Male Sprague Dawley rats (approximately 

60 days old) were obtained from Charles River Laboratory (Raleigh, NC), maintained on 

a 12-hour light/dark cycle (lights on 6 AM), and had ad libitum access to standard food 

and water.  Animals were single housed for the duration of the experiments.  

Approximately one week after arrival at our facility, animals underwent surgery for 

placement of a chronic indwelling icv cannula.  Rats were anesthetized with Telazol (Fort 

Doge Animal Health; tiletamine 20 mg/kg + zolazepam 20 mg/kg) ip and placed into a 

stereotaxic frame.  The skull was exposed and a cannula made from polyethylene tubing 

(Becton Dickenson, Franklin Lakes, NJ-inside/outside diameter=0.28/0.61mm) was 

inserted 4.0 mm below the surface of the skull 0.9 mm posterior and 1.4 mm lateral to 

bregma such that the tip of the cannula terminated in the right lateral ventricle.  The 

cannula was secured to the skull with dental acrylic anchored to a stainless steel surgical 

screw inserted into the skull.  Animals were allowed to recover from surgery for three to 

five days prior to the start of the experiment.  Cannula placements were verified at the 

conclusion of the experiment by histology. 

 

Locomotor activity and sensitization 

Three to five days following implantation of icv cannula, drug administration and 

behavioral measures began.  Activity was measured using a Digiscan D Micro System 

(Columbus Instruments, Columbus, OH).  Each activity monitor consists of an aluminum 

frame equipped with 16 infrared light beams and detectors, within which a standard clear 

plastic animal cage (21 X 21 X 42 cm) is placed.  As the animal moves about the 

chamber, the beams are broken and recorded by a computer interfaced to the monitors. 
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Thus, activity counts reflect ambulatory activity, as well as rearing and grooming.  

Animals were placed in the chambers, and 10 minutes later they received an icv infusion 

of CTAP, 4 µg/5 µl, or saline, 5 µl, over 60 seconds.  Twenty minutes after the icv 

injection, saline 1 ml/kg was administered ip.  Activity was recorded for 60 minutes 

following the ip injection of saline.  This procedure was repeated at the same time each 

day (beginning at 10 AM) for 5 consecutive days.  Subsequent to the 5 daily saline 

injections, animals were left unhandled for 9 days.  On the 15th day of the study, all 

animals received an ip injection of cocaine, 15 mg/kg, and activity was measured for 60 

minutes.  No icv injections were given on day 15.   

 Mean + SD activity counts were calculated for each 10 minute period for each 

treatment group on days 1-5 and 15 of the study (N=8-11 per treatment group).  Activity 

versus time was plotted.  Data were analyzed by unpaired t-tests.   

 

Preparation of Brains for Mu Opioid Receptor Quantitation and GTPγγγγS Binding 

Three to five days following implantation of icv cannula, drug administration and 

behavioral measures began.  Experimental procedures were identical to those outlined for 

the locomotor activity and behavioral sensitization experiments with the exception that 

on day 15, drug-free animals were exposed to CO2 for 15 seconds and decapitated in an 

unconscious state.  Brains were rapidly removed and frozen by immersion in 2-

methylbutane (-30oC) and stored at -30oC prior to sectioning in a cryostat.  15 uM coronal 

sections were made throughout the striatum and thaw mounted on Superfrost-Plus 

Microslides (VWR, Pennsylvania).  Slides were air dried on ice for 20 minutes before 

being stored at -30oC for 2 days in a vacuum desiccator. Sections for the striatum were 
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chosen between A/P +2.0 and +1.8 from bregma according to Paxinos and Watson (6th 

edition, 1986).  Sections were used for mu opioid receptor quantitation and DAMGO-

stimulated [35S]GTPγS binding experiments. 

 

Mu Opioid Receptor Quantitation 

Mu opioid receptor quantitation was measured using in vitro receptor 

autoradiography.  Ten sections for total binding and ten sections for non-specific binding 

from the striatum were used for 3H-DAMGO radioligand binding studies for each animal.  

Sections were thawed at room temperature for 2 minutes prior to incubation with 5 nM 

3H-DAMGO (Amersham Biosciences, New Jersey) in 50 mM Tris pH 7.4 (total binding) 

or 5 nM 3H-DAMGO and 5 µM naloxone in 50 mM Tris pH 7.4 (nonspecific binding) for 

10 minutes on ice.  Sections were washed 6x20 seconds in ice cold 50 mM Tris pH 7.4 

and dried under a cold stream of air.  Labeled sections were exposed to tritium-sensitive 

film (Biomax MR, Kodak, New York) along with tritium standards (Amersham, 

Piscataway, NJ) for 14 weeks.  Films were analyzed for optical density using an 

AISTM/C Analytical Imaging System (Imaging Research, St. Catherines, Ontario, 

Canada) and converted to fmol of radioligand bound per mg of tissue by reference to the 

tritium standards.  The mean values from the left and right regions of each brain region 

were obtained for every section.  Eight to ten sections per brain region per animal were 

analyzed.  Specific radioligand binding was calculated by subtracting nonspecific binding 

from total binding.  Mean radioligand binding values for each brain region were 

determined using the data from four animals per treatment group.  Data were analyzed by 

unpaired t-tests.   
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DAMGO-Stimulated [35S]GTPγγγγS Binding 

 The protocol for in situ [35S]GTPγS binding was adapted from Sim et al. (1995).  

Sections were thawed at room temperature for 5 min, followed by incubation in assay 

buffer (50 mM Tris HCL, 3 mM MgCl2, 0.2 mM EGTA, and 100 mM NaCl, pH 7.4) for 

10 min at 25oC.  Sections were then pretreated in assay buffer + 2 mM GDP at 25oC for 

15 min.  Slides containing adjacent sections were incubated for 2 h at 25oC in one of the 

following conditions:  Basal binding was assessed by incubating slides in assay buffer + 

0.04 nM [35S]GTPγS + 2 mM GDP.  Total binding was assessed by incubating slides in 

assay buffer + 0.04 nM [35S]GTPγS.  Slides processed for nonspecific binding were 

incubated in assay buffer + 0.04 nM [35S]GTPγS + 2 mM GDP + 10 µM GTPγS.  Slides 

processed for agonist-stimulated binding were incubated in assay buffer + 0.04 nM 

[35S]GTPγS + 2 mM GDP + 5 µM DAMGO [D-Ala2, N-Me-Phe4, Gly-ol5]enkephalin.  

Following the 2 h incubation, sections were washed in ice-cold buffer followed by 

distilled water.  Slides were dried under a stream of cold air and apposed to 35S sensitive 

film (βmax Hyperfilm; Amersham, Arlington Heights, IL) together with 14C standards 

(Amersham) for 3 days.  Films were analyzed for optical density using an AISTM/C 

Analytical Imaging System (Imaging Research, St. Catherines, Ontario, Canada) and 

quantified using 14C standards.  For each brain region analyzed, agonist-stimulated 

activity was calculated by first subtracting the optical density of nonspecific sections 

from the optical density of agonist-stimulated and basal binding sections.  Agonist-
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stimulated activity was then expressed as a percentage of basal [35S]GTPγS binding.  For 

each animal, quadruplicate sections were used.  Data were analyzed by unpaired t-tests.   

 

Results 

Locomotor activity and sensitization 

The ability of repeated CTAP administration to sensitize animals to the locomotor 

effects of cocaine was measured using activity monitors.  The total of the mean 

activity counts (60 min total) for animals in each experimental group on days 1 

through 5 and 15 are displayed in figure 4.1.  Unpaired t tests were performed 

between the groups for days 1 through 5 and 15.  These results show a significant 

increase in cocaine induced locomotor activity on day 15 in animals that received 

repeated icv CTAP administration [t(17)=8.194, P<0.0001].  There was, however, no 

difference in locomotor activity on days 1 through 5 between groups of animals 

receiving icv saline or CTAP [t(8)=0.37, P=0.7203].  These results show that animals 

previously exposed to CTAP show higher activity in response to a subsequent cocaine 

injection than those previously injected with saline. 

 

Mu opioid receptor quantitation 

Coronal brain sections through the striatum of animals receiving repeated CTAP 

or saline administration were used for quantitation of mu opioid receptors by the 3H-

DAMGO binding assay.  Figure 4.2 shows representative regions in which 3H-

DAMGO binding was measured.  Figure 4.3 shows representative total and non-

specific binding sections from both the saline icv and CTAP icv groups.  The data 
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Figure 4.1:  Cocaine-Induced Activity Following Pretreatment With Either 

Saline or CTAP icv.   

On days 1 through 5, animals were placed in activity monitoring chambers, and 

10 minutes later they received an icv infusion of CTAP, 4 µg/5 µl, or saline, 5 µl, 

over 60 seconds.  Twenty minutes after the icv injection, saline 1 ml/kg was 

administered ip.  Activity was recorded for 60 minutes following the ip injection of 

saline.  Subsequent to the 5 daily saline injection, animals were left unhandled for 9 

days.  On the 15th day of the study, all animals received an ip injection of cocaine, 15 

mg/kg, and activity was measured for 60 minutes. No icv injections were given on 

day 15.  Data are presented as mean (±SD). (N=11 animals/group) 
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Figure 4.2:  Coronal Brain Section with Representative Highlighted Regions of 

Mu Opioid Receptor Quantitation.  Although means from the left and right 

hemisphere for each region of interest were obtained, only regions in the right 

hemisphere are highlighted in this figure.  The distance of each section from bregma is 

given in millimeters (Paxinos and Watson, 1986).  NAcc=nucleus accumbens 
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Figure 4.3:  Effects of CTAP on Mu Opioid Receptor Quantitation 

Total and non-specific 3H-DAMGO binding are shown for both the sal/sal (A) and 

CTAP/sal (B) groups.   
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Figure 4.4:  Effects of CTAP on DAMGO Stimulated GTPγγγγS Binding.    

Representative in situ [35S]GTPγS binding.  Basal binding, nonspecific binding and 

agonist-stimulated (+ 3H-DAMGO, 5 µm) binding sections are shown for both the 

sal/sal (C) and CTAP/sal (D) groups. NS=Non-Specific, T=Total, Bas=Basal, 

DS=DAMGO-Stimulated 
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Figure 4.5:  Mu Opioid Receptors were Measured Using In Vitro Receptor 

Autoradiography.  Eight sections for total binding and eight sections for non-

specific binding throught the striatum from each animal were used for 3H-DAMGO 

radioligand binding studies.  Optical density from imaged films was converted to 

fmol of radioligand bound per mg of tissue by reference to the tritium standards.  

Specific radioligand binding was calculated by subtracting nonspecific binding from 

total binding.  Mean radioligand binding values for each brain region were 

determined using the data from four animals per treatment group.  Data were 

analyzed by unpaired t-tests.  Data are presented as mean (±SD). (N=4 

animals/group) 
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displayed in Fig. 4.5 represent the mean (+ SD) of 3H-DAMGO binding within the 

striatum.  Results show a significant increase in 3H-DAMGO binding in CTAP 

treated animals within the nucleus accumbens core and shell.  Results, analyzed by 

unpaired t-tests show that repeated icv CTAP administration increased 3H-DAMGO 

binding in the nucleus accumbens core [t(6)=3.790, P=0.0091], and nucleus 

accumbens shell [t(6)=3.094, P=0.0213], but not in the caudate putamen [t(6)=1.395, 

P=0.2124], olfactory tubercle [t(6)=2.055, P=0.0857], cingulate cortex [t(6)=1.943, 

P=0.1001], or motor cortex [t(6)=2.419, P=0.0519].  These results indicate that 

repeated icv CTAP administration up-regulates mu opioid receptors within the 

nucleus accumbens core and shell.   

 

DAMGO-Stimulated [35S]GTPγγγγS Binding 

[35S]GTPγS autoradiography was used to evaluate mu opioid receptor activation 

of G-proteins in the striatum of rats that received repeated saline or CTAP 

administration.  Figure 4.2 shows representative regions in which [35S]GTPγS 

autoradiography was measured.  Figure 4.4 shows representative basal, total and non-

specific sections from both the sal/sal and CTAP/sal groups.  The data displayed in 

Fig. 4.6 represent the mean (+ SD) of agonist-stimulated activity as a percentage of 

basal [35S]GTPγS binding for each brain region.  Significant differences between 

[35S]GTPγS binding in the CTAP/sal over sal/sal group was not observed in any brain 

region studied.  Results show no significant difference between animals receiving 

repeated icv administration of CTAP vs saline in the caudate putamen [t(6)=0.7339,  
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Figure 4.6:  In Situ DAMGO-stimulated [35S]GTPγγγγS Binding.  Sections for basal 

binding, total binding, nonspecific binding and agonist-stimulated binding were 

apposed to 35S sensitive film and analyzed for optical density against 14C standards.  

For each brain region analyzed, agonist-stimulated activity was calculated by first 

subtracting the optical density of nonspecific sections from the optical density of 

agonist-stimulated and basal binding sections.  Agonist-stimulated (+ 3H-DAMGO, 5 

µm) binding was then expressed as a percentage of basal [35S]GTPγS binding.  For 

each animal, quadruplicate sections were used.  Data were analyzed by unpaired t-

tests.  Data are presented as mean (±SD). (N=4 animals/group) 
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P=0.4907], nucleus accumbens core [t(6)=1.245, P=0.2596], nucleus accumbens shell 

[t(6)=0.8647, P=0.4204], olfactory tubercle [t(6)=0.5715, P=0.5884], cingulate cortex 

[t(6)=0.8936, P=0.4060], or motor cortex [t(6)=1.126, P=0.3031].  These results 

indicate that mu opioid receptor activation of G-proteins in the striatum is not altered 

in rats receiving repeated administration of CTAP. 

 

Discussion 

Several studies have shown that repeated administration of non-selective opioid 

receptor antagonists result in an upregulation of mu opioid receptors (Yoburn, 1988; 

Unterwald et al., 1995) and this upregulation is associated with increased behavioral 

responses (Yoburn et al., 1986; Volterra et al., 1984b).  The findings of this study 

show that repeated administration of the selective mu opioid receptor antagonist, 

CTAP, sensitizes animals to the locomotor effects of cocaine.  This study also shows 

that this sensitization occurs in conjunction with an increase in mu opioid receptor 

density within the nucleus accumbens core and shell.  Previous studies have shown 

that chronic administration of non-selective opioid receptor antagonists results in 

functional supersensitivity to opioids (Millan et al., 1988; Cote et al., 1993).  Our 

present results indicate that repeated treatment with the selective mu opioid receptor 

antagonist, CTAP, results in supersensitivity to the locomotor effects of cocaine 

(Figure 4.1).  Animals injected with icv CTAP or saline for five consecutive days 

show no difference in basal locomotor activity.  However, following the first 

exposure to cocaine on day 15, a significant increase in cocaine-induced locomotion 
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was seen in the CTAP treated group.  To determine the mechanism causing this 

cocaine-induced hyperlocomotion, we looked for up-regulation of mu opioid receptor 

density and agonist-stimulated G-protein coupling within the striatum.   

Mu opioid receptor density was measured by quantitative in vitro receptor 

autoradiography.  For our studies, we chose to measure mu opioid receptor density 

within the rostral aspects of the striatum as previous studies have shown that mu 

opioid receptor density is greatest in the rostral vs caudal striatum (Unterwald et al., 

1998).  Antagonist-induced mu opioid receptor up-regulation is a well established 

phenomenon.  Previous studies have shown an increase in opioid receptors following 

chronic administration of naloxone or naltrexone (Morris et al., 1988; Unterwald et 

al., 1998).  These antagonist studies have shown increased mu opioid receptor density 

within the nucleus accumbens.  Results of this study show a significant increase in 

3H-DAMGO binding within the nucleus accumbens core and shell, suggesting an 

increase in mu opioid receptor density.  This increase, however, may be due to an 

increase in the proportion of receptors in the active binding conformation, rather than 

an increase in receptor number.  Unterwald et al. (1998) have used a semiquantitative 

immunohistochemical assay to show that chronic naltrexone administration increases 

both receptor density and in some brain regions, the active conformation of the mu 

receptor.  Additional studies are needed to determine whether CTAP induced 

increases in 3H-DAMGO binding are due to increases in mu opioid receptor density 

or increases in the active conformation of the receptor.   

Results from this study, however, failed to see significant increases in 3H-

DAMGO binding within other brain regions studied.  These results were unexpected 
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as previous studies by Unterwald et al. (1995) showed a significant increase in mu 

receptor binding in brain homogenates from rats treated chronically with naltrexone.  

In this study, a 7-day infusion of naltrexone significantly upregulated mu opioid 

receptor binding in the rat brain without altering mRNA levels.  These results suggest 

that posttranscriptional mechanisms are responsible for this upregulation.  One 

potential explanation for the difference between naltrexone and CTAP in mu opioid 

receptor upregulation is the fact that naltrexone can act as a molecular chaperone. 

Previous studies show that antagonist-induced upregulation in opioid receptor 

number is associated with increased functional responses (Volterra et al., 1984b; 

Yoburn et al., 1986).  In order to elucidate the mechanism causing cocaine-induced 

hyperlocomotion seen in this study, we measured mu receptor agonist-stimulated G-

protein coupling throughout the striatum.  Measurements were performed using 

DAMGO-stimulated in situ [35S]GTPγS binding.  Results show no significant 

difference in DAMGO-stimulated in situ [35S]GTPγS binding between animals 

injected with saline and CTAP.  An up-regulation of mu opioid receptor density by 

chronic naltrexone treatment has been reported to correlate with increased sensitivity 

to agonist induced inhibition, suggesting altered receptor/G-protein coupling (Tempel 

et al., 1985).  In addition, chronic naltrexone enhances the efficacy of mu opioids in 

inhibiting adenylyl cyclase activity (Cote et al., 1993).  A reason for the lack of 

significant difference between treatment groups may be due to the sample size used 

for this study.  There is a trend for increased DAMGO-stimulated in situ [35S]GTPγS 

binding within all brain regions studied for the CTAP treated group.  Increasing the 

number of animals used in this study may result in a significant increase.  A power 
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analysis determined a minimum of 15 animals, depending on the brain region studied, 

would be needed to see significance. 

The results of this study indicate that repeated administration of CTAP results in 

sensitization to the locomotor effects of cocaine.  This sensitization occurs in 

conjunction with an increase in mu opioid receptor density within the nucleus 

accumbens core and shell.  This behavioral sensitization and increase in mu opioid 

receptor density agrees with previous studies using repeated naloxone and naltrexone 

administration.  It does not agree, however, with previous studies showing that mu 

opioid receptor levels returned to basal levels 7 days after antagonist administration 

ceased.  The fact that we are seeing elevated mu opioid receptor binding 9 days after 

the last administration of CTAP may be due to either the concentration of CTAP used 

or the antagonist itself.  This study shows that selective antagonism of mu opioid 

receptors results in the up-regulation of mu receptors.   

The mechanism of this upregulation is unknown.  It is unlikely that this 

upregulation is due to increased mRNA expression as previous studies showing mu 

opid receptor upregulation following naltrexone treatment did not show any 

difference (Unterwald et al., 1995).  One other possibility for increased mu opioid 

receptor levels includes inhibition of receptor turnover by CTAP.  Followng agonist 

binding, mu opioid receptors are internalized and degraded (Law et al., 1985). 

Inhibition of endogenous ligand binding by CTAP may decrease receptor turnover, 

resulting in an accumulation of mu receptors on the cell membrane.  Further 

experiments are necessary to determine the exact mechanism of increased mu opioid 

receptor density. 
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GENERAL DISCUSSION 

The results presented in this dissertation indicate a role of mu opioid receptors in 

cocaine-induced behaviors.  Specifically, this research identified the anatomical 

location of mu opioid receptors involved in cocaine-induced hyperactivity and reward.  

In addition, this research suggests the time- and dose-dependent occupancy of mu 

opioid receptors by endogenous ligands following cocaine administration and identified 

a role of dopamine D2 receptors in this effect.  Finally, results outlined in this 

dissertation show that repeated administration of the selective mu opioid receptor 

antagonist, CTAP, sensitizes animals to the locomotor effects of cocaine.  This 

sensitization occurs in conjunction with increased mu opioid receptor density within the 

nucleus accumbens core and shell. 

Previous work by our lab has demonstrated that i.c.v. administration of the 

selective mu opioid receptor antagonist, CTAP, attenuated cocaine-induced reward in 

the rat (Schroeder et al., 2007).  The current work found that animals pre-treated with 

CTAP into the nucleus accumbens core or rostral VTA, but not the caudal VTA, 

caudate putamen or medial nucleus accumbens shell, during conditioning with 

cocaine showed an attenuation of the development of cocaine-induced place 

preference.  In contrast, CTAP injected into the nucleus accumbens shell but not the 

core attenuated the expression of cocaine place preference.  We also assessed the 

effect of CTAP on cocaine-induced hyperactivity.  Intra-nucleus accumbens core, 

caudate putamen or caudal VTA CTAP significantly attenuated cocaine-induced 

hyperactivity (Soderman and Unterwald, 2008).   
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Dopamine neurons within the VTA project to the nucleus accumbens and this 

mesolimbic dopamine system is a critical component of the endogenous reward 

circuitry.  The shell receives glutamatergic input from the hippocampus, amygdala 

and prefrontal cortex (Heimer et al., 1997).  The core of the nucleus accumbens has a 

high proportion of GABAergic medium spiny neurons that project to the VTA 

(Kalivas et al, 1993).  The results of the present study demonstrate that mu receptors 

in the core and the shell of the nucleus accumbens are selectively important for the 

development and expression of cocaine place preference respectively.   

Our current results can be explained by the hypothesis that cocaine causes the 

release of endogenous opioid peptides that activate mu opioid receptors in the nucleus 

accumbens and VTA.  Mu opioid receptors are located on medium spiny neurons in 

the accumbens and on GABAergic interneurons in the VTA (Johnson and North, 

1992a).  Activation of mu opioid receptors inhibits GABA release in the VTA, thus 

disinhibiting mesolimbic dopamine neurons and increasing dopamine outflow in the 

nucleus accumbens.   

Mu opioid receptors within the shell of the nucleus accumbens are not necessary 

for the development of cocaine-induced place preference, but are necessary for the 

expression of this preference.  This may be due to the shift from nucleus accumbens 

core-dependent establishment of behaviors to nucleus accumbens shell directed 

stimulus-response habits and may increasingly involve inputs from the hippocampus, 

amygdala and prefrontal cortex into the shell of the nucleus accumbens.   

In addition, we looked at neuronal activation during the expression of cocaine-

induced place preference and found that the number of cFos positive cells was 
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increased in the motor cortex, medial and ventromedial aspects of the nucleus 

accumbens shell, basolateral amygdala and caudal VTA, and this increase was 

attenuated in the animals that received intra-accumbens core CTAP during daily 

cocaine conditioning (Soderman and Unterwald, 2008).   These results suggest that 

these brain regions are activated during and involved in the expression of cocaine 

place preference. 

These data suggests that cocaine is causing the release of endogenous opioid 

peptides within the nucleus accumbens, caudate putamen and VTA, which bind and 

activate mu opioid receptors and contribute to the behavioral effects of cocaine. Our 

results demonstrate that cocaine administration caused a time-dependent displacement 

of mu opioid receptor binding by 3H-DAMGO within the nucleus accumbens core 

and shell.  This displacement was attenuated by pretreatment with a selective D2 

dopamine receptor antagonist.  These results suggest that cocaine, acting via D2 

dopamine receptors, causes the release of an endogenous opioid peptide that binds to 

mu opioid receptors within the nucleus accumbens core and shell. 

Additional results outlined in the dissertation show that repeated pre-treatment 

with the selective mu opioid receptor antagonist CTAP sensitizes rats to the 

locomotor effects of cocaine.  In addition, this research showed that this sensitization 

occur in conjunction with an increase in mu opioid receptor density but not mu opioid 

receptor agonist-stimulated G-protein coupling within the nucleus accumbens core 

and shell.  These results showing increased receptor number are not surprising as 

repeated treatment with non-selective opioid receptor antagonists increase the density 

of mu opioid receptors in many model systems (Morris et al., 1988; Unterwald et al., 
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1998).  In addition, repeated opioid receptor antagonist treatment sensitizes animals 

to the locomotor effects of psychostimulants (Schroeder et al., 2007).  

Overall, this research has demonstrated that mu opioid receptors specifically are 

involved in several behavioral effects of cocaine.  This research has identified the 

anatomical location of these receptors.  This research has developed a better 

understanding of the importance of mu opioid receptors in the behavioral effects of 

cocaine and defined the neuronal connections involved in the expression of cocaine 

reward.  These results, outlined in figure 4.6, further define the involvement of the 

mesolimbic dopamine pathway to show that dopamine neurons with dopamine 

projections to the shell of the nucleus accumbens have afferents from the rostral VTA 

that are involved in cocaine-induced reward.  Cocaine administration causes 

increased dopamine levels within the shell of the nucleus accumbens.  This increased 

dopamine binds to and activates dopamine D2 receptors.  It is hypothesized that this 

activation inhibits GABAergic inhibitory neurons that project to the hypothalamus.  

Inhibition of these GABAergic neurons causes activation of POMC-containing 

neurons within the arcuate nucleus of the hypothalamus.  Activation of the POMC 

arcuate neurons results in beta-endorphin outflow within the core of the nucleus 

accumbens.  The released beta-endorphin binds to and activates mu opioid receptors 

located on GABAergic medium spiny neurons within the core of the nucleus 

accumbens.  These medium spiny neurons, which project to the VTA and inhibit the 

mesolimbic dopamine neurons, are inhibited.  The inhibition of these inhibitory  
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Figure 4.6 Key Neuronal Circuits Linked to the Pharmacology of Cocaine 

A sagittal rat brain section showing multiple pathways involved in the rewarding 

actions of cocaine.  Abbreviations: AMG=amygdala, NAcc=nucleus accumbens, 

VTA=ventral tegmental area 
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GABAergic neurons disinhibits mesolimbic dopamine neurons, thus resulting in 

additional dopamine outflow in the nucleus accumbens shell. 

Of clinical significance, this research has expanded previous knowledge to show 

that blocking mu opioid receptors specifically could have a significant effect on 

blocking cocaine reward.  This research has also identified a potential therapeutic 

target of blocking dopamine D2 receptors specifically in modifying the rewarding 

aspects of cocaine.  

 

Future Direction 

In terms of future direction, it would be useful to look for additional anatomical 

locations of mu opioid receptors involved in the development and expression of 

cocaine-induced reward.  For the development studies, brain regions of interest would 

include the amygdala and the olfactory tubercle as previous studies have shown that 

these brain regions play a role in the rewarding effects of cocaine (Brown and Fibiger, 

1993; Ikemoto, 2003).  For the expression studies, regions that showed cFos up-

regulation during the expression of cocaine-induced place preference in this research, 

and would be of interest, include the amygdala, caudal VTA and the olfactory tubercle.  

Previous studies have shown that these regions are involved in other aspects of cocaine 

reward (Sellings et al., 2006; Ward and Roberts, 2007). 

It would also be of interest to study the role of mu opioid receptors in cocaine 

reinstatement.  Selective blockade of mu opioid receptors before drug priming, stress or 
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cue elicited reinstatement is important to understand the involvement of mu receptors in 

this reinstatement process.  The delivery of the selective mu opioid receptor antagonist 

into the nucleus accumbens, VTA or amygdala, would lead to a better understanding of 

the similarities or differences in neuronal mechanisms and pathways involved in this 

process.  I would suggest conditioning animals to cocaine as outlined in Chapter 2 of 

this dissertation and then extinguishing their preference through 8-12 consecutive days 

of saline injections.  Although not outlined in this dissertation, I have found that 8-12 

days of saline injections is adequate to remove any preference for the cocaine-paired 

side of the conditioning chamber.  Before a priming injection of cocaine (1-2 mg/kg), I 

would administer saline or CTAP (0.5 µg/0.5 µl/side) into the nucleus accumbens shell, 

core or amygdala.  I hypothesize that blocking mu opioid receptors within the nucleus 

accumbens shell or amygdala would block cocaine-primed reinstatement.  As this study 

is a more relevant model for human relapse to drug taking, this result would be of high 

clinical importance and interest.   

Identifying similarities and differences in the development of cocaine reward and 

other types of reward would also be of interest, specifically, the role of mu opioid 

receptors in food-induced place preference.  The mesocorticolimbic pathway has been 

shown to play a role in psychostimulant, ethanol, nicotine and natural reward (food and 

sex).  Understanding the role of mu opioid receptors in food induced reward is 

important to determine similarities in signaling between various rewarding substances.  

I would suggest using a conditioning paradigm similar to that outlined in Chapter 2 of 

this dissertation.  I would hypothesize that additional pairings with the food would be 

required to establish a place preference similar to what is seen with cocaine.  I 
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hypothesize that blockade of mu opioid receptors within the nucleus accumbens core 

during food conditioning would also attenuate food place preference.  Identifying the 

role of mu opioid receptors in food reward and reward for other drugs of abuse would 

be of high clinical importance.  If mu opioid receptors are similarly important in these 

additional types of reward, then similar therapies treating multiple rewarding drugs 

could be developed.  Understanding how a potential therapeutic might affect natural 

rewards such as food could be important for developing treatments for overeating.  

Results in this dissertation show that cocaine causes the time-dependent 

displacement of 3H-DAMGO, suggesting that cocaine causes the release of an 

endogenous opioid peptide, which binds to mu opioid receptors.  The endogenous 

peptide being released and binding to mu opioid receptors, however, is not 

characterized in this research.  It would be interesting to characterize this peptide.  

Cocaine has been shown to increase β-endorphin levels in the nucleus accumbens 

(Olive et al., 2001; Roth-Deri et al., 2003).  In addition, met- and leu-enkephalin as 

well as dynorphin are highly expressed in the nucleus accumbens (Hurd et al., 1992; 

Morris et al., 1989). We hypothesize that the opioid peptide occupying mu opioid 

receptors within the nucleus accumbens is beta-endorphin as previous studies failed 

to see increases in dynorphin or enkephalin peptide or mRNA levels in this region 

following acute administration of cocaine within the time period of this study (<30 

min) (Sivam, 1989; Andrea et al., 1992; Hurd et al., 1992). 

 

Finally, it would be interesting to continue the work involving mu receptor G-

protein coupling following repeated CTAP administration.  Results outlined in this 
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dissertation show that repeated CTAP administration sensitizes animals to the 

locomotor effects of cocaine.  This sensitization occurs in conjunction with increased 

mu opioid receptor density but not G-protein coupling.  However, a trend towards an 

increase in G-protein coupling is seen for every brain region measured for CTAP 

treated animals.  Increasing the number of animals from 4 to 8 or 12 per group may 

show significance.  Previous studies in mice have shown increased activation of G 

proteins by mu opioid receptor agonists following chronic naloxone treatment (Narita et 

al., 2001).  In a separate study, an increase in inhibition of adenylyl cyclase with a mu 

opioid agonist was observed in mouse brain sections following chronic naltrexone 

administration (Cote et al., 1993).  Although these studies were performed in mice, we 

expected to see similar results in the results outlined in this dissertation. 

Overall, this dissertation has provided evidence for the specific role of mu opioid 

receptors in the behavioral effects of cocaine, including cocaine induced reward and 

hyperactivity.  In addition, research performed during this dissertation has identified 

neuronal pathways that are activated during the expression of cocaine place preference.  

This research has shown a time-course of 3H-DAMGO displacement within various 

brain regions of the mesolimbic dopamine reward pathway following cocaine 

administration and shown that this displacement can be attenuated by pre-treatment 

with a dopamine D2 receptor antagonist.  This suggests a dopamine dependant action 

on the release and binding of opioid peptides to mu opioid receptors.  Finally, this 

research has illustrated the sensitizing actions of a selective mu opioid receptor 

antagonist and tied these actions to increased receptor numbers.  I believe that these 

finding have made a significant contribution to the current knowledge surrounding 
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opioid receptor pharmacology, but acknowledge that additional studies are needed to 

corroborate these findings.  Potential future studies to aid in further understandings are 

outlined herein and their hypothesized results are explained.  An area that I feel is of 

great pharmacological and mechanistic relevance in understanding opioid receptor 

actions, and one that is only beginning to be explored, is that of receptor dimerization.  

Specifically, opioid-opioid and opioid-dopamine receptor heterodimerization needs to 

be considered and studied when evaluating the roles of agonists and antagonists in 

future studies. 
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