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Abstract 

Similar to the pattern observed in people with substance abuse disorders, laboratory 

animals will exhibit escalation of cocaine intake when the drug is readily available and 

will exhibit increased drug-seeking behaviors after long periods of abstinence. 

Additionally, there are long term changes in neuron structure, receptor function, and 

neurotransmission associated with abstinence from cocaine in humans and animals. DNA 

methylation is an epigenetic modification to the DNA structure that mediates mRNA 

expression to confer different cell types, but has recently been implicated in learning and 

memory mechanisms. The long-term control that DNA methylation has over gene 

expression in animals makes it a prime candidate for controlling gene expression over the 

course of abstinence in animals with previous drug experience. Therefore, here, I 

investigated the contribution of behavioral contingency of cocaine administration on 

escalation of cocaine intake and re-exposure to cocaine cues as well as DNA methylation 

and gene expression within the dorsal medial prefrontal cortex (dmPFC) in adult male 

Sprague-Dawley rats. I exposed rats to daily training for saline (1 h/ day) or cocaine (0.25 

mg/kg/inf) in limited- (1 h access per day), prolonged- (6 h access per day), or limited + 

yoked-access (1 h contingent + 5 h non-contingent access per day) for 15 days. Rats were 

then put through forced abstinence for 1, 14, or 60 days, and then the dmPFC was 

dissected out. Saline- and prolonged-access rats were additionally separated into cue- and 

no cue- conditions after 60 days of abstinence, where cue rats were re-exposed to the 

operant chamber without cocaine delivery for 2 h. These studies led to 4 main findings. 

1) cocaine contingency affects mRNA expression for glutamatergic genes, 2) DNA 

methylation changes dynamically throughout abstinence, 3) re-exposure to cocaine cues 
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rapidly alters DNA methylation and mRNA expression, and 4) DNA methylation, 

hydroxymethylation, and transcription factor binding all contribute to altered mRNA 

expression.  
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Chapter 1: General Introduction 

“I’ve been clean for seven years but still think about using [drugs] every 

day. Sometimes the thought is fleeting, but sometimes it scares me how 

long I think about using. Whenever it gets to be too much, I also think 

about the hopelessness of that time in my life. Recovery can be a struggle, 

but it’s a struggle that gives me my life today.” https://drugabuse.com/9-

memorable-quotes-from-former-addicts/ 
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Introduction 

 Cocaine abuse is a debilitating psychological disorder that is characterized by 

recurrent substance use despite negative and recurrent social, interpersonal, legal, or 

domestic problems (APA, 2013). According to the National Institute on Drug Abuse 

(NIDA), annual drug related costs equate to $485 billion per year with 161 billion dollars 

directly related to elicit drug use. The drug related costs include 60% of all incarcerated 

adults, $23 million per year for specialized child care, 460,000 American deaths, and a 

whopping 40 million debilitating diseases and injuries associated with drug use. In 2008, 

15% of all Americans had used cocaine. Of the 15% that had used cocaine, 6% had used 

it by their senior year in high school. In 2004, NIDA reported 2 million current cocaine 

users and 1.5 million users dependent upon cocaine.(NIDA., 2016). Currently, there are 

no generally accepted (or FDA-approved) treatments for cocaine addiction which makes 

research into this disease critical.  

Despite the numbers of individuals afflicted with cocaine dependence or 

addiction, the majority of cocaine users will administer the drug recreationally and do not 

become addicted to cocaine (Edwards, 1986). One major reason for this is that cocaine 

addiction requires a variety of factors including: route of administration, accessibility of 

the drug, duration of use, stress, etc. Specifically, cocaine addiction is characterized by 

compulsive, uncontrollable, binging of cocaine during moments when cocaine is readily 

available (Ahmed & Koob, 1998; Edwards, 1986). However, cocaine binging is only one 

phase of an addiction cycle. Cocaine addicts have been theorized to cycle through three 

distinct behavioral/ cognitive stages during the transition from recreational drug use to 

addicted drug use, and they progressively spiral further and further into addiction as the 

cycle continues. The three stages of the addiction cycle are referred to as binge/ 
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intoxication, withdrawal/ negative affect, and preoccupation/ anticipation (i.e. craving in 

humans). Each stage is associated with the activation of unique neuroanatomical 

substrates, and patients will cycle through each stage progressively until addiction 

worsens. Briefly, binging on a drug (such as cocaine) activates innate reinforcement and 

habit circuitry within the VTA, SN, NAC, DS, and thalamus. Once the initial “hedonic” 

effects of drug have worn off, withdrawal/ negative affect kicks in and is mediated via 

brain stem nuclei, the CEA, BNST, hypothalamus, and NAC; activation of these circuits 

creates a negative affective state in humans that is opposite of the binge/ intoxication 

phase. Lastly, during drug abstinence, the preoccupation/ anticipation stage sets in and 

humans experience “craving” for the previously administered drug. The experience of 

craving for a drug is associated with activation of the PFC, hippocampus, BLA, and 

insula in humans (Koob & Volkow, 2010). Animal studies of addiction attempt to model 

the three stages of addiction through various procedure such as repeated drug injection, 

conditioned place preference (CPP), or self-administration (SA). Although human 

cognitive processes such as “craving” cannot be assessed in animal studies, certain 

behaviors, such as drug-seeking after prolonged abstinence, can be used to model the 

human condition.  

Experimental Models of Addiction 

Similar to the findings that high drug use is associated with worse consequences 

in human drug users, rats allowed differential access to cocaine exhibit very different 

behavioral profiles; experimenter-administered cocaine produces sensitization to the 

locomotor effects of cocaine, whereas prolonged cocaine self-administration produces 

tolerance to the effects of cocaine (Ahmed & Koob, 1998; Ben-Shahar, Ahmed, Koob, & 
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Ettenberg, 2004; Ben-Shahar et al. 2005). Additionally, the length of cocaine 

administration (Belin, Balado, Piazza, & Deroche-Gamonet, 2009; Perry, Morgan, Anker, 

Dess, & Carroll, 2006) and contingency of cocaine administration affect subsequent 

drug-seeking tests (Kippin, Fuchs, & See, 2006; Twining, Bolan, & Grigson, 2009). 

Since there are such a large number of differences in behavioral models for cocaine 

addiction, I briefly summarize them prior to justifying the behavioral model employed in 

my thesis.  

Place conditioning   

Place conditioning is a useful tool to evaluate the subjective nature of drug 

exposure based on associative processes that impact subsequent approach as well as 

avoidance behaviors (Tzschentke, 1998; Tzshentke, 2007; Ettenberg, 2004). Place 

conditioning is relatively quick and simple to perform as it tests the effects of cocaine in 

rats and mice with daily repeated injections. Most studies involve an apparatus with 2 or 

3 chambers that have distinct environmental cues. Rats or mice are then injected with a 

drug (i.e. cocaine) and placed in one chamber or injected with a control solution (i.e. 

saline) and placed in a separate chamber; they are not allowed to move between chambers 

during training. This methodology is a form of Pavlovian training that allows the rats to 

associate internal states (i.e. the UCS, aka subjective effects of cocaine) with external 

environmental cues (CS). The animals are then tested by allowing access to both 

chambers, and quantifying the amount of time spent in each chamber. A conditioned 

place preference (CPP) is achieved if the animal spends more time in the “drug-

associated” chamber, whereas a conditioned place aversion (CPA) is achieved if the 

animal spends more time in the “control-associated” chamber. Based on these simple 
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principles, a vast amount of information has been gathered on the behavioral, 

neuroanatomical, and molecular effects of cocaine.  

Place conditioning has been powerful in demonstrating evidence for theories on 

the subjective effects of drugs, such as for the opponent-process theory posited by 

Solomon & Corbit in 1974. Briefly, they hypothesized that after a drug is administered, 

there is an initial positive affective experience that occurs through the drugs actions 

(State A). However, after the initial onset of positive affect, State A begins to decline 

until it has reached a stable baseline, and an opposing process, or negative affective state 

(aka State B), is experienced. In 1999, Ettenberg et al. was able to test the affective 

properties of cocaine by administering cocaine intravenously into rats, and staggering the 

time with which they were introduced to the CPP chambers. Rats allowed no delay, or 5 

minutes of delay after cocaine injection spent more time in the cocaine-associated 

chamber (CPP was observed), whereas rats delayed for 15 minutes before training and 

testing spent more time in the control chamber (CPA was observed) (Ettenberg, Raven, 

Danluck, & Necessary, 1999). Additionally, CPP testing has been instrumental in 

addiction research because it can test the reward properties of cocaine after cocaine self-

administration procedures. In 2014, Su et al. demonstrated a shift in the rewarding 

properties of cocaine after prolonged-access to cocaine self-administration (SA). 

Specifically, the authors trained rats to self-administer cocaine (0.25 mg/mg/ 0.1 mL 

infusion) for 6 hours per day or saline (0.1 mL infusion) for 1 hour per day, then they 

trained them for CPP with an immediate or delayed (15 minutes) exposure to the CPP 

chamber; cocaine SA rats exhibited CPA whereas saline SA rats exhibited CPP when 

immediately placed in the chamber. Additionally, Su et al. trained cocaine SA rats for 
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CPP with a 0.25 mg/ kg injection of cocaine, whereupon they did observe CPP when rats 

were immediately placed in the CPP chamber (Su, Wenzel, Ettenberg, & Ben-Shahar, 

2014). Their results reflect the power of CPP tests to determine the affective properties of 

cocaine, and established that prior access to cocaine training diminishes the reward value 

of cocaine. 

CPP studies have also been instrumental when assessing the function of neural 

substrates and neurotransmitter systems implicated in addiction. For example, CPP 

combined with selective lesions of brain nuclei has helped to elucidate the roles of the 

prefrontal cortex (PFC) (Isaac, Nonneman, Neisewander, Landers, & Bardo, 1989; 

Tzschentke, 2000; Zavala, Weber, Rice, Alleweireldt, & Neisewander, 2003), nucleus 

accumbens (NAC) (Spyraki, Nomikos, Galanopoulou, & Daifotis, 1988), ventral 

tegmental area (VTA) (Ouachikh, Dieb, Durif, & Hafidi, 2014), basolateral amygdala 

(Everitt, Morris, O'Brien, & Robbins, 1991), ventral pallidum (VP) (Gong, Neill, & 

Justice, 1997), and dorsal raphe nucleus (DRN) (Will et al., 2004). Recently, more 

selective studies have been performed to investigate the roles of specific 

neurotransmitters and receptors in cocaine place preference. For instance, 

pharmacological antagonism of D1 or AMPA/Kainate receptors (Cervo & Samanin, 

1995) as well as mGluR1 receptors (Yu et al., 2013), impairs cocaine CPP. Furthermore, 

selective overexpression of the Homer2 gene within the PFC and NAC of mice elevated 

basal levels of glutamate, and potentiated cocaine-seeking during CPP testing (Ary et al., 

2013). Lastly, recent advances in optogenetic technology has allowed direct manipulation 

of specific neuron populations, and has demonstrated how cocaine CPP can be influenced 

by specific cell populations. For example, optogenetic stimulation of cholinergic 
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interneurons within the NAC accompanied with cocaine injection, enhances cocaine CPP 

over cocaine-only and non-cocaine paired controls (Witten et al., 2010).  

Although CPP is a powerful tool for investigating addiction, it has two major 

limitations, particularly for understanding the behavioral neurobiological consequences 

of drug exposure relevant to addiction. First, several studies have demonstrated that non-

contingent as opposed to contingent (i.e. self-administration) exposure to drugs produce 

distinct neurobiological consequences (e.g. Lecca, 2007; McFarland et al., 2003; Radley 

et al., 2015). Second, animals in CPP studies generally receive very limited amounts of 

cocaine and only receive them when an experimenter delivers the cocaine. Lastly, non-

contingent access to cocaine (as with CPP) increases the stress response to cocaine 

(Palamarchouk, Smagin, & Goeders, 2009), and increases the lethality of cocaine 

(Dworkin, Mirkis, & Smith, 1995), thus, non-contingent models may confound the 

behavioral and neurobiological of drug administration via stress and the hypothalamic-

pituitary-adrenal axis (HPA axis). Therefore, if the goal of studying addiction is to model 

the human condition in order to understand the neurological basis of addiction or to 

develop potential treatments for addiction, then a study should model the behavioral 

contingency and pattern of use that humans engage in, such as via intravenous cocaine 

self-administration.  

Cocaine Self-Administration Studies 

Investigation of the long-term, addiction rates of humans has previously indicated 

that increased access to cocaine, possession of cocaine, and use of fast routes of cocaine 

administration (i.e. free base smoking) results in more patients that exhibit “intensified 

cocaine use” and “compulsive cocaine use” (Siegel, 1984). Similarly, repeated, 
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prolonged-access to intravenous cocaine self-administration in rats has been shown to 

produce an addiction-like phenotype across a number of different studies (Ahmed & 

Koob, 1998; Ben-Shahar et al., 2005; Su et al., 2014). Therefore, as previously argued 

(e.g. recent reviews Feltenstein & See, 2008; Nader, 2016; Peoples et al 2010), the best 

model to replicate the behavioral and neurochemical effects of cocaine use in humans, is 

through cocaine self-administration studies in laboratory animals such as mice, rats, and 

primates. Adjusting parameters such as dose, injection rate, cue presentation, 

reinforcement schedule, and length of drug access, experimenters are able to test various 

aspects of addiction-like behaviors in animals (Woolverton, 1992). For instance, 

increasing cocaine dose also increases the time between operant responses for cocaine 

(Gerber & Wise, 1989). Additionally, the presentation of an initially neutral cue (i.e the 

CS) paired with drug delivery (i.e. the UCS) during cocaine self-administration allows 

subsequent conditioned reinforcement (Everitt, 2017), as well as reinstatement of 

responding on the previously reinforced operandum after extinction (Deroche-Gamonet, 

Piat, Le Moal, & Piazza, 2002; Meil & See, 1996; Stewart, 1983) .  

More recently, differential amounts of access to cocaine self-administration has 

become a major focus in the study the behavioral and neurobiological aspects of drug-

taking. Ahmed and Koob (1998) demonstrated that “limited” daily-access (1 h/ day) and 

“prolonged” daily-access conditions (6 h/ day) are distinct in their ability to model 

aspects of drug abuse/addiction in two major ways: 1) rats with prolonged cocaine-access 

escalate their cocaine intake across daily sessions, whereas the limited-access rats exhibit 

stable intake for several weeks and 2) rats with daily “prolonged” cocaine-access 

dramatically increase intake of cocaine for the 1st 10 minutes of self-administration while 



 

9 
 

“limited” access rats do not escalate cocaine intake within the 1st 10 minutes of self-

administration (Ahmed & Koob, 1998). This differential pattern of responding  has since 

been replicated with a number of procedural variations to determine the underlying 

changes in drug-taking behavior (Ahmed & Koob, 1999), neurocircuitry (Ahmed, Kenny, 

Koob, & Markou, 2002; Ben-Shahar et al., 2012; Robinson & Kolb, 2004), and cellular/ 

molecular function in rats (Ben-Shahar et al., 2009; Ben-Shahar et al., 2013) as well as in 

other species (Kirkland Henry, Davis, & Howell, 2009; Nakamura, Gao, Okamura, & 

Nakahara, 2011).  

Despite substantial study, it remains to be determined whether escalated cocaine 

intake (and the neurobiological changes associated there with) is dependent upon the 

amount of cocaine exposure or the act of self-administering the cocaine. Indeed, escalated 

responding and intake of non-drug reinforcers can be achieved by prolonged-access to 

liquid food, suggesting that the escalation phenomenon may be mediated by behavioral 

processes underlying the self-administration of appetitive stimuli (Goeders, Murnane, 

Banks, & Fantegrossi, 2009). One way to dissociate the relative contribution of total drug 

exposure from the behavioral contingency of that exposure is to employ yoked-access 

procedures (i.e. the administration of cocaine under the control of a separate self-

administering rat). For instance, Hemby et al. (1997) investigated the effects of cocaine 

under response-dependent and –independent conditions in a yoked-triad. Both self-

administering and yoked-access rats exhibited elevated levels of dopamine  in the nucleus 

accumbens during the first hour of self-administration, but the self-administering animals 

exhibited greater dopamine levels than their yoked- counterparts (Hemby, Co, Koves, 

Smith, & Dworkin, 1997). Additionally, relative to rats self-administering cocaine, yoked 



 

10 
 

rats exhibit differential corticosterone levels both in systemic plasma (Galici, Pechnick, 

Poland, & France, 2000) and brain (Palamarchouk et al. 2009), have a higher morbidity 

rate (Dworkin et al., 1995) and exhibit higher indices of distress (measured by ultrasonic 

vocalization) (Mutschler & Miczek, 1998). These studies demonstrate that, despite 

equivalent cocaine dosing, animals given contingent-access to cocaine exhibit distinct 

behavioral and neurobiological effects compared to animals with non-contingent access.  

To expand upon the role of behavioral contingency in the behavioral sequelae of 

cocaine exposure, Kippin et al. (2006) employed a novel mixed self-administration/yoked 

cocaine exposure procedure in which rats received 1-h access to cocaine self-

administration before receiving non-contingent cocaine infusions via yoking procedures 

during its last 5 hours of cocaine self-administration. Although escalated cocaine intake 

was not observed in this earlier study, both the contingent and non-contingent excessive 

cocaine exposure groups exhibited greater cue-induced reinstatement than rats with a 

history of limited cocaine-access only. However, only the prolonged contingent-access 

rats exhibited greater cocaine-primed reinstatement of responding. In the present study, 

we employ the prolonged-access and limited-access + yoked procedures to determine the 

impact of contingent and non-contingent “excessive” cocaine exposure on the escalation 

of cocaine intake and operant responding for cocaine to determine how behavioral 

contingency of cocaine delivery influences these aspects of cocaine addiction-related 

behavior.  

Given the chronic nature of addiction, another major theme in models of addiction 

behavior and neurobiology has been the persistent, and even intensifying, nature of drug-

seeking through protracted periods of drug abstinence. Several studies have indicated that 
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cocaine self-administration, followed by differential lengths of abstinence produce an 

“incubation of cocaine craving”, whereby animals will engage in increasing cocaine-

seeking behavior over the course of a few months of abstinence (Grimm, Hope, Wise, & 

Shaham, 2001; Tran-Nguyen et al., 1998). The observed increases in cocaine-seeking 

behavior as abstinence continues are also accompanied by time-dependent changes in 

neuron/synapse structure (Ben-Shahar et al., 2013; Swinford-Jackson, Anastasio, Fox, 

Stutz, & Cunningham, 2016; Szumlinski et al., 2016), neurotransmitter levels (Ben-

Shahar et al., 2012; Grimm et al., 2003), and neuronal activity (Luis, Cannella, Spanagel, 

& Kohr, 2017). 

Neural Bases for Addiction.  

The use of psychostimulants such as cocaine or amphetamine facilitates the 

release and prevents the reuptake of dopamine, as well as other monoamine transmitters, 

in the synaptic cleft. Under natural circumstances, the presence of dopamine in the 

synaptic cleft is controlled through dopaminergic binding of the D2 auto-receptor to 

initiate reuptake through the dopamine transporter (DAT), as well as breakdown within 

the cleft via monoamine oxidase (MAO). However, under the influence of cocaine, the 

reuptake system is impeded, which results in a pronounced increase of dopamine within 

the synaptic cleft that is free to bind to the postsynaptic density (Kalivas, 2007; Nestler, 

2009). 

The dopaminergic projections implicated in cocaine self-administration originate 

from either midbrain SN or VTA nuclei and extend throughout limbic regions of the 

telencephalon into the PFC, dorsal striatum, NAC, amygdalar nuclei, and the 

hippocampus (Laviolette & van der Kooy, 2004). Release of dopamine from the VTA 
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into the NAC serves to cue an organism of novel and motivationally important events 

(Kalivas, 2007). NAC dopamine mediates the incentive reward for natural reinforcers, 

such as food and water in deprived animals as well as novelty induced reinforcers, such 

as palatable food over standard chow in rats. (Hao, Martin-Fardon, & Weiss, 2010; Wise, 

2004). The incentive reward placed upon the unconditioned natural stimuli (UCS) is also 

placed upon the motivationally irrelevant cues (CS) that are presented concurrently with 

the UCS. In this manner, mesolimbic dopamine release mediates learned behavioral 

responses towards motivationally significant events as well as environmental cues 

associated with them (Kalivas, 2007).  

Critically, several lines of evidence indicate that reliance of drug-taking and –

seeking behavior on subregions of the striatum changes over the course of drug 

experience. Decades of work from Everitt, Robbins, and others have emphasized the 

necessity of the ventral striatum (aka nucleus accumbens) in acquisition of self-

administration followed by the necessity of more dorsal regions after extensive 

experience with self-administration (reviewed in e.g. Everitt & Robbins, 2013; 2016) 

which have lead this group to conclude that there is a “shift over time and experience of 

control over drug seeking from a limbic cortical-ventral striatal circuit underlying goal-

directed drug seeking to a dorsal striatal system mediating habitual drug seeking” 

(Everitt, 2016). One biological marker of this transition appears to the shift of dopamine 

systems with the nucleus accumbens showing robust responses during initial self-

administration followed by blunting across weeks of self-administration whereas 

dorsolateral striatum exhibited negligible responses during initial self-administration 

followed by intensification during weeks of self-administration.  
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Therefore, drugs of abuse that potentiate dopaminergic action in the 

mesocorticolimbic circuit (i.e. cocaine), appear able to hijack the natural reward pathway 

through a massive potentiation of dopamine within the synaptic cleft. Thus, animals that 

have received experimenter-administered or self-administered cocaine, amphetamine, 

heroin, cannabinoids, nicotine, and ethanol all exhibit increased levels of dopamine 

within the NAC, PFC, amygdala, and dorsal striatum that originate in the midbrain VTA 

(and SN for dorsal striatum inputs) (Kalivas, 2007; Spanagel & Weiss, 1999; Willuhn, 

Burgeno, Everitt, & Phillips, 2012) (Willuhn, Burgeno, Everitt, & Phillips, 2012). 

Arguably, the influx of DA into the dmPFC is of particular importance because dmPFC 

activation is critical for drug-seeking behavior, as the dmPFC has a large number of 

glutamatergic pyramidal neurons that project into the NAC core  (see Figure 1.1; Voorn 

et al., 2004; Peters, Kalivas, & Quirk, 2009). Moreover, the dmPFC, but not vmPFC, also 

projects to the more dorsal regions of the striatum (McGeorge et al 1989; Berendse et al., 

1992) that are critical for the development and expression of habitual responding and 

strongly implicated in late stage addiction processes (e.g. Voorn et al., 2004; Willuhn et 

al., 2012). To support this claim, the dmPFC is known to be necessary for the increase in 

the positive-reinforcing effects of cocaine observed during prolonged access (Smith, 

Ward, & Roberts, 2008). Additionally, dmPFC NMDA receptor activity is implicated in 

cocaine-seeking behavior (Szumlinski et al., 2016), and increased dmPFC activation and 

glutamate transmission into the NAC mediates the reinstatement of cocaine-seeking 

behavior (McFarland et al., 2003).  
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The Role of the Prefrontal Cortex in Addiction-related Behaviors. 

Human feelings of craving are hard to quantify behaviorally, but neuroimaging 

studies have identified a variety of neural substrates involved in the subjective experience 

of craving in humans. Studies of human cocaine addicts reveal a general reduction in 

baseline activity in the anterior cingulate cortex (ACC) and the orbital PFC (oPFC), as 

well as a reduction in cortical neuron populations (Goldstein & Volkow, 2002; Franklin 

et al., 2002). Interestingly, when human subjects are presented with drug-associated cues, 
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there is an increase in activation of the ACC and oPFC (Goldstein & Volkow, 2002). The 

necessity of these areas in drug-seeking behavior in animals is reflected in rodent models 

whereby localized inactivation of the VTA to dorsal PFC circuit, PFC to accumbens 

circuit, or accumbens to ventral pallidal circuit blocks drug-seeking behavior in animals 

trained to extinguish drug-related cues (McFarland & Kalivas, 2001).  

As such, the PFC is widely implicated in several aspects of the addiction process 

and is specifically linked to neurobiological changes produced by prolonged-access to 

cocaine. For instance, extensive neuroimaging and neuropsychological evidence from 

clinical studies indicate that chronic drug abusers show deficits in PFC-dependent 

cognitive function (Bolla et al., 2004) with similar deficits observed in PFC function 

following prolonged access to cocaine in animal models (George, Mandyam, Wee, & 

Koob, 2008). The mPFC has also been implicated in facilitating cocaine reinforcement 

and is widely implicated in reinstatement of cocaine-seeking behavior (reviewed in e.g. 

Kalivas et al., 2005). Additionally, mPFC lesions enhance acquisition of cocaine 

reinforcement as well as cocaine responding under a second-order schedule of cocaine 

reinforcement (Weissenborn, Deroche, Koob, & Weiss, 1996). Such PFC alterations also 

contribute to impairment of executive control over behavior, including behavioral 

inhibition processes, which may contribute to drug relapse and addiction by aiding the 

transition from voluntary to habitual responding (Ito, Robbins, & Everitt, 2004). 

Sub-regions of the dmPFC (comprised of the ACC and PL) are associated with 

addiction-like alterations in glutamate signaling, which are linked to escalated drug 

taking, in rats allowed prolonged-access to cocaine. In fact, the dmPFC is critical for the 

sensitization of cocaine reinforcement (as measured by increased breakpoints under a 
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progressive ratio schedule of reinforcement) that occurs during prolonged-access to 

cocaine in rats (Smith el al., 2008). Further, basal glutamate levels in the mPFC are 

diminished after 17 days of prolonged access to cocaine, but are not altered in limited-

access rats (Ben-Shahar et al., 2012). Moreover, prolonged-access, but not limited-access 

to cocaine, increases mRNA expression of several glutamate-related signaling molecules 

within the dmPFC (Ploense et al, in press) and increases Homer 1b/c, GluNR2b and 

GluNR2a protein in a time-dependent fashion (Ben Shahar et al., 2009). Interestingly, 

increases in GluNR2b within the mPFC persist for up to 30 days following prolonged-

access to cocaine, and pharmacological inhibition of GluNR2b decreases elevated 

cocaine-seeking during extinction conditions (Szumlinski et al., 2016). Additionally, the 

dmPFC projects to several areas crucial to drug-seeking behavior that the vmPFC does 

not project to, such as the NAC core, dorsal regions of the striatum, SN, dlVP, dHPC, and 

central BLA (see Figure 1.2 from Scofield et al., 2016). For example, prelimbic (PL) 

dmPFC neurons that project to the NAC core are activated in response to cocaine-cue 

reinstatement after extinction training, whereas infralimbic (IL) projections from the 

vmPFC to the NAC shell are not differentially activated during cued reinstatement 

(McGlinchey, James, Mahler, Pantazis, & Aston-Jones, 2016). Since changes in ACC 

and PL functionality and composition underlie craving behavior in humans and drug-

seeking behavior in rodents, unravelling the molecular mechanisms underlying long term 

changes in the dmPFC are crucial to understanding cocaine addiction. 
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Epigenetics, Gene Expression, and Addiction 

The field of epigenetics, first introduced conceptually by C.H. Waddington in 

1939 as a way to explain stable patterns of cellular function associated with tissue 

differentiation during development, focuses on the stable covalent modifications to DNA 

structure that mediate mRNA transcription. Epigenetic modifications are crucial during 

embryonic development as they determine cell fate by producing long-term changes in 

gene expression i.e. turning on or off cell type-specific genes (Waddington, 1939; Jones 

et al., 1998). However, epigenetic modifications in the brain appear to play additional 

roles related to plasticity and, to date, there have been studied in relation to learning and 

memory (Day & Sweatt, 2010), regulation of motivated behaviors (Elvir, Duclot, Wang, 

& Kabbaj, 2017), and in addiction (Nestler, 2013; Renthal & Nestler, 2009).  

DNA Methylation and Hydroxymethylation 

DNA methylation is an epigenetic modification to base pairs within the DNA 

code that contributes to the regulation of gene expression. DNA methylation in 

eukaryotes is primarily produced by the covalent addition of a methyl group (-CH3) to a 

cytosine nucleotide at position 5 of the pyrimidine ring via DNA methyltransferases 

(DNMTs) (Sweatt, Meaney, Nestler, & Akbarian, 2013; Wolffe & Matzke, 1999). The 

addition of methyl groups to cytosine serves a major function in transference of genetic 

material via haploid cells; extensive methylation of the genome produces missense and 

nonsense codons and halts gene expression for haploid cells (Wolffe & Matzke, 1999). 

After two haploid cells have met and fertilization has occurred, massive demethylation of 

the genome occurs in males (and moderate demethylation in females), which is in turn 
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followed by additional DNA methylation during gastrulation and embryonic development 

to produce stable, differentiated cell lines (Ehrlich et al., 1982; Kawai et al., 1994).  

After embryonic-development, DNA methylation continues to occur throughout 

brain tissue in mammals and regulates gene expression in different neuronal and glial 

cells. For instance, DNA methylation that occurs in and around transcription factor 

binding sites serves to attenuate the binding of transcription factors to the DNA, which 

can in turn, repress or potentiate gene expression depending on whether the sequence 

serves to recruit a transcriptional repressor or activator (Sweatt et al., 2013). 

Alternatively, intra-genic DNA methylation can serve to repress spurious mRNA 

transcription (Neri et al., 2017), facilitate the expression of alternative splice variants 

(Malousi & Kouidou, 2012), or promote the occurrence of diseases states such as cancer 

(Jeziorska et al., 2017).  

In mammals, DNA methylation is primarily produced by the addition of a methyl 

group (-CH3) to cytosine (Sweatt et al., 2013). DNA methylation at transcription factor 

binding sites often interferes with the association of a transcription factor to the DNA, 

which can in turn repress or activate gene expression depending on whether the sequence 

is recognized by a transcriptional repressor or activator (Sweatt et al., 2013). DNA 

hydroxymethylation (5hmC) is another covalent modification that is highly prevalent in 

the mammalian brain—reaching only 10-20% of total 5mC levels in peripheral tissues, 

but up to 40% of 5mC levels in neurons—and has distinctive interactions with 

transcription factors (Globisch et al., 2010). The mechanism of converting 5mC and 

5hmC has recently been elucidated and, briefly, ten-eleven translocation proteins 1 and 3 

(Tet1 and Tet3 respectively) serve to oxidize methylated DNA into 5hmC (S. Ito et al., 
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2010) and are expressed at higher levels in the PFC than in other tissues (Rudenko et al., 

2013; Szwagierczak, Bultmann, Schmidt, Spada, & Leonhardt, 2010). Additionally, Tet 

proteins further convert 5hmC to 5-formylcytosine (5-fC), then 5-fC to 5-

carboxylcytosine (5-caC), then 5-caC back into unmodified cytosine (Wu & Zhang, 

2017) to complete the cycle.  

 Functionally, 5mc and 5hmc are distinct, with a transition to an open chromatin 

state associated with the conversion of 5mC to 5hmC (Wu & Zhang, 2011). Further 

studies have also indicated that DNA hydroxymethylation may facilitate gene activity, 

rather than repress it, as DNA methylation has been shown to do. For instance, a genome-

wide map of human stem cells during embryonic development indicated a large amount 

of 5hmC within gene enhancer areas and gene bodies, as well as in DNA transcription 

binding sites for the proteins OCT4 and NANOG which are key proteins implicated in 

cell maturation (Stroud, Feng, Morey Kinney, Pradhan, & Jacobsen, 2011). Moreover, a 

screen for protein enrichment within DNA sites has indicated binding of various 

transcription factors to 5hmC and 5fC, further implicating 5hmC in transcriptional 

regulation (Iurlaro et al., 2013). 

Recent studies have demonstrated global and site-specific alterations in DNA 

methylation in the PFC after experimenter-administered cocaine (Pol Bodetto et al., 

2013; Tian et al., 2012) and methamphetamine (Numachi et al., 2004), as well as after 

cocaine self-administration (Baker-Andresen et al., 2015; Massart et al., 2015; Nielsen et 

al., 2012; Wright et al., 2015). Specifically, repeated cocaine injections increased DNA 

methylation of the protein phosphatase type-1 gene (PP1) in brain tissue, resulting in 

decreased mRNA and protein for PP1 in the PFC, CPu, NAC core, and NAC shell (Pol 
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Bodetto et al., 2013). Additionally, rats trained to self-administer cocaine for 6 h per day 

exhibited a wide range of changes in 5mC levels within the NAC after 1 and 30 days of 

forced abstinence, which were associated with decreases in mRNA expression (Massart 

et al., 2015). Furthermore, potentiation of DNA methylation via DNA methyl transferases 

(DNMTs) or methyl-donors (i.e. SAM or MET) affect both cocaine-related behaviors. 

Repeated SAM pretreatment before daily cocaine injection has been shown to increase 

global DNA methylation and potentiate cocaine-induced locomotor sensitization (Anier, 

Zharkovsky, & Kalda, 2013). However, MET supplementation before daily cocaine self-

administration attenuates cocaine locomotor sensitization and reduces cocaine-induced 

reinstatement responding after extinction (Wright et al., 2015). The discrepancies 

between observed locomotor behavior in these two studies signifies a distinct role for 

contingent cocaine administration regarding the function of DNA methylation. Indeed, 

previous studies have also shown context specific changes in epigenetic markers based on 

the timing of drug injection in relation to the presentation of Pavlovian conditioning 

(Ploense et al., 2013). Lastly, inhibition of Tet proteins in the hippocampus has been 

demonstrated to inhibit fear-extinction learning (Li, Wei, et al., 2014), and to attenuate 

the retrieval of cocaine-associated memories (Liu et al., 2017) indicating that 5mC 

conversion to 5hmC is involved in learning and memory retrieval processes.  

Histone Modifications and Addiction 

 Another prominent epigenetic process is the modification of specific residues on 

the histone tails of chromatin. Histone tails can undergo methylation or demethylation 

(addition or subtraction of a methyl group) or undergo acetylation or deacetylation 

(addition or subtraction of an acetyl group). Histone acetyltransferases (HATs) serve to 
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add acetyl groups to histones, whereas histone deacetylases (HDACs) remove the acetyl 

group from a histone (Renthal & Nestler, 2009). Similarly, histone methyltransferases 

(HMTs) add methyl groups to histones and histone demethylases (HDMs) remove methyl 

groups from histones (Renthal & Nestler, 2009). Generally speaking, acetylation and 

demethylation of histones is associated with an open-chromatin state that permits mRNA 

transcription, whereas methylation and deacetylation of histones is associated with a 

closed-chromatin state that reduces mRNA transcription (for reviews see: Berger, 2007; 

Borelli, Nestler, Allis, & Sassone-Corsi, 2008).  

Histone modifications are typically more dynamic than DNA methylation and 

hydroxymethylation, and are rapidly induced during learning. As such, they have been 

implicated in many fields including reinstatement for food reinforcement (Ploense et al., 

2013), acquisition, extinction, and reconsolidation of fear memory (Bredy & Barad, 

2008; Bredy et al., 2007), and reinstatement of drug-seeking (Taniguchi et al., 2017).  

 A number of histone modifications have been implicated in addiction, however, 

alterations in levels of HDAC5 have been linked to behaviorally relevant differences that 

separate acute cocaine administration from chronic cocaine administration (Renthal et al., 

2007).  

Inhibition of HDACs in the NAC promotes cocaine-induced locomotion and enhances 

the reinforcing properties of cocaine (Kumar et al., 2005; Renthal et al., 2007), and also 

potentiates cocaine-taking behavior (Sun et al., 2008). However, overexpression of 

HDACs results in reduced sensitivity to cocaine (Levine et al., 2005) and an attenuation 

of cocaine-taking behavior (Romieu et al., 2008). Although histone modifications are 

important in the regulation of cocaine-seeking behaviors, they are rapidly induced in 
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response to a variety of learning mechanisms and drug-associated cues. Therefore, I 

focused on DNA methylation and hydroxymethylation for this dissertation in order to 

determine if epigenetic markers persisted throughout forced abstinence.  

Specific Gene Functions and Roles in Addiction 

As previously stated, glutamatergic activity in the dmPFC is critical for cocaine 

seeking behaviors (Shin et al., 2017; Smith et al., 2008; Szumlinski et al., 2016). During 

cocaine abstinence, glutamate levels are reduced in the NAC (Miguens et al., 2008), as 

well as in the mPFC (Ben-Shahar et al., 2012). Additionally, glutamate levels are 

elevated upon re-exposure to cocaine cues and are necessary for cocaine-seeking during 

reinstatement procedures (McFarland et al., 2003). Furthermore, prolonged-access to 

cocaine results in differences in glutamate receptor expression during abstinence (Ary & 

Szumlinski, 2007; Ben-Shahar et al., 2009), extinction and reinstatement procedures 

(Pomierny-Chamiolo, Miszkiel, Frankowska, Bystrowska, & Filip, 2017). Therefore, I 

decided to investigate several glutamate-relevant genes in detail for my dissertation.  

Homer2 Function and Relevance to Addiction 

The Homer2 gene encodes for the Homer2a/b protein, a scaffolding protein within 

the post-synaptic density. Homer2 is unique, as it is specifically located in the soluble and 

synaptic vesicle subfractions of neurons. Due to its location Homer2a/b is especially 

implicated in the modulating receptor proteins and glutamate transmission via anchoring 

metabotropic glutamate receptors (mGluR1 and mGluR5) to the synapse and crosslinking 

mGluRs to each other (Xiao et al., 1998), as well as linking postsynaptic density-95 

proteins (Kim & Sheng, 2004), NMDA, IP3, and Ryanodine receptors (Shiraishi, 

Mizutani, Mikoshiba, & Furuichi, 2003; Szumlinski, Ary, & Lominac, 2008). The 
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extensive roles that Homer2 has in regulating receptor proteins in the synaptic density has 

made it a prime candidate for investigation in drug addiction studies.  

 Evidence for the role of Homer proteins in addiction is extensive, but varies based 

on experimental conditions. Homer proteins were first implicated in addiction in a 2001 

study by Swanson et al., whereby rats receiving daily experimenter-administered 

injections of cocaine for 1 week exhibited decreased levels of mGluR1 and mGluR5 

proteins as well as diminished expression of Homer1b/c protein 3 weeks after injections 

were ceased (Swanson, Baker, Carson, Worley, & Kalivas, 2001). Repeated cocaine 

injections have additionally been associated with increased hippocampal and PFC 

Homer2, mGluR1, NR2A, and NR2B protein, as well as decreased Homer2, Homer1, 

mGluR1a, NR2a, and NR2b protein within the NAC shell of rats and mice (Ary & 

Szumlinski, 2007). Rats allowed prolonged-access to cocaine self-administration show 

similar decreases in Homer2 protein within the NAC core after 14 days of withdrawal 

(Ben-Shahar et al., 2009) and increases of Homer2 protein in the vmPFC after 3 and 30 

days of withdrawal, and acute cocaine injection (Gould et al., 2015). Lastly, short-hairpin 

RNA (shRNA) will reverse observed increases in Homer2 protein expression present in 

rats after cocaine self-administration within the vmPFC, and also reduced drug-seeking 

behavior in the rats primed with a cocaine injection (Gould et al., 2015).  

Further research into the functional role of Homer2 conducted by Szumlinski et 

al. in 2003 demonstrated that mice with a selective deletion of the Homer2 gene exhibited 

greater cocaine place conditioning, locomotion, and increased glutamate and dopamine 

transmission within the ventral striatum after cocaine injection (Szumlinski, Toda, 

Middaugh, Worley, & Kalivas, 2003). Additional studies employing Homer2 KO mice 
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demonstrate that they are phenotypically similar to cocaine treated rats, as they exhibit 

accelerated acquisition of cocaine self-administration and also exhibit reduced basal 

glutamate levels and sensitized increases in glutamate transmission in the nucleus 

accumbens after cocaine injection (Kalivas, Szumlinski, & Worley, 2004; Szumlinski et 

al., 2004). To compliment Homer2 KO studies, subsequent research was conducted to 

investigate virus-mediated overexpression of Homer2 within the nucleus accumbens. 

Overexpression of Homer2 reversed the effects of repeated cocaine administration; it 

reduced cocaine-induced locomotion, returned basal glutamate to control levels, and 

reversed cocaine-induced increases in extracellular glutamate in rats (Szumlinski et al., 

2006). Additionally, overexpression of Homer2 within the medial PFC elevated basal 

glutamate levels, enhanced conditioned place preference for cocaine, and reduced NAC 

Homer2 expression and reduced NAC basal glutamate (Ary et al., 2013). 

Dlg4 Function and Relevance to Addiction 

 The Dlg4 gene encodes for the postsynaptic density 95 (PSD-95) protein, a 

crucial scaffolding protein in neuronal synapses that anchors N-methyl-D-Aspartate 

(NMDA) receptors to the cytoskeleton (Wang & Peng, 2016), inhibits dopamine D1 

receptors (Zhang et al., 2007), co-localizes with Homer and Shank proteins (Szumlinski 

et al., 2008), links NMDA receptors to various messenger proteins such as Src, Pyk2, 

SynGAP, and nNOS, and is crucial for synapse maturation (El-Husseini, Schnell, 

Chetkovich, Nicoll, & Bredt, 2000). Overexpression of PSD-95 results in some 

interesting synaptic changes including increased dendritic spine number and size, 

increased mGluR protein in the postsynaptic synapse, increased metabotropic excitatory 

postsynaptic currents (mEPSCs), and increased axon terminals in presynaptic neurons 
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(El-Husseini et al., 2000). Additionally, up-regulation of PSD-95 is associated with 

additional NMDA scaffolding, induction of late-phase long-term potentiation (LTP), and 

prevents the internalization of NMDA receptors (Roche et al., 2001; Williams et al., 

2003). In contrast, transgenic PSD-95 KO mice have impaired synaptic maturation and 

NMDAR signaling, which can be reversed via overexpression of PSD-95 (Elias, Elias, 

Apostolides, Kriegstein, & Nicoll, 2008). These studies indicate that PSD-95 plays a key 

role in the development of mature, functioning synapses. As such, disruptions in PSD-95 

expression (and glutamate signaling) have been documented in a number of 

neuropsychiatric conditions such as schizophrenia (Catts, Derminio, Hahn, & Weickert, 

2015), Huntington’s disease (Smith et al., 2014), depression (Feyissa, Chandran, 

Stockmeier, & Karolewicz, 2009; Zhao et al., 2012), and drug addiction (Carpenter-

Hyland & Chandler, 2006; L. A. Knackstedt et al., 2010; Szumlinski et al., 2008).  

 A key feature in addiction is the disruption of glutamatergic signaling within 

limbic circuits. Therefore, the disruption of PSD-95 expression within these circuits is 

evident in humans and animals after repeated alcohol, opiate, and psychostimulant use. 

For instance, one study indicated that DAT -/-, NET -/-, VMAT2 -/- mice, as well as mice 

administered repeated injections of cocaine, exhibited reduced levels of PSD-95 in the 

NAC, caudate-putamen, and whole striatum (Yao et al., 2004). In another prominent 

study by Knackstedt et al. (2010), rats allowed access to sucrose or cocaine self-

administration for 2 h per day for 12 days were subjected to 3 weeks of forced 

abstinence. Groups were then divided into “abstinence only” and “extinction” conditions. 

Only rats exposed to cocaine self-administration with extinction training exhibited 

increases in PSD-95 expression within the NAC core, as well as blunted long-term 
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depression (LTD) of the synapse (Knackstedt et al., 2010). Finally, in 2011, 

Ghasemzadeh et al. investigated glutamatergic plasticity after prolonged access to 

cocaine self-administration and extinction training. They found increased levels of 

GluR1, PSD-95, and actin proteins and decreased levels of mGluR5 protein within the 

postsynaptic density of the dmPFC (Ghasemzadeh et al., 2011). 

Grin1 function and relevance to addiction 

The final gene that I investigated, Grin1 (aka NMDAR1), encodes for the NMDA 

receptor 1 subunit (NR1) of the NMDA receptor. There are 3 families of genes that 

encode for NMDA receptor subunits. NR1 only has one gene, 8 splice variants, and is 

mandatory for NMDA receptor expression. NR2 has four separate genes and four 

subunits with many different splice variants, and are distributed differentially based on a 

variety of factors. Lastly, NR3 has two genes encoding for two separate subunits, and 

negatively regulate the NMDA receptor complex. The immense variety of possible 

NMDA receptor subunits, splice variants, and configurations allows for incredible 

diversity of NMDA function and distribution, but the NR1 subunit is always present (Bai 

& Hoffman, 2009).  

 NMDA receptors are crucial glutamate receptors and have been investigated 

extensively in many different fields including learning and memory, synaptic 

development, LTP, LTD, mood disorders, neurodegenerative disorders, and addiction 

(for a full review, refer to Sweatt, 2016). Chronic cocaine administration results in unique 

patterns of area-specific changes in NMDA receptor expression during administration, 

withdrawal, and reinstatement. For example, patients that have died from cocaine 

overdose exhibited increased levels of mRNA and protein for NR1, CREB, GluR2, 
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GluR5, and KA2 within the ventral tegmental area (VTA) (Tang, Fasulo, Mash, & 

Hemby, 2003), as well as increased NR1 and GluR2/3 protein within the NAC (Hemby et 

al., 2005). Additionally, cocaine self-administration in rhesus monkeys resulted in 

elevated protein levels for NR1, GluR1, GluR2/3, and GluR5 within the NAC (Hemby, 

Tang, et al., 2005). In 2007, Ary & Szumlinski injected rats with 30 mg/kg of cocaine for 

7 days and then collected tissue at 3 weeks of forced abstinence. The observed increased 

levels of NR2A, NR2B, mGluR1a, and Homer2a/b protein in the PFC and hippocampus, 

but decreased levels of these proteins within the NAC (Ary & Szumlinski, 2007). Two 

subsequent studies in 2009 reported differential glutamatergic receptor subunit 

expression between synaptosomal and whole tissue protein levels within the PFC and 

NAC after 1 day or 21 days of forced abstinence following repeated cocaine injections. 

NR1 expression was decreased in the synaptosomal subfraction of the dmPFC and 

vmPFC after 1 day of abstinence, whereas NR1 synaptosomal protein expression was 

increased following 21 days of forced abstinence within the dmPFC, vmPFC, NAC core, 

and NAC shell (Ghasemzadeh, Mueller, & Vasudevan, 2009; Ghasemzadeh, Vasudevan, 

& Mueller, 2009). Lastly, Ghasemzadeh et al. profiled glutamate receptor expression in 

the PFC and VTA in rats following cocaine self-administration procedures and forced 

abstinence in either the home-cage, the operant chamber, or after cocaine-extinction 

procedures for 12-14 days. They reported no changes in NR1 expression in any condition 

within the dmPFC or vmPFC, but there was decreased tissue NR1 after extinction 

procedures in the VTA, and decreased synaptosomal NR1 expression following forced 

abstinence in the home cage and operant chamber (Ghasemzadeh et al., 2011).  

Npas4 function and relevance to addiction 
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Npas4, also known as NxF, is a gene that encodes for neuronal PAS domain 

protein 4, an immediate early gene (IEG) expressed exclusively in neurons and 

selectively activated by the depolarization of neurons (Ooe, Saito, Mikami, Nakatuka, & 

Kaneko, 2004; Sun & Lin, 2016; Zhang et al., 2009). Npas4 is essential for excitatory/ 

inhibitory synapse balance (Lin et al., 2008), protection against neuronal overexcitation 

(Piechota et al., 2010), and cell survival (Zhang et al., 2009). It regulates these processes 

through activating a large suite of genes including the GABAergic genes GABAA-γ2, 

GAD65, and GABAA-β2/3, growth factors such as BDNF, other IEGs like Arc, c-Fos, 

and Zif268, and by recruiting RNA polymerase II to enhancer and promoter sites in the 

DNA (Lin et al., 2008; Ramamoorthi et al., 2011; Spiegel et al., 2014). The various 

functions of Npas4 are essential for LTP, LTD, and synaptic remodeling that are intrinsic 

to various learning and memory processes. Therefore, it is not surprising that Npas4 is 

intimately involved in long-term memory storage and retrieval. For instance, Npas4 

activation within the hippocampus is essential for contextual fear conditioning, and acute 

expression of Npas4 via injection reverses short-term and long-term memory deficits 

present in Npas4 KO mice (Ramamoorthi et al., 2011). Additionally, Npas4 is required 

for the formation of new auditory fear memories in the lateral amygdala (LA), as well as 

the reactivation of fear memories in the LA (Ploski, Monsey, Nguyen, DiLeone, & 

Schafe, 2011). Lastly, chronic stress or corticosterone treatment reduce Npas4 expression 

in the hippocampus and PFC, impair hippocampus-dependent fear memories, and 

decreased PFC activity (Drouet et al., 2015). 

 Although Npas4 has been extensively investigated for the role it plays in long-

term memory storage and retrieval regarding cognition and fear memories, there is 
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limited investigation on Npas4 function and addiction. The first study to implicate Npas4 

expression after drug treatment utilized whole-genome microarray profiling of the mouse 

striatum after acute systemic injection of nicotine, cocaine, ethanol, methamphetamine, or 

heroin (Piechota et al., 2010). Piechota et al. found drug-dependent expression of Npas4 

mRNA after treatment with cocaine, methamphetamine, and heroin (Piechota et al., 

2010). In 2012, Martin et al. performed another microarray of the NAC 1 h, 8 h, 16 h, and 

24 h after acute injection of methamphetamine. Npas4 mRNA expression was increased 1 

h after acute methamphetamine injection, but decreased 24 h after acute 

methamphetamine injection (Martin et al., 2012). Although these prior studies are an 

important contribution to the field and discovery of genes relevant to addiction, they 

assessed the role of Npas4 after drug-induced neuronal excitation but did not address the 

impact of chronic exposure to drugs of abuse which is widely associated with the 

development of psychostimulant addiction (e.g. see Koob & Volkow, 2009). The first 

study to investigate the impact of repeated drug exposure on Npas4 found while acute 

injections of amphetamine did not increase Npas4 protein expression in either the NAC 

or in the caudate-putamen, repeated administration of amphetamine did increase Npas4 

protein expression in the NAC, but not in the caudate-putamen (Guo et al., 2012). More 

recently, a causal role for Npas4 expression within the NAC in cocaine conditioned place 

preference (CPP) and cocaine self-administration behaviors has been established 

(Taniguchi et al., 2017). This study demonstrated that (1) Npas4 protein expression was 

vastly increased in animals exposed to CPP and cocaine injection vs home cage controls, 

and animals injected with Npas4 shRNA had lower preference to the cocaine chamber in 

CPP than control animals; and (2) Npas4 conditional knockout (cKO) mice exhibited 
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blunted acquisition of cocaine self-administration, higher drug-seeking during extinction 

training, and blunted acquisition of extinction training (Taniguchi et al., 2017).   

Summary 

In summary, preclinical and clinical data gathered to date suggests a role for the 

dmPFC in the incubation of cocaine craving after extended periods of forced abstinence. 

Additionally, research has shown that prolonged-access to cocaine is associated with 

heightened levels of cocaine craving, cocaine seeking after forced abstinence, protein 

expression and glutamatergic neurotransmission within the dmPFC. Furthermore, DNA 

methylation is a persistent epigenetic modification that may underlie observed changes in 

neuronal structure and receptor expression that occur during abstinence from cocaine, or 

re-exposure to cocaine cues. Therefore, I propose the following Specific Aims to 

determine the role of DNA methylation and mRNA expression within the dmPFC after 

different periods of abstinence from cocaine, and after re-exposure to cocaine-associated 

cues.  

Specific Aims 

My dissertation seeks to address the following specific aims: 

Specific Aim 1: 

Determine the role of behavioral contingency in the effect of prolonged access on 

cocaine intake escalation and changes in glutamatergic gene expression within the 

dmPFC. Previous reports have indicated that increased access to cocaine administration 

results in an escalation of cocaine intake. However, it is yet unknown whether it is the 

amount of total cocaine intake, or the contingency of cocaine intake that induces an 

addiction-like phenotype in animals. Although, non-contingent injections of cocaine have 
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also been demonstrated to produce different behavioral effects than SA cocaine. 

Therefore, I hypothesize that rats allowed 6 h of contingent-access to cocaine SA daily 

will exhibit an escalation of cocaine intake which will be accompanied by changes in 

mRNA transcription for addiction-relevant genes. 

Specific Aim 2: 

Characterize differences in basal levels of DNA methylation and mRNA 

transcription within the dmPFC after extended access to cocaine, limited access to 

cocaine, limited + yoked access to cocaine, and access to saline during withdrawal. 

Based on preliminary data acquired prior to this thesis (Appendix Table 1), Aim 2 seeks 

to utilize updated extraction methods to measure DNA methylation and mRNA 

expression in genes relevant to addiction (Homer2, Dlg4, Grin1, and Npas4) at three 

different withdrawal points (1, 14, and 60 days). Based on previous findings regarding 

the function of DNA methylation, as well as preclinical findings associated with Homer2, 

Dlg4, Grin1, and Npas4 mRNA and protein expression after cocaine self-administration, 

I hypothesize that prolonged-access to cocaine self-administration will produce a unique 

pattern of DNA methylation that will continue throughout abstinence and will be 

accompanied by associated patterns of mRNA expression. 

Specific Aim 3:  

Characterize DNA methylation and mRNA expression after re-exposure to drug-

associated cues following protracted withdrawal. Aim 1 was proposed to assess the 

basal state of rats undergoing forced abstinence from cocaine. However, home cage 

abstinence does not measure cocaine-seeking behavior in animals. Therefore, for Aim 2, I 



 

33 
 

propose to submit rats to 60 days of forced abstinence after saline-access or prolonged-

access to cocaine, then re-exposure them to cues previously associated with cocaine, and 

measure DNA methylation, mRNA expression, and cocaine seeking behavior. I 

hypothesize that levels of DNA methylation observed in prolonged-access rats after 60 

days of forced abstinence will persist upon cue re-exposure, and cue re-exposure will 

initiate context-specific mRNA transcription that aligns with DNA methylation.  

Specific Aim 4:  

Examine DNA methylation, hydroxymethylation, and transcription factor binding 

within the Homer2 promoter after 1 day of forced abstinence. Data acquired during 

completion of Aim 1 resulted in unexpected levels of DNA methylation in relation to 

mRNA expression. Both limited- and prolonged-access rats exhibited decreased DNA 

methylation, yet only prolonged-access rats exhibited increased mRNA expression. 

Therefore, I hypothesize that factors other than DNA methylation mediate mRNA 

transcription, such as DNA hydroxymethylation or transcription factor binding to the 

Homer2 promoter.  

General Methods: 
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Chapter 2: Contributions of prolonged contingent and non-contingent cocaine 

exposure to escalation of cocaine intake and glutamatergic gene expression. 
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Abstract 

Similar to the pattern observed in people with substance abuse disorders, 

laboratory animals will exhibit escalation of cocaine intake when the drug is available 

over prolonged periods of time. Here, I investigated the contribution of behavioral 

contingency of cocaine administration on escalation of cocaine intake and gene 

expression in the dorsal medial prefrontal cortex (dmPFC) in adult male rats. Rats were 

allowed to self-administer intravenous cocaine (0.25 mg/infusion) under either limited 

cocaine- (1h/day), prolonged cocaine- (6h/day), or limited cocaine- (1h/day) plus yoked 

cocaine-access (5h/day); a control group received access to saline (1h/day). One day after 

the final self-administration session, the rats were euthanized and the dmPFC was 

removed for quantification of mRNA expression of critical glutamatergic signaling 

genes, Homer2, Grin1, and Dlg4, as these genes and brain region have been previously 

implicated in addiction, learning, and memory. All groups with cocaine-access showed 

escalated cocaine intake during the first 10 minutes of each daily session, and within the 

first 1h of cocaine administration. Additionally, the limited-access + yoked group 

exhibited more non-reinforced lever responses during self-administration sessions than 

the other groups tested. Lastly, Homer2, Grin1, and Dlg4 mRNA were impacted by both 

duration and mode of cocaine exposure. Only prolonged-access rats exhibited increases 

in mRNA expression for Homer2, Grin1, and Dlg4 mRNA. Taken together, these 
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findings indicate that both contingent and non-contingent “excessive” cocaine exposure 

supports escalation behavior, but the behavioral contingency of cocaine-access has 

distinct effects on the patterning of operant responsiveness and changes in mRNA 

expression. 

 

 

 

  Introduction 

Cocaine addiction is a chronic disorder that persists in spite of negative 

interpersonal, professional, and physical consequences, with the development of 

tolerance and increased cocaine intake serving as central diagnostic criteria for stimulant 

use disorders (APA, 2013). It has been argued that one major reason for the escalation of 

cocaine intake relates to gradual changes in motivation and learning processes associated 

with responses to the positive and negative reinforcing properties of cocaine (Koob, 

2004). In order to model the differences in cocaine use observed in humans, differential 

access to cocaine self-administration has been employed as an avenue to study the 

behavioral and neurobiological aspects of drug-taking. Ahmed & Koob (1998) 

demonstrated that “limited” daily-access (1 h/ day) and “prolonged” daily-access 

conditions (6 h/ day) are distinct in their ability to model aspects of drug abuse/addiction 

in two major ways: 1) rats with prolonged cocaine-access escalate their cocaine intake 

across daily sessions, whereas the limited-access rats exhibit stable intake for several 

weeks and 2) rats with daily “prolonged” cocaine-access dramatically increase intake of 

cocaine for the 1st 10 minutes of self-administration while “limited” access rats do not 
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escalate cocaine intake within the 1st 10 minutes of self-administration (Ahmed & Koob, 

1998). This differential pattern of responding  has since been replicated with a number of 

procedural variations to determine the underlying changes in drug-taking behavior 

(Ahmed & Koob, 1999), neurocircuitry (Ahmed et al., 2002; Ben-Shahar et al., 2012; 

Robinson & Kolb, 2004) and cellular/ molecular function in rats (Ben-Shahar et al., 2009; 

Ben-Shahar et al., 2013) , as well as in other species (Henry et al., 2009; Nakamura et al., 

2011).  

Contingency of cocaine intake and addiction-like behaviors 

Despite substantial study, it remains to be determined whether escalated cocaine 

intake (and the neurobiological changes associated there with) is dependent upon the 

amount of cocaine exposure or the act of self-administering the cocaine. One way to 

dissociate the relative contribution of total drug exposure from the behavioral 

contingency of that exposure is to employ yoked-access procedures (i.e. the 

administration of cocaine under the control of a separate self-administering rat). Rats 

receiving yoked-cocaine exhibit several features that are distinct from rats self-

administering cocaine. First, self-administering rats exhibit greater dopamine levels than 

their yoked- counterparts (Hemby et al., 1997). Additionally, yoked rats exhibit 

differential corticosterone levels in systemic plasma (Galici et al., 2000) and within the 

brain (Palamarchouk et al. 2009). They also have a higher morbidity rate (Dworkin et al., 

1995) and exhibit higher indices of distress (measured by ultrasonic vocalization) 

(Mutschler & Miczek, 1998). These studies demonstrate that, despite equivalent cocaine 

dosing, rats receiving non-contingent (yoked) cocaine show a unique behavioral and 

molecular profile that is distinct from rats self-administering cocaine.  
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To expand upon the role of behavioral contingency in cocaine-mediated 

behaviors, Kippin et al. (2006) employed a novel mixed self-administration/yoked 

cocaine exposure procedure in which rats received 1-h access to cocaine self-

administration before receiving non-contingent cocaine infusions via yoking procedures 

during the last 5 hours of cocaine self-administration. In this study, the prolonged 

contingent-access rats exhibited greater cocaine-primed reinstatement of responding than 

their yoked counterparts. Therefore, in the present study, I employ several procedures to 

assess cocaine-taking behavior in rats. I exposed rats to limited-access, prolonged-access, 

and limited + yoked-access procedures (in the same manner as Kippin et al., 2006) to 

determine the impact of contingent and non-contingent “excessive” cocaine exposure on 

the escalation of cocaine intake as well as operant responding for cocaine to determine 

how behavioral contingency of cocaine delivery influences these aspects of cocaine 

addiction-related behavior.  

Dorsal PFC in addiction 

The dorsomedial prefrontal cortex (dmPFC) is dysregulated in human cocaine 

addicts (Verdejo-Garcia et al., 2015) and this dysregulation is linked to aberrant learning 

and plasticity that is attributed to anomalies in glutamate transmission (Kalivas, Volkow, 

& Seamans, 2005; Pascoli et al., 2014; Ruan & Yao, 2017). To explore the potential 

neurobiology underpinning the effects of cocaine on dmPFC as a function of 

contingency, I measured the levels of mRNA for Homer2, Grin1, and Dlg4 within the 

dorsomedial prefrontal cortex (dmPFC). Homer2 is a glutamate receptor scaffolding 

protein that is up-regulated within PFC by both non-contingent and contingent cocaine 

administration (Ary and Szumlinski, 2007; Ary et al., 2013; Ben-Shahar et al., 2009; 
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Gould et al., 2013) and while it remains to be determined whether or not cocaine-induced 

increases in PFC Homer2 protein expression reflects increased gene transcription, 

Homer2 expression bi-directionally regulates both basal and cocaine-induced changes in 

extracellular glutamate levels within PFC (Ary et al., 2013) to influence cocaine-

conditioned approach behavior in place-conditioning models (Ary et al., 2013) and 

cocaine-primed reinstatement of lever-pressing behavior in operant-conditioning models 

(Gould et al., 2013). Grin1 mRNA encodes the obligatory N-methyl-D-aspartate 

(NMDA) receptor sub-unit GluN1 within the mammalian brain (Bai & Hoffman, 2009); 

this receptor is widely implicated and critical for many forms of plasticity (Bear, 1996; 

Hopf, 2017; Sweatt, 2016; Thiels, Xie, Yeckel, Barrionuevo, & Berger, 1996), and is up-

regulated in the PFC following cocaine exposure (Ary & Szumlinski, 2007; Blanco et al., 

2014; Hemby, Horman, & Tang, 2005). Dlg4 encodes the sequence for postsynaptic 

density-95 (PSD-95), a receptor scaffolding protein that regulates plasticity and learning 

through its interactions with the NMDA receptor (Wang & Peng, 2016). PSD-95 

expression in the PFC is increased after prolonged withdrawal from cocaine 

(Ghasemzadeh, Vasudevan, & Mueller, 2009; McIntosh, Howell, & Hemby, 2013) and 

following extinction testing during prolonged exposure to cocaine self-administration 

(Ghasemzadeh et al., 2011).  

Methods 

Subjects: 

Male Sprague-Dawley rats were pair-housed in a 12-h reverse light-dark cycle 

room and had ad libitum access to food and water (except as noted below). The housing 
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and care of the rats followed the guidelines set forth by the “Guide for the Care and Use 

of Laboratory Rats, 8th Edition” (IACUC, 2011).  

Surgery:  

 Male Sprague-Dawley rats weighing 300-350g were deeply anesthetized using 

ketamine (60mg/kg) and xylazine (10mg/kg). Chronic indwelling catheters were 

constructed using a bent steel cannula with a screw-type connector (Plastics One, 

Roanoke, VA), SILASTIC tubing (11 cm, i.d. 0.64 mm, o.d. 1.19 mm, Dow Corning, 

Midland, MI), Prolite polypropylene monofilament mesh (Atrium Medical Corporation, 

Hudson, NH), a silicon ball 2.5 cm from the end, and methyl methacrylate dental cement. 

The catheters were implanted and maintained as I have reported previously (Ben-Shahar 

et al., 2013; Kerstetter, Aguilar, Parrish, & Kippin, 2008) . Naïve rats were left in the 

vivarium and handled daily, but had no access to behavioral training or surgery; they 

were euthanized at the same age as the rats undergoing behavioral training. 

Behavioral Training: 

 Food-training and cocaine self-administration utilized standard operant chambers 

(Med Associates Inc., St. Albans, VT, USA) and were conducted during a fixed time in 

the dark phase of the rat’s circadian cycle each day. Before surgical implantation of the 

jugular catheters, the rats were restricted to 20 g of food for 1 week, and trained on a 

fixed ratio 1 (FR1) schedule of food reinforcement for two 16 h training sessions where 

each right lever-press was associated with a 45 mg food pellet. After recovery from the 

surgery, the rats were placed on a fixed ratio 1 (FR1) schedule of reinforcement for 

intravenous (IV) cocaine (0.1mL at 0.25 mg/infusion in 0.9% saline) or saline for 1h/day 
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for 5 days. Each active lever-press was associated with a 4 sec infusion of cocaine or 

saline and a 20 sec timeout was signaled with a 20 sec light cue above the active lever. 

On the 6th day, the cocaine rats were divided into limited (1 h/day) cocaine-access, 

prolonged (6 h/day) cocaine-access, and limited-access + yoked-access (1 h access 

followed by 5 h of “yoked” exposure) treatment groups and continued the FR1 schedule 

of reinforcement for an additional 15 days. During yoked exposure, rats remained in their 

chambers for an additional 5 h with the levers retracted to eliminate the opportunity to 

perform the operant response. During this time, yoked rats received a 4 sec cocaine 

infusion every time a paired prolonged-access rat self-administered an infusion, but 

without cue light presentation.   

Tissue Collection and mRNA Quantification: 

Twenty-four hours after the last self-

administration session, the animals were 

sacrificed via rapid decapitation, and their 

brains were frozen over ice and dissected into 

0.5 mm sections with a metal brain mold 

(Braintree Scientific, Braintree, MA). The 

dmPFC was dissected out at 3.24 to 2.74 mm 

anterior to Bregma and stored at -80 Celsius 

(Figure 2.1). The frozen dmPFC was added to 600 µL of buffer RLT (Qiagen 

DNA/RNA/Protein extraction kit) and homogenized with the Qiagen TissueRuptor for 30 

sec. mRNA was then extracted through use of the AllPrep DNA/RNA/protein extraction 

kit provided by Qiagen in accordance to the protocol provided by the manufacturer. RNA 
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was eluted from the spin column with 50µL of nuclease-free water. RNA (500 

ng/sample) was incubated with 2µL of gDNA Wipeout Buffer (Qiagen) at 42°C for 2 

minutes then cooled over ice. 1µL of Reverse Transcription Master Mix (Qiagen), 1µL of 

RT primer mix (Qiagen), and 4µL of Quantiscript RT Buffer (Qiagen) were added to the 

reaction mixture and incubated in an Eppendorf MasterCycler at 42°C for 18 minutes to 

amplify the product, then incubated at 95°C for 3 minutes to inactivate the reverse 

transcriptase. A reverse transcriptase-negative reaction was carried out in parallel with 

the samples from 500ng of pooled sample RNA. 

Levels of mRNA were assessed in triplicate using quantitative real time pcr (qRT-

PCR) (Biorad) on the BioRad CFX96 Touch Real-Time system. Negative controls 

consisted of a DNA-negative sample and a reverse-transcriptase free sample. Standard 

curves were run on each pcr plate with 3x serial dilutions ranging from 50.0ng/uL to 

1.85ng/uL. The data were normalized using three control genes (Gapdh, βActin, and 

Tubb5) and dmPFC tissue from naïve age-matched rats according to the equations 

outlined by Hellemans et al. in 2007 (Table 2.1). 

Statistical Analyses: 
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The self-administration data for individual sessions during differential access to 

cocaine were compared to baseline responding (average of days 6, 7, & 8 of differential 

access) at 10 min (i.e. “loading phase”; e.g. Ahmed & Koob, 1998) and 1 h intervals to 

compare across all four conditions, as well as across the entire 6 h sessions for the 

prolonged-access and limited-access + yoked groups. Separate two-way, between-within 

(group X day), repeated measures ANOVAs, were conducted for the numbers of cocaine 

infusions followed by Dunnett post-hoc comparisons to deconstruct significant 

interactions/main effects using the Prism 6 statistical software (Graphpad). Dunnett’s 

post-hoc tests were used to compare cocaine intake during differential access to baseline 

responding. Non-reinforced responding (i.e. during the time-out period) was analyzed 

separately from total responding via a two-way, between-within (group X day), repeated 

measures ANOVAs followed by Tukey’s post-hoc comparison for the first 10 min and 1 

h of self-administration to assess the efficiency of behavioral responding at each day 

before (days 4 & 5) and after differential access (days 6 to 20). Inactive lever presses 

were also analyzed but no significant effects or interactions were detected and in all 

cases, mean inactive lever presses were < 5. Additionally, self-administration data was 

separated into separate 10 min blocks on day 6 and day 20 to assess loading during initial 

daily access. A two-way ANOVA (time block X condition) was conducted to assess the 

differences in cocaine intake during 10-minute time blocks for the first hour of self-

administration in all four experimental groups during the 6th day and 20th day of self-

administration; Tukey’s post-hoc comparison was used to compare cocaine intake 

between each 10 minute time block and between access conditions. Lastly, analyses of 

normalized quantitative PCR data were performed by one-way MANOVA for Homer2, 
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Grin1, and Dlg4 mRNA and decomposed via post-hoc LSD tests using SPSS Statistics 24 

(IBM). All graphics were plotted by using the Prism 6 statistical software (Graphpad). 

Results 

Cocaine intake escalates in rats allowed to self-administer cocaine 

A two-way repeated measures ANOVA of cocaine intake (mg/kg) during the 

loading phase of self-administration sessions (first 10 minutes) revealed significant 

within-group effects of time (F15, 2055 = 8.049, p < 0.0001 Figure 2.2A), between-group 

effects of treatment (F3, 137 = 82.32, p < 0.0001, Figure 2A), and an interaction between 

time and treatment (F45, 2055 = 2.88, p < 0.0001 Figure 2A). Within-group (aka time) 

differences were assessed via Dunnett’s post-hoc test and revealed increases in cocaine 

intake for day 20 vs baseline in the limited-access group, days 12, 18, 19, and 20 vs 

baseline in prolonged-access group (p<0.05), and days 11 through 20 vs baseline in 

limited-access + yoked rats (p<0.05) (Figure 2.2A). These results indicate an escalation 

of cocaine intake in all cocaine-access groups for the first 10 minutes of self-

administration. The limited + yoked-access rats exhibited escalation first (day 11), which 

was slightly faster than prolonged-access rats (day 12), and much faster than limited-

access rats (day 20). However, limited + yoked-access rats had a slightly lower baseline 

than prolonged-access rats, so the difference in escalation between the two groups is 

likely negligible. Additionally, between-group (aka treatment) differences were assessed 

via Tukey’s post-hoc comparison test, and revealed that all cocaine-access conditions had 

significantly higher intake than the saline-access condition (Figure 2.2A)     

The first hour of drug intake (mg/kg) during self-administration was also assessed 

via a two-way repeated measures ANOVA and revealed significant within-group effects 
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of time (F15, 1875 = 4.121, p < 0.0001 Figure 2.2B), between-group effects of treatment (F3, 

125 = 88.64, p < 0.0001 Figure 2B), and an interaction between time and treatment (F45, 

1875 = 1.385, p < 0.05; Figure 2.2B). Dunnett’s multiple comparisons post-hoc analysis 

showed increased cocaine intake in the limited-access rats for day 20 vs baseline (p < 

0.05), prolonged-access rats for days 18 & 20 vs baseline (p < 0.05), and in limited-

access + yoked rats for days 14 & 19 vs baseline (p < 0.05). These data indicate a distinct 

difference in the time of onset for escalated cocaine intake between prolonged-access and 

limited-access + yoked rats.   

Additionally, I divided cocaine intake for the first 1 h of self-administration into 

10-minute blocks and assessed intake on day 6 and day 20 of self-administration between 

different conditions (within-subjects effects), as well as cocaine intake between days and 

conditions (between-subjects effects) with a three-way repeated measures ANOVA. 

Within-subjects tests revealed significant effects of minutes (aka 10-min time blocks, F5, 

270 = 61.940, p < 0.0001), minutes x condition (F5, 272 = 8.771, p < 0.0001), minutes x day 

(F5, 270 = 3.975, p < 0.0001), and minutes x day x condition (F5, 272 = 3.439, p < 0.005) 

(Figure 2.2C). Within-subject effects were assessed via Dunnett’s post hoc test and 

revealed significant increases in cocaine intake during the first 10 minutes of self-

administration for all cocaine groups compared to other time points (p < 0.05). Between-

subjects tests revealed a significant effect of day (F1, 274 = 4.171, p < 0.05), where day 20 

has higher intake than day 6, as well as significant effects of condition (F3, 274 = 68.624, p 

< 0.0001). Tukey’s post-hoc comparison revealed significantly higher levels of intake for 

all cocaine-access conditions compared to the saline-access condition (p < 0.0001). These 

results indicate that cocaine-intake was highest during the first 10 minutes of self-
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administration (aka binge behavior), and that intake increased between day 6 and day 20 

for all cocaine-access conditions (aka escalation, Figure 2.2C).   

Lastly, I looked at total cocaine intake between prolonged-access and limited + 

yoked-access rats. A two-way repeated measures ANOVA was run to assess any 

differences in total cocaine intake (mg/kg) over the full 6 h of the experiment (Figure 

2.2D). The results revealed a significant effect of time (F14, 392 = 6.874, p < 0.0001), but 

no effect for treatment (F1, 28 = 0.0318, p = 0.8597), however there was a significant 

interaction between time and treatment (F14, 392 = 1.779, p < 0.05). Dunnett’s post-hoc 

comparison revealed that both the prolonged-access and limited-access + yoked 

conditions exhibited escalated cocaine intake from day 12 to day 20. Additionally, there 

was no difference between prolonged-access and limited-access + yoked conditions. 

These data indicate that both groups had increased cocaine exposure from baseline and, 

expectedly, as the majority of daily intake in both groups was controlled by prolonged-

access rats, there is no observable difference in cocaine exposure between these two 

conditions (Figure 2.2D). 
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Non-reinforced Lever Responding 

In addition to cocaine intake, I analyzed non-reinforced lever responding. A two-

way repeated measures ANOVA of the numbers of non-reinforced active lever-responses 

(aka active lever responses – number of infusions) during the first 10 min of self-
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administration revealed an effect of treatment (F3, 134 = 5.236, p < 0.005) and an 

interaction between time and treatment (F51, 2278 = 2.183, p<0.0001, Figure 2.3A). 

Dunnett’s post-hoc comparison was used to assess within-group differences and indicated 

a significant increase in non-reinforced lever-responding for only the limited-access + 

yoked-access rats on days 12, 13, 14, 15, 18, and 19 versus baseline (p<0.05, Figure 

2.3A). Furthermore, between-group differences were analyzed via Tukey’s post-hoc test; 

limited + yoked-access rats exhibited significantly higher non-reinforced lever 

responding than other groups on days 10 to 19 (p < 0.05, Figure 2.3A). These data 

indicate that for the first 10 min of self-administration, the limited-access + yoked 

animals exhibited significantly more non-reinforced lever responding than limited-access 

and prolonged-access conditions well after differential-access to cocaine was initiated.  

Non-reinforced lever responding was also assessed over the course of the first 1 h 

of self-administration. A two-way repeated measures ANOVA of the non-reinforced 

lever responding during the first 1 h of self-administration revealed a significant effect of 

time (F17, 2210 = 4.31, p < 0.001), and effect of treatment (F3, 130 = 7.979, p < 0.0001), and 

an interaction between time and treatment (F51, 2210 = 1.379, p<0.05; Figure 2.3B). 

Dunnett’s multiple comparisons post-hoc analysis was used to break down within-group 

effects and revealed a significantly larger number of non-reinforced active lever 

responses for limited-, prolonged-, and limited + yoked-access conditions on the 4th day 

of self-administration (p < 0.05). In addition, Tukey’s post-hoc comparisons revealed 

significant between-group effects; all cocaine rats engaged in more non-reinforced lever 

responses than saline-access rats on day 4 of self-administration, and the limited + yoked-

access rats had more non-reinforced lever responses than all other groups on days 12, 14, 
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and 18 of self-administration (Figure 3B). These data indicated two main points, 1) 

before differential access, all cocaine-access rats exhibited non-reinforced lever 

responding at day 4 of self-administration and 2) only limited-access + yoked-access rats 

continued non-reinforced lever responding later in the experiment.  

Lastly, inactive-lever responding was analyzed via a two-way repeated measures 

ANOVA. There was no effect of time, nor was there an interaction between time and 

treatment, but there was a main effect of treatment (F3, 133 = 9.769, p < 0.0001). Tukey’s 

post-hoc test was used to assess between-group differences and revealed more inactive-

lever responding in the saline-access rats compared to the prolonged-access rats on days 

10, 11, 12, 14, and 19 of self-administration (Figure 2.3C). However, the mean 

differences (~ 3 lever responses) between these two conditions are not particularly 

meaningful in comparison to the total number of lever responses for cocaine-

administration. Therefore, these data indicate a minor increase in inactive-lever responses 

within the saline-access rats.  
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Homer2, Grin1, and Dlg4 mRNA expression is increased following prolonged-access 

to cocaine self-administration: 

A one-way MANOVA of mRNA expression for Homer2, Grin1, and Dlg4 

resulted in a significant main effect of condition (Hotelling’s trace = 0.652, F12, 110) = 

1.991, p < 0.05). LSD post-hoc pairwise comparisons revealed greater Homer2 mRNA 

expression in the prolonged-access group relative to the naïve, saline, and limited-access 

+ yoked groups (figure 2.4A) LSD post-hoc pair-wise comparisons also revealed 

increased Grin1 mRNA expression in the prolonged-access group compared to naïve, 

saline, limited-access, and limited-access + yoked groups (figure 2.4B). Lastly, LSD 

post-hoc pair-wise comparisons revealed increased levels of Dlg4 mRNA expression in 
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the prolonged-access group compared to the naïve and limited-access + yoked access 

groups (figure 2.4C). These data indicate that prolonged-access rats have a unique 

molecular phenotype, even though rats in the limited-access + yoked group received 

equivalent amounts of cocaine and escalated cocaine intake at about the same rate as the 

prolonged-access rats. 

Additionally, Pearson correlation coefficients were calculated for total cocaine 

intake versus mRNA expression. Homer2 expression was correlated positively with 

cocaine exposure for both prolonged-access groups (R2 = 0.1975, p < 0.05), and limited-

access (R2 = 0.4763, p < 0.05) groups, whereas mRNA expression correlated negatively 

for the limited + yoked access group (R2 = 0.4046, p < 0.05) (Figure 2.4D, E, F). Pearson 

correlation coefficients failed to reveal significant correlations between total cocaine 

intake versus Grin1 and Dlg4 mRNA (ps > 0.05). 
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Discussion 

 The major finding of the present study is that rats self-administering cocaine 

under all three cocaine-access conditions exhibited escalation of cocaine intake, but with 

distinct temporal and molecular profiles. Rats in all self-administration conditions 

escalated their cocaine intake during the “loading phase” of self-administration (i.e. the 

first 10 minutes, Figure 2.2A, C), during the first 1 h of self-administration, and over 

entire daily sessions (Figures 2.2B, D). Additionally, both prolonged-access and limited + 

yoked-access conditions escalated cocaine intake faster than limited-access animals. 

However, despite equivalent “excessive” cocaine exposure, the associated patterns of 
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active lever responding are distinct between prolonged-access and limited-access + yoked 

groups, with the limited-access + yoked condition exhibiting more non-reinforced lever 

responding on the active lever during the first 10 min of self-administration (i.e. during 

the time-out period which did not result in cocaine infusion; see Figure 3). This suggests 

that partially distinctive behavioral mechanisms may underlie the escalation of cocaine 

intake induced by contingent versus non-contingent cocaine exposure. Furthermore, I 

observed an overall increase in Homer2, Grin1, and Dlg4 mRNA expression only in the 

prolonged-access rats, and total cocaine exposure and Homer2 mRNA expression are 

positively correlated in both prolonged- and limited-access conditions but negatively 

correlated in the limited + yoked-access condition indicating distinct neurobiological 

consequences of both amount and mode of cocaine exposure. Thus, the present study 

demonstrates that escalation of cocaine-taking induced by differential cocaine-access, 

both with respect to session duration and behavioral contingency of cocaine delivery, can 

produce distinct behavioral and neurobiological consequences.   

 The finding that all cocaine-taking groups exhibited an escalation of drug intake, 

but at different rates and to different degrees, is generally consistent with prior findings. 

Although the capacity of prolonged drug-access to escalate drug-taking, over that 

observed under limited-access conditions, is a highly replicable finding (e.g. Ahmed and 

Koob, 1998; Ben-Shahar et al., 2004; Ben-Shahar et al., 2013), an escalation of cocaine 

intake is also reported in rats self-administering cocaine during slightly longer (2 h) daily 

sessions, albeit to a lesser extent than counterparts with daily 6-h-access (Mandt, 

Copenhagen, Zahniser, & Allen, 2015). Further, some rat strains exhibit escalation under 

daily 1 h sessions of cocaine-access (Perry et al., 2006), particularly when allowed to 
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self-administer cocaine over a protracted test period (e.g. 75 days) (Belin et al., 2009). 

The present report extends the literature on escalation by demonstrating that cocaine 

intake during the initial 10 minutes of the self-administration paradigm (i.e., the loading 

phase; see Ahmed & Koob, 1998) also escalates with drug experience in limited-, 

prolonged-, and limited + yoked-access rats, but at somewhat different rates (Figure 2.2). 

Thus, it appears that the loading phase (i.e. first 10 min) is more sensitive to escalation of 

intake than the overall duration of daily access.   

The escalation of cocaine intake observed in the limited + yoked-access condition 

was additionally associated with a pronounced, but transient, increase in non-reinforced 

lever-responding during cocaine access (Figure 2.3). Marked differences in non-

reinforced responding have been reported in the absence of differences in cocaine intake; 

e.g. in female relative to male rats (Fuchs et al., 2005; Kippin et al., 2006; Kosten & 

Zhang, 2008); thus, the two measures appear generally dissociable. In the case of the 

limited + yoked-access rats in the present study, the rats had acquired responding for 

cocaine, accompanied by low levels of non-reinforced responding which was markedly 

elevated, particularly during the loading phase (Figure 3A), following exposure to the 

yoking procedure. This disruption of “efficient” (i.e. lever presses are not tied to the drug 

reinforcer) operant behavior elicited by the addition of non-contingent cocaine exposure 

is likely due to discontinuous reinforcement schedules. Further, contextual cues can 

modulate escalation behavior; when rats are allowed alternating days of 1 h and 6 h 

access to cocaine with differential cues, they only escalate during the 6 h sessions 

(Beckmann et al., 2012). An equally-viable explanation for increased non-reinforced 

lever responding induced by non-contingent drug exposure may pertain to differences in 
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the aversive, stress-inducing, and glucocorticoid-releasing properties of cocaine delivered 

under yoked procedures (Twining, Bolan, & Grigson, 2009) which have been implicated 

in the processes underlying escalation (Mantsch et al., 2007; 2008). Thus, the 

combination of yoked-cocaine with subsequent re-introduction to the operant chamber 

with differential cues (i.e. lever extension and operant light) appears to serve as a potent 

elicitor of lever-responding. Furthermore, although it appears that limited + yoked-access 

rats escalate intake faster than prolonged-access rats, it is evident that escalation within 

the limited + yoked-access rats occurs alongside excessive non-reinforced lever 

responding (i.e. on days 12, 14, and 18, Figure 2.3 A, B).  

Given the central role of drug-induced neuroadaptations, particularly alterations in 

glutamate function, in theories of addiction (see e.g. Kalivas & Volkow, 2005), it is 

critical to discern the role of behavioral contingency in neurobiological changes 

associated with escalating drug intake. Here, I identified differences between the 

prolonged-access and limited + yoked-access conditions; I examined the dmPFC which 

has been implicated in the escalation of cocaine intake (Smith, Ward, & Roberts, 2008) 

for changes in the expression levels of molecular markers implicated in addiction (i.e. 

Homer2, Grin1, and Dlg4 mRNA). Consistent with prior findings (Ben-Shahar et al., 

2009), I observed increased levels of Homer2 mRNA only in the prolonged-access 

condition, (Figure 2.4A). Furthermore, the level of intake in the limited- and prolonged-

access conditions correlated positively with Homer2 mRNA expression, whereas cocaine 

exposure in the limited + yoked-access group correlated negatively with Homer2 mRNA 

expression (Figure 4D-F). In addition, I also observed increases in Grin1 and Dlg4 

mRNA within the dmPFC of the prolonged-access rats only (Figures 2.4B-C). Overall, 
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the differences between prolonged-access and limited + yoked-access conditions are 

consistent with other studies employing yoked procedures (Krawczyk et al., 2013; Ma et 

al., 2013; McFarland et al., 2003; Radley et al., 2015). However, the present finding 

furthers this literature by demonstrating that contingent and non-contingent cocaine 

exposure induces distinct neurobiological changes even when both are associated with 

escalation of cocaine intake, with only the prolonged-access condition producing 

elevation of several genes that are suggestive of enhanced glutamatergic signaling. 

The increases in expression of glutamate-related genes observed, specifically 

following prolonged contingent access to cocaine, relates to the current literature 

concerning enhanced glutamate neurotransmission and cocaine-specific neuroplasticity in 

the prefrontal cortex. Repeated contingent-access to cocaine results in cocaine-specific 

synaptic plasticity including: increased dendritic spine density (Frankfurt, Salas-Ramirez, 

Friedman, & Luine, 2011), increased long-term potentiation (LTP) in the PFC (Huang, 

Lin, & Hsu, 2006), and lowered induction threshold for inducing cocaine-specific LTP 

(Ruan & Yao, 2017). Further, cocaine self-administration results in increased excitatory 

postsynaptic currents (EPSCs) between mPFC and NAC D1 medium spiny neuron 

synapses, and optogenetic inhibition of these synapses eliminates cocaine seeking 

behaviors (Pascoli et al., 2014). Lastly, I have previously demonstrated that prolonged-

access to cocaine enhances cue-elicited glutamate release during protracted withdrawal 

(Shin et al., 2016), and increased expression of the NMDA GluN2b receptor subunits 

during early and later withdrawal (Szumlinski et al., 2016). Other groups have also 

shown increases in NMDA, as well as AMPA and Kainate, receptor subunits after 

withdrawal from contingent cocaine self-administration (Crespo, Oliva, Ghasemzadeh, 
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Kalivas, & Ambrosio, 2002; Ghasemzadeh, Vasudevan, Mueller, Seubert, & Mantsch, 

2009; Tang, Wesley, Freeman, Liang, & Hemby, 2004). These previous studies, as well 

as the current report (Figure 2.3) indicate that cocaine-specific plasticity of glutamatergic 

receptors develops with repeated contingent-access to cocaine, and is necessary for 

cocaine-seeking behavior. 

Briefly, Homer2 is a gene encoding for a scaffolding protein that interacts with 

Group1 metabotropic glutamate receptors (mGluRs) and NMDA receptors and has been 

implicated in addictive behaviors  (c.f., Szumlinski et al., 2008). Homer2a/b protein 

within the mPFC is increased following prolonged-access to cocaine (Ben-Shahar et al., 

2009) and repeated cocaine injections (Ary & Szumlinski, 2007). Further, viral-mediated 

Homer2b overexpression in the mPFC increases basal glutamate levels and cocaine-

conditioned reward in mice, whereas Homer2b knockdown reduces basal glutamate in 

this area (Ary et al., 2013). Additionally, Grin1 encodes for the obligatory NR1 subunit 

of NMDA receptors, while Dlg4 encodes for PSD-95, a scaffolding protein that regulates 

NMDA receptor function (Bai & Hoffman, 2009). Increases in NR1 protein within the 

PFC have previously been observed in response to repeated cocaine injections (Kovacs, 

Lajtha, & Sershen, 2010) and cocaine self-administration (Hemby, Horman, et al., 2005). 

Furthermore, NR1 is essential for cocaine-mediated learning; mice expressing a mutant 

version of the NR1 subunit (which reduces calcium flow through the NMDA receptor) 

fail to form conditioned place preference and locomotor sensitization in response to 

repeated cocaine exposure (Heusner & Palmiter, 2005). PSD-95 is critical for synaptic 

plasticity and regulation of NMDA receptor location and function (Wang & Peng, 2016). 

PSD-95 is also implicated in behavioral plasticity associated with chronic cocaine 
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administration (Yao et al., 2004), extinction of cocaine self-administration (Knackstedt et 

al., 2010), as well as prolonged withdrawal from cocaine (Ghasemzadeh, Vasudevan, & 

Mueller, 2009). Thus, our RNA data is generally consistent with findings examining 

protein levels of glutamatergic signaling molecules with the increases in RNA observed 

here coinciding or preceding latent increases in protein.   

Escalation of drug intake is an important diagnostic criterion of addiction in 

humans and an integral component in various theories of addiction. Therefore, 

understanding the behavioral and neurobiological underpinnings of escalation is likely to 

facilitate addiction management programs in humans. In addition to facilitating cocaine 

intake, prolonged daily access to cocaine is associated with several behavioral changes, 

such as reduced brain reward function (Ahmed et al., 2002; Ahmed & Koob, 2005), 

increased breakpoints for cocaine reinforcement under progressive ratio schedules 

(Paterson & Markou, 2004; Wee, Orio, Ghirmai, Cashman, & Koob, 2009), diminished 

aversive properties of cocaine (Ben-Shahar, Posthumus, Waldroup, & Ettenberg, 2008), 

increased extinction responding during protracted withdrawal (Ferrario et al., 2005), as 

well as increased responding during cocaine-primed and cue-induced reinstatement of 

cocaine-seeking (Ahmed & Cador, 2006; Kippin et al., 2006; Knackstedt & Kalivas, 

2007; Mantsch, Yuferov, Mathieu-Kia, Ho, & Kreek, 2004). Similarly, other approaches 

to modeling “excessive” intake also produce increases in measures of cocaine-taking and 

-seeking behaviors (Véronique Deroche-Gamonet, Belin, & Piazza, 2004; Roberts, 

Morgan, & Liu, 2007). Further study is required to determine the relations between 

nature of cocaine exposure and induction of addiction-like behavior, as well as between 

behavioral and molecular outcomes. To this end, the present study demonstrates 
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behavioral contingency plays an important role in the nature of the behavioral and 

molecular changes induced by cocaine exposure.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3: Impact of Prolonged Contingent and Non-Contingent Cocaine Exposure 

on Gene Expression and DNA Methylation During Protracted Withdrawal from 

Cocaine. 
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Abstract 

Cocaine addiction is a chronic disorder whereby cocaine craving in response to 

drug related cues and relapse to drug taking persist, and even intensify, through 

protracted drug-free abstinence periods. Studies employing animal models observe 

similar patterns in addicts with rat as well as other species exhibiting cocaine-seeking that 

not only persists through protracted periods of drug withdrawal as well as time-dependent 

intensification of these behaviors. Additionally, there are long term changes in neuron 

structure, receptor function, and neurotransmission associated with abstinence from 

cocaine in humans and animals. DNA methylation is an epigenetic modification to the 

DNA structure that mediates mRNA expression to confer different cell types, but has 

recently been implicated in learning and memory mechanisms. The long-term control that 

DNA methylation has over gene expression in animals makes it a prime candidate for 
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controlling gene expression over the course of abstinence in animals with previous drug 

experience. Thus, in the present study, I exposed rats to saline (1 h) or limited (1 h), 

prolonged (6 h), or limited + yoked (1 h contingent + 5 h non-contingent) access to 

cocaine for 15 days followed by protracted withdrawal due to forced abstinence for 1, 14, 

or 60 days. I then dissected the dmPFC and measured levels of methylated DNA or 

mRNA for Homer2, Dlg4, Npas4, and Grin1 via digital PCR. Briefly, rats exposed to 

saline, limited-cocaine, or prolonged-cocaine, experienced time-dependent changes in 

DNA methylation in Homer2, Dlg4, Npas4, and Grin1. However, changes in mRNA 

expression did not exhibit strong correlation changed in DNA methylation, but rather by 

drug-access condition. In conclusion, DNA methylation is dynamic over abstinence, but 

mRNA expression appears to be stable. 

 

 

 

Introduction 

Although the gradual escalation of cocaine intake discussed in Chapter 2 is an 

important aspect of addiction, the chronic nature of addiction is observed during 

protracted cocaine-free periods with addicts reporting both drug craving and exhibiting 

relapse vulnerability for years after last drug use (APA, 2013). Similarly, animal models 

of addiction indicate that the impact of repeated exposure to cocaine induces changes that 

are very long-lasting. For instance, rats exhibit pronounced cocaine-seeking (as measured 

by responses on a operandum previously reinforced by cocaine) for periods of at least 6 

months after the last self-administration session (Kerstetter et al., 2008) and similarly, 
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sensitization to the psychomotor effects of stimulants can last for up to 1 year in rats 

(Paulson, Camp, & Robinson, 1991). Additionally, time-dependent changes in 

neurotransmitter function and receptor expression are also observed following cocaine 

exposure and coincide with change in the reports of drug craving in addict. For instance, 

cravings in cocaine addicts have been reported to rise over the first few months of drug 

abstinence (Gawin et al., 1989; Parvaz, Moeller, & Goldstein, 2016). Similarly, after 

cocaine self-administration, rats re-exposed to the self-administration conditions (i.e. an 

extinction test) exhibited time-dependent increases in cocaine-seeking behavior for at 

least 90 days followed by recovery by 180 days of cocaine withdrawal (Tran-Nguyen et 

al., 1998; Grimm et al., 2001; Lu et al., 2005; Kerstetter et al al 2008).  for 14 days, rats 

exposed to forced abstinence for 1 day, 1 week, or 1 month, experienced progressive and 

time-dependent increases in cocaine seeking behavior and extracellular dopamine levels 

within the amygdala during extinction, cue-reinstatement, and drug-reinstatement 

procedures (Tran-Nguyen et al., 1998). Additionally, Grimm et al. (2001) demonstrated 

that rats previously given prolonged-access to cocaine (6h/ day) will exhibit time-

dependent increases in non-reinforced lever responding (on a lever previously associated 

with cocaine reinforcement) when the cues associated with cocaine administration (light 

& sound) are present (aka cued re-exposure) (Grimm et al., 2001). Furthermore, Grimm 

et al. (2003) showed progressive, time-dependent increases in BDNF expression in the 

VTA, NAC, and amygdala after 1, 30, and 90 days of forced abstinence. Lastly, in 2016, 

Shin et al. demonstrated cue-dependent increases in extracellular glutamate within the 

vmPFC after prolonged abstinence from cocaine (Shin et al., 2016). Together, these 
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studies demonstrate that forced abstinence from cocaine induces progressive, time-

dependent changes in neuronal function.  

Incubation of cocaine craving has mostly been investigated in animals allotted 

prolonged-access to cocaine, as they exhibit an “addictive phenotype” (Ahmed & Koob, 

1998). For example, prolonged cocaine self-administration has been shown to have long-

lasting effects on reward function as measured, for example, by shifts in intracranial self-

stimulation (Markou & Koob, 1991, 1992) and increased reinstatement of cocaine 

seeking behavior (Grimm et al., 2001; Kippin et al., 2006; Tran-Nguyen et al., 1998). 

Chronic cocaine administration is also accompanied by changes in neuroplasticity after 

acute withdrawal such as increased dendritic spine density (Dobi, Seabold, Christensen, 

Bock, & Alvarez, 2011; Dumitriu et al., 2012), alterations in glutamate receptor proteins 

(Ben-Shahar et al., 2013; Ben-Shahar et al., 2009), intracellular signaling (McGinty, 

Zelek-Molik, & Sun, 2014), and neurotransmission (Addy, Daberkow, Ford, Garris, & 

Wightman, 2010; Ben-Shahar et al., 2012). These initial changes in neuroplasticity are 

continued for extended time periods and may precipitate altered reward-related learning 

and time-dependent increases in cocaine-seeking behavior (aka, the incubation of 

craving) (Grimm et al., 2001; Tran-Nguyen et al., 1998). However, it remains to be 

elucidated how such changes in neurocircuitry are produced and, how they are 

maintained for prolonged periods of time. Recent developments in the understanding of 

the regulation of gene expression suggests that epigenetic mechanisms, such as DNA 

methylation, are involved in the neural plasticity induced by cocaine administration and 

provide a likely candidate for the long-term maintenance of cocaine-induced alterations 

in gene expression (Freeman et al., 2008; Freeman et al., 2010). 
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DNA methylation is a long-lasting epigenetic marker that regulates addiction-like 

behaviors and gene transcription within the brain 

Drug addiction, as previously mentioned, is a chronic, long-lasting disorder that is 

associated with the aberrant expression of receptor proteins, neurotransmitter release and 

reuptake, and synaptic structure. Each of these elements is ultimately controlled by 

mRNA expression that relies on a specific epigenetic state. In fact, recent studies have 

demonstrated global and site-specific reductions in DNA methylation after experimenter-

administered cocaine (Pol Bodetto et al., 2013; Tian et al., 2016; Tian et al., 2012) and 

methamphetamine (Numachi et al., 2004) in both the PFC and NAC. Additionally, acute 

injections of cocaine upregulated DNMT3A and DNMT3B mRNA within the nucleus 

accumbens of mice, and were associated with increased locomotor sensitization, while 

repeated cocaine did not increase DNMT mRNA expression. Furthermore, inhibition of 

DNMT3A and DNMT3B via zebularine reduced DNA methylation of the PP1C (protein 

phosphatase 1c) gene, increased PP1C mRNA, and delayed the onset of cocaine-induced 

behavioral sensitization in animals with acute injections of cocaine (Anier, Malinovskaja, 

Aonurm-Helm, Zharkovsky, & Kalda, 2010).  

DNA methylation has also been recently implicated in cocaine self-administration 

studies. Baker-Andresen et al. (2015) showed a unique pattern of global DNA 

methylation and mRNA expression in the dmPFC of mice after 1 or 21 days of 

abstinence from daily cocaine self-administration (2 h per day). Additionally, the same 

mice underwent 5mC-mediated alternative splicing of Cpeb4 mRNA after 21 days of 

abstinence and relapse-testing (Baker-Andresen et al., 2015). Conversely, 

supplementation of DNA methylation via methyl-donors serves to attenuate cocaine CPP 
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(Tian et al., 2012) and cocaine-seeking behaviors after self-administration and during 

cocaine-primed reinstatement (Wright et al., 2015). Although inhibition of methylation 

via zebularine or dAZA will potentiate cocaine intake during self-administration 

(Fonteneau et al., 2017).  

Since DNA methylation is a persistent and long-lasting change associated with 

drugs of abuse, learning, and memory, and can regulate mRNA expression to control 

neuronal structure and function, it is a prime candidate for investigation to study the 

incubation of craving during forced abstinence from cocaine. Therefore, for the present 

study, I investigated changes in DNA methylation and mRNA expression across different 

cocaine-access conditions after 1, 14, and 60 days of forced abstinence from cocaine self-

administration to determine the role of epigenetic modifications on glutamatergic gene 

expression. 

Methods 

Animals housing, care, and surgical procedures 

 Male Sprague-Dawley rats (250-300 g) were pair-housed in a reverse light:dark 

(12h:12h, lights off at 8 am) cycle room with ad-libitum access to food and water. The 

housing and care of the rats followed the guidelines set forth by the “Guide for the Care 

and Use of Laboratory Rats, 8th Edition” (IACUC, 2011). 

Rats were deeply anesthetized using 2-3% isoflurane gas and implanted with 

chronic indwelling catheters constructed with a bent steel cannula with a screw-type 

connector (Plastics One, Roanoke, VA), SILASTIC tubing (11 cm, i.d. 0.64 mm, o.d. 

1.19 mm, Dow Corning, Midland, MI), Prolite polypropylene monofilament mesh 

(Atrium Medical Corporation, Hudson, NH), methyl methacrylate cement, and a silicon 
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ball 2.5 cm from the end used to secure the catheter to the vein. Postoperative care lasted 

for 4 days; rats were visually inspected, weighed, and the catheters were maintained as 

we have reported previously, and tested once weekly with 2.0 mg of Methohexital 

Sodium (Brockton, MA) (Ben-Shahar et al., 2013; Kerstetter et al., 2008).  

Cocaine self-administration, forced withdrawal, & dmPFC dissection 

 Food training and cocaine self-administration utilized standard operant chambers 

(Med Associates Inc., St. Albans, VT, USA) during the dark cycle at a controlled time 

each day. Before surgical implantation of the jugular catheters, the rats were restricted to 

20 g of food daily and trained on a fixed ratio 1 (FR1) schedule of food reinforcement for 

two 16 h training sessions where each right lever press was associated with the delivery 

of a 45 mg food pellet (Ben-Shahar et al., 2012). After recovery from the surgery, the rats 

were placed on a fixed ratio 1 (FR1) with a 20 second time-out signaled by the activation 

of the cue light above the lever. Initial sessions lasted 1 h per day for the first 5 days with 

either cocaine or saline infusions available as reinforcers. Each “active” lever depression 

(right lever) was associated with a 4 s infusion of vehicle (0.1 mL saline) or cocaine (0.25 

mg/ 0.1 mL); “inactive” lever depression (left lever) resulted in no infusion or stimulus 

(Ben-Shahar et al., 2012). On the 6th day, the rats receiving cocaine were put on one of 

three programs, limited-access (1 h access per day), prolonged-access (6 h contingent 

access per day), and limited + yoked-access (1 h contingent + 5 hours yoked access per 

day) to cocaine. Additionally, separate age-matched rats were used as naïve controls; they 

arrived the same time as experimental rats, but were not subjected to behavioral 

conditioning and were sacrificed at the same time as the experimental rats. After self-

administration training, all rats were put through forced abstinence for 1, 14, or 60 days 
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and were sacrificed via rapid decapitation. Then, their brains were removed, and the 

dorsal medial prefrontal cortex (dmPFC) was dissected out at 2.20 to 3.20 mm anterior to 

Bregma (Figure 2.1) via the Braintree brain mold (Braintree, MA), placed in a 0.5 mL 

microcentrifuge tube, frozen on dry ice, and stored at -80°C for further analysis.  

DNA Methyl-binding-domain genome-wide assay 

For genome-wide micro-array analyses, a Methyl-binding-domain (MBD) assay 

was carried out following the manufacturer’s protocol (Active motif) to purify the 

methylated DNA from rats that had undergone 1 day of forced abstinence from cocaine 

and had their dmPFC dissected (Figure 2.1). Briefly, genomic DNA was digested with 

proteinase K and RNase A sequentially, and purified by using the Qiagen DNeasy 

extraction column according to the manufacturer’s protocol (Qiagen). Purified genomic 

DNA was sonicated into average fragments of 500 base-pairs (bp) by using the Covaris 

S2 system (Covaris) and heat-denatured (95 ˚C, 10 min). An aliquot of sonicated 

genomic DNA was saved as input for later use. 1 μg of fragmented genomic DNA was 

used for the Active Motif immunoprecipitated (IP) MBD assay. We then treated the DNA 

beads with proteinase K for at least 3 h at 55 ˚C and purified the captured, methylated 

DNA by phenol-chloroform extraction followed by ethanol precipitation.  

For the phenol chloroform extraction and ethanol precipitation: An equal volume 

(as the sample) of phenol:chloroform:isoamyl alcohol (25:24:1, v/v/v) was added to the 

eluted DNA. The tube was vortexed for ~ 15 s and spun down in a centrifuge at 12,000 g 

for 5 min at room temperature. The top, aqueous layer was removed and added to a 

second microcentrifuge tube (MCT) and 4 uL glycogen (5 mg/ mL), 1 sample volume 5 

M ammonium acetate, and 2.5 sample volumes of ice-cold 100% ethanol were added. 
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The tube was vortexed for ~ 15 s and then incubated at -80 °C for at least 2 h. The tube 

was then centrifuged at 12,000 g for 20 min at 4 °C. The supernatant was pipetted off, 

and 500 mL of ice-cold 70% ethanol was added. The tube was once more centrifuged at 

12,000 g for 10 min at 4 °C. The resulting supernatant was discarded, and the DNA 

pellets were air-dried for 5 minutes. The pellets were then resuspended in 50 uL of sterile 

DNase-free water for PCR quantification. 

For quantitative real-time PCR analysis, 10 ng of input genomic DNA and 1/30 of 

the immunoprecipitated (IP) methylated DNA was used for each PCR reaction. MBD-

qPCR was performed in the Rotor Gene thermocycler (Qiagen) using SYBR Green mix 

(Qiagen). Reactions were done in duplicates and standard curves were calculated on 

serial dilutions of input genomic DNA. For microarray analyses, we amplified input and 

MBD enriched DNA using a whole genome amplification kit version 2 (Sigma). The 

4X72K array was used for microarray experiments (Roche). 1.5 µg of amplified DNA 

sample were then subjected for sample Cy3/5 labelling, hybridization, and washing 

according to the manufacturer's protocol (Roche). Two-color array scanning was 

performed by GenePix 4000B scanner (Roche) according to manufacturer’s instructions. 

Data analysis was performed using NimbleScan v2.5 (Roche). For identification of 

probes that associated with significant changes in DNA methylation, ChIPMonk version 

1.2.3 (https://www.bioinformatics.babraham.ac.uk/projects/chipmonk/) was used as 

previously reported (Farthing et al., 2008). 

DNA and mRNA extraction and purification for digital PCR 

For digital PCR analyses, frozen dmPFC tissue from all rats that were subjected to 

60 days of forced abstinence was added to 600 µL of buffer RLT (Qiagen, #79216) and 

https://www.bioinformatics.babraham.ac.uk/projects/chipmonk/
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homogenized with the Qiagen TissueRuptor for 30 s. DNA and mRNA were then 

extracted by the AllPrep DNA/RNA/protein extraction kit (Qiagen, #80004) in 

accordance to the manufacturer’s protocol. RNA was eluted from the spin column with 

50 µL of nuclease-free water. DNA was eluted from the spin column with 100 uL of 8 

mM NaOH heated to 70 °C, and the pH was then neutralized with 12 µL of 0.1 M 

HEPES and 1.1 µL of 100 mM EDTA.  

For the analysis of methylated DNA, extracted genomic DNA (1 µg) was 

fragmented to 400 bp fragments by the Covaris M220 system via the automated protocol. 

The size of the DNA fragments were confirmed via gel electrophoresis on a 2% gel, at 

110V, for 75 minutes and visualized with the Lycor Gel Analyzer. To isolate the 

methylated DNA (5mC) the fragmented DNA then underwent methylated DNA 

immunoprecipitation (MeDIP) with a 5-methylcytosine antibody (Active Motif, 55009) 

and protein G magnetic beads according to the manufacturer’s protocol. The DNA was 

then purified via phenol-chloroform extraction and ethanol precipitation as mentioned 

previously. 

For the analysis of mRNA expression: 500 ng of mRNA from each extracted 

sample was reverse transcribed according to the manufacturer’s protocol (Qiagen, 

205311), except that samples were incubated with genomic DNA wipeout buffer in an 

Eppendorf MasterCycler at 42 °C for 18 minutes, then incubated at 95 °C for 3 min to 

inactivate the reverse transcriptase. A reverse transcriptase-negative reaction was carried 

out in parallel with the samples from 500 ng of pooled sample RNA.  

Methylated DNA digital PCR design and analysis. 
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 Primers for the methylated DNA samples (Table 1) were created using the UCSC 

genome browser (https://genome.ucsc.edu) to view the DNA code, primer3 

(http://primer3.ut.ee) to find the best primers in the given region, and PrimerBlast 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast) to validate the primer position and 

amplicon size in relation to the gene body. All primers were then tested with 50 ng of 

fragmented genomic DNA under multiple conditions (cycle duration, annealing 

temperature, primer concentration, etc) on a BioRad CFX96 Touch Real-Time system to 

determine primer efficiency and accuracy, and then visually assessed on the Lycor 

system after electrophoresis on a 2% agarose gel (110V, 75 minutes) to validate amplicon 

size. The final run conditions (Table 3.1) were used on experimental samples during 

quantification. 

 Digital real-time PCR (ddPCR) is a new method of DNA quantification to 

measure the absolute concentration of DNA in samples. In order to use this method, we 

first combined DNA samples with EvaGreen QX200 Supermix (BioRad), forward and 

reverse primer sets, and water (Table 3.1). Then, 20 μL of each sample were parsed into 

10,000 to 20,000 droplets using ddPCR EvaGreen Droplet Generation Oil (BioRad) in 

the QX200 Droplet Generator, then transferred to a 96-well PCR plate. After the plate 

was loaded with droplets, the DNA was amplified on a BioRad CFX96 Touch Real-Time 

system according to previously tested conditions (Table 3.1). After amplification, the 

PCR plate was added to the QX200 digital PCR reader. The reader then measured the 

fluorescence of each individual droplet and used Poisson statistics to calculate the 

concentration (copies of DNA/ μL) of each sample. Post-run analyses were performed on 

https://genome.ucsc.edu/
http://primer3.ut.ee/
https://www.ncbi.nlm.nih.gov/tools/primer-blast
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QuantaSoft software (BioRad), and the final concentration was determined by subtracting 

the baseline fluorescence samples from the amplified samples.  

 

mRNA digital PCR design and analysis 

Primers for the mRNA samples (Table 3.2) were created using the Ensembl 

genome browser (https://www.ensembl.org/index.html) to view the transcript’s cDNA 

code, primer3 (http://primer3.ut.ee) to find the best primers in the given region, and 

PrimerBlast (https://www.ncbi.nlm.nih.gov/tools/primer-blast) to validate the primer 

position and amplicon size in relation to the gene body. All primers were then tested with 

50 ng of cDNA pooled from all experimental conditions under multiple PCR conditions 

(cycle duration, annealing temperature, primer concentration, etc) on a BioRad CFX96 

Touch Real-Time system to determine primer efficiency and accuracy, and then visually 

assessed on the Lycor system after electrophoresis on a 2% agarose gel (110V, 75 

minutes) to validate amplicon size. The final run conditions (Table 3.2) were used on 

experimental samples during quantification. 

 For mRNA quantification, we first combined cDNA samples (~12.5 ng/ µL) with 

EvaGreen QX200 Supermix (BioRad), forward and reverse primer sets, and water (Table 

https://www.ensembl.org/index.html
http://primer3.ut.ee/
https://www.ncbi.nlm.nih.gov/tools/primer-blast
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w). Then, 20 μL of each sample were parsed into 10,000 to 20,000 droplets using ddPCR 

EvaGreen Droplet Generation Oil (BioRad) in the QX200 Droplet Generator, and 

transferred to a 96-well PCR plate. After the plate was loaded with droplets, the DNA 

was amplified on a BioRad CFX96 Touch Real-Time system according to previously 

tested conditions (Table 3.2). After amplification, the PCR plate was added to the QX200 

digital PCR reader. The reader then measured the fluorescence of each individual droplet 

and used Poisson statistics to calculate the concentration (copies of DNA/ μL) of each 

sample. Post-run analyses were performed on QuantaSoft software (BioRad), and the 

final cDNA concentration was determined by subtracting the baseline fluorescence 

samples from the amplified samples. ΔΔCT analysis was performed on the final 

concentrations of target DNA to normalize the expression of target genes against stable 

reference genes (ActB & Gapdh) and the experimental controls (naïve condition). The 

equations for this are as follows, where t = individual target sample concentration, r = 

individual reference gene sample concentration, R = mean of control genes for a specific 

sample, C = mean of control samples from experimental conditions normalized against 

the reference genes, and F = Final normalized concentration relative to control genes and 

experimental samples: 
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Statistics and graphing 

 All statistical analyses were conducted on IBM SPSS Statistics version 24. 

Bootstrapping was used to redistribute the mRNA and DNA methylation data over 1000 

points in order to run parametric analyses on the data. DNA methylation and mRNA 

expression were assessed via separate 5 (access conditions) x 3 (forced abstinence 

periods) two-way ANOVAs for each target; One-way ANOVAs were utilized to 

breakdown factors between conditions and between forced abstinence time points when 

an interaction between condition x abstinence was observed. LSD post-hoc tests were 

used to break down interactions so that conditions and time points could be assessed in a 

pairwise manner. Pearson correlations were run pairwise between mRNA, DNA 

methylation, and total cocaine intake for each access condition in SPSS. Lastly, all graphs 

were created and edited using the Prism6 software. was used for one-way ANOVAs with 

bootstrapping on all ddPCR data, and then graphed via Prism6 software. 
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Results 

Prolonged-access to cocaine results in a vast variety of differences in DNA 

methylation throughout the genome of the dmPFC. 

 ChIPMonk software analysis 

detected 64101 changes in DNA 

methylation along various genomic sites 

after 1 day of forced abstinence from 

cocaine or saline self-administration. We 

filtered through the 1000s of changes in 

DNA methylation between various genes 

for glutamatergic genes relevant to 

addiction as targets for further analysis. 

Among the various genes, Homer2, Grin1, 

Dlg4, and Npas4 exhibited at least 50% 

increases or decreases in DNA methylation between saline, limited-access, or prolonged-

access conditions (Table 3), thus, 5MC changes in these genes were selected for further 

analyses involving verification (via digital PCR), assessment of functional outcome (gene 

expression), and tracking through up to 60 days of forced drug abstinence. Additionally, 

changes global DNA methylation was assessed in for limited- and prolonged-access rats 

in comparison to saline-access rats (Figure 3.1).  
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Homer2 DNA methylation and mRNA expression 

A two-way ANOVA between condition and abstinence for Homer2 DNA 

methylation revealed significant a significant interaction between condition and 

abstinence (F8, 114 = 2.00, p < 0.05). To deconstruct the interaction, I performed one-way 

ANOVAs for between-condition effects for each day of abstinence, and within-condition 

effects during abstinence. There were no significant effects for naïve, limited-, or 

prolonged-access conditions, but effects were observed in limited + yoked- (F2, 23 = 

7.610, p < 0.005) and saline-access (F2, 21 = 8.153, p < 0.005) conditions. LSD post-hoc 

tests revealed differences in Homer2 DNA methylation for saline- and limited + yoked-

access rats between days 1, 14, and 60 (Figure 3.2A). Additionally, there were main 

effects of condition (F4, 114 = 3.604, p < 0.01) with LSD posthoc tests revealed significant 

effects of condition for all self-administration conditions versus naïve conditions (p < 

0.05), and of abstinence (F2, 114 = 7.412, p < 0.001) with LSD post-hoc tests indicating 
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significant effects of abstinence at 1 and 60 days of abstinence versus 14 days of 

abstinence (p < 0.05). Furthermore, Homer2 DNA methylation was negatively correlated 

with total cocaine intake in limited + yoked-access rats [r (23) = -0.425, p < 0.05, Figure 

3.2D]. These data indicate time-dependent increases in DNA methylation that are 

inconsistent across cocaine conditions.  

 A two-way ANOVA between condition and abstinence for Homer2 mRNA 

expression revealed a significant main effect of condition (F4, 198 = 4.173, p < 0.005), but 

no effects of abstinence nor interactions between condition and abstinence were detected. 

LSD post-hoc tests revealed significant decreases in Homer2 mRNA expression for 

limited-, prolonged-, and limited + yoked-access rats (Figure 3.2B). Lastly, there was a 

positive correlation between Homer2 mRNA expression and total cocaine intake in 

prolonged-access rats [r (16) = 0.533, p < 0.05, Figure 3.2C]. Although there was no 

direct correlation observed between DNA methylation and mRNA expression for 

Homer2, the patterning of the data suggests DNA methylation may partially mediate 

mRNA expression. Samples with higher DNA methylation exhibited lower levels of 

mRNA expression, but this effect was not specific for mRNA expression, as mRNA was 

also reduced even when DNA methylation wasn’t altered.  
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Dlg4 DNA methylation and mRNA expression 

A two-way ANOVA between condition and abstinence for Dlg4 DNA 

methylation revealed significant main effects of abstinence (F2, 110 = 6.350, p < 0.005), 

however, there were not significant main effects of condition, or an interaction between 

condition and abstinence. LSD post-hoc tests revealed a significant increase in DNA 

methylation between 1 day versus 14 and 60 days of abstinence for self-administration 

conditions (Figure 3.3A).  
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 A two-way ANOVA between condition and abstinence for Dlg4 mRNA 

expression revealed a significant main effect of condition (F4, 205 = 3.927, p < 0.005), but 

no effects of abstinence or interactions between condition and abstinence were detected. 

LSD post-hoc tests revealed a significant increase in Dlg4 mRNA expression for rats in 

the limited + yoked-access condition (Figure 3.3B). Lastly, Pearson correlations were run 

between DNA methylation, mRNA, and total cocaine intake, however, there were no 

significant correlations detected between any of these factors. 

 

Npas4 DNA methylation and mRNA expression 

 A two-way ANOVA for Npas4 DNA methylation between condition and 

abstinence revealed a significant interaction between condition and abstinence (F8, 110 = 

2.776, p < 0.01) but no significant main effects of either condition or abstinence (ps > 

0.05). To deconstruct the interaction, I ran separate one-way ANOVAs for each 

abstinence period and between each access condition to break down the interaction; only 

the significant effects are reported below. First, abstinence periods were investigated by 

condition. One-way ANOVA of saline-access rats revealed a significant effect of 
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abstinence (F2, 20 = 8.954, p < 0.001), and LSD post-hoc analysis indicated significantly 

more DNA methylation after 1 day of abstinence than after 14 or 60 days of abstinence in 

saline-access rats (Figure 3.4A). Second, a One-way ANOVA of prolonged-access rats 

revealed a significant effect of abstinence (F3, 24 = 3.017, p < 0.05), and LSD post-hoc 

testing revealed a significant increase in DNA methylation for Npas4 after 60 days of 

abstinence (Figure 3.4A). Third, a one-way ANOVA of limited + yoked-access rats 

during abstinence revealed a significant effect of abstinence (F2, 22 = 3.888, p < 0.05), and 

LSD post-hoc tests indicated a significant increase in DNA methylation of Npas4 after 14 

days of abstinence (Figure 3.4A). Interactions were further broken down to detect 

differences between access-conditions at different abstinence points. A one-way ANOVA 

of rats after 1 day of abstinence revealed a significant effect of condition (F4, 37 = 3.621, p 

< 0.05), and LSD post-hoc tests indicated significantly higher DNA methylation in the 

saline-access condition than in other conditions (Figure 3.4A). Lastly, a one-way 

ANOVA of rats after 14 days of abstinence revealed a significant effect of condition (F4, 

29 = 2.798, p < 0.05), and LSD post-hoc testing revealed significantly higher Npas4 DNA 

methylation in limited + yoked-access rats than in other conditions (Figure 3.4A).  

 A two-way ANOVA for Npas4 mRNA between condition and abstinence 

revealed an interaction between condition and abstinence (F8, 203 = 2.149, p < 0.05) as 

well as a significant main effect of condition (F4, 203 = 9.041, p < 0.0001) but no main 

effect of abstinence. To deconstruct the interaction, I ran separate one-way ANOVAs for 

each abstinence period and between each access condition to break down the interaction; 

only the significant effects are reported below. First, a one-way ANOVA for saline-

access rats indicated a significant effect of abstinence on Npas4 mRNA expression (F2, 41 
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= 8.404, p < 0.001), and LSD post-hoc tests indicated significantly higher mRNA 

expression after 60 days of abstinence than at 1 or 14 days of abstinence (Figure 3.4B). 

Secondly, a one-way ANOVA for prolonged-access rats indicated a marginally 

significant effect of abstinence on Npas4 mRNA expression (F2, 38 = 2.464, p = 0.099), 

and LSD post-hoc tests indicated significantly higher mRNA expression after 60 days of 

abstinence than at 1 day of abstinence (p < 0.05, Figure 3.4B). Third, a one-way ANOVA 

for limited + yoked-access rats indicated a significant effect of abstinence on Npas4 

mRNA expression (F2, 38 = 5.203, p < 0.05), and LSD post-hoc tests indicated 

significantly higher mRNA expression after 14 days of abstinence than at 1 or 60 days of 

abstinence (Figure 3.4B). In addition to analyzing time-course effects between groups, 

we also performed one-way ANOVAs for each abstinence time point to determine effects 

between conditions. A one-way ANOVA for condition after 1 day of abstinence revealed 

a significant effect of condition on Npas4 mRNA expression (F4, 67 = 5.631, p < 0.001), 

and LSD post-hoc tests indicated lower levels of Npas4 mRNA in all conditions 

compared to naïve rats (Figure 3.4B). A one-way ANOVA for condition after 14 days of 

abstinence revealed a significant effect of condition on Npas4 mRNA expression (F4, 60 = 

3.781, p < 0.01), and LSD post-hoc tests indicated lower levels of Npas4 mRNA in all 

access conditions compared to naive rats (Figure 3.4B). A one-way ANOVA for 

condition after 60 days of abstinence revealed a significant effect of condition on Npas4 

mRNA expression (F4, 75 = 4.071, p < 0.005), and LSD post-hoc tests indicated lower 

levels of Npas4 mRNA in limited- and limited + yoked-access rats compared to naive rats 

(Figure 3.4B).  
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 In addition to the ANOVAs, pairwise Pearson correlations between mRNA, DNA 

methylation, and total intake revealed significant negative correlations between levels of 

methylated Npas4 DNA and Npas4 mRNA. Specifically, these effects were observed in 

both naïve [r (23) = -0.605, p < 0.005, Figure 3.4C] and saline-access [r (19) = -0.465, p 

< 0.05, Figure 3.4D] conditions. However, correlations were not observed in any of the 

cocaine-access conditions, although there was a marginally significant positive 

correlation between methylated DNA and mRNA for the limited + yoked-access rats [r 

(22) = 0.345, p = 0.098]. The presence of correlations between methylated DNA and 

mRNA in the two control conditions (naïve and saline) indicate a disruption in Npas4 

expression in relation to DNA methylation after exposure to cocaine. 
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Grin1 DNA methylation and mRNA expression 

 A two-way ANOVA for Grin1 DNA methylation between condition and 

abstinence revealed an interaction between condition and abstinence (F8, 100 = 2.198, p < 

0.05) and a significant main effect of abstinence (F2, 100 =5.497, p < 0.005) but there was 

no main effect of condition (p > 0.05). To deconstruct the interaction, I ran separate one-

way ANOVAs for each abstinence period and between each access condition; only the 
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significant effects are reported below. First, for saline-access rats, there was a significant 

effect of abstinence (F2, 20 = 4.849, p < 0.05), and LSD post-hoc tests indicated decreases 

in Grin1 DNA methylation after 14 and 60 days of abstinence (Figure 3.5A). Next, a one-

way ANOVA of limited-access rats revealed a marginally significant effect of abstinence 

on Grin1 DNA methylation (F2, 17 = 3.325, p = 0.060) and LSD post-hoc tests indicated 

lower levels of Grin1 DNA methylation after 14 days of abstinence (p < 0.05, Figure 

3.5A). Between condition effects were assessed with one-way ANOVAs during each day 

of abstinence. A one-way ANOVA of Grin1 DNA methylation after 14 days of 

abstinence revealed a significant effect of condition (F4, 27 = 4.455, p < 0.01), and LSD 

post-hoc tests indicated a decrease in Grin1 DNA methylation for saline, limited- and 

prolonged- access conditions. Lastly, a one-way ANOVA of Grin1 DNA methylation 

after 60 days of abstinence revealed a significant effect of condition (F4, 39 = 2.683, p < 

0.05), and LSD post-hoc tests indicated decreased DNA methylation for Grin1 in only 

the saline-access rats (Figure 3.5A).  A two-way ANOVA was also conducted for Grin1 

mRNA expression and revealed a significant main effect of condition (F4, 201 = 3.249, p < 

0.05), but no effects of abstinence nor an interaction between abstinence and condition. 

LSD post-hoc tests indicated decreased Grin1 mRNA in all conditions compared to the 

naïve condition (Figure 3.5B). Lastly, there were no correlations observed between drug 

intake, Grin1 mRNA, of Grin1 DNA methylation.   
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Discussion 

 The current report provides an examination of DNA methylation and mRNA 

expression within the dmPFC of rats following multiple periods of withdrawal from 

cocaine. Overall, we found gene-specific changes in both DNA methylation and mRNA 

levels as a consequence of behavioral training (cocaine or saline self-administration) 

relative to naïve control tissue which were dynamic throughout the period of forced 

abstinence investigated. Notably, correlation between DNA methylation and mRNA for 

individual genes failed to reach significance indicating DNA methylation poorly predicts 

gene expression under the present conditions.  

Arguably, the most novel findings of the present study concern dynamic changes 

in DNA methylation at different abstinence time points. We initially expected to see 

stable levels of DNA methylation in response to cocaine training, primarily because prior 

literature concerning epigenetic mechanisms describe DNA methylation as a persistent 

marker within genes, largely related to its critical role in determination of cell-type during 
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developmental differentiation (Hellman & Chess, 2007; Jaenisch & Bird, 2003). 

Persistent DNA methylation has additionally been observed in current and recovered 

nicotine addicts. They both exhibited lower levels of Monoamine Oxidase (MAO) DNA 

methylation, and higher levels of MAO protein decades after ceasing tobacco use 

compared to non-smokers (Launay et al., 2009). Additionally, animals exposed to 

cocaine self-administration have exhibited persistent changes in DNA methylation after 

30 days of forced abstinence from cocaine in both the corpus callosum and the nucleus 

accumbens (Massart et al., 2015; Nielsen et al., 2012). However, unlike these studies, we 

did not observe persistent levels of DNA methylation in the dmPFC, but rather, time-

dependent alterations in DNA methylation over the course of abstinence in rats self-

administering cocaine and saline. (Figures 3.2 to 3.5, Table 3.4).  

Although the observed time-dependent fluctuations in DNA methylation during 

abstinence were initially surprising to us, they are not entirely unprecedented within the 

field of epigenetics or addiction. Specifically, former tobacco smokers will experience 

changes in whole-blood genome-wide DNA methylation throughout withdrawal, 

indicating that their systems to recover to “non-smoker” levels (Gao, Jia, Zhang, 

Breitling, & Brenner, 2015; Zeilinger et al., 2013). Additionally, in 2014, Baker-

Andresen et al. showed that self-administration of cocaine, but not passive cocaine-

injection, resulted in both persistent methylation changes in 29 different genes, as well as 

time-dependent changes in DNA methylation in 28 different genes within the mPFC of 

mice across 21 days of forced abstinence (Baker-Andresen et al., 2015). The Baker-

Andresen et al. results are particularly relevant to the present report because they indicate 

that abstinence from cocaine can attenuate or potentiate epigenetic modifications relevant 
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to addiction (as we also observed, Table 3.4), are independent of further cocaine 

administration, and likely rely upon memory consolidation and retrieval associated with 

prior cocaine use. To further this point, cocaine addiction is well known to involve 

alternating periods of binge/ intoxication of cocaine, withdrawal/ negative affect from 

cocaine, and preoccupation/ anticipation for cocaine during abstinence (Koob & Volkow, 

2009), and as such, is a drug-induced disorder of learning and memory (Tronson & 

Taylor, 2013). Specifically, the “preoccupation/ anticipation” phase of addiction is 

associated with areas of the brain implicated in memory consolidation and retrieval (i.e. 

the hippocampus, BLA, insula, and mPFC) (Koob & Volkow, 2009). DNA methylation 

and other epigenetic modifications are not just implicated in, but are necessary for 

memory formation (Day & Sweatt, 2010), maintenance (Halder et al., 2016), and 

reconsolidation (Maddox & Schafe, 2011). As such, we can conclude that the dynamic 

changes we observed in DNA methylation for Homer2, Dlg4, Npas4, and Grin1 within 

the dmPFC of limited- and prolonged-access rats are likely due to cocaine-associated 

memories during the abstinence period, particularly because these changes were not 

observed in limited + yoked-access rats. In addition to cocaine-dependent DNA 

methylation, we also observed changes in DNA methylation over the course of 

abstinence for saline-access rats. However, these rats were not “pure” controls, as they 

were trained for food reinforcers on an FR1 schedule before being trained for saline self-

administration, so it is possible that the same learning and memory mechanisms 

mentioned above apply to food conditioning as well.  

mRNA Expression Exhibits Dependence Upon Cocaine-Access Condition but 

Apparent Independence from DNA Methylation. 
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In addition to the dynamic changes in DNA methylation discussed above, DNA 

methylation did not appear to account for variance in mRNA expression for cocaine-

access rats during abstinence. Although Npas4 DNA methylation was negatively 

correlated with Npas4 mRNA in naïve and saline-access rats but not in cocaine 

experienced rats. Although we expected to observe a wide range of changes in mRNA 

expression driven by DNA methylation (Jones, 2012; Jones et al., 1998), we instead 

observed consistent mRNA changes throughout abstinence that differed between the 

saline and cocaine-access conditions, indicating that experimental conditions had more 

effect on mRNA than levels of DNA methylation (Table 3.4). The saline-access rats were 

distinct from cocaine-access rats in terms of mRNA expression as they do not exhibit 

decreases in Homer2 (Figure 3.2B) expression during abstinence, even if they do exhibit 

similar patterns of mRNA expression for Dlg4 (Figure 3.3B), Npas4 (Figure 3.4B), and 

Grin1 (Figure 3.5B). These effects can primarily be explained by the function of the 

genes. Dlg4 (Roche et al., 2001; Williams et al., 2003), Npas4 (Ploski et al., 2011), and 

Grin1 (Sweatt, 2016) are all genes that are implicated in various learning and memory 

studies, while Homer2 has specifically been linked to cocaine self-administration 

numerous times (for review see (Szumlinski et al., 2008). 

First, in addition to the dynamic changes in DNA methylation, we partially 

verified DNA methylation observed in the NimbleGen array (Table 3.3) with ddPCR for 

methylated DNA in Dlg4 and Npas4 gene promoters in limited- and prolonged-access 

rats, (Table 3.4). However, DNA methylation for Grin1 and Homer2 were not confirmed 

for the array for a couple of possible reasons. First, the array is a dataset that used the 

dmPFC from a single rat (n = 1), rather than multiple independent samples from separate 
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rats, which is not statistically valid for hypothesis testing (rather thresholds in the form of 

fold changes are set as presumed significance), and thus requires external validation due 

the propensity to produce misleading results. Secondly, the NimbleGen array data 

encompasses DNA methylation over a 1000 bp range of DNA, whereas digital PCR 

covers an area 150-250 bps in length, and averages the number of changes in DNA 

methylation over the 1000 bp expanse of DNA. However, even with these issues, the 

NimbleGen array data provides a non-biased analysis of epigenetic changes (i.e. forward 

epi-genetic). Based on those changes, we selectively validated specific targets in 

promoter regions which are of potential relevance to PFC hypofrontality, largely as 

mediators of excitatory neurotransmission.  

In summary, we employed to approaches to assess 5mc changes (array and digital 

pcr validation) following multiple cocaine access conditions which revealed highly gene-

specific changes which were dynamic across cocaine-free periods and, surprisingly, 

unrelated to mRNA changes associated with cocaine X withdrawal effects. One basic 

interpretation of these results is that 5mc fails does not predict the mRNA expression 

relevant to cocaine exposure and withdrawal. This is certainly not an entirely surprising 

result as gene expression is modulated by myriad transcription factors as well as other 

epigenetic factors, including histone modifications and other DNA modifications at 

cytosine nucleotides. Transcription factors are highly sensitive to environmental factors 

(Prast et al., 2014; Wang et al., 2016; Wei et al., 2012) including conditional stimuli 

paired previously with biological meaningful stimuli such as cocaine (Prast et al., 2014). 

As such, Chapter 4 investigates the ability of re-exposure to the cocaine associated cues 

in the absence of cocaine (i.e. extinction conditions) to induce changes in mRNA relative 
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to the patterns of cocaine-induced 5mc changes observed in the present chapter. 

Conversely, 5OHMC has been identified as a DNA modification that is functional and 

functionally distinct form 5MC as well as being form from 5mc. Given 5MC and 

5OHMC are both sensitive to experience and have distinct contributions to gene 

expression, Chapter 5 investigates the inter-relation between gene expression and these 

multiple DNA modifications following cocaine exposure.  
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Chapter 4: 

The effect of cocaine cue re-exposure after prolonged cocaine self-administration 

and forced abstinence on DNA methylation and mRNA expression in the rat 

dmPFC 
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Abstract 

In the previous chapter, I observed that DNA methylation incubates over the 

course of abstinence, but does not seem to predict basal mRNA transcription. One 

possible reason for this discrepancy is that mRNA expression relies on transcription 

factor binding and/ or immediate early gene activation that occurs with context-specific 

neuronal excitation. As such, I tested the hypothesis that cocaine exposure-induced 

changes in 5MC will more highly predict gene expression when there is a driver of gene 

expression, in this case, re-exposure to the self-administration condition in the absence of 

cocaine. To test this, I trained rats to self-administer either saline (1 h per day) or cocaine 

(6 h per day) for 15 days, then exposed them to 60 days of forced abstinence. After 

abstinence half of the rats were put back in self-administration chambers and re-exposed 

to cues for 2 h, while the other half were left in their home cages. After the cue 

manipulation, all rats were sacrificed, the dmPFC was dissected out, and DNA and 

mRNA were extracted. Methylated DNA was purified using methylated DNA immuno-

precipitation, and mRNA was reverse-transcribed into cDNA; levels of each were then 

quantified via digital PCR procedures. Interestingly, I observed cue-induced changes in 

DNA methylation within Homer2, Dlg4, Npas4, and Grin1 promoter regions. These 

context-specific changes indicate that DNA methylation is much more dynamic than 
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previously shown. Additionally, I saw changes in mRNA expression for Homer2, Dlg4, 

and Npas4 that appear to be highly reflective of the changes in DNA methylation. These 

results indicate re-exposure to cocaine cues induces.gene-specific mRNA expression via 

rapid changes in DNA methylation.  

 

 

 

Introduction 

As discussed in previous chapters, the gradual escalation of cocaine intake and 

incubation of cocaine craving that occurs over extended periods of forced abstinence are 

integral aspects of an addictive phenotype. Specifically, Grimm et al. (2001) 

demonstrated that rats previously given prolonged-access to cocaine (6h/ day) will 

exhibit a time-dependent increase in non-reinforced lever responding (on a lever 

previously associated with cocaine reinforcement) when the cues associated with cocaine 

administration (light & sound) are present (aka cued-reinstatement). Furthermore, 

extended periods of forced abstinence have been associated with increased levels of 

GluN2B, mGluR1, mGluR5, and Homer2a/b protein within the dmPFC (Ben-Shahar et 

al., 2013; Gould et al., 2015; Szumlinski et al., 2016). Additionally, I demonstrated in 

chapter 3 that levels of DNA methylation also incubate between 1 and 60 days during 

forced abstinence, although they are not associated with changes in mRNA. Lastly, in 

2013, Ben Shahar et al. demonstrated cue-elicited changes in glutamatergic protein 

expression after extended-abstinence.  
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The role of the prefrontal cortex in drug seeking under extinction and reinstatement 

conditions. 

Human feelings of craving are hard to quantify behaviorally, but neuroimaging 

studies have identified a variety of neural substrates involved in the subjective experience 

of craving in humans. Studies of human cocaine addicts reveal a general reduction in 

baseline activity in the anterior cingulate cortex (ACC) and the orbital PFC (oPFC), as 

well as a reduction in cortical neuron populations (Goldstein & Volkow, 2002; Franklin 

et al., 2002). Interestingly, when human subjects are presented with drug-associated cues, 

there is an increase in activation of the ACC and oPFC (Goldstein & Volkow, 2002). The 

necessity of these areas in drug-seeking behavior in animals is reflected in rodent models 

whereby localized inactivation of the VTA to dPFC circuit, PFC to accumbens circuit, or 

accumbens to ventral pallidal circuit blocks drug-seeking behavior in animals trained to 

extinguish drug-related cues (McFarland & Kalivas, 2001). The dmPFC is also 

implicated in the reinstatement of cocaine-seeking behavior following forced abstinence 

(Berglind, Whitfield, LaLumiere, Kalivas, & McGinty, 2009; Szumlinski et al., 2016). 

Specifically, the dmPFC in necessary for explicit cue-induced and cocaine-primed 

reinstatement of cocaine administration (Fuchs et al., 2005). In addition to cocaine-paired 

cues, novel cues also induce reinstatement of cocaine-seeking, and are associated with 

cFos activation in the dmPFC (Bastle et al., 2012). Since changes in dmPFC functionality 

and composition underlie craving behavior in humans and drug-seeking in rodents, 

unravelling the molecular mechanisms underlying long term changes in the dmPFC are 

crucial to understanding cocaine addiction. 

DNA methylation in addiction and after extinction and reinstatement procedures 
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Epigenetic mechanisms involve a number of substrates, including modifications 

directly on DNA such as addition of methyl or hydroxymethyl groups. In mammals, 

DNA methylation is primarily produced by the addition of a methyl group (-CH3) to 

cytosine (Sweatt et al., 2013). DNA methylation at transcription factor binding sites often 

interferes with the association of a transcription factor to the DNA, which can in turn 

repress or activate gene expression depending on whether the sequence is recognized by a 

transcriptional repressor or activator (Sweatt et al., 2013). In the previous chapter, I 

indicated that differential access to cocaine induced a wide array of gene-specific DNA 

methylation changes within the dmPFC after 1 day of forced abstinence (Appendix Table 

1), and in specific genes throughout abstinence. Additionally, previous reports have also 

indicated persistent changes in DNA methylation within the nucleus accumbens and 

corpus callosum after extended abstinence periods (Massart et al., 2015; Nielsen et al., 

2012), and dynamic changes in DNA methylation that occur during the abstinence period 

(Baker-Andresen et al., 2015).  

DNA methylation has also been implicated in extinction and reinstatement 

training procedures. For example, female mice have been shown to be resistant to fear 

extinction procedures, and also exhibit higher levels of 5mC in the BDNF promoter 

within the vmPFC (Baker-Andresen, Flavell, Li, & Bredy, 2013). Additionally, 

demethylation of gene promoters via Tet proteins is necessary for the expression of fear 

extinction (Li, Wei, et al., 2014; Rudenko et al., 2013). Similarly, levels of 5hmC are 

increased following cocaine-extinction procedures (Sadakierska-Chudy et al., 2017). 

Further evidence for DNA methylation in extinction learning is demonstrated in insects. 

In honeybees, DNA methylation promotes relearning (Biergans, Claudianos, Reinhard, & 
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Galizia, 2016), and pharmacological inhibition of DNMT alters extinction learning in a 

species-specific manner (Gong, Wang, Nieh, & Tan, 2016). However, previous reports 

have not investigated DNA methylation in relation to drug-seeking induced by re-

exposure to drug cues after abstinence. Therefore, for the purposes of this study, I chose 

to perform a cued re-exposure procedure at 60 days post-abstinence for prolonged- and 

saline-access rats to determine the effect of cue re-exposure on DNA methylation and 

mRNA expression for Homer2, Dlg4, Npas4, and Grin1 within the dmPFC. 

Methods 

Animals housing, care, and surgical procedures 

 Male Sprague-Dawley rats (250-300 g) were pair-housed in a reverse light:dark 

(12h:12h, lights off at 8 am) cycle room with ad-libitum access to food and water. The 

housing and care of the rats followed the guidelines set forth by the “Guide for the Care 

and Use of Laboratory Rats, 8th Edition” (IACUC, 2011). 

Rats were deeply anesthetized using 2-3% isoflurane gas and implanted with 

chronic indwelling catheters constructed with a bent steel cannula with a screw-type 

connector (Plastics One, Roanoke, VA), SILASTIC tubing (11 cm, i.d. 0.64 mm, o.d. 

1.19 mm, Dow Corning, Midland, MI), Prolite polypropylene monofilament mesh 

(Atrium Medical Corporation, Hudson, NH), methyl methacrylate cement, and a silicon 

ball 2.5 cm from the end used to secure the catheter to the vein. Postoperative care lasted 

for 4 days; rats were visually inspected, weighed, and the catheters were maintained as 

we have reported previously, and tested once weekly with 2.0 mg of Methohexital 

Sodium (Brockton, MA).  
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Cocaine self-administration, cued re-exposure & dmPFC dissection 

 Food training and cocaine self-administration utilized standard operant chambers 

(Med Associates Inc., St. Albans, VT, USA) during the dark cycle at a controlled time 

each day. Before surgical implantation of the jugular catheters, the rats were restricted to 

20 g of food daily and trained on a fixed ratio 1 (FR1) schedule of food reinforcement for 

two 16 h training sessions where each right lever press was associated with the delivery 

of a 45 mg food pellet  (Ben-Shahar et al., 2012). After recovery from the surgery, the 

rats were placed on a fixed ratio 1 (FR1) with a 20 second time-out signaled by the 

activation of the cue light above the lever. Initial sessions lasted 1 h per day for the first 5 

days with either cocaine or saline infusions available as reinforcers. Each “active” lever 

depression (right lever) was associated with a 4 s infusion of vehicle (0.1 mL saline) or 

cocaine (0.25 mg/ 0.1 mL); “inactive” lever depression (left lever) resulted in no infusion 

or stimulus. On the 6th day, the rats receiving cocaine began prolonged cocaine-access, 

where they were allowed access to cocaine for 6 h sessions daily for an additional 15 

days; rats self-administering saline continued under 1 h access for 15 days (Figure 4.1). 

Additionally, separate rats were used as naïve controls; they arrived the same time as 

experimental rats, but were not subjected to behavioral conditioning and were sacrificed 

at the same time as the experimental rats. 

 After self-administration training, all rats were put through forced abstinence for 

60 days (except naïve rats). The rats were further divided into two groups: rats with or 

without cue re-exposure (see below). The rats that did not undergo cue re-exposure were 

sacrificed via rapid decapitation, their brains were removed, and the dorsal medial 

prefrontal cortex (dmPFC) was dissected out at 2.20 to 3.20 mm anterior to Bregma 
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(Figure 2.1) via the Braintree brain mold (Braintree, MA), placed in a 0.5 mL 

microcentrifuge tube, frozen on dry ice, and stored at -80 °C for further analysis.  

 The cue re-exposure procedures were the same as the self-administration 

procedures except receiving response-contingent cocaine infusions, thus, these 

procedures re-exposed the rats to the contextual cues as well as response-contingent 

discrete cues.  Specifically, rats that underwent cue re-exposure testing had their catheters 

flushed, as previously stated for maintenance, and were re-introduced into the same 

operant chamber as they had during self-administration training. Cue re-exposure lasted 

for 2 h, where each depression on the “active” lever was associated with activation of the 

infusion pump for 4 s (no fluid was attached) and activation of the light cue above the 

active lever for 20 s. Immediately after cued-reinstatement testing finished, the rats were 

sacrificed via rapid decapitation, their brains were removed, and the dorsal medial 

prefrontal cortex (dmPFC) was dissected out at 2.20 to 3.20 mm anterior to Bregma 

(Figure 2.1) via the Braintree brain mold (Braintree, MA), placed in a 0.5 mL 

microcentrifuge tube, frozen on dry ice, and stored at -80 °C for further analysis. 
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DNA and mRNA extraction and purification for digital PCR 

The DNA and mRNA extraction procedures, as well as digital PCR design and 

analyses are identical to Chapter 3. However, to introduce them once more: for digital 

PCR analyses, frozen dmPFC tissue from all rats that were subjected to 60 days of forced 

abstinence was added to 600 µL of buffer RLT (Qiagen, #79216) and homogenized with 

the Qiagen TissueRuptor for 30 s. DNA and mRNA were then extracted by the AllPrep 

DNA/RNA/protein extraction kit (Qiagen, #80004) in accordance to the manufacturer’s 

protocol. RNA was eluted from the spin column with 50 µL of nuclease-free water. DNA 

was eluted from the spin column with 100 uL of 8 mM NaOH heated to 70 °C, and the 

pH was then neutralized with 12 µL of 0.1 M HEPES and 1.1 µL of 100 mM EDTA.  
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For the analysis of methylated DNA, extracted genomic DNA (1 µg) was 

fragmented to 400 bp fragments by the Covaris M220 system via the automated protocol. 

The size of the DNA fragments were confirmed via gel electrophoresis on a 2% gel, at 

110V, for 75 minutes and visualized with the Lycor Gel Analyzer. To isolate the 

methylated DNA (5mC) the fragmented DNA then underwent methylated DNA 

immunoprecipitation (MeDIP) with a 5-methylcytosine antibody (Active Motif, 55009) 

and protein G magnetic beads according to the manufacturer’s protocol. The DNA was 

then purified via phenol-chloroform extraction and ethanol precipitation as mentioned 

previously. 

For the analysis of mRNA expression: 500 ng of mRNA from each extracted 

sample was reverse transcribed according to the manufacturer’s protocol (Qiagen, 

205311), except that samples were incubated with genomic DNA wipeout buffer in an 

Eppendorf MasterCycler at 42 °C for 18 minutes, then incubated at 95 °C for 3 min to 

inactivate the reverse transcriptase. A reverse transcriptase-negative reaction was carried 

out in parallel with the samples from 500 ng of pooled sample RNA.  

Methylated DNA digital PCR design and analysis 

 Primers for the methylated DNA samples (Table 3.1) were created using the 

UCSC genome browser (https://genome.ucsc.edu) to view the DNA code, primer3 

(http://primer3.ut.ee) to find the best primers in the given region, and PrimerBlast 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast) to validate the primer position and 

amplicon size in relation to the gene body. All primers were then tested with 50 ng of 

fragmented genomic DNA under multiple conditions (cycle duration, annealing 

temperature, primer concentration, etc) on a BioRad CFX96 Touch Real-Time system to 

https://genome.ucsc.edu/
http://primer3.ut.ee/
https://www.ncbi.nlm.nih.gov/tools/primer-blast
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determine primer efficiency and accuracy, and then visually assessed on the Lycor 

system after electrophoresis on a 2% agarose gel (110V, 75 minutes) to validate amplicon 

size. The final run conditions (Table 3.1) were used on experimental samples during 

quantification. 

 Digital real-time PCR (ddPCR) is a new method of DNA quantification to 

measure the absolute concentration of DNA in samples. In order to use this method, we 

first combined DNA samples with EvaGreen QX200 Supermix (BioRad), forward and 

reverse primer sets, and water (Table 3.1). Then, 20 μL of each sample were parsed into 

10,000 to 20,000 droplets using ddPCR EvaGreen Droplet Generation Oil (BioRad) in 

the QX200 Droplet Generator, then transferred to a 96-well PCR plate. After the plate 

was loaded with droplets, the DNA was amplified on a BioRad CFX96 Touch Real-Time 

system according to previously tested conditions (Table 3.1). After amplification, the 

PCR plate was added to the QX200 digital PCR reader. The reader then measured the 

fluorescence of each individual droplet and used Poisson statistics to calculate the 

concentration (copies of DNA/ μL) of each sample. Post-run analyses were performed on 

QuantaSoft software (BioRad), and the final concentration was determined by subtracting 

the baseline fluorescence samples from the amplified samples.    

mRNA digital PCR design and analysis 

Primers for the mRNA samples (Table 2) were created using the Ensembl genome 

browser (https://www.ensembl.org/index.html) to view the transcript’s cDNA code, 

primer3 (http://primer3.ut.ee) to find the best primers in the given region, and 

PrimerBlast (https://www.ncbi.nlm.nih.gov/tools/primer-blast) to validate the primer 

position and amplicon size in relation to the gene body. All primers were then tested with 

https://www.ensembl.org/index.html
http://primer3.ut.ee/
https://www.ncbi.nlm.nih.gov/tools/primer-blast
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50 ng of cDNA pooled from all experimental conditions under multiple PCR conditions 

(cycle duration, annealing temperature, primer concentration, etc) on a BioRad CFX96 

Touch Real-Time system to determine primer efficiency and accuracy, and then visually 

assessed on the Lycor system after electrophoresis on a 2% agarose gel (110V, 75 

minutes) to validate amplicon size. The final run conditions (Table 3.2) were used on 

experimental samples during quantification. 

 For mRNA quantification, we first combined cDNA samples (~12.5 ng/ µL) with 

EvaGreen QX200 Supermix (BioRad), forward and reverse primer sets, and water (Table 

w). Then, 20 μL of each sample were parsed into 10,000 to 20,000 droplets using ddPCR 

EvaGreen Droplet Generation Oil (BioRad) in the QX200 Droplet Generator, and 

transferred to a 96-well PCR plate. After the plate was loaded with droplets, the DNA 

was amplified on a BioRad CFX96 Touch Real-Time system according to previously 

tested conditions (Table 3.2). After amplification, the PCR plate was added to the QX200 

digital PCR reader. The reader then measured the fluorescence of each individual droplet 

and used Poisson statistics to calculate the concentration (copies of DNA/ μL) of each 

sample. Post-run analyses were performed on QuantaSoft software (BioRad), and the 

final cDNA concentration was determined by subtracting the baseline fluorescence 

samples from the amplified samples. ΔΔCT analysis was performed on the final 

concentrations of target DNA to normalize the expression of target genes against stable 

reference genes (ActB & Gapdh) and the experimental controls (naïve condition). The 

equations for this are as follows, where t = individual target sample concentration, r = 

individual reference gene sample concentration, R = mean of control genes for a specific 

sample, C = mean of control samples from experimental conditions normalized against 
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the reference genes, and F = Final normalized concentration relative to control genes and 

experimental samples: 

 

Statistics and graphing 

 All statistical analyses were conducted on IBM SPSS Statistics version 24. 

Bootstrapping was used to redistribute the mRNA and DNA methylation data over 1000 

points in order to run parametric analyses on the data. DNA methylation and mRNA 

expression were assessed via one-way ANOVAs for condition and followed with LSD 

tests to compare each condition to another. Pearson correlations were run pairwise 

between mRNA, DNA methylation, total cocaine intake, and active lever responding 

during cue re-exposure for each access condition in SPSS. Self-administration and cue re-

exposure behavior was assessed with Prism 6 software (Graphpad). Separate two-way 

repeated measures ANOVAs were used for drug intake for days 1-5 and days 6-20 (Day 

X Condition), and were followed by Dunnett’s post hoc test to compare all behavior to 

either the first day of SA, or to baseline intake. Additionally, a two-way ANOVA was 

used to test lever responding after cue re-exposure (Lever X Condition) and broken down 

via Tukey’s post-hoc test to compare lever pressing behavior within conditions. Lastly, 

all graphs were created and edited using Prism6 software.  

Results 
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Prolonged-access to cocaine results in escalation of cocaine intake and cocaine-

seeking during a cue re-exposure procedure. 

 Rats allowed to self-administer cocaine, but not saline, exhibited increased intake 

during the first 5 sessions (Figure 4.2A). A two-way repeated measures ANOVA was 

conducted between time and condition (saline versus cocaine) which revealed a 

significant interaction between time and drug (F4, 180 = 3.944, p < 0.005) as well as main 

effects of time (F4, 180 = 7.193, p < 0.0001) and condition (F1, 45 = 18.35, p < 0.0001). 

Dunnett’s post-hoc test was used to compare each self-administration day to the first day 

of self-administration. While the cocaine-access rats exhibited stable responding for 

cocaine during the first 5 days of self-administration, saline-access rats decreased 

responding on days 2, 3, 4, and 5 of self-administration which is indicative of extinction 

training for previously administered food pellets (Figure 4.2A). 

As reported in Chapter 2, when rats were given prolonged access (6 h per day) to 

cocaine, they steadily increased cocaine consumption in a time-dependent manner, 

whereas saline rats exhibit low levels of responding (Figure 4.2B). A two-way repeated 

measures ANOVA between time and drug revealed a significant interaction between time 

and drug (F15,675 = 2.672, p < 0.0001) as well as significant main effects of both time (F15, 

675 = 2.207, p < 0.005) and drug (F1, 45 = 368.2, p < 0.0001). Dunnett’s post-hoc test was 

used to compare each day of self-administration to a baseline (average of days 6, 7, & 8). 

The prolonged-access rats showed significant increases in cocaine intake from days 12 to 

20 compared to baseline (p < 0.05, Figure 4.2B); there were no changes in saline intake 

across time.  



 

104 
 

 When the saline and cocaine rats were re-exposed to the self-administration 

environment after 60 days of forced abstinence, cocaine rats, but not saline rats, exhibited 

pronounced drug seeking behavior (Figure 4.2C). A two-way ANOVA was performed 

for condition (saline vs cocaine) and lever type (inactive vs active) revealed an 

interaction between condition and lever type (F1, 36 = 9.638, p < 0.005) as well as 

significant main effects for both self-administration condition (F1, 36 = 17.51, p < 0.0005) 

and lever type (F1, 36 = 17.69, p < 0.0005). Tukey’s post-hoc test was used to compare 

responding between both levers in saline and cocaine conditions. Responding on the 

active lever in the prolonged-access cocaine group was significantly higher than all of the 

other conditions (p < 0.0001, Figure 4.2C); there were no differences between any of the 

other conditions (Figure 4.2C). Additionally, this data indicates that although responding 

on the active lever is much lower than in the cocaine condition, saline rats do still 

respond on the active lever (29.85 ± 5.612 presses). 
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Investigation of the effect of cue re-exposure at 60 days of forced abstinence on 

Homer2 DNA methylation and Homer2 mRNA expression in the dmPFC. 

 A One-way ANOVA was performed for condition and indicated a significant 

main effect for condition (F4, 34 = 2.976, p < 0.05). A post-hoc LSD test was performed 

between conditions and indicated a significant increase in levels of methylated DNA in 

the prolonged cocaine-access rats with cue re-exposure versus naïve control rats and the 

prolonged cocaine-access rats that did not receive cue-reinstatement (Figure 4.3A).  

 Additionally, analysis of Homer2 mRNA expression was conducted via a one-

way ANOVA with bootstrapping, where the samples were re-distributed over 1000 points 

to normalize the data. A significant main effect was observed (F4, 65 = 2.714, p < 0.05). A 

post-hoc LSD test was performed between conditions and a significant decrease in 

Homer2 mRNA was detected in the prolonged cocaine-access rats with cue re-exposure 

compared to both naïve control rats and the prolonged cocaine-access rats that did not 

receive cue-reinstatement (Figure 4.3B). 

 Lastly, Pearson correlations were run between Homer2 5mC, Homer2 mRNA, 

total cocaine intake, and active lever responding during cue re-exposure. Interestingly, 

Homer2 DNA methylation was negatively correlated with total cocaine consumption in 

rats that were not subject to cue re-exposure [r(7) = -0.6823, p < 0.05] (Figure 4.3C). 

However, there were no observed correlations between methylated Homer2 DNA, 

Homer2 mRNA, and active lever responding during cued reinstatement. 

These data indicate a unique mechanism in rats exposed to prolong access that 

have undergone 60 days of forced abstinence. First, the methylated Homer2 DNA and 

Homer2 mRNA data, indicate that as levels of Homer2 DNA methylation went up, 
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Homer2 mRNA decreased, but only in animals exposed to cued reinstatement. 

Additionally, the correlation data suggests that before cue re-exposure, there is a negative 

correlation between total consumed cocaine and Homer2 DNA methylation that 

disappears upon cued reinstatement procedures.  

 

Investigation of the effect of cue re-exposure at 60 days of forced abstinence on Dlg4 

DNA methylation and Dlg4 mRNA expression in the dmPFC. 

A One-way ANOVA was performed for Dlg4 DNA methylation and indicated a 

significant main effect of condition (F4, 31 = 3.536, p < 0.05). A post-hoc LSD test was 

performed between conditions and indicated a significant increase in levels of methylated 

DNA in both the cocaine-access and saline-access rats that underwent cue re-exposure 

versus all other conditions (Figure 4.4A).  

 Additionally, analysis of Dlg4 mRNA expression was conducted via a one-way 

ANOVA. A significant main effect of condition was observed (F4, 65 = 10.527, p < 

0.0001). A post-hoc LSD test was performed between conditions and a significant 
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decrease in Dlg4 mRNA was detected in the both cocaine-access and saline-access rats 

that underwent cued re-exposure compared to naïve and home-cage rats (Figure 4.4B). 

 Lastly, pairwise Pearson correlations were run for both Dlg4 methylated DNA, 

Dlg4 mRNA, total cocaine intake, and active lever responding during cue re-exposure. 

Dlg4 mRNA was positively correlated with active lever presses in cocaine-access rats 

that underwent cued reinstatement procedures [r(10) = 0.5946, p < 0.05] (Figure 4.4C). 

However, no other correlations were detected. 

 These data reveal that Dlg4 promoter methylation is increased by re-exposure to 

the conditioning environment in both the cocaine- and saline-access rats which correlates 

with reduced mRNA levels. Together this indicates the expression of this gene is 

modulated by cue re-exposure independent of the nature of the reinforcer as well as 

independent of prior extinction.  

 

Investigation of the effect of cue re-exposure at 60 days of forced abstinence and on 

Npas4 DNA methylation and Npas4 mRNA expression in the dmPFC. 
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A One-way ANOVA of Npas4 DNA methylation was performed and indicated a 

significant main effect for condition (F4, 34 = 3.013, p < 0.05). A post-hoc LSD test was 

performed between conditions and revealed a significant decrease in levels of methylated 

DNA in the saline-access rats with cue re-exposure versus all other conditions; no effect 

was observed in cocaine-access rats (Figure 4.5A).  

 Additionally, analysis of Npas4 mRNA expression was conducted via a one-way 

ANOVA as well and a significant main effect of condition was observed (F4, 60 = 3.998, p 

< 0.05). A post-hoc LSD test was performed between conditions and a significant 

decrease in Npas4 mRNA was detected in the saline-access rats that underwent cued re-

exposure compared to home-cage rats; no effect was observed in cocaine-access rats 

(Figure 4.5B). 

 Lastly, pairwise Pearson correlations were run for both Npas4 methylated DNA, 

Npas4 mRNA, total drug intake, and active lever responding during cue re-exposure. 

Npas4 mRNA was positively correlated with active lever presses in saline-access rats 

during cued re-exposure procedures [r(3) = 0.9441, p < 0.05] (Figure 4.5C). 
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Investigation of the effect of cue re-exposure at 60 days of forced abstinence and on 

Grin1 DNA methylation and Grin1 mRNA expression in the dmPFC. 

A One-way ANOVA of Grin1 methylated DNA was performed for condition and 

indicated a significant main effect of condition (F4, 33 = 5.914, p < 0.05). A post-hoc LSD 

test was performed between conditions and revealed a significant decrease in levels of 

methylated DNA in both the cocaine-access and saline-access rats that underwent cue re-

exposure as well as in home-cage saline-access rats (Figure 4.6A).  

 Additionally, analysis of Grin1 mRNA expression was conducted via a one-way 

ANOVA, but no effect of condition was observed for Grin1 mRNA (F4, 62 = 0.776, p = 

0.545, Figure 4.6B). Additionally, pairwise Pearson correlations were run for Grin1 

methylated DNA, Grin1 mRNA, total cocaine intake, and active lever responding during 

cue re-exposure, but no significant correlations were detected.  

 

Discussion 
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DNA methylation is dynamic after cue re-exposure 

 DNA methylation has typically been associated with long-term, stable regulation 

of mRNA expression in differentiating cell types (Jaenisch & Bird, 2003) and in gene 

silencing of X-chromosomes in females (Hellman & Chess, 2007). As such, we initially 

hypothesized that DNA methylation would be altered throughout abstinence due to 

cocaine self-administration (Baker-Andresen et al., 2015; Nielsen et al., 2012), and that 

re-exposure to cocaine cues would elicit a transcriptional response from the DNA and 

affect downstream mRNA and subsequent protein expression, as has been shown 

previously (Ben-Shahar et al., 2013; Ben Shahar et al., 2009). However, here, we 

demonstrate rapid, environmentally-induced changes in DNA methylation as well as 

mRNA expression within the dmPFC of rats that occur after extended abstinence from 

cocaine self-administration and subsequent re-exposure to cocaine-associated cues. 

Specifically, we observed increased DNA methylation within both the Homer2 and Dlg4 

promoter regions that correspond to decreased mRNA expression after rats have been re-

exposed to cocaine-cues after extended abstinence (Table 4.1).  
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In addition to the cocaine-related 

changes in Homer2 and Dlg4 DNA 

methylation and mRNA, we observed rapid 

changes in both Npas4 and Grin1 DNA 

methylation in response to the re-exposure of 

cues in both saline-access and cocaine-access 

rats. There was evidence of decreased DNA 

methylation within the Npas4 gene promoter as 

well as decreased levels of Npas4 mRNA 

expression for rats re-exposed to saline-

associated cues (Table 4.1). Also, we observed decreased DNA methylation within the 

Grin1 gene promoter for rats exposed to cocaine-cues, as well as in both groups of saline-

access rats (cue and no-cue), however mRNA levels were not affected for this gene 

(Figure 4.6). These novel findings counter the popular idea of DNA methylation that 

once induced is highly stable as we are observing changes within a 2 h period following 

initial re-exposure to environmental cues. Further, these data qualify the notion that DNA 

methylation is consistently an inhibitory epigenetic mark that decreases mRNA 

expression, as I observed both decreased DNA methylation as well as decreased mRNA 

expression in rats re-exposed to saline-cues, while we observed no changes in mRNA for 

Grin1 even though DNA methylation was decreased in multiple conditions (Table 4.1).  

Our current findings are unexpected and novel because 1) we demonstrate for the 

first time that DNA methylation is more transient than previously thought. Re-exposure 

to cocaine-relevant cues after extended abstinence results in altered levels of DNA 
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methylation and associated mRNA expression, and 2) we demonstrate that DNA 

methylation is not always inversely correlated with mRNA expression. Decreases in 

DNA methylation can be associated with decreases in mRNA expression (as with 

Npas4), as well as have no effect on mRNA (as with Grin1).  

Homer2 DNA methylation is elevated and Homer2 mRNA expression in attenuated 

after re-exposure to cocaine cues. 

 The Homer2 gene encodes for the Homer2a/b protein, a scaffolding protein within 

the post-synaptic density. Due to its location Homer2 is especially implicated in the 

modulating receptor proteins and glutamate transmission via anchoring metabotropic 

glutamate receptors (mGluR1 and mGluR5) to the synapse and crosslinking mGluRs to 

each other (Xiao et al., 1998), as well as linking postsynaptic density-95 proteins (Kim & 

Sheng, 2004), NMDA, IP3, and Ryanodine receptors (Shiraishi et al., 2003; Szumlinski 

et al., 2008). The extensive roles that Homer2 has in regulating receptor proteins in the 

synaptic density has made it a prime candidate for investigation in drug addiction studies.  

Here, we expand upon the Homer2 literature and demonstrate the role of DNA 

methylation after prolonged abstinence from cocaine and re-exposure to cocaine cues. 

Re-exposure to cocaine cues (without cocaine) resulted in increased DNA methylation of 

the Homer2 promoter, and decreased Homer2 mRNA within the dmPFC (Figure 4.3A, 

B). These results are interesting because they imply that DNA methylation occurs 

dynamically during new learning paradigms. The rats were trained to administer cocaine 

and escalated their behavior over time, which is typically associated with increased levels 

of Homer2 protein in the PFC after withdrawal and cocaine injection (Gould et al., 2015). 
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However, in the present study, we did the opposite and trained rats to stop associating 

cocaine cues with cocaine (via cue re-exposure), and saw the opposite effect: cocaine 

mRNA was decreased after extinction training, and was likely induced by a dynamic 

increase in DNA methylation.  

In conjunction with the Homer2 mRNA and DNA methylation data, we observed 

a negative correlation between Homer2 DNA methylation and total cocaine consumption 

in home cage withdrawal animals, but not within cue-exposed animals (Figure 4.3C, D). 

This is primarily interesting because it suggests that home cage withdrawal rats 

experience a reduction in DNA methylation as a function of increased cocaine intake that 

could facilitate Homer2 mRNA expression upon re-exposure to cocaine or cocaine 

training. However, since cue re-exposed rats entered a new learning paradigm whereby 

cocaine cues were no longer associated with cocaine, the correlation between cocaine and 

DNA methylation disappeared. 

Dlg4 DNA methylation is elevated and Dlg4 mRNA expression is attenuated after 

re-exposure to both cocaine and saline cues. 

 The Dlg4 gene encodes for the postsynaptic density 95 (PSD-95) protein, a 

crucial scaffolding protein in neuronal synapses that anchors N-methyl-D-Aspartate 

(NMDA) receptors to the cytoskeleton (Wang & Peng, 2016), inhibits dopamine D1 

receptors (Zhang et al., 2007), co-localizes with Homer and Shank proteins (Szumlinski 

et al., 2008), links NMDA receptors to various messenger proteins such as Src, Pyk2, 

SynGAP, and nNOS, and is crucial for synapse maturation (El-Husseini et al., 2000).  
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In the present study, we demonstrate increased levels of Dlg4 DNA methylation 

and decreased levels of Dlg4 mRNA within the dmPFC after 60 days of forced 

abstinence from cocaine self-administration and re-exposure to cocaine cues (Figure 

4.4A, B). These results initially appear to be opposite those of a previous report 

(Ghasemzadeh et al., 2011) since they demonstrated increased levels of PSD-95 in the 

PSD after 14 days of abstinence with extinction training (Ghasemzadeh et al., 2011). 

However, the experimental designs between the current study and their study are 

drastically different. The changes that they observed occurred after 14 full days of 

extinction training for 6 h per day, whereas I only provided rats with a single 2 h long 

session after 60 days of forced home-cage abstinence. Thus, their experimental paradigm 

investigated PSD-95 expression after rats have completely extinguished cocaine self-

administration, whereas we show dynamic changes in Dlg4 DNA methylation and 

mRNA expression that occur at the very start of extinction training and before rats are 

able to extinguish cocaine-seeking behavior (Figure 4.2B). Furthermore, we did observe 

results that support the findings in the Ghasemzadeh et al. study from 2011. We found a 

positive correlation between active lever presses during cue re-exposure and Dlg4 mRNA 

expression (Figure 4C). These data imply higher transcription of Dlg4 mRNA as 

extinction training progresses. As such, we can confirm the existence of increased Dlg4 

DNA methylation and associated reductions in Dlg4 mRNA expression during the onset 

of extinction training in cocaine-access rats. Furthermore, increased extinction lever 

responding is associated with increased Dlg4 mRNA expression, which is similar to the 

results presented by Ghasemzadeh et al. in 2011. 
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 In addition to the changes in DNA methylation and mRNA expression for Dlg4 in 

the cocaine self-administration rats, we observed a similar pattern of DNA methylation 

and mRNA expression within rats re-exposed to saline cues (Figures 4.4A, B). Saline is 

not considered to be reinforcing when administered intravenously, and as such, most 

animals will not readily self-administer saline solution. However, the rats in our 

experiment did not merely administer saline solution; they were initially food deprived 

and trained to respond for the active lever with food pellets on an FR1 schedule of 

reinforcement. Hence, each “saline-access training session” was an extinction trial for 

food reinforcers, and our behavioral data verifies this assertion (Figure 4.2A). Therefore, 

after extinction training, 60 days of forced abstinence, and cue re-exposure, the saline-

access rats exhibited increased DNA methylation and decreased mRNA expression for 

Dlg4. The observed decreases in Dlg4 mRNA are indicative of LTD within the dmPFC 

for cues associated with food reinforcement.  

Npas4 DNA methylation and mRNA expression are reduced after re-exposure to 

saline cues. 

 Npas4, also known as NxF, is a gene that encodes for neuronal PAS domain 

protein 4, an immediate early gene (IEG) expressed exclusively in neurons and 

selectively activated by the depolarization of neurons (Ooe et al., 2004; Sun & Lin, 2016; 

Zhang et al., 2009). Npas4 is essential for inhibitory synapse formation, balancing 

excitatory and inhibitory synapses (Lin et al., 2008), protection against neuronal 

overexcitation (Piechota et al., 2010), and cell survival (Zhang et al., 2009). It regulates 

these processes through activating a large suite of genes including the GABAergic genes 
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GABAA-γ2, GAD65, and GABAA-β2/3, growth factors such as BDNF, other IEGs like 

Arc, c-Fos, and Zif268, and by recruiting RNA polymerase II to enhancer and promoter 

sites in the DNA (Lin et al., 2008; Ramamoorthi et al., 2011; Spiegel et al., 2014).  

In the present study I observed a significant decrease in DNA methylation and 

mRNA expression for saline-access rats exposed to cues, however, I did not observe any 

changes in Npas4 DNA methylation or mRNA expression in either home-cage or cue re-

exposed cocaine-access rats, nor in home-cage saline-access rats (Figure 4.5A, B). 

Additionally, there was a positive correlation between Npas4 mRNA and active lever 

presses after re-exposure to cues in saline-access rats. These results are unexpected for 2 

main reasons: 1) the saline-access animals were considered the “behavioral controls” 

allowed to self-administer inert vehicle, thus, re-exposure to saline cues was not expected 

to impact IEGs associated with memory consolidation and drugs of abuse, and 2) 

increased DNA methylation is typically associated with reduced mRNA expression (i.e. 

Figures 4.3 & 4.4), so mRNA would have been expected to be increased in association 

with decreased DNA methylation. Thus, I consider several possible explanations for 

these patterns of results. 

First, as mentioned previously, the saline-access group is not a “pure control”. 

Saline-access rats were exposed to food reinforcement of lever pressing prior to saline-

access so each saline training trial was a food extinction trial. There is a well-established 

relation between extinction (i.e. re-exposure to cues and lever) of food reinforcement and 

increased blood corticosterone in rats (de Boer, de Beun, Slangen, & van der Gugten, 

1990). Additionally, corticosterone injection or repeated stress procedures have been 

shown to reduce Npas4 expression within the hippocampus and PFC (Coover, Goldman, 
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& Levine, 1971; Drouet et al., 2015). Therefore, it is possible that the decreased Npas4 

mRNA expression is linked to re-activation of prior established extinction memories and 

potentially to extinction related “stress”-like responses.  

Secondly, although DNA methylation typically reduces mRNA expression, it 

does not “necessarily” reduce mRNA expression. There are many different types of 

epigenetic modifications that can influence mRNA expression, including histone 

modifications, inhibitory transcription factor binding the DNA promoter, and microRNA 

(miR). Histone acetylation tends to open up DNA for transcription, whereas histone 

deacetylation has the effect of coiling up DNA to prevent transcription. In 2017, 

Taniguchi et al. profiled the role of the enzyme histone deacetylase 5 (HDAC5) on Npas4 

expression in the nucleus accumbens. HDAC5 was shown to bind within the Npas4 

promoter region in the NAC and block gene transcription, whereas HDAC5 deletion 

elevated Npas4 transcription. Npas4 is only expressed within neuronal cells. 

Transcriptional inhibition of Npas4 is mainly performed in cell populations via RE-1 

silencing transcription factor (REST) (Bersten, Wright, McCarthy, & Whitelaw, 2014). 

The binding sequence for REST (aka RE-1) contains a CPG binding site for DNA 

methylation (Otto et al., 2007), and occurs in several places along the gene promoter (up 

to 2500 bp upstream of TSS) and within the gene body for Npas4, including the area that 

we assessed for DNA methylation with ddPCR (e.g. Table 1 & Bersten et al., 2014). 

Although I didn’t assess REST binding in the current study, it is highly likely that the 

demethylation observed after re-exposure to cues associated with the saline-access 

condition (including prior food reinforcement) allowed for REST to bind to the Npas4 

promoter 285-396 bp upstream from TSS and attenuate Npas4 mRNA transcription. 
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Lastly, microRNAs are short bits of non-coding RNA that bind the mRNA and inhibit 

them from reaching the rough ER/ ribosomes or tag it for degradation. MiR-224 and 

miR-203 have been previously been implicated in silencing Npas4 transcription. 

Additionally, miR-224 is expressed concurrently with the GABAA receptor (they are both 

encoded on the GABRE gene), which is initiated with Npas4 protein activation (Bersten 

et al., 2014). Therefore, it is possible that the stress associated with “saline” cue re-

exposure and subsequent synaptic activity initiates a downstream genetic program that 1) 

activates HDAC5 to inhibit Npas4 transcription, 2) demethylates the RE-1 site, allowing 

REST to bind and decrease Npas4 mRNA transcription, or 3) initiates transcription of 

GABAA receptors and miR-224 via Npas4 protein activation to negatively inhibit further 

Npas4 mRNA expression and protein translation.  

It is clear that more research needs to be done concerning Npas4 in learning, 

memory, and addiction. Future experiments should simplify training parameters for 

control groups, and cocaine self-administration studies should investigate levels of Npas4 

after context-specific learning occurs such as after drug-primed reinstatement after 

abstinence. Npas4 has relative unique IEG properties as it responds to depolarization but 

upregulates inhibitory elements of the synapse as well as is overexpressed in response to 

repeated, but not acute, psychostimulant administration. The upregulation of inhibitory 

synapses could potentially underlie observed changes in excitatory/inhibitory balance in 

cortical activity during drug abstinence.  

Grin1 DNA methylation is reduced in rats re-exposed to cocaine cues and in saline-

access rats regardless of re-exposure to saline cues but there is no apparent relation 

to gene expression.  
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 The final gene that I investigated, Grin1 (aka NMDAR1), encodes for the NMDA 

receptor 1 subunit (NR1) of the NMDA receptor. There are 3 families of genes that 

encode for NMDA receptor subunits. NR1 only has one gene, 8 splice variants, and is 

obligatory for NMDA receptor expression, while NR2 and NR3 are non-obligatory, have 

multiple genes encoding for various subunits and splice variants, and are distributed 

differentially based on a variety of factors. Lastly, NR3 has two genes encoding for two 

separate subunits, and negatively regulate the NMDA receptor complex (Bai & Hoffman, 

2009). NMDA receptors are crucial glutamate receptors and have been investigated 

extensively in many different fields including learning and memory, synaptic 

development, LTP, LTD, mood disorders, neurodegenerative disorders, and addiction 

(for a full review, refer to Sweatt, 2016). For instance, patients that have died from 

cocaine overdose exhibited increased levels of mRNA and protein for NR1, CREB, 

GluR2, GluR5, and KA2 within the ventral tegmental area (VTA) (Tang et al., 2003), as 

well as increased NR1 and GluR2/3 protein within the NAC (Hemby, Tang, et al., 2005). 

Additionally, animal studies have reported a variety of changes in NMDA receptor levels 

after chronic cocaine injection (Ghasemzadeh, Mueller, et al., 2009; Ghasemzadeh, 

Vasudevan, & Mueller, 2009), self-administration (Hemby, Tang, et al., 2005), and 

extinction from cocaine cues (Ghasemzadeh et al., 2011).  

In the present report, I observed no changes in Grin1 mRNA within the dmPFC 

after 60 days of forced abstinence (Figure 4.6B). However, I did observe decreased levels 

of Grin1 DNA methylation after 60 days of abstinence within saline home-cage, saline 

cue re-exposed, and cocaine re-exposed rats (Figure 4.6A). These results are striking 

because there was differential DNA methylation between the two cocaine-access groups, 
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but not between saline-access groups. As mentioned previously, both saline-access 

conditions were technically food-extinction conditions, and our results indicate zero 

difference between these two conditions. However, it is important to note that “food-

extinction” resulted in decreased methylation within the Grin1 promoter. 

 The demethylation of the Grin1 promoter in cue re-exposed cocaine-access rats 

demonstrates another example of a context-specific DNA methylation. Since 5mC levels 

for home-cage cocaine-access rats did not differ from naïve controls, we can infer that 

exposure to cocaine cues without cocaine elicited the demethylation observed. This 

conclusion is supported by evidence from fear conditioning and fear extinction 

experiments. In 2014, Li et al. demonstrated that rats undergoing extinction training from 

conditioned foot shock exhibited increased decreased levels of DNA methylation (5mC), 

but increased levels of DNA hydroxymethylation (5hmC) in the gephyrin gene, as well as 

increased levels of Tet3 mRNA within the PFC. Furthermore, Tet3 shRNA disrupted fear 

extinction memory, lowered 5hmC, and reduced 5mC levels within the PFC (Li, Wei, et 

al., 2014). Although we didn’t observe changes in mRNA for Grin1, it is possible that re-

exposure to cocaine cues as well as food cues initiated a transcriptional program that 

opened up the gene for potential activation, however, without the associated food or 

cocaine stimuli, Grin1 mRNA transcription did not occur as seen in animals presented 

with cocaine (Hemby, Tang, et al., 2005).  

Conclusions 

 In conclusion, we demonstrate a novel role for DNA methylation in cocaine 

addiction. We identified rapid, context-specific DNA methylation patterns in addiction-

relevant genes that occur in response to re-exposure to cocaine cues. Additionally, we 
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have provided evidence to show that changes in DNA methylation serve to upregulate, 

downregulate, or even have no effect on levels of mRNA, and the role of DNA 

methylation is location and context specific.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 5: 
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Prolonged-Access to Cocaine Induces Distinct Homer2 DNA Methylation, 

Hydroxymethylation, and Transcriptional Profiles in the Dorsomedial Prefrontal 

Cortex of Sprague-Dawley Rats 

 

 

 

 

 

 

 

 

 

Abstract 

DNA methylation is a key determinant of gene expression and is implicated in 

neuroplasticity and memory; however, the extent to which this epigenetic modification is 

involved in neuroplasticity associated with drug addiction has not been fully elucidated. 

Here I examined the relationship between DNA methylation and gene expression within 

the dorsal medial prefrontal cortex (dmPFC) following limited cocaine self-administration 

(1h/ day), prolonged cocaine self-administration (6h/ day), and saline self-administration 

(1h/ day). Rats were fitted with intravenous catheters and allowed to lever press for saline 

or cocaine (0.25 mg/ kg/ infusion) in the different access conditions for 20 days. Prolonged-

access rats exhibited escalation in cocaine intake over the course of training, while limited-

access rats did not escalate cocaine intake. Additionally, limited-access and prolonged-
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access rats exhibited unique Homer2 epigenetic profiles and mRNA expression. In 

prolonged-access rats, Homer2 mRNA levels in the dmPFC were increased, which was 

accompanied by decreased DNA methylation, increased DNA hydroxymethylation, and 

decreased p300 binding within the Homer2 promoter; limited-access animals exhibited 

decreased DNA methylation, decreased DNA hydroxymethylation, and increased p300 

binding within the Homer2 promoter. These data indicate that distinct epigenetic profiles 

are induced by limited- versus prolonged-access self-administration conditions that 

contribute to transcriptional profiles and lend support to the notion that covalent 

modification of DNA is critically involved in addiction-like changes in cocaine-seeking 

behavior. 

 

 

 

 

 

Introduction 

Cocaine addiction is a chronic disorder involving periods of cocaine binging that 

escalate over time (Dackis & O'Brien, 2001). Similar to the observation that increased 

drug use leads to more severe consequences in human drug addicts, rats allowed 

prolonged-access to cocaine exhibit distinct behavioral profiles from rats allowed more 

limited-access. For instance, prolonged (6h/day), but not limited (1h/day), daily access to 

cocaine leads to an escalation (i.e. a progressive increase) of cocaine-taking across days 

(Ahmed & Koob, 1998). Additionally, rats subjected to prolonged-access to cocaine 
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exhibit greater increases the motivation for rats to seek cocaine during progressive ratio 

tests (Paterson & Markou, 2003) increased cue-induced and cocaine-primed 

reinstatement of cocaine-seeking following extinction (Kippin et al., 2006), and 

resistance to punishment-induced suppression of cocaine-taking (Ducret et al., 2016). 

Lastly, prolonged-access, but not limited-access, induces an enduring reduction in brain 

reward function as evidenced by a progressive and persistent increase in the brain self-

stimulation reward thresholds (Ahmed, Kenny, Koob, & Markou, 2002). These various 

features indicate that prolonged daily access to cocaine induces a more “addiction-like” 

phenotype compared to more restricted access (Ahmed, 2012; Edwards & Koob, 2013).  

The role of the prefrontal cortex in addiction. 

The prefrontal cortex is widely implicated in several aspects of the addiction 

process and is specifically linked to neurobiological changes produced by prolonged-

access to cocaine. For instance, extensive neuroimaging and neuropsychological evidence 

from clinical studies indicate that chronic drug abusers show deficits in PFC-dependent 

cognitive function (Bolla et al., 2004) with similar deficits observed in PFC function 

following prolonged access to cocaine in animal models (George et al., 2008). The mPFC 

has also been implicated in facilitating cocaine reinforcement the mPFC is widely 

implicated in reinstatement of cocaine-seeking behavior (reviewed in e.g. Kalivas et al., 

2005) and mPFC lesions increase enhance acquisition of cocaine reinforcement as well as 

responding under a second-order schedule of cocaine reinforcement (Weissenborn et al., 

1996). Such PFC alterations also contribute to impairment of executive control over 

behavior, including behavioral inhibition processes, which may contribute to addiction by 

the transition from voluntary to habitual responding (Ito et al., 2004). 
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Within the mPFC, the dorsal regions (comprised of the anterior cingulate cortex 

and prelimbic cortex; here after dmPFC) are implicated in aspects of the addiction-like 

alterations associated with prolonged access to cocaine with emerging data supporting a 

role for altered glutamate signaling being linked to escalated drug taking. The dmPFC is 

critical for the sensitization of cocaine reinforcement (as measured by increased 

breakpoints under a progressive ratio schedule of reinforcement) that occurs during 

prolonged access to cocaine in rats (Smith et al., 2008). Basal glutamate levels in the 

mPFC were diminished after 17 days of prolonged access to cocaine, but were not 

changed in limited access rats (Ben-Shahar et al., 2012). Prolonged-access, but not 

limited-access, increases expression of several glutamate-related signaling molecules 

within the dmPFC (Ploense et al, in press) and increases Homer 1b/c, GluNR2b and 

GluNR2a protein in a time-dependent fashion (Ben Shahar et al., 2009).  Interestingly, 

the increase in GluNR2b persists for up to 30 days following prolonged-access to cocaine 

and inhibition of this receptor subunit decreases the elevated cocaine-seeking during 

extinction conditions produced by prolonged-access to cocaine (Szumlinski et al., 2016). 

Recent developments in the understanding of the regulation of gene expression suggest 

that epigenetic mechanisms are involved in the neural plasticity induced by exposure to 

cocaine (Freeman et al., 2010), and provide a likely candidate for the long-term 

maintenance of cocaine-induced alterations in gene expression within the prefrontal 

cortex.  

DNA methylation and hydroxymethylation affect gene expression 

Epigenetic mechanisms involve a number of substrates, including modifications 

directly on DNA such as addition of methyl or hydroxymethyl groups. In mammals, 
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DNA methylation is primarily produced by the addition of a methyl group (-CH3) to 

cytosine (Sweatt et al., 2013). DNA methylation at transcription factor binding sites often 

interferes with the association of a transcription factor to the DNA, which can in turn 

repress or activate gene expression depending on whether the sequence is recognized by a 

transcriptional repressor or activator (Sweatt et al., 2013). DNA hydroxymethylation 

(5hmC) is another covalent modification that is highly prevalent in the mammalian 

brain—reaching 10-20% of total 5mC levels, and is especially prevalent in neurons (up to 

40% of 5mC levels)—and has distinctive interactions with transcription factors (Globisch 

et al., 2010). The mechanistic relation between these two DNA modification has recently 

been elucidated and, briefly, ten-eleven translocation proteins 1 and 3 (Tet1 and Tet3 

respectively) serve to oxidize methylated DNA into 5hmC (Ito et al., 2010), and are 

expressed at high levels in the PFC (Szwagierczak et al., 2010). Functionally, 5mc and 

5hmc are distinct with the transition to an open chromatin state associated with the 

conversion of 5mC to 5hmC (Wu & Zhang, 2011). Recent studies have demonstrated 

global and site-specific alterations in DNA methylation in the PFC after experimenter-

administered cocaine (Pol Bodetto et al., 2013; Tian et al., 2012) and methamphetamine 

(Numachi et al., 2004) as well as following cocaine self-administration (Baker-Andresen 

et al., 2015; Massart et al., 2015; Nielsen et al., 2012; Wright et al., 2015). However, no 

studies have examined the impact of cocaine on 5hmC or the specific impact of 

prolonged access to cocaine self-administration on DNA methylation—either 5mC or 

5hmC—in the PFC.  

Accordingly, the present study sought to determine changes in DNA methylation 

and the subsequent mRNA expression of the glutamate receptor scaffolding gene Homer2 
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within the dmPFC following the escalation of cocaine intake in a prolonged access model 

of addiction. Specifically, I examined 5mC, 5hmC, and binding of the transcriptional 

corepressor/modulator, p300, in the dmPFC following saline, limited-access cocaine, and 

prolonged-access cocaine self-administration in order to assess if each condition could 

induce a unique epigenetic state associated with differential gene expression.  

Methods 

Subjects 

Male Sprague-Dawley rats (250-300 g) were pair-housed in a reverse light:dark 

(12h:12h, lights off at 8 am) cycle room with ad-libitum access to food and water. The 

housing and care of the rats followed the guidelines set forth by the “Guide for the Care 

and Use of Laboratory Rats, 8th Edition” (IACUC, 2011). 

Surgery 

 Rats were deeply anesthetized using 60 mg/kg ketamine and 10 mg/kg of xylazine 

intramuscularly and implanted with chronic indwelling catheters constructed with a bent 

steel cannula with a screw-type connector (Plastics One, Roanoke, VA), SILASTIC 

tubing (11 cm, i.d. 0.64 mm, o.d. 1.19 mm, Dow Corning, Midland, MI), Prolite 

polypropylene monofilament mesh (Atrium Medical Corporation, Hudson, NH), methyl 

methacrylate cement, and a silicon ball 2.5 cm from the end used to secure the catheter to 

the vein. The catheters were then maintained as I have reported previously and tested 

once weekly with 2.0 mg of Methohexital Sodium (Brockton, MA).  

Behavioral training 
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 Food training and cocaine self-administration utilized standard operant chambers 

(Med Associates Inc., St. Albans, VT, USA) during the dark cycle at a controlled time 

each day. Before surgical implantation of the jugular catheters, the rats were restricted to 

20 g of food daily and trained on a fixed ratio 1 (FR1) schedule of food reinforcement for 

two 16 h training sessions where each right lever press was associated with the delivery 

of a 45 mg food pellet. After recovery from the surgery, the rats were placed on a fixed 

ratio 1 (FR1) with a 20 second time-out signaled by the activation of the cue light above 

the lever. Initial sessions lasted 1 h per day for the first 5 days with either cocaine or 

saline infusions available as reinforcers. Each “active” lever depression (right lever) was 

associated with a 4 s infusion of vehicle (0.1 mL saline) or cocaine (0.25 mg/ 0.1 mL); 

“inactive” lever depression (left lever) resulted in no infusion or stimulus. On the 6th day, 

the rats receiving cocaine were divided into groups that continued to self-administer 

cocaine under the same schedule of reinforcement during either limited (1 h) or 

prolonged (6 h) access sessions for an additional 15 days, and rats self-administering 

saline continued under 1 h access for the same amount of days.  

Tissue collection and preparation 

 Twenty-four hours after the last self-administration session, rats were sacrificed 

via rapid decapitation and their brains were dissected over ice into 1 mm sections with a 

metal brain mold (Braintree Scientific, Braintree, MA). The dorsal medial prefrontal 

cortex (dmPFC) was dissected out at 3.20 to 2.20 mm anterior to Bregma (Figure 2.1), 

placed in a 0.5 mL microcentrifuge tube, frozen on dry ice, and stored at -80 °C. For 

molecular analyses, the frozen dmPFC was added to 600 µL of buffer RLT (Qiagen, 

79216) and homogenized with the Qiagen TissueRuptor for 30 s. DNA and mRNA were 
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then extracted by the AllPrep DNA/RNA/protein extraction kit (Qiagen, 80004#) in 

accordance to the manufacturer’s protocol. RNA was eluted from the spin column with 

50 µL of nuclease-free water. DNA was eluted from the spin column with 100 uL of 8 

mM NaOH heated to 70 °C, and the pH was then neutralized with 12 µL of 0.1 M 

HEPES and 1.1 µL of 100 mM EDTA.  

Gene expression analyses 

RNA (500 ng) from each sample was reverse transcribed according to the 

manufacturer’s protocol (Qiagen, 205311), except that samples were incubated with 

genomic DNA wipeout buffer in an Eppendorf MasterCycler at 42 °C for 18 minutes, 

then incubated at 95 °C for 3 min to inactivate the reverse transcriptase. A reverse 

transcriptase-negative reaction was carried out in parallel with the samples from 500 ng 

of pooled sample RNA. In preliminary analyses, 6 reference genes were run against 

Homer2 to assess stability. The 3 most stable reference genes, Gapdh, Actβ, and Tubb3 

were used as controls for normalization (Table 5.1). Levels of cDNA for Homer 2 (Table 

5.1) were assessed in triplicate using quantitative real time pcr (qRT-PCR) on the BioRad 

CFX96 Touch Real-Time system (Biorad, Richmond, CA). The reaction mixtures were 

optimized for each gene and are located in Table 1. Negative controls consisted of a 

Sybrgreen and primer-only sample and a reverse-transcriptase free sample. Standard 

curves were run on each pcr plate with 3x serial dilutions ranging from 50.0 ng/uL to 

1.85 ng/uL. The data were normalized using the equations outlined by Hellemans et al. in 

2007. (Hellemans et al., 2007). 
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MeDip and hMeDIP-qPCR 

Extracted DNA (1 µg) was fragmented to 200-600 bp fragments by Covaris S2 

system under the following conditions: duty cycle = 5%, intensity = 3, cycles/burst = 200, 

time = 45 s, cycles = 6, temperature = 7 ºC. The size of the DNA fragments were 

confirmed through the BioRad Experion 1K DNA chip. To isolate 5mC or 5hmC, the 

fragmented DNA then underwent methylated DNA immunoprecipitation (MeDIP) with a 

5-methylcytosine antibody or a 5-hydroxymethylcytosine antibody and protein G 

magnetic beads according to the manufacturer’s protocol (Active Motif, 55009 & 55010) 

and then subjected to qPCR with the BioRad CFX96 thermocycler (Table 5.1). The 

normalized values were calculated by ΔΔCT with input controls as a reference and the 

average value of saline controls for normalization.  

Chromatin immunoprecipitation (ChIP)  

 Frozen dmPFC punches were added to 550 uL of ice-cold phosphate buffer 

solution in water (PBS) in a glass douncer, and “dounced” until the tissue was fully 

homogenized, then moved to a 2.0 mL MCT over ice. Separate samples of yeast were 

simultaneously resuspended in 500 µL of ice-cold PBS. Then, 31.25 µL of 16% 
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formaldehyde in methanol (Thermoscientific, NC9658705) was added to each 

experimental and yeast sample and incubated at RT with end to end rotation for 5 min. 25 

µL of 2.5 M glycine was added to each tube and incubated at RT with end to end rotation 

for 10 min to stop the reaction. Samples were centrifuged at maximum speed for 1 min at 

4 °C. Each sample was subsequently washed twice with 500 µL of ice-cold PBS and 

centrifuged at maximum speed for 1 min at 4 °C. After washing, 500 µL of SDS lysis 

buffer (5 mL SDS, 1 mL 0.5 M EDTA, 2.5 mL 1 M Tris HCl pH 8.0, 41.5 mL water) 

with protease inhibitor cocktail was added to experimental samples and yeast samples, 

and both were incubated over ice for 10 min. Each yeast sample (500 µL) was added to 

the experimental samples followed by 10 times of pipetting. Each sample was fragmented 

down to 500 bp by Covaris M220 system (75 W peak intensity power; 200 cycle per 

burst; 25 min; in a 6 ºC water bath). The ChIP experiment was performed with an 

antibody against p300 and used magnetic protein dynabeads following the manufactor’s 

protocol (Life technology, 10004D).   

Statistics and Graphing 

 All statistics were completed using Prism 6 statistical software. Cocaine intake, 

active presses, and inactive presses were assessed via separate two-way repeated 

measures ANOVAs followed by Dunnett’s post-hoc tests to compare responding to 

baseline behavior. qPCR results were analyzed with one-way ANOVAs followed by 

Dunnett’s post-hoc tests to compare limited and prolonged-access conditions to saline 

controls.  

Results 
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Cocaine self-administration behavior escalates in prolonged, but not limited, access 

rats 

Rats in the prolonged-access condition exhibited an increase in cocaine 

consumption over time, whereas limited-access rats maintained steady cocaine 

consumption (Figure 5.1A), replicating previous reports (Ben-Shahar et al., 2004; Ben-

Shahar et al., 2012). A two-way ANOVA on total cocaine infusions during differential 

access by day yielded significant main effects of time (F14, 644 = 7.058, p<0.0001), 

treatment (F2, 46 = 359, P<0.0001), and a time x treatment interaction (F28, 644 = 4.996, 

p<0.0001). Dunnett’s post-hoc analysis of time revealed an increase in cocaine 

consumption from day 10 until day 20 in the prolonged-access condition, but no increases 

were observed in the limited-access or saline-access conditions (Figure 5.1A).  

Rats allowed prolonged access to cocaine exhibited an increase in active lever 

pressing over time (Figure 5.1B), but not inactive lever pressing (Figure 5.1C). A two-

way ANOVA on total active lever depressions by day during differential access yielded 

significant main effects of time (F14, 630 = 1.861, p<0.05), treatment (F2, 45 = 161.7, 

p<0.0001), and a time x treatment interaction (F28,630 = 2.171, p<0.001). Dunnett’s post-

hoc analysis of time revealed an increase in active lever depressions in on days 13, 15, 

and 18 in the prolonged access condition, but there were no observed increases in the 

limited access or saline access conditions (Figure 5.1B). For inactive lever pressing, all 

comparisons failed to reach statistical significance (all F < 1.0, all p > 0.10; Figure 5.1C). 
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Prolonged-access cocaine self-administration elevates the expression and induces a 

unique epigenetic state on the promoter of Homer2. 

Given prior studies implicating Homer2 proteins in addiction neurobiology, 

expression levels of this gene were determined at 1 day following the last self-

administration session, which revealed elevated mRNA following prolonged-access to 

cocaine relative to all other groups (Figure 5.2A). A one-way ANOVA of Homer2 

mRNA expression resulted in a significant main effect of treatment (F2,39=4.066, p<0.05). 

A post-hoc Tukey’s analysis revealed greater mRNA in the prolonged-access rats relative 

to the control (saline) rats (p < 0.05), however, mRNA did not differ between limited-

access and controls (p > 0.05), thus, homer2 expression is only elevated by prolonged 

access to cocaine.  

Next, I sought to determine the underlying epigenetic basis of the impact of 

prolonged-access to cocaine on Homer2 expression. First, I examined 5mC and 5hMC 

surrounding the Homer2 promoter using MeDIP preparations followed by qPCR. For 

5mC, there was a significant main effect of treatment (F2, 14=9.102, p < 0.005) and 
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Tukey’s posthoc analysis revealed lower DNA methylation in both the limited and 

prolonged access conditions relative to saline controls (ps < 0.05, Figure 5.2B). 

Conversely, for 5hmC, there was a significant main effect of treatment (F2, 11=4.834, p < 

0.05), however, Tukey’s posthoc analysis revealed decreased 5hmC the limited-access 

compared to the prolonged-access conditions (p < 0.05, Figure 5.2C). 

Lastly, given the role of the histone acetyltransferase p300 as a transcriptional 

corepressor, I examined its binding to the Homer2 promoter following self-administration 

employing ChIP preparations followed by qPCR. One-way ANOVA revealed a 

significant main effect of treatment on p300 occupancy at the Homer2 promoter 

(F2,15=4.110, p < 0.05) and Tukey’s posthoc analysis revealed increased p300 occupancy 

in limited access rats relative to both saline control and prolonged access rats (p < 0.05, 

Figure 5.2D). These data demonstrate a unique epigenetic profile for each condition, 

which sets a framework for understanding the differential effect of limited and prolonged 

access to cocaine on gene expression in the dmPFC.  
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Discussion 

The PFC is a structure of major interest in addiction because addicts exhibit both 

functional abnormalities in this area in imaging studies, as well as, deficits in PFC-

dependent tasks which are reproduced in animal models involving high cocaine intake 

(George & Koob, 2010). Further, preclinical data indicate that the dmPFC plays a critical 

role in both the escalation of cocaine intake (Smith et al., 2008) and elevated cocaine-

seeking during extinction (Szumlinski et al., 2016). The long-term nature of these 

behavioral changes led us to hypothesize that changes in dmPFC function are mediated 
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by alterations in the epigenetic machinery which regulates gene expression. Here, I report 

that prolonged-access to cocaine induces a distinct epigenetic state at the Homer2 

promoter, which is associated with elevation of Homer2 mRNA whereas limited-access 

induces a different epigenetic state which is not associated with altered mRNA 

expression.  

Homer2, a scaffolding protein linking metabotropic glutamate receptors 

(mGluRs) and ionotropic glutamate receptors (aka AMPA and NMDA) within the PFC 

has been implicated in addictive behaviors (Ben-Shahar et al., 2009; Kalivas et al., 2003). 

Increased expression of Homer2a/b protein within the mPFC has been observed during 

abstinence in rats allowed daily prolonged (6h)-access to cocaine (Ben-Shahar et al., 

2009). Moreover, Homer2b mRNA overexpression in the mPFC has been shown to 

increase basal glutamate levels and conditioned place preference behavior in mice, while 

Homer2b mRNA knockdown resulted in reduced basal glutamate within the dmPFC (Ary 

et al., 2013). Thus, in the present report, I performed a detailed investigation of the 

impact of cocaine self-administration on epigenetic changes within the Homer2 gene 

promoter and assessed the levels of mRNA expression associated with the associated 

gene’s state. Here, it is demonstrated that a unique epigenetic and transcriptional pattern 

in the dmPFC of rats exhibiting escalation of cocaine intake following prolonged-access 

to cocaine (Figure 5.1). Specifically, the dmPFC from the prolonged-access condition 

expressed increased Homer2 mRNA (Figure 5.2A) and reduced 5mC, whereas the 

limited-access condition expressed basal mRNA (as defined by the saline control), 

reduced 5mC, and reduced 5hmC, but increased p300 binding in the Homer2 promoter 

(Figure 5.2). Functionally, there is extensive evidence supporting the notion that DNA 
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methylation hinders binding of transcription factor binding to the DNA promoter (Sweatt 

et al., 2013), thus, the low levels of 5mC in the prolonged-access relative to saline 

conditions (Figure 5.2B) is a likely mediator of increase in Homer2 mRNA in the 

prolonged access conditions (Figure 5.2A).  

The observation that the relations between 5hmC but not 5mC is distinctive 

between limited- and prolonged-access conditions has multiple potential underpinnings.  

This pattern suggests that cocaine intake produces an initial de-methylation of the 

Homer2 promoter (likely mediated by Tet enzymes), as it was observed in both 

prolonged- and limited-access conditions (Figure 5.2B). However, cocaine intake in the 

limited-access condition is further associated with lower levels of DNA methylation than 

in the prolonged-access, as well as a decrease of 5hmC within the Homer2 promoter, 

which is indicative of greater Tet1 or Tet3 function in the limited-access rats than in the 

prolonged-access rats (Figure 5.2C). Only one study has investigated the role of Tet 

enzymes in cocaine addiction, but it showed repeated cocaine treatment reduced Tet1 

activity in the NAC, and Tet1 knockdown within the NAC increased cocaine conditioned 

place preference (CPP) (Feng et al., 2015). From this, we can speculate that prolonged-

access rats (having had more cocaine access) may have reduced Tet1 function in the PFC 

as well, so limited-access rats appear to have “enhanced” Tet-activity only in comparison 

to prolonged-access rats, but further investigation needs to be performed to elucidate the 

true nature of Tet enzymes after cocaine self-administration.  

In addition to differences in 5mC and 5hmC distribution, limited-access rats are 

distinct from prolonged-access rats with regards to p300 binding of the Homer2 

promoter; p300 binding to the Homer2 promoter is elevated in the limited-access 
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condition relative to saline and prolonged-access conditions (Figure 5.2D). This can be 

partially explained by differences in 5hmC levels within the Homer2 promoter, as 5hmC 

can affect gene transcription through binding of CFP1 and H3K4me3 (Wu & Zhang, 

2011). Further, although p300/CBP associated factor (PCAF) can be a transcriptional 

coactivator (Wei et al., 2012), it has recently been shown to function as a transcriptional 

corepressor as well (Yoshimochi, Daitoku, & Fukamizu, 2010). p300 and creb binding 

protein (CBP) form a complex, PCAF, to recruit the transcriptional corepressor ATF4 to 

the promoter of the immediate early gene zif268 (Wei et al., 2012). This mechanism 

provides a second explanation for the difference in transcriptional states of limited- 

versus prolonged-access conditions.  

In contrast to changes observed in the prolonged-access condition, the limited-

access to cocaine condition had the same level of mRNA as saline controls, but exhibited 

reduced 5mC, and reduced 5hmC, and increased p300 binding (Figure 5.2) in the Homer2 

promoter. In the limited-access condition the lack of increased Homer2 mRNA 

expression, even though 5mC was reduced, appears to be the consequence of concurrent 

decreased 5hmC, which may in turn have reduced the recruitment of ZFPs containing 

CFP1 within the promoter, and in turn increased binding of the repressive transcription 

factor, p300 (see Figure 5.3).  

Given that Homer2 protein serves to scaffold mGluRs (as well as other proteins), 

the effects on DNA methylation observed here may form the basis for alterations in many 

proteins associated with excitatory receptor complexes over the course of abstinence. 

Homer2a/b protein levels in the mPFC are reported to increase following prolonged-

access but are only become evident at 14 days of abstinence (Ben-Shahar et al., 2009) 



 

139 
 

indicating that the change in epigenetic markings on the promoter and increased mRNA 

of Homer2 mRNA precede a progressive accumulation of Homer2 protein that emerges 

during protracted abstinence. Additionally, mGluR1 and mGluR5 proteins were elevated 

in the dmPFC during cocaine-reinforced responding at 3 days of abstinence (Ben-Shahar 

et al., 2013) as well as altered ionotropic receptor currents induced by the presentation of 

cocaine-relevant cues (Gipson et al., 2013). The present findings of distinct epigenetic 

profiles and increased Homer2 mRNA produced by prolonged-access to cocaine may 

underlie previously reported deficits in the neurocircuitry of the PFC (Kalivas, 2008). 
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In conclusion, our data indicates that gene-specific changes in DNA methylation, 

DNA hydroxymethylation, and HAT activity within the dmPFC is associated with 

prolonged cocaine self-administration. Importantly, extended access to cocaine, which is 

accompanied by an “addicted-like behavioral profile” (Ahmed & Koob, 1998; Grimm et 

al., 2001), induces unique epigenetic modifications within the promoter of the Homer2 

gene, which are distinct from that which occurs under limited access conditions. Also of 

critical relevance to understanding the neurobiological bases of addiction, addicts report 

drug cravings that are not only highly enduring but also appear to intensify over the 

course of drug withdrawal in a time-dependent fashion (Gawin & Kleber, 1986). 

Accordingly, determination of the molecular status of long and short-term regulators of 

gene expression across not only different cocaine histories but also withdrawal periods 

will be necessary to develop a fuller understanding of the epigenetic basis of addiction.  
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Chapter 6: 

General discussion and conclusions 
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Summary of findings  

 The data presented in this dissertation are the first to examine DNA methylation 

changes and mRNA expression in the dmPFC between differential cocaine-access 

conditions at different withdrawal times. Initial data for this project (Appendix Table 1) 

indicated genome-wide changes in DNA methylation after 1 day of abstinence between 

saline-, limited-, and prolonged-access conditions. In prioritizing the gene targets for 

validation, I noticed that there were approximately 18,000 changes in DNA methylation 

within promoter regions with a 2-fold difference between conditions. However, the 

majority of the genes were non-neuronal and only a few of the genes were implicated in 

excitatory or inhibitory signaling, which lead me to select four targets (based on fold 

changes and gene function), Homer2, Dlg4, Grin1 and Npas4, for follow up validation in 

my thesis.  

Since DNA methylation can be induced by repeated, experimenter-administrated 

cocaine injections (Cassel et al., 2006), it was unclear whether a decrease in global DNA 

methylation in prolonged-access rats was associated with total cocaine intake, or with 

changes in neurons that are associated with transition into a drug-addicted state. 

Therefore, in Chapter 2 (Aim 1 of the thesis), I added another cocaine-access condition, 

limited + yoked-access (rats were allowed 1 h of contingent cocaine SA followed by 6 h 

of yoked cocaine-access), to dissect the difference between limited- vs prolonged-access 

into the “excessive” cocaine exposure versus the “excessive cocaine-taking behavior (in 
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addition to exposure) as well as mRNA expression for glutamatergic genes in comparison 

to saline-, limited-, prolonged-access, and training-naïve rats.  

 The major findings of Chapter 2 were 1) all cocaine-access rats gradually escalate 

cocaine intake during the 1st 10 min and 1 h of SA, but at different rates, and 2) only 

prolonged-access rats exhibit increases in Homer2, Dlg4, and Grin1 mRNA expression 

after 1 day of forced abstinence. Additionally, increased cocaine responding during the 1st 

10 min and 1 h of SA in limited + yoked-access rats was associated with excessive non-

reinforced responding due in part to mixed contingent and non-contingent cocaine 

training. The results of this first study indicated a unique behavioral and molecular 

phenotype for prolonged-access rats that differentiated them from limited-access rats in 

terms of total cocaine consumption, and from limited + yoked-access rats in relation to 

cues associated with cocaine intake. 

 To follow up on the Chapter 2 results (and complete Aim 2 of my dissertation), I 

once again allowed rats to self-administer cocaine under naïve, saline-, limited-, 

prolonged-, or limited + yoked-access to cocaine conditions, then measured DNA 

methylation and mRNA expression for the genes Homer2, Dlg4, Npas4, and Grin1 after 

1, 14, and 60 days of forced abstinence. The primary take-away from Study 2 (Chapter 3) 

is that DNA methylation incubated over the course of forced abstinence from cocaine. 

This is only the second instance of dynamic changes in 5mC that occur over the course of 

cocaine-abstinence (Baker-Andresen et al., 2015), but the first such instance of 5mC 

levels changing in glutamate-associated genes during abstinence as well as the first 

investigate the impact of different amount of cocaine exposure. Additionally, I observed 

consistent patterns of mRNA expression that were dependent upon access-condition, 
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rather than levels of 5mC. Homer2 mRNA expression was decreased in all cocaine-

access rats, Dlg4 mRNA expression was decreased only in limited + yoked-access rats, 

while Npas4 and Grin1 mRNA were decreased across all access-conditions compared to 

naïve rats. Thus, Chapter 3 indicated condition and abstinence-dependent changes in 

basal levels of 5mC, as well as condition-dependent changes in basal mRNA expression.  

Although the methylated DNA from Chapter 3 was a novel finding, the mRNA 

data in study 2 does not exactly align with study 1: Homer2, Dlg4, and Grin1 were 

elevated after 1 day of abstinence in Study 1, whereas Homer2 and Grin1 are decreased 

throughout abstinence (Table 3.4). One possible explanation for this discrepancy between 

studies involves a difference in statistical analyses. Chapter 2 utilized a one-way 

ANOVA of condition, and it was simple to assess differences between conditions with an 

LSD post-hoc test. However, Chapter 3 utilized a two-way ANOVA of condition x 

abstinence, so when no interaction was detected between condition and abstinence, only 

the main effects were reported. In this manner, decreases in mRNA expression at 14 or 

60 days of abstinence for Homer2, Dlg4, and Grin1 could have been more influential to 

the overall the calculated average (mean) and standard deviation of the prolonged-access 

condition than mRNA expression after 1 day of abstinence. In addition, different 

techniques were utilized to quantify mRNA expression between Chapters 2 and 3 

(differences are discussed below). 

Chapter 3 also revealed a somewhat surprisingly limited predictive relation 

between DNA methylation and mRNA expression which led me to further probe into the 

relationship between DNA methylation and mRNA expression. The observation of an 

incubation of DNA methylation throughout the course of forced-abstinence might not 
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mediate basal mRNA during abstinence, but could possibly have another form functional 

relevance. Specifically, I hypothesized that levels of DNA methylation observed in 

prolonged-access rats after 60 days of forced abstinence will persist upon re-exposure to 

cocaine cues, and that re-exposure to cocaine cues will initiate context-specific mRNA 

transcription that aligns with DNA methylation. These hypotheses were tested in Chapter 

4 which led to a novel and interesting discovery: re-exposure to cocaine-related 

(contextual and discrete stimuli as well as the opportunity to engage in lever responding) 

cues after protracted abstinence results in rapid changes in DNA methylation and 

associated mRNA expression. After cue re-exposure, Homer2 5mC increased while 

Homer2 mRNA decreased in prolonged-access rats, Dlg4 5mC increased while Dlg4 

mRNA decreased in cocaine- and saline-access rats, and lastly, both Npas4 5mC and 

mRNA decreased in saline-access animals. These results are similar to a previously 

published report by Li et al. (2014) regarding fear extinction procedures; mice that were 

subjected to fear conditioning as well as a 2 hour extinction session for fear conditioning 

exhibited an increase in 5hmC within the hippocampus (Li et al., 2014). Additionally, 

mice exposed to contextual fear conditioning exhibit both increases in DNMT mRNA 

and methylated DNA for a memory suppression gene (PP1) as well as decreases in 5mC 

for a memory promoting gene (Reelin) within the hippocampus (Miller & Sweatt, 2007). 

Moreover, the increase in DNA methylation for PP1 was associated with a decrease in 

PP1 mRNA, while the decrease in Reelin 5mC was associated with an increase in Reelin 

mRNA, indicating that DNA methylation changes rapidly in the hippocampus during 

memory consolidation in a context specific manner (Miller & Sweatt, 2007).  
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Although I expected to observe widespread and gene-specific changes in 

epigenetic and gene expression following cocaine, I did not initially anticipate DNA 

methylation or mRNA changes to occur in saline-access rats, yet they were observed for 

both Dlg4 and Npas4 5mC and mRNA. One explanation for these specific changes in 

saline-access rats were trained to lever press for food and the saline-access and re-

exposure test would represent extinction condition for the food-seeking behavior. Both 

Dlg4 and Npas4 expression have implicated in consolidation and retrieval of previous 

memories. For instance, PSD-95 (the protein Dlg4 encodes for) is increased in the mPFC 

after prolonged-access to cocaine SA and extinction procedures (Ghasemzadeh et al., 

2011). Although Ghasemzadeh et al. observed an increase in PSD-95 protein after 

extinction training, I demonstrated a decrease in Dlg4 mRNA in Chapter 4. However, the 

study by Ghasemzadeh et al. used rats that had been through 10 days of extinction 

training post-SA, with no abstinence period, whereas I exposed rats to 60 days of forced 

abstinence and then tested them for 2 h under extinction conditions. Another possible 

explanation could be that presentation of the light cue with saline injection serves as a 

primary reinforcer. Mice and rats have been previously shown to engage in “operant 

sensation seeking” behaviors and self-administer lights or sounds in the absence of a 

typical reinforcer such as food or cocaine (Olsen & Winder, 2010). Sensation-seeking 

behaviors have also been linked to addiction; rodents that engage in high sensation-

seeking behavior engage in more drug-seeking behavior when subsequently trained to 

administer drugs (Gancarz, Robble, Kausch, Lloyd, & Richards, 2012, 2013). Lastly, 

operant sensation-seeking and drug-seeking behaviors both activate the same neural 

substrates (Olsen & Winder, 2009), and require mGluR5 receptors (Olsen, Childs, 
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Stanwood, & Winder, 2010). Therefore, the observed changes in DNA methylation and 

mRNA expression for saline-access rats could be due to either prior training with a food 

reinforcer, or a product of operant-sensation seeking since the dmPFC is activated in both 

behaviors.  

Npas4 has also been implicated in learning and memory in relation to fear 

memories. It is essential for contextual fear conditioning as well as retrieval of auditory 

fear memories (Ploski, Monsey, Nguyen, DiLeone, & Schafe, 2011; Ramamoorthi et al., 

2011). Additionally, Npas4 expression is attenuated after corticosterone injection and 

after repeated stress (Drouet et al., 2015). Interestingly, extinction of operant behavior 

(including food) in rats has been observed to increase blood corticosterone (Coover et al., 

1971; de Boer et al., 1990). Therefore, it is possible that continued food extinction 

training in rats during cue re-exposure after abstinence increased plasma corticosterone 

and decreased Npas4 expression. It is also interesting that rats re-exposed to cocaine cues 

did not exhibit similar changes in Npas4 DNA methylation or mRNA expression. 

However, in 2001, Peltier et al. demonstrated that extinction from cocaine SA did 

produce increased levels of corticosterone in rats, but only in rats administering 0.5 

mg/kg of cocaine per infusion (Peltier, Guerin, Dorairaj, & Goeders, 2001); the rats in 

Chapter 4 only administered 0.25 mg/kg of cocaine per infusion during cocaine SA. 

Therefore, potential stress-associated effects of extinction were not observed in cocaine-

access rats after re-exposure to cues.  

While pursuing Chapter 5, I initially observed decreased Homer2 DNA 

methylation within dmPFC in both limited- and prolonged-access rats, but only increased 

Homer2 mRNA in prolonged-access rats. As such, only assessing DNA methylation 
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proved to be insufficient to explain differences in mRNA expression. Therefore, for Aim 

3, I hypothesized that DNA hydroxymethylation or transcription factor binding, in 

addition to DNA methylation within the Homer2 promoter, serve to mediate mRNA 

transcription in the dmPFC of prolonged-access rats after 1 day of forced abstinence. In 

testing this hypothesis, I observed decreased Homer2 DNA methylation within dmPFC in 

both limited- and prolonged-access rats, decreased Homer2 hydroxymethylation in 

limited-access rats, increased p300 transcription factor binding in limited-access rats, and 

increased Homer2 mRNA expression in only the prolonged-access rats. Briefly, I have 

previously discussed that high levels of DNA methylation repress mRNA transcription 

(Jones et al., 1998), hydroxymethylation is associated with enhanced gene expression 

(Stroud et al., 2011), and p300 binding can inhibit mRNA transcription (Wei et al., 2012; 

Yoshimochi et al., 2010). Additionally, enhanced Homer2 expression in the PFC is 

associated with enhanced cocaine seeking behaviors (Ary et al., 2013), which are 

observed in rats after protracted abstinence and re-exposure to cocaine cues (Grimm et 

al., 2001; Tran-Nguyen et al., 1998). To summarize the above, I observed various 

epigenetic modifications associated with the limited-access condition, but did not observe 

increases in Homer2 mRNA expression as with the prolonged-access condition. 

Additionally, prolonged-access rats exhibit an addiction-like phenotype (Ben-Shahar, 

Moscarello, Jacob, Roarty, & Ettenberg, 2005) escalate cocaine intake faster than 

limited-access rats (Chapter 2). As such, I propose that limited-access rats exhibit some 

behavioral and molecular similarities with prolonged-access rats (such as escalated intake 

and decreased Homer2 DNA methylation), but also maintain compensatory mechanisms 

to prevent an addictive phenotype, such as a reduction in 5hmC and increased p300 
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binding of the Homer2 promoter in the dmPFC. In this manner, it is possible that limited-

access rats maintain a drug-induced homeostasis via compensatory epigenetic 

mechanisms to maintain baseline Homer2 mRNA expression, whereas prolonged-access 

rats undergo an allostatic shift and new baseline for Homer2 expression. 

After completion of Aims 1-4, I observed a few discrepancies between qPCR and 

ddPCR studies. Initially, I utilized quantitative real-time PCR (qPCR) to complete Aims 

1 & 4, as this was the technology available. However, for Aims 2 & 3, I performed digital 

droplet PCR (ddPCR), because it was purportedly more accurate and more sensitive than 

standard qPCR. Therefore, there was some variation in experimental design and 

implementation between the studies which are explained below. First, in order to perform 

qPCR, I created and tested my own primer sets for mRNA levels, whereas in digital PCR, 

I purchased primer sets from the manufacturer. Thus, I may have detected different splice 

variants of Homer2, Dlg4, and Grin1 mRNA between studies 1 & 4 versus 2 & 3. 

Additionally, qPCR and ddPCR work on very different principles and measure different 

things. The main difference between qPCR and ddPCR is that qPCR measures the level 

of fluorescence from fluorescently bound DNA in a single well during PCR 

amplification, whereas in ddPCR, a reaction mixture containing DNA and fluorescent 

marker are packaged in 10,000 to 20,000 droplets of DNA, amplified in a thermocycler, 

then each single fluorescent droplet is physically counted to produce an absolute 

concentration of DNA. Thus, the greatest limitation of qPCR is that it cannot reliably 

quantify low concentrations of DNA, because they may not produce enough of a 

fluorescent signal. However, ddPCR overcomes the limitation of low sample 

concentration because it can parse samples into tens of thousands of droplets, and 
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measures fluorescence within each droplet to determine an absolute concentration of 

DNA per µL of sample (examples of qPCR vs ddPCR experiments are attached in 

Appendix Figure 1). 

In addition to the discrepancies between studies, I observed some unexpected 

changes to DNA methylation and mRNA expression in the saline-access condition. 

Saline-access rats were intended to serve as a behavioral control, however, they are not 

completely naïve to behavioral training, as they were initially trained under an FR1 

schedule for food pellets before surgery. Food reinforcement prior to saline 

administration resulted in both food extinction learning during the first 5 days of self-

administration (Figure 4.1A), as well as slight reinstatement of food responding during 

cue re-exposure (Figure 4.1B). The saline-access rats also exhibited changes to 5mC and 

mRNA expression that were similar to cocaine-access conditions for glutamatergic genes 

(i.e. in chapters 3 & 4). Re-exposure to food cues has previously been shown to elicit 

neuronal responses and activation of genetic machinery (i.e. mRNA transcription) in 

cortical-striatal networks (Schiltz, Bremer, Landry, & Kelley, 2007). Additionally, food 

extinction results in increased levels of blood corticosterone and alters mRNA 

transcription for genes associated with learning and memory (Coover et al., 1971, de 

Boer et al., 1990; Drouet et al., 2015). Therefore, the changes that I observed as well as 

previously published studies indicate that the saline-access condition was in reality a 

food-extinction condition, and indicate that changes in 5mC and mRNA for glutamatergic 

genes are involved in multiple forms of learning.  

Interpretations and general implications of findings. 
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 The experimental chapters comprising my dissertation introduce several novel 

discoveries regarding the recruitment of epigenetic mechanisms in the course of cocaine 

exposure of relevance to understanding addiction. I have demonstrated changes in mRNA 

levels for glutamatergic genes within the dmPFC of rats allowed contingent prolonged-

access to cocaine, incubation of DNA methylation from acute to protracted abstinence, 

cue-elicited changes in DNA methylation and corresponding mRNA expression, and 

lastly, unique molecular phenotypes for limited- and prolonged-access rats that 

correspond to differential levels of Homer2 mRNA. Together, these results broaden the 

field of epigenetics and addiction research, and suggest a unique and dynamic system of 

gene regulation within the dmPFC that is responsive to amount of cocaine access, time of 

abstinence, and re-exposure to cues.  

 First, my observation on dynamic changes in DNA methylation within the dmPFC 

during abstinence and in response to cocaine cues is intriguing. The above results in 

Chapters 3 & 4 indicate an adaptation in gene regulation that is unique in neural tissue 

(and stem cells), as neurons become quickly methylated or demethylated in response to 

learning, that has not been shown in other tissue types. Prior evidence also supports my 

findings, whereby extinction learning is aided through Tet-mediated demethylation of 

DNA promoter regions (Li, Wei, et al., 2014; Sadakierska-Chudy et al., 2017). 

Additionally, the abundance of Tet proteins and 5hmC within cortical and hippocampal 

tissues also support the notion of fast cycling of methylated DNA in neurons (Kriaucionis 

& Heintz, 2009). Fast and dynamic regulation of DNA methylation/ hydroxymethylation 

within neurons might also be intrinsically tied to the adaptive nature of learning and 

underlie the plasticity of mammalian brains to respond to change, as in the case of fear 
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conditioning or reinforcement. However, dynamically changing DNA methylation could 

also underscore addiction in humans and addiction-like behaviors in animals, as the 

neural substrates affected by drugs of abuse (i.e. cocaine) are the same substrates 

activated in seeking natural reinforcement (such as food or water). Suppose, for instance, 

that DNA methylation in the dmPFC was altered in response to receiving a salient food 

reinforcer, dmPFC DNA methylation could then be further altered after subsequent 

pairings of food to cues (such as location or smell), then the presentation of the food and/ 

or food cues could subsequently produce a desire to obtain the food. After many 

successive pairings, this process could hypothetically occur in the absence of food or 

food cues, and occur during memories of food. In this same manner, cocaine could 

hypothetically hijack learning and reinforcement, and direct the PFC to recall memories 

of cocaine and potentiate the process of “craving”.  

Second, I have consistently asserted that changes in levels 5mC and mRNA 

indicate a unique molecular phenotype. Although this is true, I would be remiss if I did 

not discuss the implications and inherent flaws of only measuring mRNA as an 

experimental outcome. To put it simply, mRNA is merely a message sent from a DNA 

blueprint, and is intended to be translated into a protein, but can be disrupted along the 

way. Eukaryotic cells highly complicated self-regulated systems designed to maintain 

optimal function and internal homeostasis. As such, processes such as mRNA 

transcription and protein translation can be halted as needed. The primary regulation of 

mRNA transcripts exists in the form of microRNAs (MiRs), short (~20 bp) fragments of 

RNA that bind to mRNA to inhibit it and tag it for degradation (for review see Kosik & 

Krichevsky, 2005). MicroRNAs respond in an activity-dependent manner and are 
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implicated in learning processes (Bredy, Lin, Wei, Baker-Andresen, & Mattick, 2011) 

and in addiction (Most, Workman, & Harris, 2014). Specifically, the microRNAs MiR-

124 and Let-7d are suppressed after chronic cocaine treatment (Chandrasekar & Dreyer, 

2009), and viral overexpression of MiR-124 and Let-7d inhibit cocaine-seeking behavior, 

whereas lentiviral inhibition of MiR-124 and Let-7d potentiate cocaine-seeking behavior 

(Chandrasekar & Dreyer, 2011). Furthermore, MiR-124 and Let-7d overexpression 

increased cocaine extinction learning (i.e. less time to reach extinction), whereas MiR-

124 and Let-7d suppression decreased cocaine extinction learning (i.e. more time to reach 

extinction) (Chandrasekar & Dreyer, 2011). Lastly, MiR-124 and Let-7d regulate 

plasticity-related proteins that are implicated in addiction (Chandrasekar & Dreyer, 

2011). These results indicate a fast, modulatory role of MiRs in response to cocaine or 

cocaine cues, and could potentially explain the decreases in mRNA across abstinence that 

I observed in Study 3 (Table 3.4). As such, potential discrepancies between mRNA and 

protein expression do not necessarily mean that mRNA is meaningless. In fact, these 

discrepancies could be due to allostatic mechanisms that control gene expression during 

forced abstinence. 

  Third, I must reiterate that mRNA is only a messenger, it is a signal from the 

DNA to become protein and lasts for only a short period within a cell, whereas receptor 

proteins (i.e. Homer2, PSD-95, and Grin1) are more stable and can be transported to 

synapses to influence dendrite size and shape in response to neural signals such as a 

cocaine challenge (for example, see Shen et al., 2009). As such, mRNA and proteins 

exhibit unique temporal properties from each other and can represent different aspects of 

behavioral studies. I have previously demonstrated that both levels of Homer2 5mC and 
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mRNA are affected by a 2 h re-exposure to cocaine cues (increased 5mC, decreased 

mRNA). However, the observed decreases in Homer2 mRNA after cue re-exposure 

presented above (Figure 4.3B) initially appear to be contrary to behavioral studies 

indicating that Homer2 protein expression in the dmPFC is essential for cocaine-seeking 

behavior (Ary et al., 2013), although Homer2 protein in the dmPFC has not yet been 

quantified after 2 h of cue re-exposure (Gould et al., 2015). However, since mRNA and 

proteins exist within cells for different periods of time, it is possible that over the course 

of the 2 h cue re-exposure, Homer2 mRNA was initially increased, allowing for Homer2 

protein to be transiently expressed and aid cocaine-seeking behavior, but decrease in 

response to the absence of cocaine over the 2 h cue re-exposure session.  

Future directions 

 Although I have established a new role for DNA methylation of the dmPFC after 

protracted abstinence and cue re-exposure, there is still a lot more research that needs to 

be done. First, for the majority of this dissertation, I have focused on 5mC levels in the 

dmPFC. However, as exampled in Study 4, 5hmC and protein binding to DNA fragments 

are necessary to fully describe how epigenetic modifications influence mRNA 

expression. Therefore, follow-up studies for the current report should at the very 

minimum incorporate levels of 5hmC, but should also investigate binding of common 

IEGs and transcription factors such as CREB, ARC, and Zif268.  

 Additionally, qPCR and ddPCR have allowed me to view DNA methylation much 

more specifically than via a methylated DNA array (i.e. NimbleGen array), but I still only 

observed changes in 5mC or 5hmC levels at a resolution of 150 to 250 bp. Recent 

advances in gene sequencing technology in the Bredy laboratory have allowed for cell-
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type-specific ultrasequencing of methylated CpG regions that will allow for specific 

probing of cell populations that project to distinct anatomical regions (i.e. layer V 

pyramidal neurons in the PFC that project to the NAC or the VTA) with single base-pair 

resolution (Li, Baker-Andresen, Zhao, Marshall, & Bredy, 2014). This technique would 

also be capable of detecting changes in 5hmC and extend the role that 

hydroxymethylation has during cocaine abstinence and during cocaine-seeking.  

 Lastly, although the above studies elucidated a novel role for DNA methylation 

after cocaine self-administration followed by abstinence and re-exposure to conditioned 

cues, I did not perform causal manipulations on DNA methylation or 

hydroxymethylation. Therefore, I believe that future studies should target the dmPFC and 

increase 5mC within the dmPFC via protein overexpression of DNMT or inhibition of 

Tet1/ 3 via gene knockdown or siRNA, and decrease 5mC within the dmPFC via protein 

overexpression of Tet1/ 3, or inhibition of DNMT via gene knockdown or shRNA at 

multiple time points after cue re-exposure (i.e. 5 min, 30 min, and 1 day). These 

techniques have been performed previously to elucidate the role of DNA methylation in 

fear learning (Li, Wei, et al., 2014), but have not yet been applied to the study of drug-

seeking behavior after cocaine self-administration. After determining the role of 5mC and 

5hmC in cue-elicited drug seeking, modification of global, system-wide DNA 

methylation before or after re-exposure to drug cues with SAM or MET can potentially 

be used in clinical settings, as these compounds are in vitamin supplements that are 

widely available and in use by humans.   
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