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ABSTRACT 
 
 
 

THE INVESTIGATION OF NITRIC OXIDE-DEPENDENT MECHANISMS OF 
COCAINE-INDUCED PLACE PREFERENCE AND MU OPIOID RECEPTOR 

EXPRESSION 
 
 
 

Rachel-Karson Thériault                                                       Advisors: Dr. Bettina Kalisch and 
University of Guelph, 2017                                                                             Dr. Francesco Leri 
 
 
 

Cocaine administration increases both mu opioid receptor (MOR) expression and nitric 

oxide (NO) production in brain areas associated with reward. This thesis explores the effect of 

acute and ‘subchronic’ cocaine administration on MOR and neuronal NO synthase (nNOS) 

expression, and the role of NO in cocaine reward and the cocaine-mediated expression of MOR 

and nNOS in rats. Acute cocaine (20 mg/kg) administration increased MOR and nNOS mRNA 

and protein expression in the nucleus accumbens (NAc), within 72 hours. Following 4 days of 

conditioning, cocaine (20 mg/kg) produced a conditioned place preference (CPP) and an increase 

in MOR mRNA in the rat NAc. Both effects were attenuated in rats pre-treated with the nNOS 

inhibitor, 7-nitroindazole (7-NI) (25 mg/kg and 50 mg/kg). Taken together, these results indicate 

that acute cocaine administration modulates MOR and nNOS expression at the transcriptional 

and translational level, and that nNOS plays a role in both cocaine CPP and the cocaine-induced 

MOR mRNA expression. 
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Introduction 
 

Drug addiction is a chronically relapsing disorder characterized by the compulsion to 

seek drugs and the loss of control over drug intake, despite the associated negative consequences 

(Koob et al., 2004; Koob & Volkow, 2009). One of the most abused and addictive illicit drugs is 

cocaine. Over the last few decades, substantial evidence has demonstrated that cocaine induces 

long-term neuroadaptations in the brain that persist following prolonged drug abstinence, and 

that these regulatory changes contribute to the transition from drug abuse to addiction (Koob & 

Volkow, 2009; Pierce & Kumaresan, 2006). These persistent physiological changes in the brain 

likely underlie the relapsing nature of cocaine addiction as well (Kreek et al., 2012; Nestler, 

2005).  

 One key neuroadaptation is the cocaine-induced increase in mu opioid receptor (MOR) 

mRNA levels (Azaryan et al., 1998; Leri et al., 2006; 2009), binding (Azaryan et al., 1996; 

Unterwald, 1992) and activation (Bailey et al., 2007; Schroeder et al., 2003) in the brain-reward 

circuitry, which persists long after cocaine use has ceased. This cocaine-induced MOR 

expression has been reported to mediate cocaine-induced sensitization, self-administration, and 

conditioned reward (Corrigall & Coen, 1991; Houdi et al., 1989; Hummel et al., 2006; Kim et 

al., 1997; Leri et al., 2006; 2009; Ramsey et al., 1999; Schroeder et al., 2007; Soderman & 

Unterwald, 2007), and is positively correlated with self-reported levels of cocaine craving 

(Gorelick et al., 2005) and impulsivity in human addicts (Love et al., 2009). However, the exact 

mechanism by which cocaine increases MOR expression remains unknown.  
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 Cocaine administration also has been shown to increase nitric oxide (NO) efflux in the 

brain (Lee et al., 2010; Lee et al., 2011; Sammut & West, 2008); an effect that may underlie 

processes necessary for drug reward and the development of drug addiction (Itzhak, 1996; Liddie 

et al., 2013). Previous studies have demonstrated that the NO efflux induced by cocaine plays a 

significant role in drug conditioned reward (Itzhak, 1998), the reconsolidation of drug-associated 

memories (Itzhak & Anderson, 2007; Shen et al., 2012), and oxidative stress resulting from 

cocaine use (Vitcheva et al., 2015). Furthermore, our laboratory previously established that the 

inhibition of NO production blocks the cocaine-mediated elevation in MOR mRNA and protein 

expression in PC12 cells (Winick-Ng et al., 2012), indicating that NO modulates the cocaine-

induced expression of MOR in vitro. However, whether this mechanism occurs in vivo has not 

been elucidated. Thus, the aim of this thesis is to determine if NO regulates the cocaine-induced 

increase in MOR expression in vivo, and whether this mechanism is necessary for the 

development of conditioned reward. 
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Review of the Literature 

1.0. Drug abuse and addiction 

 Substance dependence or drug addiction is defined by the Diagnostic and Statistical 

Manual of Mental Disorders (DSM) as a chronically relapsing disorder that is characterized by 

1) the compulsion to seek and use a drug of abuse, 2) the loss of control in drug intake, and 3) 

the emergence of a negative emotional state when the drug is not accessed (American Psychiatric 

Association; Koob & Le Moal, 1997). Additionally, drug use will persist even at the expense of 

negative consequences (Liddie et al., 2013; Pierce & Kumaresan, 2006). Overall, addiction is 

described as a three stage cycle: binge/intoxication, withdrawal/negative affect, and 

preoccupation/anticipation. Over time, these stages interact and intensify, and promote 

progressive drug use (Koob & Le Moal, 1997). Notably, recreational and limited abuse of an 

illicit drug is clinically distinct from the loss of control and compulsive drug-seeking associated 

with addiction (Koob & Volkow, 2009). This is illustrated by the fact that about 15.6% of North 

Americans will abuse an illicit drug at some point in their lives, however only about 2.9% will 

become dependent or addicted to illicit drugs (Grant et al., 2004).  

 From a psychiatric perspective, addiction may be understood by a motivational 

framework that proposes that the transition from drug abuse to addiction stems from a shift from 

impulsive drug use that is motivated by positive reinforcement (i.e. drug-induced euphoria) to 

compulsive drug seeking that is motivated by negative reinforcement (i.e. withdrawal symptoms) 

(Koob, 2004; Koob & Volkow, 2009). Although, the exact cause of this shift is unknown, the 

emergence of the negative affect during drug withdrawal is considered an indication of an 

individual’s transition into drug dependence (Koob & Le Moal, 2001).  
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It has also been suggested that the transition from drug abuse to addiction reflects an 

allostatic response in the brain (McEwen, 2000). Allostasis is a “state of chronic deviation of the 

regulatory systems from their normal state of operation with establishment of a new set point” 

(Koob et al., 2004). Thus, in the context of addiction, long-term alterations in the reward and 

stress neurocircuitry may be the primary source of allostatic changes that underlie the 

progression of drug abuse to addiction (see section 1.3.) (McEwen, 2000).  However, the exact 

mechanisms responsible for the development of drug dependence remain unknown.  

 1.1. Cocaine addiction 

 In North America, cocaine is the second most abused illicit drug (Canadian Centre on 

Substance Abuse; CCSA, 2015), with about one in six recreational cocaine users developing an 

addiction (Dackis & O’Brien, 2001). Cocaine addiction presents significant societal and health 

problems worldwide, including incarceration, job loss, financial struggle, severe medical 

complications, and risk of death due to drug overdose (Dackis & O’Brien, 2001). In fact, cocaine 

use is accountable for the most hospital emergency department visits and the most drug-related 

deaths (Lange & Hillis, 2001). Unfortunately, there are no effective treatment strategies or 

pharmacotherapies for cocaine addiction. One major problem with treating cocaine addiction is 

that even with prolonged drug abstinence, pervasive drug cravings and thoughts of drug use can 

drive an individual to relapse (Koob et al., 2004). This vulnerability and relapse to drug use can 

be triggered by use of the drug itself, exposure to cues previously associated with drug 

administration, and stressful stimuli (Shaham et al., 2003).  

 Cocaine is a psychostimulant that is abused for its ability to produce feelings of euphoria, 

increased energy and alertness, and a sense of well-being (CCSA, 2015; Ritz et al., 1990). 

Depending on the route of administration, these effects may last from 30 to 60 minutes. In 



 5 

cocaine-addicted individuals, drug use occurs in a binge-like and uncontrollable pattern with the 

development of tolerance, followed by an acute withdrawal (Gawin & Kleber, 1986; Koob & Le 

Moal, 1997). This withdrawal is defined by severe symptoms of depression, anxiety, irritability, 

and anhedonia, and is often referred to as a “crash” (Gawin & Kleber, 1986). A “crash” may last 

several hours to days, and is likely a major motivating factor to resume cocaine use and maintain 

the addiction cycle previously described (Gawin & Kleber, 1986; Koob & Le Moal, 1997). 

 Attempts to best capture this human pattern of cocaine use led to the development of 

several animal models of addiction. Studies predominantly aim to elucidate the mechanisms 

involved in the transition from recreational drug use to loss of control and addiction. Although 

no animal model perfectly mimics this transition, several models do permit the investigation of 

specific elements of addiction, such as drug reward, drug seeking, and relapse and withdrawal 

(Koob & Volkow, 2009).  

 One of the most popular and well established behavioural models used to study drug 

reinforcement is the conditioned place preference (CPP) paradigm (Itzhak & Martin, 2002; 

Tzschentke, 1998). CPP uses the principles of classic Pavlovian learning, in which an 

unconditioned stimulus (UCS) (i.e. cocaine) is repeatedly paired with a neutral environmental 

conditioned stimulus (CS) (Tzschentke, 1998). Upon subsequent choice of environment, animals 

will prefer the CS, indicating the development of a place preference and a reinforcing effect of 

the UCS (Itzhak & Martin, 2002; Tzschentke, 1998). It has been well established that cocaine 

produces a significant and robust place preference in a variety of species and across a range of 

doses (Balda et al., 2006; Itzhak, 2008; Leri et al., 2006; Mueller & Stewart, 2000; Solinas et al., 

2008; Sticht et al., 2010). This cocaine-conditioned response is considered to be applicable to 

human drug-seeking behaviour and relapse following the exposure of drug-associated 
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cues/environmental stimuli (Itzhak & Martin, 2002). Furthermore, Mueller & Stewart (2000) 

later established that in rats, cocaine-induced CPP can be extinguished and reinstated with a 

priming injection of cocaine. This served as a novel additional model to investigate drug-seeking 

behaviours and relapse (Mueller & Stewart, 2000). Furthermore, as the development of CPP 

requires the learning of drug-associated cues, this method is also used to examine the formation 

and reconsolidation of long-term memories in a drug associated context (Liddie et al., 2013).  

 The second most common and validated animal model of addiction is intravenous 

cocaine self-administration. This model is thought to be homologous to human drug taking by 

mimicking the transition from drug abuse to addiction (Koob, 2009). In self-administration 

studies, animals learn to express an operant response in order to receive a drug reinforcer (i.e. 

cocaine), typically administered intravenously (Pierce & Kumaresan, 2006).  The reinforcing and 

incentive properties of cocaine can be studied using the self-administration model (Koob, 2009).  

 1.2. The neuropharmacology of cocaine and the reward system 

The work of Olds and Milner (1945), who used a model of intra-cranial self-stimulation, is 

credited with the identification of the reward system in the brain. These findings provided the 

framework for our understanding of the neurocircuitry involved in reward and the reinforcing 

effects of drugs of abuse. All drugs of abuse produce their reinforcing effects by acting on the 

mesolimbic pathway of the brain, also known as the reward pathway (see Figure 1). In this 

system, dopaminergic (DAergic) neurons from the ventral tegmental area (VTA) innervate the 

nucleus accumbens (NAc), the hippocampus (Hp), the prefrontal cortex (PFC), and the amygdala 

(Amy). Also in this circuit, the Amy, Hp, and PFC send glutamatergic projections to the NAc, 

which sends GABAergic efferents to the VTA and substantia nigra (Heimer et al., 1997).  
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Figure 1. Simplified schematic of the major connections involved in the “reward” system 
and associated structures. The primary connection that mediates reward is the dopaminergic 
projections from the ventral tegmental area (VTA) to the nucleus accumbens (NAc), which 
increase dopamine release in response to rewarding stimuli. The VTA also has dopaminergic 
innervations to the hippocampus (Hipp), amygdala (Amy), and the medial prefrontal cortex 
(mPFC). The NAc has inhibitory GABA projections to the VTA, as well as the substantia nigra 
(not shown). Furthermore, the NAc receives various glutamatergic inputs from the mPFC, Amy, 
and Hipp. These glutamatergic projections mediate reward-associated memory and perception. 
Figure adapted and modified from Russo & Nestler (2013) Nature Reviews 
Neuroscience,14:609-625. 

The mechanism of action by which the mesolimbic system is activated is dependent on the 

drug of abuse. Cocaine inhibits the activity of the dopamine (DA), serotonin (5-HT), and 

norepinephrine (NE) transporters (DAT, SERT, and NET, respectively), resulting in significantly 

increased extracellular levels of these biogenic amines (Ritz et al., 1990). However, studies 

strongly support that it is the increase in DA neurotransmission between the VTA and the NAc 

that predominantly mediates the reinforcing effects of cocaine (Ritz et al., 1987). 

 Known as the DA hypothesis of drug reinforcement, studies dating back to the late 1970’s 

demonstrate that cocaine’s reinforcing potency is correlated with its affinity for the DAT, but not 

the SERT or NET (Fibiger, 1978; Ritz et al., 1987; Wise, 1978). In fact, in humans, there is a 
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positive correlation between the level of DAT inhibition by cocaine and the individual’s reported 

level of “high” following intravenous administration (Volkow et al., 1997). Furthermore, re-

uptake inhibitors that are selective for the DAT are readily self-administered by rodents and 

monkeys (Bergman et al., 1989; Howell & Byrd, 1991; Ritz et al., 1987; Woolverton et al., 

2001). Transgenic DA D1 receptor knock-out (KO) mice do not self-administer cocaine or 

express cocaine-induced hyperactivity (Caine et al., 2007; Xu et al., 1994), whereas transgenic 

mice with a non-functional DAT mutation do not express cocaine conditioned reward (Chen et 

al., 2006). Additionally, DA receptor agonists are self-administered by rats (Self & Stein, 1992; 

Self et al., 1996; Wise et al., 1990) and non-human primates (Grech et al., 1996; Sinnot et al., 

1999; Weed & Wolverton, 1995; Woolverton et al., 1984), whereas DA receptor antagonists 

significantly reduce the reinforcing efficacy of cocaine (Bergman et al., 1990; Britton et al., 

1991; Koob et al., 1987; Woolverton, 1987). In human brain imaging studies, it was 

demonstrated that rapid DA changes in the ventral striatum are associated with an individual’s 

perception of reward, whereas slow elevations in DA levels are not (Grace, 2000; Volkow & 

Swanson, 2003). This may explain the binge pattern of cocaine intake, in which the drug is taken 

every 30 to 60 minutes (Fowler et al., 2008) via a route of rapid drug delivery to the brain (i.e. 

injection, snorting) that would induce quick alterations in DA levels (Volkow et al., 2000). 

As previously stated, the acute reinforcing properties of cocaine are largely mediated by the 

increased DA levels within the NAc (Koob & Volkow, 2009). This is supported by the fact that 

DA-depleting lesions of the NAc block the acquisition of drug-seeking in cocaine self-

administration studies (Whitelaw et al., 1996). In rodents, cocaine is directly self-administered 

into the NAc (McKinzie et al., 1999) and a CPP develops when cocaine is infused into the NAc 

(Koob & Volkow, 2009). Selective DA re-uptake inhibitors and DA receptor agonists are also 



 9 

readily self-administered directly into the NAc in rats (Carlezon et al., 1995; Ikemoto et al., 

1997), whereas co-infusion of cocaine and DA receptor antagonists blocks this intra-accumbal 

self-administration (Phillips et al., 1994; Rodd-Henricks et al., 2002). Additionally, in vivo 

microdialysis studies in both rodents and primates demonstrate an increase in the NAc DA levels 

during cocaine self-administration, as well as a rapid decrease in NAc DA levels post-drug 

administration (Bradberry et al., 2000; Czoty et al., 2000; Di Ciano et al., 1995; Hemby et al., 

1997; Hurd et al., 1989; Pettit & Justice, 1989). 

As illustrated in Figure 1, the Hp also receives DAergic input from the VTA, and is critical in 

the development of contextual conditioning (Koob & Volkow, 2009). In other words, the Hp is 

involved in the learning of associations between contextual cues and drug-taking experiences 

(Koob & Volkow, 2009; Liddie et al., 2013; Pierce & Kumaresan, 2006;) This is supported by 

human brain imaging studies that found increases in blood flow to the Hp when cocaine users are 

shown drug-related stimuli (Kilts et al., 2001). Furthermore, studies using positron emission 

tomography (PET) have demonstrated that cue-elicited cravings and/or acute intoxication in 

cocaine users is associated with activation of the Hp (Volkow et al., 2004). Cocaine addicted 

humans were also reported to have impairments in spatial, verbal, and recognition memory, 

which are mediated by the Hp (Aharonovich et al, 2006), and the severity of these deficits 

positively correlate with treatment outcome and recovery (Bolla et al, 2003). In animal models of 

cocaine addiction, extended drug access leads to the development of deficits in Hp-dependent 

object recognition tasks (Briand et al., 2008; George et al., 2008), and lesions to the Hp impair 

the acquisition of cocaine self-administration (Caine et al., 2001). Moreover, there is strong 

evidence that cocaine use inhibits neurogenesis within the adult rodent Hp (Canales et al., 2007).  
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As previously mentioned, the PFC is another structure that receives DAergic input from the 

VTA, and thus, is known to play a large role in cocaine-motivated behaviours. In cocaine-

addicted humans, imaging studies have found that acute cocaine injections (Breiter et al., 1997), 

as well as the exposure to cocaine-related cues produce an increase in PFC activity (Garavan et 

al., 2000; Kilts et al., 2001; Wexler et al., 2001). Furthermore, the intensity of cocaine-cue 

reactivity in the PFC is positively correlated with the risk of relapse (Marhe et al., 2013). During 

drug withdrawal, human cocaine users have decreased function and metabolism in the PFC, 

which is associated with poor impulse control and decision making (Volkow & Li, 2004). 

Cocaine addicts also have decreased grey matter volume in the PFC, which is inversely 

correlated with the need for immediate gratification (Bjork et al., 2009). These results support a 

study that found that cocaine addicted humans have impaired performances in delayed reward 

discounting tasks (Aharonovich et al, 2006). The role of the PFC in cocaine addiction has also 

been validated in animal models, as rodents self-administer cocaine and DA D1 receptor agonists 

directly into this brain region (Goeders and Smith, 1983).   

The PFC also send projections to the caudate putamen (CPu) (Koob & Volkow, 2009). The 

CPu, a structure within the dorsal striatum, is not involved in the acute reinforcing effects of 

cocaine (Everitt et al., 2008). Rather, the CPu appears to be critical in the transition from 

impulsive to compulsive drug use (Everitt et al., 2008). In vivo microdialysis studies found 

increased DA release in the CPu following prolonged cocaine seeking in rodents (Ito et al., 

2002). Similar results have been found in cocaine addicted humans. Using brain imaging 

techniques, studies demonstrated that increases in CPu DA levels are induced by the presentation 

of drug-associated cues, and that the magnitude of DA increase in the CPu positively correlates 

with self-reported levels of drug craving and the degree of addiction severity (Heinz et al., 2004; 
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Volkow et al., 2008). Thus, these results highlight the role of the CPu and the DAergic system in 

drug conditioned responses in human addicts. Additionally, evidence strongly suggests the 

involvement of glutamate neurotransmission in the CPu, in both habit learning and the 

development of context-dependent cravings (Volkow et al., 2006).  

 1.3. Cocaine-induced neuroadaptations  

As described in section 1.1., many cocaine addiction studies examine the effects of chronic 

cocaine use, with the goal of replicating the transition from drug abuse to addiction and 

dependence. As a result, researchers have elucidated that prolonged cocaine use causes the 

dysregulation of several neurochemical systems, which in turn could promote the development 

of addiction. Not surprisingly, the major circuit compromised by chronic cocaine exposure is the 

mesolimbic DAergic reward system. Although cocaine acutely decreases the threshold of brain 

reward stimulation (i.e. increased reward), chronic cocaine administration gradually increases the 

baseline reward threshold (i.e. a larger drug dose is required to produce reward) (Koob & Le 

Moal, 2001). This effect is hypothesized to be a result of the decreased DAergic 

neurotransmission in the NAc associated with prolonged drug use, as evidenced by in vivo 

microdialysis studies using a rodent model (Koob & Le Moal, 2001). Brain imaging studies in 

human cocaine addicts have also reported DAergic hypofunction, as demonstrated by decreased 

DA levels and reduced expression of DA receptors (Martinez et al., 2004; 2005). This alteration 

in neurotransmission may explain the dysphoria, anhedonia, fatigue, and psychomotor 

retardation experienced by addicts during withdrawal periods (Koob & Le Moal, 2005). It is this 

negative motivational state during withdrawal that is thought to be responsible for the decreased 

motivation for non-drug related stimuli, the increase in sensitivity to drugs of abuse, and the 

vulnerability to relapse (Barr & Philips, 1999; Koob & Le Moal, 2005; Melis et al., 2005). 
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Moreover, the reduction in DA receptor expression in the NAc and PFC is significantly 

associated with the deficits in learning, memory, and attention characterized in addiction (Briand 

et al., 2008; Heinz et al., 2004).  

Although the exact mechanism by which cocaine induces DAergic hypofunction is unknown, 

it is postulated that chronic cocaine administration causes long-term changes in synaptic 

plasticity within the DA system (Wolf, 2002). These changes may then promote a shift in the 

reward circuitry in which cue-induced learning will persist regardless of adverse consequences 

(Everitt & Wolf, 2002; Hyman et al., 2006). 

Prolonged cocaine use also dysregulates the stress neurocircuitry (Heinrichs & Koob, 2004). 

In fact, rats that self-administer cocaine have significantly reduced levels of the stress hormone 

corticotropin releasing factor (CRF) during drug intake (Richter & Weiss, 1999). However, 

during withdrawal, CRF levels in cocaine-dependent rats significantly increase to about 400% of 

baseline (Richter & Weiss, 1999). This dysregulation is thought to greatly contribute to the 

negative motivational effects of cocaine withdrawal, particularly anxiety, and vulnerability to 

relapse, as previously discussed (Koob, 2008; Koob & Kreek, 2007).  

Another major system that is dysregulated in cocaine addiction is the endogenous opioid 

system (EOS). This system also has links to DA neurotransmission and is discussed in detail in 

the sections below (see section 2.0.)  

In order to elucidate how cocaine use disrupts these neural circuits, many molecular targets 

and their role in addiction have been investigated. One key molecular target is nitric oxide (NO). 

Cocaine administration mediates NO efflux to induce downstream molecular effects, which are 

discussed further in section 3.0. The transcription factor cyclic adenosine monophosphate 

response-element binding protein (CREB) is also notable, due to the fact that chronic cocaine 
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exposure activates CREB in the NAc and the Amy, which subsequently regulates gene 

expression (Edwards et al, 2007; Shaw-Lutchman et al, 2002). Moreover, CREB activation in the 

NAc has been linked to the EOS and the nitrergic system, as well as several intracellular 

messenger pathways, such as the extracellular signal-regulated kinase (ERK) pathway. (Edwards 

et al, 2007; Nestler, 2005; Shaw-Lutchman et al, 2002).  

Stimulated ERK phosphorylates and activates CREB, and activation of this messenger 

pathway has also been largely implicated in cocaine’s effects, such as cocaine-induced synaptic 

plasticity, behavioural sensitization, cocaine reward, and the incubation of cocaine craving (Lu et 

al., 2006; Li et al., 2008). Both ERK and CREB are further discussed in section 3.1.  

Although numerous other molecular targets are implicated in cocaine addiction, the 

remainder of this literature review focuses on two key players: the mu opioid receptor (MOR) 

and NO.    

2.0. The endogenous opioid system 

 The existence of the EOS was confirmed in 1973, when the three classical membrane 

receptors for opiate drugs were first identified in the brain by three independent groups (Pert & 

Snyder, 1973; Simon et al., 1973; Terenius, 1973). These opioid receptors are now widely 

recognized as the MOR, the delta opioid receptor (DOR), and the kappa opioid receptor (KOR). 

A few years following their discovery, it was established that the opioid receptors possess 

different opioid ligand binding sites, thus confirming that these receptors are not a homogenous 

population (Lord et al., 1977; Martin et al., 1976). The opioid receptors have since been cloned 

and extensively characterized (Chen et al., 1993; Evans et al., 1992; Kieffer et al., 1992; Meng et 

al., 1993; Thompson et al., 1993; Yasuda et al., 1993).   

 The opioid receptors are expressed on pre- and post-synaptic cell membranes and possess 
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a seven trans-membrane domain (Le Merrer et al., 2009; Trigo et al., 2010). They are coupled to 

the inhibitory GTP-binding protein Gi/Go and thus, belong to the superfamily of G-protein 

coupled receptors (Le Merrer et al., 2009; Trigo et al., 2010). At the molecular level, stimulation 

of the opioid receptors generally causes inhibition of cyclic adenosine monophosphate (cAMP) 

production and voltage-gated calcium channels, as well as the activation of potassium channels 

and the ERK pathway (Law et al., 2000). This results in the overall reduction in neuronal activity 

and neurotransmitter release (Trigo et al., 2010).   

 The endogenous peptide ligands that target and bind the opioid receptors have also been 

identified, cloned, and largely characterized. The enkephalins (ENK), the dynoprhins (DYN), 

and the b-endorphins (b-END) are produced via the proteolytic cleavage of the large peptide 

precursors proenkephalin (PENK), prodynorphin (PDYN), and proopiomelanocortin (POMC), 

respectively (Le Merrer et al., 2009). Although derived from different precursor proteins, all 

opioid ligands have a conserved N-terminal sequence, which is necessary for the activation of 

opioid receptors (Akil et al., 1997).  Notably, these endogenous opioid peptides have different 

affinities for each opioid receptor. The ENK peptides have a 20-fold greater affinity for the 

DOR, relative to the MOR and KOR, b-END exhibit the greatest affinity for the MOR, and DYN 

are regarded as the major ligands for the KOR (Akil et al., 1997; Trigo et al., 2010).  

 The endogenous opioid receptors and ligands are widely distributed throughout the 

central and peripheral nervous system (Le Merrer et al., 2009; Trigo et al., 2010; Yoo et al., 

2012). This large distribution reflects the number of important physiological functions in which 

the EOS plays a role. Of note, the EOS is involved in nociception and analgesia, stress responses, 

gastrointestinal transit, as well as immune and endocrine functions (Le Merrer et al., 2009). 

However, the most significant role of the EOS in relation to drug addiction, is the modulation of 
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mood and the brain reward processes (Mansour et al., 1995). Thus, it follows that the receptors 

and ligands of the EOS are highly expressed in areas of reward and motivation in the brain, and 

have been implicated in the neurochemical effects of several drugs of abuse (Mansour et al., 

1995). Specifically, the EOS overlaps anatomically with the DAergic system (Mansour et al., 

1987), and opioid receptors/ligands have been identified within the NAc, VTA, PFC, and Amy 

(Delfs et al.,1994; Mansour et al., 1993; 1994; 1995). As such, the role of the EOS in drug abuse 

and addiction has been extensively studied.  

2.1. The endogenous opioid system and cocaine addiction 

 It is well established that the EOS has a central role in modulating reward and addictive 

behaviors for all drugs of abuse (Nobel et al., 2015). Regarding psychostimulants, evidence 

suggests that the DAergic system and the EOS converge in order to mediate the rewarding and 

reinforcing drug properties (Boutrel, 2008). Furthermore, studies have demonstrated that acute 

and chronic cocaine administration induce adaptive changes in opioid receptor/ligand densities, 

activity, and gene expression within brain reward structures (see below). However, discrepancies 

in results reported in the literature have been a major issue in elucidating the exact role of the 

EOS in cocaine addiction. One possible explanation for these inconsistencies is that the observed 

neuroadaptations are largely dependent on species/animal strain, the pattern of drug 

administration, and the length of the withdrawal period (Nobel et al., 2015).  

 One of the most reliable findings in regards to cocaine-induced regulation of opioid 

ligand gene expression is the upregulation in PDYN mRNA levels and immunoreactivity in the 

CPu, regardless of the drug administration pattern (Bailey et al., 2005; Daunais & McGinty, 

1995; Mathieu-Kia & Besson, 1998; Sivam, 1989; Smiley et al., 1990; Steiner & Gerfen, 1993; 

Svensson & Hurd, 1998). This increase in PDYN was also detected in the CPu of post-mortem 
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brains of cocaine addicted humans (Frankel et al., 2008; Hurd & Herkenham, 1993). Although 

some studies have found elevated PDYN levels in the NAc following chronic cocaine 

administration (Hurd et al., 1992; Smiley et al., 1990; Turchan et al., 2002), this finding has not 

been consistent (Bailey et al., 2005; Schlussman et al., 2005). Behaviourally, it is thought that 

the cocaine-induced increase in DYN expression is involved in aversive effects of drug 

withdrawal, due to its predominant activation of the KOR (Koob, 2008).  

 KOR stimulation in the brain produces aversive affects in animals and humans 

(McLaughlin et al., 2003; Shippenberg et al., 2007; Zimmer et al., 2001), and KOR agonists have 

been found to decrease cocaine CPP (Suzuki et al., 1992) and the rate of cocaine self-

administration (Glick et al., 1995; Schenk et al., 1999). Conversely, KOR antagonists attenuate 

the depressive-like behaviours characteristic of cocaine-withdrawal, in rats (Chartoff et al., 

2012). Thus, this cocaine-induced increase in the PDYN/KOR system may represent a 

compensatory mechanism to counteract the rewarding effect of cocaine and may contribute to 

the withdrawal-associated dysphoria (Gawin et al., 1991; Nobel et al., 2015; Yoo et al., 2012).  

 Elevated PENK mRNA levels have been reported in the CPu, following acute cocaine 

administration (Hurd & Herkenham, 1992). However, the effect of chronic cocaine treatment on 

PENK expression is highly variable between studies (Bailey et al., 2005; Hurd et al., 1992; 

Mathieu-Kia & Besson, 1998). Moreover, cocaine does not alter DOR mRNA expression 

(Azaryan et al., 1996), receptor binding levels (Unterwald et al., 1994), or receptor activity 

(Schroeder et al., 2003). However, the DOR has been implicated in the reinforcing effects of 

cocaine. Specifically, DOR antagonists reduce cocaine CPP (Menkens et al., 1992; Suzuki et al., 

1994) and cocaine self-administration (Reid et al., 1995). In addition, infusion of a selective 

DOR antagonist into the NAc reduce cocaine self-administration, but increases this behaviour 
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when injected into the VTA (Ward & Roberts, 2007). Thus, the role of the DOR in cocaine 

reinforcement is site-specific.  

 Acute cocaine treatment (Olive et al., 2001) and cocaine self-administration (Roth-Deri et 

al., 2003) are both reported to increase b-END release in the NAc. This suggests that b-END 

may be involved in cocaine reinforcement. Also, abstinent human cocaine addicts have been 

found to have increased plasma b-END levels (Vescovi et al., 1992). Although the overall role of 

b-END in cocaine addiction has not been well established, the critical role of the MOR in drug 

abuse and addiction has been investigated extensively in animal models and humans. The 

findings provide compelling support that the MOR is largely involved in the reinforcing effects 

of cocaine, drug cravings, and vulnerability to relapse, and is discussed in detail in the following 

sections.   

2.2. Regulation of the mu opioid receptor by cocaine: Biochemical evidence 

 There is substantial evidence demonstrating that MOR expression and activity is altered 

by cocaine administration and the DAergic system, and that the magnitude of these alterations is 

dependent on the dose and pattern of cocaine administration, as well as the length of the drug-

withdrawal period. Chronic continuous cocaine treatment that is administered systemically for 

three days produces a significant increase in MOR mRNA levels in the NAc of rats; an effect 

that is abolished by selective D1, D2, and D3 receptor antagonists (Azaryan et al., 1996a). A 

follow-up study replicated these findings and subsequently demonstrated that three days of 

chronic continuous treatment of selective D1 and D2 receptor agonists also produces an 

elevation in MOR mRNA levels in the NAc, however to a lesser extent relative to cocaine alone 

(Azaryan et al., 1996b). Thus, it is evident that cocaine activation of the DAergic reward system 

mediates MOR expression. When the time-dependent changes in MOR expression were 
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examined with chronic continuous cocaine administration, it was found that MOR mRNA levels 

in the NAc were maximally enhanced at 72 hours and returned to baseline levels by 96 hours 

(Azaryan et al., 1998). Once again, this effect was mimicked by selective DA receptor agonists 

(Azaryan et al., 1998). In addition, the level of MOR binding in the NAc was elevated by 30% at 

72 hours, relative to control levels, and returned to baseline at 96 hours (Azaryan et al., 1998). 

Similarly, two weeks of chronic continuous cocaine exposure dose-dependently increased MOR 

binding levels in the NAc, although there was a dose-dependent decrease in the VTA (Hammer, 

1989).  

Fourteen days of chronic ‘binge’ cocaine treatments in rats also increases MOR binding 

and density in the NAc, the CPu, and the Amyg, as measured by in vitro autoradiography 

(Unterwald et al., 1992; 1994). Bailey et al. (2007) also found enhanced MOR activity following 

fourteen days of chronic ‘binge’ cocaine administration, however this effect was blocked when 

the PDYN gene was deleted. This ‘binge’ pattern of cocaine administration has also been shown 

to increase MOR-mediated G-protein activity (Schroeder et al., 2003). At the mRNA and protein 

level, repeated intermittent ‘binge’ treatment of cocaine significantly increased MOR expression 

in vitro (Winick-Ng et al., 2012).  

Conversely, when rats were given a single acute injection of cocaine, a time and dose-

dependent decrease in MOR binding is observed in the NAc (Soderman & Unterwald, 2009). 

These results may be explained by the increase in release of endogenous opioids in response to 

cocaine administration, which subsequently bind to the MOR and promote receptor 

desensitization and internalization (Soderman & Unterwald, 2009). Furthermore, this acute 

decrease in MOR binding was attenuated with the administration of a selective D2 receptor 

antagonist, but not a D1 receptor antagonist, suggesting that cocaine indirectly activates the 



 19 

MOR via D2 receptor activation (Soderman & Unterwald, 2009). This may also explain the 

decreased MOR binding, as increased D2 receptor activation via cocaine administration has been 

shown to cause desensitization of other G-protein coupled receptors (Unterwald et al., 2001; 

Rogers et al., 2000). Notably, Leri et al. (2006; 2009) first reported that the administration of 

methadone, a partial MOR agonist, can block the cocaine-induced increase in MOR mRNA 

expression in the rat NAc. Therefore, it is clear that the mechanism of cocaine-induced activation 

and regulation of MOR is complicated and involves several molecular players. 

  The effect of cocaine withdrawal on MOR expression and activity has not been well 

characterized in animal models. One study reported elevated MOR mRNA levels in rats that 

were three hours into drug withdrawal following chronic ‘binge’ cocaine exposure (Bailey et al., 

2005). However, this increase in mRNA expression was not prevented by the selective MOR 

antagonist, naloxone (Bailey et al., 2005). Moreover, increased MOR mRNA levels were found 

in the NAc following ten days of cocaine withdrawal (Leri et al., 2006). This evidence of 

cocaine’s persistent effect on the EOS during drug withdrawal in animal models is also 

supported in human studies.  

 Zubieta et al. (1996) was the first to demonstrate an increase in MOR binding in the CPu 

and PFC of cocaine-dependent men, which persisted after four weeks of monitored cocaine 

abstinence. Results also indicated that the magnitude of MOR binding positively correlated with 

the severity of the individual’s reported level of drug craving (Zubieta et al., 1996). These 

findings were confirmed by Gorelick et al. (2005), who identified an increase in MOR binding in 

cocaine-dependent men after twelve weeks of drug abstinence. Once again, the level of MOR 

binding positively correlated with the intensity of drug craving (Gorelick et al., 2005). 

Interestingly, MOR binding also positively correlates with an individual’s percentage of days of 
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cocaine use and the average amount of cocaine used per day (Gorelick et al., 2005). Elevated 

MOR density and heightened activation of the EOS in regions associated with drug abuse 

positively correlates with high impulsivity as well (Love et al., 2009). Lastly, the extent of MOR 

binding may predict treatment outcome, as greater levels of MOR binding were found to be 

associated with shorter cocaine abstinence in humans (Ghitza et al., 2010). Moreover, specific 

polymorphisms in the MOR human gene have been identified to alter an individual’s response to 

reward stimuli and reinforcement learning (Lee et al., 2011). This further supports the role of 

MOR in substance abuse in humans.  

2.3. The role of the mu opioid receptor in cocaine addiction: Behavioural evidence 

 Immunoperoxidase staining in the rat striatum indicates that the MOR and DA receptors 

are co-localized in neurons (Ambrose et al., 2004). Therefore, it is not surprising that 

manipulating MOR activity and expression can significantly influence reward behaviours 

mediated by the striatal DA system.  Hence, numerous studies have reported that selective MOR 

antagonists (D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2 (CTAP), D-Phe-Cys-Tyr-D-Trp-Orn-

Thr-Pen-Thr-NH2 (CTOP), and naloxonazine) and preferential MOR antagonists (naloxone and 

naltrexone) attenuate cocaine-induced sensitization (Houdi et al., 1989; Hummel et al., 2006; 

Kim et al., 1997), as well as cocaine-induced CPP (Bilsky et al., 1992; Gerrits et al., 1995; Houdi 

et al., 1989; Rademacher & Steinpreis, 2002; Schroeder et al., 2007; Suzuki et al., 1992). 

Cocaine place preference is also blocked in mice that receive an antisense oligodeoxynulceotide 

specific to the MOR (Hummel et al., 2006). Furthermore, high doses of methadone maintenance 

prevent the acquisition and expression of cocaine CPP in rats, as well as attenuate the incubation 

of cocaine-induced sensitization (Leri et al., 2006; 2012). It has also been demonstrated that the 

role of the MOR in cocaine-induced place preference is site specific, as the direct injection of 
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CTAP into the NAc and rostral VTA inhibit the development of cocaine CPP (Soderman & 

Unterwald, 2007). Moreover, CTAP injection into the NAc, caudal VTA, and CPu, significantly 

reduces cocaine-induced hyperactivity (Soderman & Unterwald, 2007).  

Surprisingly, results from studies using a MOR KO mouse model have not been as 

consistent as the aforementioned studies. In the MOR KO mouse, cocaine CPP has been found to 

be increased (Becker et al., 2002), decreased (Hall et al., 2004), and unaffected (Contarino et al., 

2002; Nguyen et al., 2012). On a similar note, MOR KO mice have been reported to have 

unchanged (Becker et al., 2002; Contarino et al., 2002; Hall et al., 2004; Lesscher et al., 2005) or 

decreased (Chefer et al., 2004; Yoo et al., 2003) cocaine-induced locomotor activity and 

locomotor sensitization. These discrepancies may put into question the role of the MOR in 

cocaine reinforcement and reward that is substantially supported by the pharmacological studies 

described previously. However, it is important to note that differences in the genetic background 

of the mouse strain, gender differences, and variations in experimental protocols (i.e. cocaine 

dose, number of conditioning sessions) may account for the inconsistencies between studies 

(Yoo et al., 2012).  

 The MOR has been implicated in cocaine reinforcement via self-administration studies as 

well. Systemic administration of naloxone and naltrexone significantly attenuates cocaine self-

administration in rats (Corrigall & Coen, 1991; Ramsey et al., 1999). Specifically, it appears that 

the MOR predominantly acts within the VTA to mediate cocaine self-administration, as 

infusions of CTOP and naltrexone directly into the VTA reduced this behavior (Corrigall et al., 

1999; Ramsey et al., 1999), and simultaneous infusions of funaltrexamine, a selective MOR 

antagonist, into the VTA and NAc decreased responding for cocaine self-administration (Ward et 

al., 2003). In agreement with these findings, injection of the MOR preferring agonist [D-Ala2, N-
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MePhe4, Gly-ol]-enkephalin (DAMGO), into the VTA produced a leftward shift in the dose-

response curve for cocaine self-administration (Corrigall et al., 1999). This suggests an increase 

in the reinforcing efficacy of cocaine and thus, a role of the MOR in drug reinforcement 

(Corrigall et al., 1999). Furthermore, the same methadone treatment that blocked cocaine CPP 

(Leri et al., 2006), also blocked operant responding to a cocaine conditioned stimulus in rats 

(Leri et al., 2009). The MOR KO mouse model also supports the role of MOR in cocaine self-

administration, as there is an observed decrease in responding relative to wild-type (WT) mice 

(Mathon et al., 2005).  

 Despite the large body of evidence supporting the role of the MOR in cocaine-associated 

behaviours, and the regulation of MOR by cocaine and the DAergic system, the exact 

mechanism by which this occurs has not been fully elucidated. Several molecular players have 

been implicated (see above), including the gaseous compound NO.  

3.0. The nitrergic system 

Inflammatory responses and blood vessel reactivity were the first established biological 

roles of NO (Bredt & Snyder, 1994). However, NO has since been found to be involved in a 

wide variety of physiological functions in the brain where it plays a role in processes such as 

synaptic plasticity and memory reconsolidation (Itzhak, 2008; Liddie et al., 2013). These 

processes have also been implicated in the development and persistence of addiction (Liddie et 

al., 2013). Thus, the role of NO in the formation of drug-associated memories and drug-

conditioned responses is of significant interest.  

NO is a gaseous radical that is formed via the oxidative deamination of L-arginine to L-

citrulline by the enzyme NO synthase (NOS) (Kuriyama & Ohkuma, 1995). There are three 

major isoforms of the NOS enzyme. The neuronal (nNOS) and endothelial (eNOS) isoforms are 
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both calcium-dependent and constitutively expressed (Bredt & Snyder, 1994). In contrast, the 

inducible isoform (iNOS) is not constitutively expressed and is predominantly present in 

microglia and macrophages (Brenman & Bredt, 1997). Evidently, the primary source of NO in 

the brain arises from its production by nNOS. Three alternatively spliced transcripts of nNOS 

have been identified: nNOSa (160kDa), nNOSb (136kDa), and nNOSg (125kDa) (Brenman & 

Bredt, 1997). However, the nNOSa transcript variant accounts for about 95% of total nNOS 

catalytic activity in the brain (Huang et al., 1993).  

The involvement of NO in various physiological processes in the brain is largely 

demonstrated with the use of NOS inhibitors. The majority of NOS inhibitors are non-selective 

and act as L-Nw-substituted arginine analogues (Bredt & Snyder, 1994). In addition to their lack 

of specificity for the nNOS isoform, these non-selective inhibitors have systemic adverse effects 

including increased blood pressure, decreased cardiac output, and decreased tissue perfusion, 

which can also influence neuron function (Wong & Lerner, 2015). In contrast, the compound 7-

nitroindazole (7-NI) selectively inhibits nNOS via competitive binding to an isoform specific 

heme group located at the L-arginine binding site, and does not cause arterial vasoconstriction 

(Moore et al., 1993).  

3.1. Nitric oxide signalling in the brain 

 NO is a key biological intercellular messenger that can activate signaling pathways in 

pre- and post-synaptic neurons, as well as nearby neurons (see Figure 2) (Vincent, 2010). NO-

induced signaling in the brain is dependent on the activation of nNOS by calcium. The nNOS 

enzyme is linked to the NR2B subunit of the N-methyl-D-aspartate (NMDA) type glutamate 

receptor via the post synaptic density protein PSD95 (Brenman & Bredt, 1997). Activation of the 

ionotropic NMDA receptor results in increased calcium influx, and the subsequent binding of 
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calcium to calmodulin (Garthwaite & Boulton, 1995). The calcium-calmodulin complex 

dephosphorylates nNOS to activate the enzyme, thereby converting L-arginine to L-citrulline and 

increasing NO production (Lee et al., 2010). Diffusion of NO into the pre-synaptic neuron 

activates soluble guanylate cyclase (sGC), which increases cyclic guanosine monophosphate 

(cGMP) production in order to facilitate glutamate release (Kiss & Vizi, 2001). This process is 

necessary for early-phase long-term potentiation (LTP) and the formation of short term 

memories (Kiss & Vizi, 2001).  

 In the post-synaptic neuron, NO also generates the second messenger cGMP via 

activation of sGC, in order to initiate two signaling cascades (Garthwaite et al., 1988). 1) cGMP 

activates adenylate cyclase (AC) to produce the second messenger cAMP. The increased levels 

of cAMP activate protein kinase A (PKA), which phosphorylates CREB. 2) cGMP directly 

stimulates protein kinase G (PKG) which phosphorylates ERK 1/2. This triggers the 

translocation of ERK1/2 to the nucleus, where it phosphorylates CREB (Impey et al., 1998). 

Activation of CREB from both pathways stimulates its binding to the CREB response element 

(CRE) and following co-activation by CREB-binding protein (CBP), results in altered gene 

transcription (Guan et al., 2002). These changes in gene transcription modulate a variety of 

mechanisms, such as late-phase LTP, which in addition to strengthening synapses and facilitating 

learning and memory, is thought to underlie the development of drug addiction (Liddie et al., 

2013).    
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Figure 2. Summary of NO signaling in pre- and post-synaptic neurons. NMDA receptor 
activation stimulates NO production via nNOS in the post-synaptic cell. NO can act at the site of 
synthesis or in the pre-synaptic cell, and activates sGC to generate the second messenger cGMP. 
In the pre-synaptic terminal, cGMP stimulates glutamate release, as well as activates PKG. PKG 
subsequently phosphorylates ERK1/2, which then translocates to the cell nucleus, where it 
activates CREB by phosphorylation. pCREB mediates gene transcription necessary for LTP and 
memory formation. The same signaling pathway is activated in the post-synaptic terminal. 
Additionally, in the post-synpatic neuron, cGMP stimulates AC to increase cAMP production. 
cAMP activates PKA, which then translocates to the cell nucleus and phosphorylates CREB. 
Figure adapted and modified from Liddie et al. (2013) Current Pharmaceutical Design, 19:7092-
7102. 

3.2. The effect of cocaine on the nitrergic system 

 Reports consistently indicate that cocaine administration upregulates the nitrergic system 

in areas of the brain associated with drug reinforcement and reward. For instance, mice that 

receive chronic cocaine treatments have 82% more nNOS positive neurons in the Hp, relative to 

control mice (Yoo et al., 2006). Similarly, repeated cocaine injections increase the expression of 

nNOS neurons in the CPu of mice by 96% (Balda et al., 2008). However, the same finding is not 
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observed in the NAc or in the brains of adolescent mice (Balda et al., 2008). Chronic cocaine 

administration also increases total brain nNOS activity by about 59% in rats; a result that persists 

into withdrawal (Vitcheva et al., 2015). Furthermore, it appears that this cocaine-induced 

increase in nNOS activity mediates withdrawal symptoms and oxidative stress throughout the 

brain, as these effects are blocked by pre-treatment with 7-NI (Vitcheva et al., 2015). In support 

of these findings, an increase in nNOS activity in the mouse cortex was observed following 

chronic cocaine injections and 48 hours into drug withdrawal (Bhargava & Kumar, 1997). Thus, 

it is clear that cocaine enhances both the expression and activity of the nNOS enzyme. As such, 

it is not surprising that cocaine has been associated with increased NO efflux in the brain as well.  

 Several studies have used microelectrodes in vivo to confirm this cocaine-mediated 

increase in NO production. In the rat PFC, acute systemic cocaine administration results in a 

time-dependent increase in NO efflux, and reaches maximal levels 45 minutes following drug 

treatment (Sammut & West, 2008). Pre-treatment with 7-NI almost completely blocks this 

cocaine-induced NO efflux, thus indicating that the NO production is predominantly derived 

from neuronal sources (Sammut & West, 2008). Conversely, an acute systemic cocaine injection 

does not enhance NO production in the CPu (Koh et al., 2008). However, an increase in NO 

efflux in the CPu is observed with chronic cocaine administration (Koh et al., 2008). This is 

supported by Lee et al. (2010), who reported that seven days of cocaine injections also results in 

a significant increase in NO efflux in the rat CPu. Additionally, this effect is prevented with the 

pharmacological inhibition of nNOS (Lee et al., 2010). Therefore, it is likely that cocaine’s 

modulation of the nitrergic system is brain region specific and dependent on the dosing schedule 

(Koh et al., 2008; Lee et al., 2010; Sammut & West, 2008).  

 The exact molecular mechanism by which cocaine upregulates nNOS activity and NO 
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production is not known. However, evidence indicates that the mechanism likely involves the 

DAergic and glutamatergic systems. Specifically, D1 receptor antagonists (Lee et al., 2010; 

Morris et al., 1997; Sammut et al., 2006; Yang et al., 1999), D2 receptor agonists (Lee et al., 

2010; Morris et al., 1997; Sammut et al., 2007), and NMDA receptor antagonists (Lee et al., 

2010; Morris et al., 1997) significantly reduce the cocaine-induced NO efflux in the rat striatum 

and Hp. Furthermore, an electrophysiological study found that D1 receptor agonists robustly 

enhance the firing activity of nNOS interneurons in the rat striatum (Centonze et al., 2002). 

Double-labeling immunocytochemistry also illustrated co-localization of nNOS interneurons and 

D1/D5 receptors throughout the striatum (Rivera et al., 2002). Thus, it is hypothesized that 

cocaine indirectly activates nNOS via the amplification of the DAergic and glutamatergic 

systems.  

Interestingly, nNOS KO mice express lower basal levels of tyrosine hydroxylase (TH) 

neurons in the VTA, relative to WT mice (Balda et al., 2009). TH is the rate-limiting enzyme in 

catecholamine biosynthesis. With repeated cocaine administration, there is a further reduction in 

the expression of TH neurons in the nNOS KO mice, while WT mice show a significant increase 

in TH expressing neurons (Balda et al., 2009). Overall, these results indicate a reciprocal 

relationship: that cocaine effects likely necessitate nNOS expression and that nNOS may 

contribute to the regulation of DA synthesis (Balda et al., 2009).  

3.3. The role nitric oxide in cocaine-motivated behaviours 

 Substantial focus has been placed on how this cocaine-induced NO efflux contributes to 

the expression of cocaine-mediated behaviours. The CPP paradigm has been especially vital in 

solidifying the major role of NO in the formation and reconsolidation of drug-associated 

memories. Inhibition of NOS activity has been reported to reduce or block the CPP of many 
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drugs of abuse, including morphine (Kivastik et al., 1996; Karami et al., 2002; Shen et al., 2012; 

2014), ethanol (Itzhak et al., 2009), methamphetamine (Li et al., 2002), and nicotine (Martin & 

Itzhak, 2000), in both mice and rats. As such, the same results follow for cocaine-induced CPP. 

Both non-selective NOS inhibition (Kim & Park, 1995) and selective nNOS inhibition (Balda et 

al., 2006; Itzhak et al., 1998; 2008; Itzhak & Anderson, 2007) attenuate the development of 

cocaine CPP in mice. These findings are supported by studies using nNOS KO mice, which 

exhibit a resistance to cocaine CPP, as well as reinstatement by cocaine priming (Balda et al., 

2006; Itzhak et al., 1998; Itzhak & Anderson, 2007). Furthermore, cocaine-induced CPP is 

acquired by male nNOS KO mice during adolescence, however it is not maintained nor 

reinstated by cocaine priming in adulthood (Balda et al., 2006). Moreover, when male nNOS KO 

mice are administered molsidomine, an NO donor, immediately following conditioning, a short-

lived expression of cocaine place preference is observed (Itzhak, 2008). Interestingly, resistance 

to cocaine CPP is not observed in female nNOS KO mice, and their behaviour is not 

significantly different from WT mice (Balda et al., 2006). This suggests that the neural plasticity 

involved in cocaine reinforcement may occur via an nNOS-independent mechanism in females.  

The role of nNOS in CPP maintenance has also been examined. Itzhak & Anderson 

(2007) conditioned WT mice with cocaine and administered 7-NI only prior to retrieval (i.e. 

testing). Although the mice express an immediate place preference, this CPP is completely 

abolished on subsequent testing eight and fifteen days later (Itzhak & Anderson, 2007). A 

follow-up study examined the effect of nNOS inhibition immediately after retrieval and found 

that this effectively prevents future cocaine priming injections from reinstating the place 

preference (Itzhak, 2008). Therefore, this evidence supports the role of nNOS in LTM formation 

of cocaine-associated cues and in memory reconsolidation. In line with these results, 
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administration of the NO analogue L-arginine, either systemically or directly into the NAc, but 

not in the VTA of rats, produces a significant place preference (Sahraei et al., 2004). 

Additionally, pre-treatment with a non-selective NOS inhibitor completely abolished the L-

arginine-induced CPP (Sahraei et al., 2004). As such, NO efflux in the NAc may be involved in 

mechanisms of reward and reinforcement.  

NO production is also involved in cocaine self-administration. Pre-treatment with a non-

selective NOS inhibitor significantly reduced responding for cocaine self-administration in a 

dose-dependent manner (Collins & Kantak, 2002; Orsini et al., 2002; Pudiak & Bozarth, 2002; 

Pulvirenti et al., 1997), with the highest dose of the inhibitor decreasing self-administration 

responding by 50% (Collins & Kantak, 2002). Similar results were reported when a NOS 

inhibitor was administered one hour into a three hour self-administration session; a decrease in 

cocaine self-administration was observed, as well as an increase in the inter-response time 

between successive cocaine injections (Pudiak & Bozarth, 2002).  

A substantial number of studies have focused on the effect of NOS inhibition on cocaine 

sensitization as well. Behavioural sensitization is the observed enhancement in locomotor 

activity and stereotypic behaviour that develops with repeated psychostimulant administration 

(Ago et al., 2008). Non-selective NOS inhibition (Bhargava & Kumar, 1997; Haracz et al., 1997; 

Pudiak & Bozarth, 2013) and selective nNOS inhibition (Haracz et al., 1997; Nasif et al., 2010) 

attenuated cocaine-induced locomotor sensitization, but did not block cocaine conditioned 

locomotor activity (Pudiak & Bozarth, 2013). Whereas, nNOS KO mice exhibited no 

behavioural sensitization or conditioned locomotion induced by cocaine (Itzhak et al., 1998). 

Additionally, Nasif et al. (2010) found that 7-NI pre-treatments prevented the cocaine-induced 

increase in membrane excitability of PFC neurons in rats. Therefore, it is hypothesized that NO 
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is necessary for the dysregulation of PFC activity that occurs with chronic cocaine 

administration, which may then subsequently contribute to the development of behavioural 

sensitization (Nasif et al., 2010). However, the role of NO in the VTA has also been implicated. 

Specifically, daily infusions of 7-NI into the VTA blocked the development of cocaine-induced 

locomotor sensitization (Byrnes et al., 2000). Conversely, nNOS inhibition in the VTA did not 

alter the locomotor activity induced by acute cocaine administration (Byrnes et al., 2000).  

 Other cocaine-associated behaviours have been linked to NO production as well, 

including cocaine kindling (i.e. increased sensitivity to the convulsive effects of cocaine) (Itzhak, 

1996) and the discriminative stimulus effects of cocaine (Collins et al., 2001). 

3.4. The link between the cocaine-induced nitric oxide efflux and the endogenous opioid 

system 

 Only a couple of studies have investigated the connection between the EOS and NO 

production in the context of cocaine addiction. The first study found that chronic cocaine 

administration in WT mice produces an 82% increase in nNOS positive cells in the Hp, whereas 

MOR KO mice only show a 54% increase in Hp nNOS expression (Yoo et al., 2006). Therefore, 

this observed attenuation may support a small role for the EOS in the regulation of the nitrergic 

system.  

 On the other hand, the second study suggests regulation of opioid receptor expression by 

NO. Winick-Ng et al. (2012) pre-treated PC12 cells with 20mM of the non-selective NOS 

inhibitor, L-NAME, one hour prior to cocaine exposure. Two treatment models were used; cells 

were administered either a single continuous cocaine treatment (SCT) (500µM) or repeated 

intermittent treatments (RIT) (100µM) consisting of three daily 30 minute treatments with 

cocaine for 72 hours. Results indicated that NOS inhibition attenuated the increase in MOR 
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mRNA levels by RIT, as well as the increase in MOR protein expression by SCT and RIT 

(Winick-Ng et al., 2012). This suggests that in vitro, NO may modulate MOR expression at the 

transcriptional, translational, and/or post-translational level (Winick-Ng et al., 2012). However, 

the exact mechanism by which this occurs, and whether these results can be replicated in vivo, 

has not been elucidated. 

As previously discussed (see section 1.3 and 3.1), cocaine mediates NO efflux, which 

subsequently induces ERK1/2 and CREB activation to modulate gene transcription. 

Additionally, stimulation of ERK1/2 and CREB in the NAc has been reported to alter the gene 

transcription of the receptors and ligands of the EOS (Duraffourd et al., 2014; Muschamp & 

Carlezon, 2013). However, whether the NO-mediated activation of the ERK1/2/CREB pathway 

is connected to the cocaine-induced increase in MOR expression is unknown. Thus, the link 

between the nitrergic system and the MOR in cocaine addiction requires further investigation.  
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Rationale 
 Cocaine is used by an estimated 18.2 million people worldwide and abuse of this drug 

incurs about $181 billion in annual societal costs in Canada alone (CCSA, 2015; Gorelick, 

2017). Thus, cocaine addiction is a national public health problem for which there are no 

effective pharmacological treatments or vaccines. Furthermore, psychosocial treatments have 

limited efficacy, with cognitive-behavioural approaches being most common and leading to 

some level of reduced drug use (Farranato et al., 2013). However, overall a large percentage of 

cocaine addicts eventually relapse, even following long periods of drug abstinence (Koob et al., 

2004). This emphasizes the urgent need for new therapeutic strategies. Although significant 

advances in our understanding of the neurobiology of addiction have been made, there are 

several factors that complicate the development of successful treatments. For instance, the 

majority of cocaine addicts abuse other illicit drugs and/or have co-morbid psychiatric illnesses 

(Gorelick, 2017). Additionally, drug addiction is influenced by a combination of genetic, 

epigenetic and environmental factors, and persistent drug-induced neurochemical alterations in 

the brain (Noble et al., 2015). Moreover, our knowledge of the cellular and molecular 

mechanisms responsible for these long-term neuroadaptations and their role in compulsive drug-

seeking behaviour is somewhat limited.  

 One such neuroadaptation that has received attention as a potential target for 

pharmacotherapies is the cocaine-induced increase in MOR expression. Human brain imaging 

studies demonstrate increased MOR expression in brain reward regions positively correlates with 

drug craving, vulnerability to relapse, and poor treatment outcome (Ghitza et al., 2010; Gorelick 

et al., 2005; Zubieta et al., 1996). A substantial number of animal studies also implicate the 

MOR in mediating cocaine reinforcement and reward (Bilsky et al., 1992; Gerrits et al., 1995; 

Houdi et al., 1989; Hummel et al., 2004; Kim et al., 1997; Leri et al., 2006; 2009; Rademacher & 
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Steinpreis, 2002; Schroeder et al., 2007; Suzuki et al., 1992). Although the exact molecular 

mechanism by which cocaine modulates MOR expression is unknown, in vitro evidence suggests 

that NO is involved (Winick-Ng et al., 2012). It is well established that cocaine administration 

elicits NO efflux, and elevates nNOS activity and expression, in brain reward regions (Balda et 

al., 2008; Koh et al., 2008; Lee et al., 2010; Sammut & West, 2008). NO also appears to be 

critical in cocaine reinforcement and cue-associated learning (Balda et al., 2006; Kim & Park, 

1995; Itzhak et al., 1998; 2008; Itzhak & Anderson, 2007).  

As such, this study aimed to investigate whether nNOS modulates the cocaine-induced 

MOR expression in vivo, specifically in the NAc, and plays a role in cocaine reward, as 

measured by CPP. As the cocaine-induced increase in MOR expression is associated with an 

individual’s vulnerability to relapse, elucidation of the molecular mechanism responsible for this 

neuroadaptation may help identify upstream targets for pharmacotherapies that effectively reduce 

drug cravings and risk of relapse. 

 The involvement of NO was assessed via pharmacological nNOS inhibition with 7-NI. 

As previously mentioned, 7-NI does not produce systemic adverse effects and selectively inhibits 

the predominant NOS isoform in the brain, nNOS. Additionally, previous studies have shown 

that 7-NI is effective at inhibiting cocaine-induced NO production and blocking cocaine-

associated behaviours in mice (Balda et al., 2006; 2008; Itzhak et al., 1998; 2008; Itzhak & 

Anderson, 2007; Kalisch et al., 1996; Sammut & West, 2008). Therefore, 7-NI was selected as 

an appropriate inhibitor. It has also been accepted that different cocaine dosing schedules can 

have varying molecular effects on the brain (Nobel et al., 2015). For this reason, MOR and 

nNOS expression following both acute and sub-chronic cocaine dosing schedules were examined 

in this study. In this study, acute cocaine administration is defined as a single cocaine injection, 
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whereas sub-chronic cocaine dosing is defined as four cocaine treatments given 48 hours apart. 

Furthermore, a rat model was used to complete this study as our laboratory has previously 

demonstrated a cocaine-induced increase in MOR mRNA in the rat NAc (Leri et al., 2006; 

2009), as well as the effect of nNOS inhibition on the development of cocaine CPP in rats has 

never been investigated. However, as rats have a different distribution of NOS-containing 

neurons compared to mice (Ng et al., 1999), it is important to confirm that results from a mouse 

and rat model coincide.  

 Although multiple brain regions were extracted and biochemically examined, only results 

from the rat NAc will be discussed in the following sections. For results from the CPu, Hp, and 

PFC, see the appendix: supplementary data.  
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Hypothesis 
 Cocaine induces an increase in MOR expression via a NO-dependent mechanism and this 

neuroadaptation plays a role in the expression of cocaine-induced place preference.  

Objectives 
1. Assess the effect of an acute cocaine injection on MOR and nNOS expression in the NAc 

2. Determine the effect of systemic nNOS inhibition on cocaine-induced place preference 

3. Determine the impact of systemic nNOS inhibition on ‘subchronic’ cocaine-induced 

expression of the MOR and nNOS in the NAc  
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Materials and Methods 

Materials 

TRIzol Reagent, DNAse I, oligo dT, SuperScript II, primers, Platinum Taq, Power SYBR Green 

Master Mix, the rabbit polyclonal MOR antibody, the goat anti-rabbit secondary antibody, and 

the goat anti-mouse secondary antibody were purchased from ThermoFisher Scientific (Ottawa, 

ON). Cocaine HCl was from Dumex (Toronto, ON, Canada), and 7-nitroindazole and b-

mercaptoethanol were from Sigma Aldrich (St. Louis, MO, USA). The rabbit b-actin polyclonal 

antibody was purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA), and the 

mouse monoclonal nNOS was obtained from Novus Biologicals Canada (Oakville, ON, Canada) 

or ThermoFisher Scientific (Ottawa, ON, Canada). The enhanced chemiluminescence (ECL) kit, 

and the Protein Assay Dye Reagent Concentrate and nitrocellulose membranes were obtained 

from Bio-Rad Laboratories (Mississauga, ON, Canada). All remaining molecular or 

electrophoresis chemicals were from Fisher Scientific (Ottawa, ON) or DiaMed Laboratories 

(Mississauga, ON).  

Subjects 

A total of 96 male Sprague-Dawley rats (Charles River, QC, Canada) were used as subjects. 

Animals were singly housed and weighed 175-200 grams at the beginning of all experiments. 

Upon arrival, the animals were given one week to acclimate to the Central Animal Facility. They 

were maintained on a twelve-hour reverse light/dark cycle (0700h lights off; 1900h lights on) 

with free access to water and food (Purina rat chow 18% protein) except during behavioral 

testing, which was always conducted during the dark cycle. All experiments were approved by 

the Animal Care Committee of the University of Guelph and were carried out in accordance with 

the recommendations of the Canadian Council on Animal Care.  
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Drugs 

Cocaine HCl (Dumex, Toronto, ON) was dissolved in 0.9% physiological saline and 

injected intraperitoneally (IP) at a volume of 1 mL/kg. A dose of 20 mg/kg of cocaine was 

selected as it produces a robust place preference in rats (Leri et al., 2006; Stitch et al., 2010). The 

7-NI (Sigma Aldrich, St. Louis, USA) was made fresh before use, suspended in peanut oil 

(Itzhak, 1996; Kalisch et al., 1996), and administered IP at a volume of 1mL/kg. The lowest dose 

of 7-NI (25 mg/kg) was chosen as it was found to block cocaine-induced place preference in 

mice (Itzhak et al., 1998). The highest dose of 7-NI (50 mg/kg) was selected because it was 

found to maximally inhibit nNOS activity in all rat brain regions (Kalisch et al., 1996).  

Testing Apparatus 

Activity Chambers/Conditioned Place Preference 

Six, custom made conditioning boxes (University of Guelph, Guelph, ON) were used in these 

experiments, as described previously (Stitch et al., 2010). The boxes were constructed of 

semitransparent Plexiglas and comprised of two large compartments (30 x 40 x 26 cm3). These 

compartments were separated by a removable dark grey polyvinyl chloride (PVC) insert with or 

without a small square opening (10 x 10 cm) at the back. The compartments were distinct in 

visual (marbled white and black pattern on the wall of one compartment and vertical white and 

black stripes on the wall of the other; objects external to the boxes included tables, cabinets, and 

computers) and tactile cues (one compartment contained a black ceramic floor tile), which 

remained constant throughout the experiment. The front of each compartment was covered in 

black wire mesh allowing for automatic video tracking (EthoVision v3, Noldus, The 

Netherlands). When the inserts with the openings were used, a virtual transition zone was created 

with the software (approximately the size of a 400 gram rat); this ensured statistical 
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independence of measures taken in the two compartments. These measures included locomotor 

activity (cm) and time (s) spent active during preference testing.  

Biochemical Assays 

Quantitative Polymerase Chain Reaction (qPCR) analysis  

In experiment 1, rats were decapitated either 24 hours, 48 hours, or 72 hours, following 

cocaine administration. In experiment 2, rats were decapitated 72 hours after receiving the last 

drug administration. This time point was chosen based on the results from experiment 1 and 

findings reported by Azaryan et al. (1998). All animals were exposed to CO2 for 30 seconds prior 

to decapitation. Immediately following decapitation, brains were placed ventral side up, in an 

ice-cold brain matrix, and the optic chiasm was identified as a landmark for bregma. Coronal 

slices were then made at +5.0, +3.0, and +1.0 mm anterior to bregma and -1.0 mm posterior to 

bregma.  All coronal sections were immediately placed on an ice-cold glass petri dish and the 

NAc, CPu, PFC, and Hp were extracted with a scalpel. All tissue was rapidly frozen on dry ice, 

and stored at -80°C until subsequent processing. The tissue was homogenized in the following 

volumes of TRIzol reagent (Invitrogen, Missisauga, ON): 1 mL for the PFC, 1.5 mL for the NAc 

and CPu, and 3 mL for the Hp. Samples were incubated at room temperature for 5 minutes and 

then centrifuged at 4°C and 17,530 g for 15 minutes. The supernatant was transferred to a 1.5 mL 

Eppendorf tube and 200µL of chloroform/mL of TRIzol reagent used, was added. Next, the 

Eppendorf tubes were vortex mixed for 15 to 30 seconds, incubated at room temperature for 2 to 

3 minutes, and centrifuged at 4°C and 17,530 g for 15 minutes. Approximately 500µL of 

colourless aqueous phase was then transferred to a new 1.5 mL Eppendorf tube. The organic 

phenol-chloroform phase was stored at -20°C until protein was ready to be isolated (see below). 

RNA precipitation was achieved with the addition of 500µL of 100% RNase-free 
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isopropanol/mL of TRIzol reagent used. Precipitation occurred overnight at -20°C. Samples were 

then centrifuged at 4°C and 17,530 g for 10 minutes. The supernatant was removed, followed by 

the washing and vortex mixing of the RNA pellet with 1 mL of 75% ethanol. The samples were 

once again centrifuged at 4°C and 6,854 g for 5 minutes, the supernatant was decanted, and the 

RNA pellets were air-dried for 15 to 20 minutes. The dried pellets were re-suspended in 20 to 

30µL of RNase-free water, incubated on ice for 10 minutes, and stored at -20°C until 

quantitation.  

For RNA quantitation, the purity and concentration of each sample was determined by 

the absorbance at 230/260nm and 260/280nm using a spectrophotometer to calculate the dilution 

in µg RNA/mL (GeneQuant Pro). Only samples with a ratio of 1.7 to 2.0 for the 260/280 

absorbance value were used. For the reverse transcription of RNA to complementary DNA 

(cDNA), 2µg of RNA from each sample was mixed with RNase-free water to create a final 

volume of 8µL. To degrade any genomic DNA that may have been extracted with the RNA, 1µL 

of DNase 10X buffer (ThermoFisher Scientific) was added to each sample, followed by 1µL of 

DNase Amp Grade I (ThermoFisher Scientific). Following a twelve minute incubation at room 

temperature, 1µL of 20mM ethylenediaminetetraacetic acid (EDTA) (ThermoFisher Scientific) 

was added and samples were incubated at 65°C for 10 minutes. Each sample then received 1µL 

of Oligo dT (ThermoFisher Scientific), the samples were mixed, and incubated at 70°C for 10 

minutes, followed by 4°C for 4 minutes. To each sample, 7.5µL of superscript mix (4µL of 5X 

first strand buffer, 2µL of 0.1M dithiothreitol (DTT), and 1.5µL of 10mM dNTPs; ThermoFisher 

Scientific) was added. After heating the samples to 43°C for 2 minutes, 1.5µL of superscript II 

(ThermoFisher Scientific) was added to every sample, followed by incubation at 43°C for 75 
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minutes and 94°C for 4 minutes. Finally, each sample was brought to a final volume of 40µL by 

adding 19µL of RNase-free water, and the samples were frozen at -20°C.  

 To perform PCR and qPCR, the cDNA samples prepared from the reverse transcription 

(RT) of the RNA samples were used. For PCR, 5µL of each RT product was combined with 

45µL of PCR master mix (5µL of 15mM MgCl2, 1µL of 10mM dNTPs, 5µL of 5µM 5’ and 3’ 

primers, 5µL of 10X PCR buffer, 23.8µL of RNase-free water, and 0.2µL of Platinum Taq; 

ThermoFisher Scientific). Contamination was assessed using a 5µL aliquot of RNase-free water 

as a PCR control. Hypoxanthine-guanine phosphoribosyltransferase (HPRT; located on the X 

chromosome) was used as a control housekeeping gene and was based on previous studies from 

our laboratory that have used rat tissue (Mitchnick et al., 2016). Primers (ThermoFisher 

Scientific) for HPRT, MOR, and nNOS were designed with NCBI-Primer Blast to yield the 

forward and reverse primers: HPRT (132 base pairs; bp): F 5´-

TCCTCATGGACTGATTATGGACA-3´, R 5´-TAATCCAGCAGGTCAGCAAAGA-3 ´ as 

used in other studies from our lab (Mitchnick et al., 2015; Mitchnick et al., 2016), MOR (179 

bp): F 5’-GCCCTCTACTCTATCGTGTGTGTA-3’,  

R 5’-GTTCCCATCAGGTAGTTGACACTC-3’ as previously studied (Bannister et al., 2011), 

and nNOS (179 bp): F 5’- GACAACGTTCCTGTGGTCCT-3’,  

R 5’-TCCAGTGTGCTCTTCAGGTG-3’ as previously studied (Mahairaki et al, 2009). The 

cycling conditions for all genes were as follows: 40 cycles of 95°C for 30 seconds, 55°C for 30 

seconds, and 72°C for 45 seconds (Bio-Rad Thermocycler). The PCR products were then 

resolved on a 1.5% agarose gel (1.8g agarose, 2.5mL 50X tris acetic acid EDTA (TAE) buffer, 

117.5mL water, and 4.8µL ethidium bromide). Loading dye was added to all samples and the 

100bp DNA ladder prior to adding them to the wells of the gel. PCR products were separated at 
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90V for 1 hour (Bio-Rad Electrophoresis), and visualized using the Pharmacia Biotech 

ImageMaster VDS.  

Once all genes were qualitatively detected using PCR, qPCR was used to assess the 

quantitative changes in gene expression. To detect the HPRT gene, 1µL of RT product was 

added to 9µL of qPCR master mix (5µL Power SYBR Green; Life Technologies, 3µL RNase-

free water, 0.5µL of 10µM forward and reverse primers). To detect the MOR and nNOS genes, 

2µL of RT product was combined with 8µL of qPCR master mix (5µL Power SYBR Green; Life 

Technologies, 2µL RNase-free water, 0.5µL of 10mM forward and reverse primers). Using a 96-

well plate, samples were run using the Step One Plus Real-Time PCR System (Applied 

Biosystems). The cycling conditions for qPCR were as follows: HPRT: 40 cycles of 95°C for 15 

seconds, 60°C for 60 seconds; MOR: 40 cycles of 95°C for 15 seconds, 60°C for 60 seconds, 

77°C for 15 seconds; nNOS: 40 cycles of 95°C for 15 seconds, 60°C for 60 seconds, 80.5°C for 

15 seconds. 

Immunoblot analysis 

Protein was isolated from the organic phenol-chloroform phase collected during RNA 

isolation (see above). The DNA was precipitated out of each sample by adding 0.3mL of 100% 

ethanol/mL of TRIzol initially used. The Eppendorf tubes were inverted for mixing, incubated at 

room temperature for 2 to 3 minutes, and centrifuged at 2,000 g for 5 minutes at 4°C. 

Approximately 500µL of the phenol-ethanol supernatant was then transferred to a new 2mL 

Eppendorf tube. To each sample, 1.5mL of 100% RNase-free isopropanol/mL of TRIzol used, 

was added. Next, samples were incubated at room temperature for 10 minutes, followed by 

centrifugation at 12,000 g for 10 minutes at 4°C and decantation of the supernatant. The protein 
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pellets were then washed three times with 2mL of wash solution (0.3M guanidine hydrochloride 

in 95% ethanol). In each wash, samples were incubated at room temperature for 20 minutes, 

centrifuged at 7,500 g for 5 minutes at 4°C, and the wash solution discarded. After the final 

wash, 2mL of 100% ethanol was added, and the samples were mixed and incubated at room 

temperature for 20 minutes, and centrifuged at 7,500 g for 5 minutes at 4°C. Following removal 

of the ethanol wash, the protein pellets were air-dried for 5 to 10 minutes, and then re-suspended 

in 200µL of a 1:1 solution of 1% sodium dodecyl sulfate (SDS) and 8M urea in Tris-HCl, pH 

8.0. To solubilize the proteins pellets, 5 cycles of 15 seconds of sonication (Model 100 

Ultrasonic Dismembrator, Thermo Fisher – 100 watts, ultrasonic frequency 22.5kHz) and 30 

seconds of ice incubation was completed for all samples, as previously described by Simoes et al 

(2013). Next, the samples were centrifuged at 3,200 g for 10 minutes at 4°C, to sediment any 

insoluble material. The supernatant containing the solubilized protein was transferred to a fresh 

1.5mL Eppendorf tube and stored at -20°C until protein quantification.  

 Protein concentration was determined using the Bradford method (Bradford, 1976). This 

method involved the addition of Protein Dye Reagent Concentrate (Bio-Rad) to a diluted aliquot 

of each sample and its subsequent absorbance measurement at 595nm (EL311 Microplate 

Autoreader, Biotek Instruments Inc., VT, USA). Bovine serum albumin (Roche) was used at a 

standard and the protein concentrations were calculated from interpolation of absorbance on a 

linear regression standard curve.  

 Protein extracts from the tissue lysates (40µg/sample) were separated using a 10% SDS 

polyacrylamide gel electrophoresis (SDS-PAGE). A two-thirds concentration of protein and 

water was combined with a one-third concentration of loading dye consisting of Laemmlli buffer 

(final concentration: 6% SDS, 0.1875 M Tris-HCl pH 6.8, 30% glycerol and 0.015% 
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bromophenol blue) and 2-mercaptoethanol (0.075 mL Laemmlli buffer; Sigma). Samples were 

then heated at 99°C for 5 minutes, briefly centrifuged, and loaded onto the SDS-PAGE in a Dual 

Vertical Slab Gel Electrophoresis system (Hoefer). Protein extracts were separated for 6 hours by 

electrophoresis at a current of 25mA/SDS-PAGE or overnight by electrophoresis at a current of 

6mA/SDS-PAGE or until sufficient separation was visible. Following electrophoresis, the gels 

and nitrocellulose membranes (Bio-Rad) were equilibrated in transfer buffer (final concentration: 

48mM Tris, 0.39 M glycine, 2% SDS, and 20% methanol) for 15 minutes, and the proteins then 

transferred onto the membranes using a semi-dry transfer apparatus (Bio-Rad) run at 20V for 90 

minutes. The resulting membranes were cut at the 100kDa band and the 50kDa molecular weight 

markers indicated by the protein standard, and then blocked for 1.5 hours in 5% non-fat milk 

dissolved in tris-buffered saline (TBS) containing 0.1% Tween-20 (TBS-T). Following a quick 

rinse with TBS-T, the blocked membranes were incubated overnight at 4°C in primary 

antibodies specific for: b-actin (1:2000 rabbit polyclonal b-actin I-19 antibody in 5% milk in 

TBS-T, Santa Cruz), MOR (1:1000 rabbit polyclonal MOR 44-308G antibody in 5% milk in 

TBS-T, ThermoFisher Scientific), and nNOS (1:1000 mouse monoclonal nNOS MAB2416 

antibody in 5% milk in TBS-T, Novus or 1:500 mouse monoclonal nNOS 3G6B10 antibody in 

5% milk in TBS-T, ThermoFisher Scientific). Blots were then rinsed twice with TBS-T for 5 

minutes, and incubated for 1 hour at room temperature in either: 1:2500 goat anti-rabbit or goat 

anti-mouse IgG-horseradish peroxidase (HRP)-conjugated secondary antibody (ThermoFisher 

Scientific) in 5% non-fat milk in TBS-T. The blots were then rinsed four times in TBS-T (2 x 5 

minutes, 2 x 10 minutes) and bands were visualized with the addition of equal volumes of 

enhanced chemiluminescence reagents (ECL1/2, Bio-Rad), followed by scanning using a 

ChemiDoc MP imaging system (Bio-Rad).  
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Procedures 

Experiment 1: Cocaine-induced locomotor activity 

 Animals were handled for a minimum of six days before the beginning of the experiment. 

Rats were injected with 0 or 20 mg/kg of cocaine and immediately placed in activity chambers, 

as previously described (Leri et al., 2009; Minhas & Leri, 2014). Horizontal and vertical 

activities were recorded for 2 hours.  

Experiment 2: Effect of nNOS inhibition on the development of cocaine CPP 

Animals were handled for a minimum of six days before the beginning of the experiment. 

As rats generally express a bias for one compartment over the other during the pre-conditioning 

sessions, a biased CPP procedure was used. By assigning the non-preferred side as the drug-

paired compartment, any initial preferences that may affect the conditioning procedure would be 

eliminated. Rats were first habituated to the conditioning boxes for 20 minutes. The 

compartment that the rat spent less time in by at least one second, was selected as the cocaine-

paired compartment. This criterion for selecting the less preferred compartment strengthens the 

support that the animal showed a preference for one compartment over the other due to the 

rewarding properties of the drug rather than a natural preference for a particular chamber. 

The following day, rats were injected with either 0 (peanut oil vehicle), 25, or 50 mg/kg 

of 7-NI and placed in a novel cage for 30 minutes, allowing for maximal nNOS inhibition by 7-

NI following systemic administration (Kalisch et al., 1996). Rats were then injected with either 0 

(saline vehicle) or 20 mg/kg of cocaine and immediately confined to the least preferred 

compartment for 30 minutes. This occurred four times in total (i.e. 4 vehicle and 4 cocaine-

pairings, over 8 days). Thus, overall this experiment included 6 groups (n=8/group): pre-

treatment with 0 mg/kg of 7-NI conditioned with 0 or 20 mg/kg of cocaine, pre-treatment with 
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25 mg/kg of 7-NI conditioned with 0 or 20 mg/kg of cocaine, and pre-treatment with 50 mg/kg 

of 7-NI conditioned with 0 or 20 mg/kg of cocaine. The day after the last conditioning session, 

the place preference of the rats was tested for 20 minutes. The time difference spent in the 

cocaine-paired compartment from habituation to test was used as an index of place preference.  

Data and Statistical Analyses 

 For place preference, time spent in the drug-paired (cocaine) compartment on habituation 

and test sessions in different groups was compared using a two-factor Analysis of Variance 

(ANOVA). Locomotor activity was also analyzed by two-factor ANOVA. In case of significant 

main effects or interactions, individual mean differences were identified by multiple comparisons 

using the Bonferroni method (a=0.05). The details of non-significant statistics are not reported.  

 For qPCR analysis, relative mRNA levels were determined using the delta-delta Ct 

method of analysis. A threshold cycle (CT) was determined for each data point. A ratio was then 

determined for each sample using the following formula: 

Ratio = 2[CT(HPRT) – CT(GENE)] 

where CT(GENE) was the gene of interest and CT(HPRT) was the CT value for HPRT. Each data 

point was then expressed relative to the control sample.  

 For immunoblotting analysis, each band was analyzed densitometrically. To account for 

variability between blots, all bands were expressed as a percentage of the total amount of protein 

on the entire blot. MOR and nNOS protein levels were normalized to b-actin levels within the 

same sample. Protein and mRNA analysis of MOR and nNOS levels were analyzed 

independently by one-factor ANOVA. In case of significant main effects, individual mean 

differences were determined by multiple comparisons using a Dunnett’s test (a=0.05).  

All data analyses were performed using GraphPad Prism 7.0 (GraphPad Software Inc.) 
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and are presented as the mean ± standard error of the mean (SEM).  

 

 

Results 

Experiment 1: The effect of acute cocaine administration on locomotion, and MOR and 

nNOS mRNA and protein expression in the NAc 

 To assess the time-course of acute cocaine effects, locomotor activity was measured 

within two hours of a single dose of 20 mg/kg cocaine, and MOR and nNOS mRNA and protein 

levels were quantified 24, 48, and 72 hours post-injection.  

Cocaine-induced locomotor activity 

 In a 2 hour test, the two-factor ANOVA identified significant main effects of treatment 

group [F (1, 22) = 20.62, p = 0.0002] and time post-injection [F (11, 242) = 29.66, p < 0.0001]. 

Multiple comparisons indicated significantly increased locomotor activity in the cocaine treated 

animals, relative to vehicle treated animals, between 10 and 40 minutes, 60 and 90 minutes, and 

at 110 minutes post-injection (p<0.05) (Figure 3).  

Qualitative detection and quantification of MOR and nNOS mRNA 

 The mRNA expression of HPRT, MOR, and nNOS were confirmed in the rat NAc tissue 

(Figure 4). Based on their qualitative presence, quantitative changes in mRNA expression were 

further characterized using qPCR.  

 Figure 5 represents the time-dependent quantitative changes in (A) MOR and (B) nNOS 

mRNA expression in the rat NAc following a single cocaine injection (20 mg/kg), as determined 

by qPCR. In regards to MOR mRNA expression, the ANOVA revealed a significant effect of 

treatment [F (3, 20) = 4.214, p = 0.0183] and multiple comparisons indicated a significant 3.4-
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fold and 3.2-fold increase in steady-state MOR mRNA levels in the NAc at 24 and 48 hours 

post-injection, respectively, relative to levels detected in the NAc of vehicle treated animals 

(p<0.05). There was also an observed 2.6-fold increase in MOR mRNA at 72 hours post-

injection, however this was not quite statistically significant.  

The ANOVA for nNOS mRNA expression indicated a significant effect of treatment [F 

(3, 20) = 3.844, p = 0.0253] and multiple comparisons identified a significant 2.7-fold increase 

24 hours post-injection (p<0.05), and a 2.4-fold increase that approached significance (p=0.0529) 

48 hours post-injection, in the NAc of cocaine treated rats relative to vehicle treated animals. 

Expression levels returned to control levels by 72 hours post-treatment.  

MOR and nNOS protein expression  

 The time course of altered MOR and nNOS protein expression in the rat NAc following 

an acute cocaine treatment (20 mg/kg) was examined with immunoblotting followed by 

densitometric analysis. Representative western blots depicting the changes in (A) MOR and (B) 

nNOS protein expression in NAc extracts are shown in Figure 6. The ANOVA revealed a 

significant effect of treatment [F(3, 20) = 4.635, p = 0.0128] on MOR protein expression. 

Multiple comparisons indicated a significant 1.8-fold increase at 72 hours post-cocaine treatment 

(p<0.05), and a trend toward an increase (1.6-fold) in MOR protein levels at 48 hours post-

injection (p=0.0789) (Figure 6C). There also appeared to be a correlation between MOR protein 

expression and time following treatment (R2= 0.89), suggesting MOR protein levels continue to 

increase over time following a single cocaine injection.  

During immunoblotting, it was observed that the nNOS protein could not be detected in 

six of the protein samples, despite being able to detect other proteins of interest, an even b-actin 

distribution, and running the samples multiple times. Thus, these samples could not be quantified 
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and were excluded from the analysis. As a result, comparisons of NAc nNOS levels could only 

be made with n=4 for all groups in this experiment. The ANOVA indicated a significant effect of 

treatment [F (3, 12) = 13.39, p = 0.0004] on nNOS protein expression, and multiple comparisons 

identified a significant 4.5-fold increase in NAc nNOS protein levels 48 hours post-cocaine 

injection (p<0.01), with levels returning to control values by 72 hours post-treatment (Figure 

6D). Interestingly, nNOS protein levels in the NAc were consistently below control levels, 24 

hours following cocaine treatment, however this finding was not statistically significant.  

Experiment 2: The role of nNOS in cocaine-induced locomotion, CPP, and MOR and 

nNOS mRNA and protein expression in the NAc 

 As acute cocaine increased the expression of MOR and nNOS mRNA and protein in the 

NAc of rats, and NOS inhibition attenuates the cocaine-mediated increase in MOR expression in 

vitro (Winick-Ng et al., 2012), the effect of nNOS inhibition on cocaine reward and cocaine-

induced gene expression was investigated in vivo.  

The effect of nNOS inhibition on cocaine-induced locomotor activity 

 Figure 7 depicts the locomotor activity of rats during each 30 minute drug pairing (i.e. 

drug-conditioning session). The two-factor ANOVA identified a significant main effect of 

treatment [F (5, 42) = 30.79, p<0.0001] only. Multiple comparisons revealed that animals treated 

with cocaine alone exhibited significantly increased locomotor activity, relative to vehicle treated 

animals (p<0.0001) (Figure 7A). Pre-treatment with either 25 (p=0.0038) or 50 mg/kg (p< 

0.0001) 7-NI alone produced a significant dose-dependent decrease in locomotor activity, 

relative to vehicle treated animals (Figure 7B). A similar trend was observed in the cocaine 

treated animals, with the pre-treatments of 25 (p=0.0022) and 50 mg/kg (p<0.0001) 7-NI 

resulting in a dose-dependent decrease in locomotion, relative to cocaine treated animals pre-
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treated with 0 mg/kg 7-NI (Figure 7C).  

The effect of nNOS inhibition on the development of cocaine CPP 

 Figure 8 represents time spent in the cocaine-paired compartment during the habituation 

and test sessions in vehicle treated and cocaine treated rats pre-treated with 0 mg/kg, 25 mg/kg, 

or 50 mg/kg 7-NI. The ANOVA identified a significant interaction between treatment group and 

test [F (5, 42) = 4.136, p = 0.0038], as well as significant main effects of treatment group [F (5, 

42) = 6.673, p = 0.0001] and test [F (1, 42) = 14.86, p = 0.0004]. Multiple comparisons further 

revealed a significant increase in the time spent in the cocaine-paired compartment from 

habituation to test only in the cocaine treated animals pre-treated with 0 mg/kg 7-NI (p< 0.01). 

However, no statistically significant difference was detected in the cocaine treated rats that were 

pre-treated with either 25 mg/kg or 50 mg/kg 7-NI. Thus, both doses of 7-NI attenuated the 

development of the cocaine-induced CPP.   

Cocaine-induced MOR and nNOS mRNA expression 

 Figure 9 represents the quantitative changes in (A) MOR and (B) nNOS mRNA 

expression in the NAc 72 hours following the completion of the cocaine CPP, as determined 

using qPCR.  The ANOVA identified a significant effect of treatment [F (5, 37) = 4.908, p = 

0.0015] on MOR mRNA expression. Multiple comparisons then revealed a significant 2.5-fold 

increase in MOR mRNA levels in cocaine treated rats that received no 7-NI (p<0.01). No 

statistically significant change in MOR mRNA levels were detected in cocaine treated rats that 

were pre-treated with 25 mg/kg and 50 mg/kg 7-NI.  

 In regards to nNOS mRNA expression, the ANOVA indicated a significant effect of 

treatment [F (5, 38) = 5.67, p = 0.0005]. Multiple comparisons further revealed that nNOS 

mRNA levels were significantly elevated 2.2-fold (p<0.001), 1.9-fold (p<0.05), and 2.5-fold 
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(p<0.001) in cocaine treated rats pre-treated with 0 mg/kg, 25 mg/kg, and 50 mg/kg 7-NI, 

respectively. A significant 2.1-fold increase in nNOS mRNA expression was also noted in 

vehicle treated animals pre-treated with 25 mg/kg (p<0.01) and 50 mg/kg 7-NI (p<0.01).  

Cocaine-induced MOR and nNOS protein expression 

 Figure 10 depicts the changes in MOR and nNOS total protein expression in the NAc 72 

hours following the completion of the cocaine CPP, as assessed via immunoblotting and 

densitometric analysis. Representative immunoblots depicting MOR and nNOS protein levels 

relative to b-actin in samples obtained from the NAc of rats from each treatment group are 

shown in Figure 10A and 10B, respectively. Densitometric analysis followed by ANOVA 

identified a significant effect of treatment [F (5, 39) = 3.434, p = 0.0115] on MOR protein 

expression and multiple comparisons revealed a significant 0.6-fold reduction in MOR protein 

levels in cocaine treated rats pre-treated with 50 mg/kg 7-NI (p<0.05) (Figure 10C). The 

ANOVA indicated a significant effect of treatment [F (5, 39) = 4.328, p = 0.0031] on nNOS 

protein expression, as well. Multiple comparisons further revealed a significant 0.4-fold (p<0.05) 

and 0.3-fold (p<0.01) decrease in nNOS protein levels in the vehicle treated animals pre-treated 

with 25 mg/kg and 50 mg/kg 7-NI, respectively. Furthermore, multiple comparisons revealed a 

significant 0.2-fold (p<0.05) and 0.4-fold (p<0.05) reduction in nNOS protein expression in 

cocaine treated rats pre-treated with 0 mg/kg and 25 mg/kg 7-NI, respectively (Figure 10D).  
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Figure Legends 

 
Figure 3. Mean (SEM) total distance moved (cm) during a 2-hour post-treatment test of 

locomotor behaviour in vehicle (n=6) and 20 mg/kg cocaine (n=18) treated rats. The * indicates 

a significant difference between the vehicle and cocaine treated groups.  

Figure 4. Representative ethidium bromide-stained gel demonstrating qualitative identification 

of (A) HPRT, (B) MOR, and (C) nNOS mRNA expression in RNA extracted from the NAc 

tissue using PCR. Amplification of each transcript is illustrated in samples obtained from vehicle 

treated and cocaine treated rats 24, 48, and 72 hours after treatment. The product size of each 

amplification product was confirmed by comparison with a 100 base pair DNA ladder (not 

shown).  

Figure 5. Quantitative analysis of (A) MOR and (B) nNOS mRNA levels relative to HPRT 

expression in the NAc of rats sacrificed 24 (n=6), 48 (n=6), and 72 (n=6) hours following an 

acute cocaine injection (20 mg/kg). All expression levels are relative to vehicle treated (n=6) 

animals and are expressed as the mean ± SEM.  The * indicates a significant difference 

compared to control.  

Figure 6. Representative immunoblots depicting (A) MOR and (B) nNOS protein expression in 

the NAc extracts obtained from control rats and those sacrificed at 24, 48, or 72 hours after a 

single cocaine treatment (20 mg/kg). The top panel in each image demonstrates the presence of 

the protein of interest (indicated on the right) and the bottom panel shows b-actin levels obtained 

from the same blot. Densitometric analysis of the protein expression ratios of total (C) MOR 

(n=6/group) and (D) nNOS (n=4/group) to b-actin for each experimental group relative to 

vehicle treated animals is presented as the mean ± SEM. The * indicates a significant difference 

compared to control. 
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Figure 7. Mean (SEM) total distance moved (cm) across each of the four 30 minute drug-paired 

conditioning sessions. Graphs compare (A) vehicle treated (n=8) and cocaine treated (n=8) 

animals that were not pre-treated with 7-NI (B) vehicle treated animals that were pre-treated with 

0 mg/kg (n=8), 25 mg/kg (n=8), and 50 mg/kg (n=8) 7-NI and (C) cocaine treated animals that 

were pre-treated with 0 mg/kg (n=8), 25 mg/kg (n=8), and 50 mg/kg (n=8) 7-NI. The * indicates 

a significant difference from the vehicle treated animals pre-treated with 0 mg/kg 7-NI and the # 

indicates a significant difference from the cocaine treated animals pre-treated with 0 mg/kg 7-NI.  

Figure 8. Mean (SEM) time spent in the cocaine-paired compartment during the habituation and 

test sessions in vehicle treated and cocaine treated rats pre-treated with 0 mg/kg, 25 mg/kg, or 50 

mg/kg 7-NI (n=8/group). The * indicates a significant difference compared to the 0 mg/kg 7-

NI/vehicle treated group. 

Figure 9. Mean (SEM) relative expression of (A) MOR and (B) nNOS mRNA in the NAc of rats  

72 hours following the completion of the cocaine CPP (n=8/group). All expression levels are 

relative to those obtained from vehicle treated animals that did not receive 7-NI. The * indicates 

a significant difference compared to the 0 mg/kg 7-NI/vehicle treated group. 

Figure 10. Representative immunoblots depicting (A) MOR and (B) nNOS protein expression in 

samples obtained from the NAc of rats 72 hours following the completion of the cocaine CPP. 

The top panel displays the protein of interest (indicated on the right) and the bottom panel shows 

b-actin levels from the same samples. Treatment group is labeled above the images and protein 

size is indicated on the left. The graphs display the mean (SEM) protein expression ratios of total 

(C) MOR (n=8/group) and (D) nNOS (n=8/group) to b-actin for each experimental group 

relative to vehicle treated rats that did not receive 7-NI. The * indicates a significant difference 

compared to the 0 mg/kg 7-NI/vehicle treated group. 
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Figure 8
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Figure 9 
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Discussion 

Summary of results 

Previously our laboratory demonstrated using a PC12 cell model that cocaine modulates 

MOR mRNA and protein expression in vitro via an NO-dependent mechanism and that this 

mechanism is dependent on the drug administration schedule (Winick-Ng et al., 2012). However, 

whether the same mechanisms occur in neurons and the role of NO in regulating the cocaine-

induced increase in MOR expression in vivo were unknown. As such, the current study aimed to: 

determine the effect of (1) acute cocaine administration and (2) ‘subchronic’ cocaine 

administration on MOR and nNOS expression, and to assess the role of NO in (3) cocaine 

conditioned reward and (4) cocaine-mediated expression of MOR and nNOS in the NAc.  

In experiment #1, the NAc of rats was extracted either 24, 48, or 72 hours following a 

single cocaine injection (20 mg/kg), and alterations in MOR and nNOS expression were 

determined using qPCR and immunoblotting for mRNA and protein quantification, respectively. 

The experiment yielded the findings that acute cocaine administration increases both MOR and 

nNOS transcript levels within the first 24 hours of administration, and that acute cocaine 

gradually increases MOR protein expression over 72 hours, whereas the increase in nNOS 

protein levels is more transient; peaking by 48 hours and returning to baseline by 72 hours.  

In experiment #2, rats underwent cocaine CPP (biased design, 4 drug and 4 vehicle 

pairings) in which vehicle treated and cocaine treated animals were pre-treated with either 0, 25, 

or 50 mg/kg of 7-NI. The results indicated that cocaine alone produced a robust place preference, 

however this effect was attenuated with the pre-treatment of 7-NI in a dose-independent manner. 

The effect of nNOS inhibition on cocaine-mediated MOR and nNOS expression was 

subsequently investigated, and the NAc of the rats was extracted 72 hours after the final 7-
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NI/cocaine treatment. The mRNA and protein levels were once again assessed via qPCR and 

immunoblotting, respectively. Findings suggested that ‘subchronic’ cocaine administration 

enhances MOR mRNA levels, and that this effect is attenuated with nNOS inhibition. 

Conversely, MOR protein expression in the NAc remained unchanged following ‘subchronic’ 

cocaine treatment.  In addition, cocaine and 7-NI alone or in combination increased nNOS 

expression at the transcriptional level and suppressed nNOS expression at the translational level.  

Taken together, these results indicate that acute and ‘subchronic’ cocaine administration 

differentially modulate MOR and nNOS expression at the transcriptional and translational level. 

Furthermore, it appears that nNOS plays a role in both cocaine conditioned reward and cocaine-

induced MOR mRNA expression, however other molecular players are likely involved as well. 

Acute cocaine administration modulates MOR and nNOS expression 

 As a stimulant, it is not surprising that cocaine administration enhances movement and 

energy levels in humans (CSSA, 2015; Ritz et al., 1990). This finding is consistent with 

countless previous studies that reported increased activity in rodents administered cocaine (Allen 

et al., 2013; Gulley et al., 2003; Horger et al., 1999; Leri et al., 2003; 2004; 2012; Placenza et al., 

2008; Thomeson & Caine, 2011). Hence, locomotor activity was measured in the present study 

as a means of confirming that the rats properly responded to the cocaine treatment. As expected, 

cocaine treated animals exhibited significantly greater locomotor activity across a two-hour 

period, relative to the vehicle treated animals. These results provided confidence for moving 

forward with the molecular assessments of gene expression.  

 Prior to proceeding with the quantification of MOR and nNOS transcripts, the qualitative 

confirmation that the genes of interest, along with the housekeeping gene HPRT, were present in 

the rat NAc was carried out. As evidenced by the detection of the correct sized PCR 
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amplification products and the absence of contamination in blank samples, all genes were 

present. This result was in line with previous studies that have also detected the HPRT (Chen et 

al., 2011; Zelek-Molik et al., 2010), MOR (Azaryan et al., 1998; Leri et al., 2006; 2009), and 

nNOS (Bradley et al., 2005; Lau et al., 2003; Padovan-Neto et al., 2011) genes in the rat NAc 

tissue.  Once the genes were detected and primer efficiencies determined, the quantitative 

analysis of these genes could be performed. The optimal blocking conditions, primary antibody 

concentration, and transfer conditions were also established for the detection and analysis of the 

proteins of interest with immunoblotting.  

 The main objective of experiment #1 was to elucidate the time-course of acute cocaine-

induced alterations in MOR expression in the NAc, as this had never been previously 

investigated. This study revealed that a single cocaine injection enhances MOR expression at the 

mRNA level within the first 24 hours, which likely results in the subsequent increase in MOR 

protein levels that manifests by 72 hours. Although these findings are consistent with the 

numerous reports of a cocaine-induced increase in MOR mRNA and protein expression 

(Azaryan et al., 1996a; 1998; Bailey et al., 2005; 2007; Ghitza et al., 2010; Gorelick et al., 2005; 

Hammer, 1989; Leri et al., 2006; 2009; Unterwald et al., 1992; 1994; Winick-Ng et al., 2012; 

Zubieta et al., 1996), these results are novel in demonstrating time-dependent changes in MOR 

expression following a single high dose of cocaine. Similarly, Azaryan et al. (1998) also reported 

a time-dependent increase in MOR mRNA and protein levels with cocaine, however significant 

differences are noteworthy. For instance, MOR mRNA was found to be maximally increased by 

72 hours of cocaine administration (Azaryan et al., 1998), as opposed to the 24-hour time-point 

observed in this study. This discrepancy is likely a result of differences in the duration of drug 

exposure, drug dose, and route of administration (i.e. chronic continuous, 50 mg/kg/day, 
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subcutaneous via osmotic minipump, respectively). Importantly, a subcutaneous chronic 

continuous treatment regimen is not representative of the higher levels of cocaine that would 

more rapidly reach the central nervous system with each dose during the binge-like pattern of 

administration that is often observed in human cocaine users (Gawin & Kleber, 1986), thus 

limiting the translatability of their results. However, the report that MOR protein binding is 

maximally enhanced by 72 hours of cocaine administration (Azaryan et al., 1998) is in line with 

our finding that total MOR protein expression was elevated at 72 hours. This may suggest that 

the cocaine-induced alterations in MOR protein levels occur independently of the administration 

paradigm. However, as protein binding is not equivalent to total protein levels, it is not known if 

the increased binding observed by Azaryan and colleagues (1998) is the result of higher receptor 

levels, or whether the increase in MOR levels identified in the present study reflect an increase in 

receptor activation. Further studies would be required to confirm this.  

 Conversely, Soderman & Unterwald (2009) previously reported a significant decrease in 

MOR protein binding in rats following an acute high dose cocaine treatment (20 mg/kg). 

However, changes in receptor binding were only investigated within the first 10 minutes post-

injection (Soderman & Unterwald, 2009). Thus, the shorter time-course likely accounts for the 

discrepancy in results.   

 Moreover, this is the first in vivo study to investigate the changes in total MOR protein 

expression following an acute cocaine injection, using immunoblotting. Previously, our 

laboratory examined this effect in vitro and determined that either SCT with 500µM or RIT with 

100µM cocaine in PC12 cells induced an increase in total MOR protein levels (Winick-Ng et al., 

2012). Furthermore, it was reported that the RIT in PC12 cells elevated MOR mRNA expression 

as well (Winick-Ng et al., 2012); another consistent finding with the present study. Interestingly, 



 65 

this cocaine-induced increase in MOR expression was prevented by NOS inhibition, thereby 

linking NO production to this mechanism in vitro (Winick-Ng et al., 2012). Whether this 

mechanism also occurs in vivo was therefore assessed and the link between cocaine, NO, and 

MOR was further substantiated by the investigation of changes in nNOS expression following 

acute cocaine treatment.  

 This investigation determined there was a transient upregulation of nNOS expression in 

the rat NAc following a single cocaine injection. Specifically, levels of the nNOS transcript were 

increased within 24 hours, which likely induced the increase in nNOS protein levels observed at 

48 hours. Additionally, both nNOS mRNA and protein levels returned to baseline by 72 hours. 

These findings are novel in demonstrating enhanced nNOS expression mediated by acute cocaine 

and support previous reports of a cocaine-induced increase in NO efflux in brain reward regions 

(Koh et al., 2008; Lee et al., 2010; Sammut & West, 2008). Thus, it is possible that the increase 

in NO production previously reported is mediated by cocaine’s ability to transiently upregulate 

the expression of nNOS. Furthermore, these results compliment previous studies that used 

immunohistochemistry to detect an increase in nNOS positive neurons following chronic cocaine 

administration (Balda et al., 2008; Loftis & Janowsky, 2000; Yoo et al., 2006). It is important to 

note that Balda et al. (2008) reported no changes in nNOS expression in the NAc of rats, 

however this discrepancy is likely a result of the different dosing regimens (i.e. acute v. chronic).  

 Moreover, according to Laine et al. (1998), the half-life of the nNOS protein in rat brain 

homogenates is 12 to 30 minutes, depending on the isoform, and this rapid degradation occurs 

via a calpain-dependent mechanism. Calpain is a ubiquitous calcium-dependent protease that 

selectively cleaves a large variety of substrates (Laine et al., 1998). As such, it is likely that this 

mechanism quickly degrades nNOS in vivo as well (Laine et al., 1998). This is supported by the 
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immunoblotting results which illustrated drastic cocaine-induced changes in total nNOS 

expression within the 24 hour periods assessed in the present study. Thus, it would follow that 

nNOS is a protein with a rapid turnover rate in vivo, thereby allowing expression levels to be 

regulated across short periods of time. 

 Overall, the findings from experiment #1 validated that acute cocaine alters both MOR 

and nNOS expression, supporting the hypothesis that a connection in vivo is possible. Therefore, 

these results provided the rationale for the subsequent experiment, in which nNOS activity was 

inhibited in order to elucidate the role of NO in cocaine-induced MOR expression and cocaine 

conditioned reward.  

Inhibition of nNOS attenuates cocaine CPP 

 The present study assessed the effects of the selective nNOS inhibitor, 7-NI, on cocaine 

CPP. To confirm cocaine’s actions, the locomotor activity during each conditioning session was 

assessed for all treatment groups. As expected, treatment with cocaine alone significantly 

increased locomotor activity relative to the vehicle treatment (see above). Furthermore, 

compared to the vehicle only treatment, administration of 7-NI alone resulted in a significant 

decrease in locomotor activity. Pre-treatment with 7-NI also reduced the locomotor activity of 

rats treated with cocaine, relative to rats treated with cocaine alone. The effect of 7-NI inducing a 

dose-dependent decrease in locomotor activity in vehicle treated rats (Akar et al., 2007; 

Czernecka et al., 2015; Kalisch et al., 1996; Marren, 1998; Richter et al., 2000; Yildiz et al., 

2000) and cocaine treated rats (Byrnes et al., 2000) is consistent with previous studies. Although, 

the exact mechanism by which nNOS inhibition induces motor impairments is unknown, it is 

hypothesized that blocking NO production subsequently reduces DA 

biogenesis/neurotransmission in the substantia nigra, thereby impairing motor movement 
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(Czernecka et al., 2015). This is based on previous reports of NO-mediated DA release in the 

dorsal striatum (Iravani et al., 1998; West & Galloway, 1997a; 1997b). However, this hypothesis 

is arguable, as 7-NI has also been reported to improve motor deficits in a Parkinson’s disease rat 

model (Di Matteo et al., 2009). Interestingly, this depression of locomotion is not observed when 

mice are treated with 7-NI (Celik et al., 1999; Itzhak, 1997; Manzanedo et al., 2004; Noda et al., 

1995; Pokk & Vali, 2002), which may point to species-dependent differences in drug effects. 

 Results from the CPP testing indicated that a place preference did not develop in the 

vehicle treated rats pre-treated with 0, 25, or 50 mg/kg 7-NI, which is consistent with previous 

reports (Itzhak et al., 1998; Itzhak & Martin, 2000; Li et al., 2002; Martin & Itzhak, 2000). 

Conversely, the cocaine treated animals pre-treated with 0 mg/kg 7-NI developed a significant 

robust place preference, which illustrates the reinforcing properties of cocaine and is consistent 

with past findings (Leri et al., 2006; Mueller & Stewart, 2000; Nygard et al., 2017; Schroeder et 

al., 2007; Stitch et al., 2010). The findings also indicated that this cocaine CPP was attenuated in 

rats pre-treated with 25 and 50 mg/kg 7-NI. Although these animals often spent more time in the 

drug-paired compartment, the results were not found to be significantly different relative to the 

animals that received the vehicle alone or cocaine alone. Overall, these findings are consistent 

with previous studies, in which both non-selective NOS inhibition (Kim & Park, 1995) and 

selective nNOS inhibition (Balda et al., 2006; Itzhak et al., 1998; 2008; Itzhak & Anderson, 

2007) were reported to abolish cocaine CPP in mice. However, since the place preference is 

reported to be completely abolished in mice, but was only found to be attenuated in rats, this 

discrepancy may once again suggest a species-dependent difference.  

 One potential influential factor is the variation in the nitrergic system between rats and 

mice. According to Ng et al. (1999), rats generally have a greater number of nNOS positive 
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neurons than mice. Furthermore, the level of NO plasma metabolites in rats is 10 to 20 times 

higher compared to humans and mice (Radermacher & Haouzi, 2013). Thus, if the nitrergic 

system is different between species, it follows that the pharmacodynamics of 7-NI may vary 

between species as well. This is supported by the fact that 7-NI impairs the locomotion of rats, 

but not mice, as previously described. Moreover, past reports have demonstrated that 7-NI 

produces a different level of nNOS inhibition in rats and mice. Specifically, Demas et al. (1997) 

found that 50 mg/kg 7-NI inhibited more than 90% of nNOS activity in the mouse brain. 

Comparatively, in the rat brain, 50 mg/kg 7-NI achieves maximal inhibition and only blocks 

about 50 to 60% of total nNOS activity (Kalisch et al., 1996; MacKenzie et al., 1994). This 

suggests that 7-NI may be a more effective inhibitor in mice than rats, and that the observed 

attenuation of cocaine CPP in rats is the result of incomplete nNOS inhibition in the brain. 

However, it is important to note that a greater level of nNOS inhibition in mice may also suggest 

a lack of isoform specificity by 7-NI in this species.   

 The efficacy of 7-NI in rats may also be inconsistent, as it was reported that cocaine-

induced NO efflux is only completely blocked by the nNOS inhibitor in about 50% of rats, 

whereas in the other 50%, it is only attenuated (Sammut & West, 2008). This implies that there is 

inter-rat variability in the effectiveness of nNOS inhibition, and supports the observation that not 

all cocaine treated rats pre-treated with 7-NI developed a strong preference for the drug-paired 

compartment in this study. Additionally, repeated administration of 30 mg/kg 7-NI in rats has 

been reported to enhance iNOS protein expression in the brain, which may subsequently 

compensate for the NO production previously lost by nNOS inhibition (Luo et al., 2007). 

Collectively, this evidence suggests that pharmacological nNOS inhibition in rats should be 

supported by genetic inhibition, which may be achieved using methods such as small interfering 
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RNA (siRNA) or short hairpin RNA (shRNA) gene knock down, to further elucidate the role of 

NO in cocaine CPP in rats. 

 It is also possible that an attenuation in cocaine reward was observed in rats pre-treated 

with 7-NI, rather than abolishment as previous studies have reported, because the dose of cocaine 

was too high. Such an effect is observed with methylphenidate-induced hyperlocomotion, in that 

7-NI completely blocks the sensitization induced by a low dose of methylphenidate, but not with 

a higher dose (Itzhak & Martin, 2002). The authors of this study suggested that the degree of 

stimulation of the DA system may alter the pharmacological function of 7-NI (Itzhak & Martin, 

2002). If this hypothesis is correct, a place preference induced by a lower dose of cocaine (10-15 

mg/kg) may have been more suitable.  

 Lastly, it may be that NO modulates cocaine-motivated behaviours differentially and that 

CPP may not fully elucidate this mechanism in rats. This could be due to the fact that CPP is an 

all-or-nothing response (Bardo & Bevins, 2000) and is not sensitive to dose-dependent effects 

(Wise, 1989). Other models, such as self-administration, can provide a more graded response and 

is indicative of dose-dependent effects (Bardo & Bevins, 2000). In addition, previous studies 

have linked NO to the mechanisms responsible for cocaine self-administration (Collins & 

Kantak, 2002; Orsini et al., 2002; Pudiak & Bozarth, 2002; Pulvirenti et al., 1996), and this 

model may have been a suitable behavioural measure as well.  

‘Subchronic’ cocaine administration and nNOS inhibition modulate MOR and nNOS 

expression 

 Rats were sacrificed 72 hours following the final 7-NI/cocaine treatment received during 

CPP. This was based on (1) results from experiment #1 that illustrated a significant acute 

cocaine-induced increase in MOR protein levels by 72 hours and (2) a previous study that 

reported maximal increase in MOR mRNA expression at 72 hours with chronic continuous 
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cocaine exposure (Azaryan et al., 1998). As expected, this study revealed a significant increase 

in MOR mRNA levels in the NAc of rats treated with cocaine alone. This finding is consistent 

with a previous study from our laboratory that reported elevated MOR mRNA levels in the rat 

NAc ten days after the completion of cocaine CPP (Leri et al., 2006). Moreover, this cocaine-

induced increase in MOR mRNA was attenuated with the pre-treatment of 25 or 50 mg/kg 7-NI, 

thus suggesting a role for NO in this mechanism.  

 These results are somewhat consistent with the previous report that non-selective NOS 

inhibition abolishes the cocaine-induced increase in MOR mRNA in vitro (Winick-Ng et al., 

2012). The fact that an attenuation was observed in vivo, compared to the abolishment reported 

in vitro may be explained by differences between the two models. The in vitro model is made up 

of a homogenous population of cells that respond to cocaine and express the MOR and all three 

NOS isoforms, however they are not neurons and do not possess the same interactions that occur 

under physiological conditions (Murphy & Murphy, 1991). As a result, it is not uncommon for 

cultured cells to respond differently from whole animal models (Murphy & Murphy, 1991). 

Furthermore, Winick-Ng et al. (2012) used PC12 cells that were not differentiated into a neuron-

like phenotype, were treated with a different and non-selective NOS inhibitor, and followed a 

slightly different drug treatment regimen (i.e. RIT over 72 hours); all of which may contribute to 

the observed discrepancies between the studies.  

 Although acute cocaine treatment increased MOR protein levels and nNOS inhibition 

attenuated the ‘subchronic’ cocaine-mediated increase in MOR mRNA levels, this experiment 

provided less conclusive findings on the effect of cocaine and nNOS inhibition on MOR protein 

expression. No significant changes in MOR protein levels were observed in any of the treatment 

groups, with the exception of the cocaine treated animals pre-treated with 50 mg/kg 7-NI, in 
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which a significant decrease in MOR protein expression relative to vehicle only treated rats was 

observed. This finding was not consistent with previous studies that reported increased MOR 

protein binding, activity, and density in the NAc following cocaine administration in rats 

(Azaryan et al., 1998; Bailey et al., 2007; Hammer, 1989; Unterwald et al., 1992; 1994). 

However, it is important to note that immunoblotting is only a measure of total protein levels, 

and does not indicate changes in protein activity or localization. As such, although no changes in 

total protein levels were detected, it is possible that cocaine and/or 7-NI could alter the activity, 

binding affinity, and/or membrane expression of the MOR in the NAc. Thus, sub-cellular 

fractionation, receptor binding, and/or immunohistochemistry techniques would be required to 

investigate such changes.  

 Additionally, our findings are not consistent with those reported by Winick-Ng et al. 

(2012), who detected a cocaine-induced increase in total MOR protein expression using 

immunoblotting, as well as an abolishment of this effect with NOS inhibition (Winick-Ng et al., 

2012). However, as previously mentioned, this inconsistency may be the result of inherent 

differences between the in vitro and in vivo models.  

 Notably, this is the first study to investigate the changes in MOR mRNA and protein 

expression in the same samples following cocaine CPP. All previous studies have used a 

different drug treatment protocol, which could impact the observed changes in gene and protein 

expression (Nobel et al., 2015). It is also possible that the cocaine-induced increase in MOR 

mRNA levels observed in the present study did lead to increased protein translation, but that this 

protein was subsequently translocated to a different connecting brain region. According to Le 

Merrer et al. (2009), this is not uncommon for the ligands and receptors of the EOS, as the 

proteins are often transported to different projection areas where they are localized pre-
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synaptically.  

 As acute cocaine was found to alter nNOS expression in experiment #1, the effect of 7-NI 

on this mechanism following CPP was also examined. Interestingly, both cocaine and 7-NI alone 

and in combination significantly increased nNOS mRNA expression in the rat NAc, with no 

observed additive or dose-dependent effects. The finding that cocaine alone enhanced nNOS 

mRNA levels is consistent with experiment #1 and may be linked to cocaine’s propensity to 

induce NO-dependent oxidative stress in the brain (Vitcheva et al., 2015). Furthermore, this was 

the first study to investigate the effects of 7-NI alone or in combination with cocaine, on nNOS 

mRNA levels. Thus, in order to further interpret the results, the investigation of the effects of 

acute 7-NI with and without cocaine would be beneficial and is considered a future direction. 

 Conversely, both cocaine and 7-NI alone, as well as cocaine in combination with 25 

mg/kg 7-NI, resulted in a significant decrease in nNOS protein expression. The finding that 

cocaine alone reduces nNOS protein levels is not consistent with previous reports. Past studies 

have indicated that chronic cocaine administration generally increases nNOS expression in 

multiple brain regions, including the NAc, as determined by immunohistochemistry (Balda et al., 

2008; Loftis & Janowsky, 2000; Yoo et al., 2006). As well, no change in the density of nNOS-

positive neurons in the rat NAc following chronic cocaine treatment has also been reported 

(Balda et al., 2008). Moreover, these results do not match the cocaine-induced increase in nNOS 

protein expression illustrated in experiment #1. However, it is important to note that this 

elevation in nNOS protein mediated by acute cocaine was transient, with levels changing 

drastically within 24 hours periods, as previously discussed. As such, it may be that the time of 

sacrifice in this study was not optimal for the detection of increased nNOS protein levels. This is 

supported by the fact that all previous studies measured nNOS-positive neuron density levels 24 
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hours after the final cocaine injection (Balda et al., 2008; Loftis & Janowsky, 2000; Yoo et al., 

2006). 

 However, what is consistent with previous literature is the finding that 7-NI alone 

decreases nNOS protein expression. This has been reported in vitro in PC12 cells, as detected by 

immunoblotting (Cheng et al., 2014), as well as in vivo in the rat NAc, as detect by 

immunohistochemistry (Tian et al., 2008). When the nNOS mRNA and protein results are taken 

together, it may suggest that the mRNA levels were elevated in response to the 7-NI mediated 

decreased in protein expression, in order to return nNOS levels to baseline.  
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Summary and Significance 
 Based on the findings of experiment #1 and #2, a few general conclusions can be made. 

First, a single high dose of cocaine enhances the expression of both MOR and nNOS at the 

transcriptional and translational level. Moreover, the acute cocaine-mediated change in MOR 

expression is more persistent, whereas cocaine alters nNOS expression in a more transient 

fashion. Second, NO produced by nNOS plays a role in cocaine CPP and the cocaine-induced 

increase in MOR mRNA expression in rats, however there are likely other key molecular players 

involved as well. Third, acute and ‘subchronic’ cocaine administration differentially regulate 

MOR expression. Specifically, acute cocaine treatment alters NAc MOR expression at the 

mRNA and protein level, whereas ‘subchronic’ cocaine administration only increases MOR in 

the NAc at the transcriptional level.  

 Overall, these results support the hypothesis that NO modulates the cocaine-induced 

increase in MOR levels which regulates the development of the cocaine-mediated place 

preference, but suggests that while NO is necessary, it is not the only regulator of the cocaine-

induced increase in MOR expression and cocaine conditioned reward. However, the proposed 

mechanism may warrant further investigation due to some limitations present in this study.   

Limitations 

 One clear limitation in the present study is the translatability of cocaine CPP to human 

cocaine use. Although CPP is a well established and accepted model to measure drug 

reinforcement in animals, it does not completely mimic the pattern of drug use seen in humans, 

as well as the transition from drug use to addiction (Koob & Volkow, 2010). In line with this, it 

has been reported that the mesolimbic DA system is differentially activated depending on 

whether cocaine is passively or actively administered (Bardo & Bevins, 2000; Stefanksi et al., 
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2007). Thus, the passive administration used in CPP may limit the extent to which results can be 

translated to active human cocaine use. Another limitation is the use of a pharmacological 

inhibitor. Although 7-NI selectively and effectively blocks nNOS, it does not inhibit 100% of the 

enzyme in the rat brain (Kalisch et al., 1996; MacKenzie et al., 1994). Additionally, the level of 

inhibition varies between rats and brain region (Kalisch et al., 1996; Sammut & West, 2008), and 

it is not uncommon for pharmacological agents to have off-target effects (Jackson & Linsley, 

2010). As such, this may somewhat limit the elucidation of the role of NO in these cocaine-

mediated mechanisms. Lastly, recovery of proteins from Trizol is not the most effective method 

of protein isolation, as it does not permit consistent or complete solubilisation of proteins 

(Simoes et al., 2013). This may have limited the detection of high molecular weight proteins in 

all samples, such as nNOS (Simoes et al., 2013). However, it was necessary for the simultaneous 

recovery of RNA and protein from the same tissue sample, which increased the amount of 

information that could be obtained from each rat and reduced the number of animals required in 

the study. This method of isolation also increased the ability to correlate the mRNA and protein 

data.  

Future directions 

 Results from the current study validated that different drug administration regimens can 

have varying effects on transcription and translation; a fact that has been well established in the 

literature (Nobel et al., 2015). Thus, it may be that the role NO plays in cocaine-mediated gene 

expression depends on the dosing schedule. As such, the most logical extension of experiment #1 

is to determine the effect of pharmacological nNOS inhibition on MOR and nNOS expression 

following acute cocaine administration. Moreover, although it is a selective and effective drug in 

vivo, the efficiency of 7-NI has been shown to differ between rats and brain regions (Kalisch et 
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al., 1996; Sammut & West, 2008). Therefore, the selective silencing of the nNOS gene may be a 

more reliable method to ensure NO production by nNOS is more efficiently blocked within the 

brain. Specifically, a future study may complete experiment #2 again following the injection of 

nNOS selective siRNA or shRNA into the NAc for temporary gene knockdown and investigating 

the effects on cocaine CPP and cocaine-induced MOR expression.  

  Furthermore, it has been reported that the mechanisms that mediate self-administration 

and drug-induced CPP may differ (Bardo et al., 1999), and that this may be associated to the 

differences that passive and active drug administration have on the activation of the mesolimbic 

DA system (Bardo & Bevins, 2000; Stefanski et al., 2007). As such, whether cocaine modulates 

MOR expression via NO-dependent mechanisms in order to mediate cocaine self-administration 

may also warrant future investigation.  

 If the results from these proposed studies provide additional support for the in vivo link 

between NO and the cocaine-mediated increase in MOR expression, a potential extension of the 

experiments would be to examine the exact molecular mechanisms by which this occurs. 

Specifically, ERK1/2 and CREB may be targets for investigation due to their direct link to NO 

(Garthwaite et al., 1988; Guan et al., 2002; Impey et al., 1998; Liddie et al., 2013; Lu et al., 

2005), as well as their reported involvement in altering the gene expression of the EOS ligands 

and receptors in the NAc (Duraffourd et al., 2014; Muschamp & Carlezon, 2013). This may be 

accomplished by first confirming the activation of CREB and ERK1/2 by the cocaine-mediated 

NO efflux, followed by subsequent examination of the effect of CREB and ERK1/2 inhibition or 

knock down on cocaine-induced MOR expression. Histone acetylation and c-fos activation were 

also identified as potential mechanisms regulating the cocaine-mediated increase in MOR levels 

in vitro (Winick-Ng et al., 2012). Knock-down or pharmacological inhibition of individual 
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histone acetyltransferases or c-fos could be used to determine their role in the regulation of 

cocaine CPP, as well as MOR and nNOS expression.  

Conclusions 

 Overall, the findings from the current study support the hypothesis in that NO plays a role 

in both cocaine conditioned reward and cocaine-induced MOR expression. However, it is 

unlikely to be the only molecular player involved. Furthermore, the results of this study suggest 

that the role of NO in cocaine-mediated effects is dependent on the species and the drug 

administration paradigm, and that additional experiments are required to confirm these findings. 

Collectively, this work begins to elucidate one potential molecular mechanism involved in the 

cocaine-induced increase in MOR expression, as well as provides insight into the complexity of 

the neuro-adaptations that occur with drugs of abuse. Further understanding of this molecular 

mechanism with continued research may identify key targets necessary for cocaine reward and 

reinforcement.  
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Appendix: Supplementary Data 

 
 

 
Gene 

 
 

 
Primer Sequence 

 
Product 

Size 
(bp) 

 
Efficiency 

 
R2 

 
Slope 

 
HPRT 

F TCCTCATGGACTGATTATGGACA 132 104.68% 0.99 -3.2147 

R TAATCCAGCAGGTCAGCAAAGA 

 
MOR 

F GCCCTCTACTCTATCGTGTGTGTA 179 102.55% 0.99 -
3.2623 

R GTTCCCATCAGGTAGTTGACACTC 

 
nNOS 

F GACAACGTTCCTGTGGTCCT 179 103.28% 0.99 -
3.2458 

R TCCAGTGTGCTCTTCAGGTG 
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Supplementary Figure 1. Relative MOR and nNOS mRNA and protein expression in the rat 
CPu 72 hours following the completion of cocaine CPP. For both (A) MOR and (B) nNOS 
relative mRNA expression, the ANOVA revealed no significant main effect of treatment. The 
same was true for (C) MOR and (D) nNOS relative protein expression. Data is expressed as 
mean ± SEM (n=8/group).  
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Supplementary Figure 2. Relative mRNA and protein expression of MOR and nNOS in the 
rat PFC 72 hours after completing cocaine CPP. The ANOVA indicated that there was no 
significant main effect of treatment on both (A) MOR and (B) nNOS relative mRNA 
expression. The same results were found for (C) MOR and (D) nNOS relative protein 
expression. Data is expressed as mean ± SEM (n=8/group).  
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Supplementary Figure 3. Relative expression of (A) MOR and (B) nNOS mRNA, as well as 
(C) MOR protein in the rat Hp 72 hours following cocaine CPP. All expression levels are 
relative to those obtained from vehicle treated animals that did not receive 7-NI and were 
analyzed using a one-factor ANOVA followed by a Dunnett post-hoc test. The * indicates p < 
0.05 and the ** indicates p < 0.01, relative to vehicle only treated animals. The # indicates a 
significant difference from the cocaine only treated animals. It is important to note that the 
nNOS protein was not detectable in the rat Hp tissue via immunoblotting. Data is expressed as 
mean ± SEM (n=8/group). 


