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ABSTRACT 

 

DUAL-TARGETING THE DYNORPHIN/KAPPA OPIOID RECEPTOR AND DOPAMINE 

SYSTEMS FOR TREATMENT OF COCAINE USE DISORDER  

Dissertation under the direction of  

Sara R. Jones, PhD, Professor, Physiology and Pharmacology 

 

Decades of research have focused on discovering an effective pharmacotherapy 

for cocaine use disorder, and despite hundreds of clinical trials testing a wide range of 

cellular targets, there is still no FDA approved treatment for cocaine addiction. The work 

contained in this dissertation focuses on the dysregulation of the dopamine and 

dynorphin/kappa opioid receptor systems that occurs after repeated, high-dose cocaine 

exposure. These system changes result in a reward deficit, stress surfeit syndrome seen 

during withdrawal, which leads to greater drug intake and increases the propensity to 

relapse. The aim of this research was assessing the functional state of the kappa opioid 

receptor system after cocaine self-administration and the benefits of targeting this 

system—and its interactions with the dopamine system—to decrease cocaine self-

administration and reverse neurobiological alterations resulting from cocaine exposure.  

We began by evaluating changes in the dynorphin/kappa opioid receptor system 

after high dose cocaine self-administration via fast-scan cyclic voltammetry. Data from 

these experiments demonstrated that animals had increased responsivity to kappa opioid 

receptor agonists after cocaine self-administration. Expression levels of genes encoding 

the kappa opioid receptor and its precursor ligand prodynorphin were elevated in the 

nucleus accumbens of cocaine self-administering animals compared to controls. These 

expression levels were also negatively correlated with motivated behaviors, measured by 
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a progressive ratio schedule of reinforcement, indicating that animals with lower 

breakpoints had higher transcript levels. These results suggest that activity of the 

dynorphin/kappa opioid receptor system is augmented after cocaine self-administration, 

and that this increased activity of the dynorphin/kappa opioid receptor system may alter 

the reinforcing effects of cocaine.  

We then targeted these known disruptions of the dynorphin/kappa opioid receptor 

and dopamine systems using a combination pharmacotherapy approach simultaneously 

targeting the kappa opioid receptor and dopamine transporter. Using progressive ratio, we 

tested continuous administration of the dopamine releaser phenmetrazine alone and in 

combination with the kappa opioid receptor antagonist norbinaltorphimine (nBNI) on 

cocaine breakpoints, a measure of motivation. We posited that the combination of these 

drugs would address both aspects of the reward deficit and stress surfeit syndrome seen in 

animal models of addiction. Consistent with previous results, we found that the dopamine 

releaser phenmetrazine decreased cocaine breakpoints. The kappa opioid receptor 

antagonist nBNI also decreased cocaine breakpoints. When phenmetrazine and nBNI were 

tested in combination, there was a further decrease in cocaine responding, without 

suppressing food-maintained responding. Strikingly, the combination treatment also reversed 

dopamine system dysregulations reported after cocaine exposure, including tolerance to 

cocaine’s ability to inhibit the dopamine transporter and heighted kappa opioid receptor 

activity. These results support further exploration of targeting the kappa opioid receptor and 

dopamine transporter for treatment of cocaine use disorder.  

In order to more fully understand how targeting the kappa opioid receptor and 

dopamine transporters could decrease cocaine-taking behaviors, we designed a study to look 

at the interactions between the two proteins utilizing fast-scan cyclic voltammetry in brain 

slices. In naïve animals, slices were pretreated with a kappa opioid receptor agonist prior to 
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collection of cumulative dose response curves for cocaine. We found that pharmacological 

activation of kappa opioid receptors led to a decrease in cocaine’s ability to inhibit the 

dopamine transporter (pharmacodynamic tolerance, referred to below as cocaine tolerance), 

a result that is also seen in animals exposed to repeated high doses of cocaine. To see if we 

could prevent this tolerance from developing, we administered the nBNI to animals prior to 

cocaine access. Animals treated with nBNI did not develop two key features of high dose 

cocaine exposure: (1) they did not escalate their rate of cocaine intake; and (2) their dopamine 

transporters did not develop tolerance to cocaine’s ability to inhibit uptake.  

Together, the research presented in this dissertation describes changes in the 

dopamine and dynorphin/kappa opioid receptor systems induced by high dose cocaine self-

administration, and how targeting these two systems therapeutically can alter cocaine-

motivated behaviors and neurobiological dysregulations after cocaine exposure.  
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reformatted to fit the guidelines of dissertation preparation at Wake Forest School of 

Medicine. Stylistic variations of chapters are due to specific requirements of each journal.  

 

 

 

 

 

 

 

 

 

 



15 
 

Chapter I 

INTRODUCTION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The following chapter contains excerpts that are published in the Handbook of Experimental 

Pharmacology. Paige M. Estave wrote this chapter. Anushree N. Karkhanis and Sara R. Jones acted 

in an advisory and editorial capacity. 
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1. Cocaine and the Dopamine System 

Misuse of the psychostimulant cocaine has led to over 1 million individuals being 

diagnosed with cocaine use disorder (NSDUH, 2019), a complex, persistent and 

chronically relapsing neurobiological disorder characterized by compulsive drug seeking 

and loss of control of intake. Substance use disorder involves three stages: (1) 

binge/intoxication; (2) withdrawal/negative affect; and (3) preoccupation/anticipation 

(Koob, 2021). Repetition of this cycle results in neurobiological alterations in the 

mesolimbic dopamine system, among other brain regions, and ultimately a hedonic 

homeostatic dysregulation (for review, see Koob and Le Moal, 1997).  

Dopamine Transporter (DAT) and Dopamine (DA) Signaling 

Mesolimbic DA neurons that project from the ventral tegmental area (VTA) to the 

nucleus accumbens (NAc) are critically involved in mediating effects of natural and drug 

rewards (Wise, 1998; Phillips et al., 2003). Within the mesolimbic DA system, local 

regulatory mechanisms of DA signaling include, but are not limited to, reuptake of DA via 

DATs and inhibitory feedback of DA via autoreceptors. These contribute to the onset and 

magnitude of DA release, as well as the duration of DA signaling (for review, see Nolan et 

al., 2020). 

One of the most important regulators of overall DA transmission is the rate of DA 

clearance from the extracellular space to terminate signaling. The DAT, a member of the 

Na+/Cl‐ transporter family, is a presynaptic protein that transports DA from the 

extracellular space to the intracellular space (Giros et al., 1996; Jones et al., 1998a; Chen 

and Reith, 2000). Acutely, cocaine binds to and inhibits the DAT, preventing reuptake of 

DA and thereby elevating extracellular DA levels (Jones et al., 1998b; Benoit-Marand et 
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al., 2000). Elevated DA levels due to slow clearance leads to prolonged activation of 

postsynaptic D1- and D2-type DA receptors (Kravitz et al., 2012).   

Upon initial cocaine exposure, this elevation in DA acts as a positive reinforcer, 

producing rewarding and reinforcing effects. However, after chronic cocaine exposure, 

compensatory neurobiological adaptations alter the function of the mesolimbic pathway 

leading to deficits in DA system function. For example, chronic cocaine exposure results 

in decreased basal DA levels, resulting in a long-term hypodopaminergic state, which has 

been documented in both humans and animal models (Dackis and Gold, 1985; Mateo et 

al., 2005a; Koob and Volkow, 2010; Willuhn et al., 2014). For example, several PET 

studies in individuals with cocaine use disorder revealed persistent reductions in striatal 

D2/D3 receptor binding, which would result in decreased responsivity of the DA system 

(Volkow et al., 1990, 1993; Martinez et al., 2007) but see (Narendran et al., 2011). 

Additionally, DAT binding and function—measured via [3H]DA  uptake assays—were 

increased in postmortem striatal tissue from chronic cocaine users (Little et al., 1998). 

Several dysregulations of the DA system have also been reported in preclinical models of 

cocaine addiction, including decreased tonic levels of DA, reduced responses to stimuli, 

and diminished effects of cocaine (Ferris et al., 2011, 2012; Willuhn et al., 2014; Ferris et 

al., 2015; Siciliano et al., 2015b). Dysfunction of the DA system contributes to the reward 

deficits seen during drug abstinence that promotes relapse and escalation of drug use. 

Reward Deficit, Stress Surfeit Syndrome  

Two major behavioral and neurobiological alterations underlying compulsive drug-

seeking behaviors that develop in individuals with cocaine use disorder include (1) a 

reward deficiency, driven primarily by a state of mesolimbic hypodopaminergia and (2) a 

stress surfeit, driven primarily by increased activity of the brain stress systems, including 
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the dynorphin/kappa opioid receptor (Dyn/KOR) system (Koob et al. 2013). Cocaine 

withdrawal leads to a negative emotional state (Koob, 2015), termed “hyperkatifeia,” which 

is a hypersensitivity to emotional distress that is exacerbated during withdrawal and 

abstinence (Koob, 2021). The hypodopaminergic state resulting from chronic cocaine use 

is one of the hallmarks of hyperkatifeia. Together, this state generates a motivational 

driving force from negative reinforcement, where drug is taken to remove the negative 

affective state associated with drug withdrawal (Ahmed et al., 2002; Koob, 2013; Edwards, 

2016). Overall, this theory of addiction as a “reward deficit and stress surfeit” syndrome 

may help explain the negative affective behaviors seen during drug withdrawal, which 

increase drug-seeking behaviors.  

Opponent Process Theory of Addiction  

 One theory to explain the negative reinforcement driving drug use is the opponent 

process theory. Solomon’s opponent process theory of motivation (Solomon and Corbit, 

1974) postulates that elevation of the hedonic/affective state of an animal leads to 

recruitment of brain circuitry that subsequently leads to a reduction in euphoric feelings 

induced by, for instance, drug use. Two processes are involved: (1) the a-process, which 

is comprised of the initial positive change in the hedonic state of the animal after 

presentation of a stimulus and (2) the b-process, which is comprised of the negative 

hedonic state of the animal subsequent to removal of the stimulus. In the context of 

cocaine use, the a-process induces intense euphoric feelings associated with acute drug 

use, which drives positive reinforcement. The b-process is recruited to oppose the a-

process, and return the animals to a homeostatic state (Solomon and Corbit, 1974; Poulos 

and Cappell, 1991).  
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 A model of allostasis has been used to explain these changes in the hedonic and 

motivational state of animals (Koob and Le Moal, 1997). After chronic cocaine exposure, 

the b-process of the opponent process theory persists, with the hedonic state of the animal 

remaining low and not returning to normal homeostatic range. This often leads to 

individuals continuing to use drugs to relieve a withdrawal-induced negative affective 

state—described as the self-medication hypothesis (for review see Khantzian, 1997). 

Thus, this model suggests that repeated drug use results in downregulation of the 

dopaminergic reward system and upregulation of the anti-reward/stress systems such as 

the Dyn/KOR system.  

2. The Dyn/KOR System  

KORs, encoded by the Oprk1 gene, are seven transmembrane G protein-coupled 

receptors (GPCRs) located ubiquitously throughout the nervous system with dense 

expression in the mesolimbic DA system. KORs are found on presynaptic DA varicosities, 

where they couple to pertussis-toxin sensitive Gi/o proteins; when KORs are activated by 

their endogenous ligand dynorphin, encoded by the Pdyn gene, neuronal function is 

ultimately inhibited leading to a decrease in neurotransmitter release (Heijna et al., 1990; 

Hill and Brotchie, 1995, 1999; Tao and Auerbach, 2002; Grilli et al., 2009; Li et al., 2012; 

Karkhanis et al., 2016c). These changes in release occur as a result of augmented K+ and 

attenuated Ca2+ conductance, resulting in cell hyperpolarization, decreased cell firing, and 

blockade of release (Dhawan et al., 1996) of various neurotransmitters such as DA, 

serotonin, glutamate, and GABA (Heijna et al., 1990; Hill and Brotchie, 1995, 1999; Tao 

and Auerbach, 2002; Grilli et al., 2009; Li et al., 2012; Karkhanis et al., 2016c). Although 

KOR activation inhibits neurotransmitter release, the ultimate behavioral outcome of 
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reduced neuronal activity in a single location depends on the circuit in which KORs are 

involved.   

Interactions between the Dyn/KOR and DA systems 

Previous literature suggests that KOR and its interaction with DA alters motivated 

behaviors as well as aversion and negative affective states—all of which contribute to the 

role of KOR in drug addiction (fore review, see Margolis and Karkhanis, 2019). The DA 

and Dyn/KOR systems are highly integrated in mesolimbic areas. Using electron 

microscopy immunohistochemistry, KOR and DAT were found to be colocalized in 

presynaptic structures in the nucleus accumbens (NAc) (Svingos et al., 2001; Kivell et al., 

2014). These data suggest that KORs are located on DA neuron terminals and potentially 

regulate DA transmission directly. 

Activation of KORs leads to inhibition of DA release in the NAc core and shell 

(Heijna et al., 1990; Karkhanis et al., 2016c; Rose et al., 2016a; Siciliano et al., 2016a; 

Melchior and Jones, 2017). This activation of KORs reduces overall extracellular DA levels  

(Di Chiara and Imperato, 1988; Spanagel et al., 1992; Zhang et al., 2004; Chefer et al., 

2006; Fuentealba et al., 2006; Gehrke et al., 2008; Karkhanis et al., 2016b) as well as 

decreases stimulated DA release (Karkhanis et al., 2016d; Rose et al., 2016a; Siciliano et 

al., 2016a; Melchior and Jones, 2017). Additionally, a recent study showed that the 

inhibitory effect of KOR activation on DA release is greater in the caudal compared to 

rostral NAc shell (Pirino et al., 2020).  

Only one study so far has examined the potential for DATs and KORs to physically 

interact. Results from co-immunoprecipitation, bioluminence resonance energy transfer 

(BRET), and fluorescence resonance energy transfer (FRET) studies do suggest that the 
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DAT and KOR physically interact (Kivell et al., 2014). Furthermore, this study showed that 

KOR activation increases DAT-KOR complex formation (Kivell et al., 2014). Because 

KORs and DATs form physical complexes, it is possible that KOR activation alters DAT 

function, thereby influencing DA uptake. Indeed, DAT and KOR have been shown to 

functionally interact; Salvinorin A, a selective KOR agonist, increased DAT function 

resulting in enhanced rate of DA reuptake (Kivell et al., 2014). However, this increase in 

DAT function may be transient since repeated agonist administration resulted in 

decreased rate of DA reuptake in the NAc (Thompson et al., 2000a).  

A decrease in DA uptake rate induced by KOR activation has also been observed 

using ex vivo fast-scan cyclic voltammetry (FSCV) with the partial KOR agonist nalmefene 

(Rose et al., 2016c), but not with full KOR agonists (Ebner et al., 2010; Ehrich et al., 2015; 

Hoffman et al., 2016). These differences could be due to differential intracellular 

mechanisms of action of the partial agonist nalmefene and full agonists such as U50,488. 

Furthermore, nalmefene also acts as an antagonist at the mu and delta opioid receptors 

(Bart et al., 2005). Thus far, there have been no studies showing mu or delta opioid 

receptors on DA terminals, making it unlikely that inhibition or activation of these receptors 

would result in any changes in DAT function. Conversely, administering the KOR 

antagonist norbinaltorphimine (nBNI) 24 hours prior to microdialysis experiments 

augmented DA uptake rate measured by quantifying extraction fraction (an indirect 

measure of DA uptake) (Chefer et al., 2006; Azocar et al., 2019). Since nBNI would likely 

increase overall DA, this increase in uptake rate may be a compensatory mechanism. 

Overall, these studies suggest that KOR activation modulates DAT function, although 

these alterations in uptake are differentially modulate by acute versus repeated KOR 

activation. 

 



22 
 

Behavioral effects of KOR activation on affect in humans and animal models 

In humans, KOR activation leads to analgesia, psychotomimesis, sedation, and 

dysphoria (MacLean et al., 2013; Pande et al., 1996; Pfeiffer et al., 1986; for review see 

Wadenberg, 2003), and similar effects are seen in animals (Shippenberg and Herz, 1986; 

Katoh et al., 1990; Todtenkopf et al., 2004; McLaughlin et al., 2006). Direct infusions of 

KOR agonists into the NAc (Bals-Kubik et al., 1989) and systemic KOR agonist 

administration (Land et al., 2008a) have been shown to promote conditioned place 

aversion or block cocaine conditioned place preference (CPP) at early time points.  

KOR agonists are also known to produce pro-anxiety, pro-depressive, and 

dysphoric effects while antagonists produce anxiolytic and anti-depressive effects (for 

review, see Van’t Veer & Carlezon, 2013). When KOR agonists are acutely administered 

before intracranial self-stimulation (ICSS) testing, an operant procedure used to measure 

reward sensitivity, ICSS thresholds dose dependently increased, suggesting a KOR-

induced aversive and anhedonic-like state (Todtenkopf et al., 2004; Carlezon et al., 2006; 

Ebner et al., 2010). In the forced swim test (FST), a classic test used to screen potential 

antidepressants (Porsolt et al., 1977; Detke et al., 1995), animals are placed in an 

inescapable environment where animals utilize active coping strategies (climbing and 

swimming, decreased immobility) and passive coping strategies  (floating, increased 

immobility). Effective clinical antidepressants have been shown to increase active 

strategies. The KOR agonist U69,593 has been shown to promote immobility whereas the 

antagonist nBNI diminishes immobility behavior in rats (Mague et al., 2003; Carr et al., 

2010), suggesting that that KOR agonists increase depressive-like behaviors while 

antagonists have antidepressant-like effects. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4748424/#bib65
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4748424/#bib65
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Another behavioral model of depression is the learned helplessness paradigm 

where animals are first exposed to an inescapable and uncontrollable aversive stimuli, like 

shocks. When the animal is subsequently placed in a similar environment, although the 

aversive stimuli become controllable/escapable, animals often fail to escape—an effect 

reversed by antidepressant therapies  (Willner, 1986; Thiébot et al., 1992). Both intra-

cerebroventricular and intra-NAc administration of nBNI decreased escape failures, 

further suggesting that nBNI has anti-depressant properties (Newton et al., 2002; 

Shirayama et al., 2004). Likewise, our laboratory and others have shown that KOR 

antagonists produce anxiolytic-like effects in multiple assays, including the elevated plus 

maze (Knoll et al., 2007; Huang et al., 2016), fear-potentiated startle (Knoll et al., 2007), 

novelty induced hypophagia (Knoll et al., 2007; Carr and Lucki, 2010), and defensive 

burying tests (Carr and Lucki, 2010; Rose et al., 2016a). Collectively, KOR antagonists, 

display a beneficial therapeutic profile to treat the negative affective related to drug 

withdrawal.   

KOR and Cocaine Use Disorder  

Exposure to drugs such as stimulants increases the activity of the Dyn/KOR 

system. Studies examining alterations in the KOR ligand, dynorphin, show that cocaine 

exposure elevates dynorphin levels (Sivam, 1989; Smiley et al., 1990). For instance, 

repeated non-contingent injections of cocaine, increased immunoreactivity to dynorphin 

content in the NAc to approximately 270% of the control (Smiley et al., 1990). In a similar 

study, repeated injections of cocaine (20 mg/kg, i.p.) once per day for 4 days resulted in 

augmented dynorphin levels in the striatum, which were persistent 4 days post-cocaine 

administration (Sivam, 1989). Likewise, expression levels of Pdyn (the gene for 

prodynorphin) has been shown to be elevated in rodents after non-contingent cocaine 



24 
 

exposure (Daunais et al., 1993; Spangler et al., 1993, 1996a; Schlussman et al., 2003, 

2005; Sun et al., 2020). 

One technique used to assess KOR function is in situ U69,593-induced 

[35S]GTPγS binding. Piras and colleagues (2010) found increased U69,593-induced 

[35S]GTPγS binding 24 hours into cocaine withdrawal, suggesting greater KOR function in 

an acute withdrawal state (Piras et al., 2010). Traditionally, if dynorphin (ligand) levels 

were elevated, a downregulation of KORS should occur. However, in humans with a 

recent history of cocaine use, as well as cocaine-overdose victims, both dynorphin mRNA 

and KOR receptor availability were increased in postmortem striatal tissue (Hurd and 

Herkenham, 1993; Staley et al., 1997; Mash and Staley, 1999). After a 3-day cocaine 

binge, PET imaging revealed that cocaine-dependent individuals had reduced KOR 

agonist binding by approximately 20% of drug-free baseline, strongly suggesting 

dynorphin levels were elevated (Martinez et al., 2019). This finding of both the receptor 

and ligand increasing when the KOR system is in a heightened functional state is 

unexpected. Usually there is negative feedback regulation of GPCRs leading to 

desensitization and/or downregulation in the presence of elevated ligand or activity (for 

review see Hausdorff et al., 1990; Black et al., 2016). Nevertheless, these studies suggest 

that cocaine exposure results in an upregulation of Dyn/KOR system activity. The 

contingency of cocaine self-administration, timing of the last cocaine exposure, and 

withdrawal state seem to be critical in driving changes in this system.  

KORs Modulate Rewarding Effects of Cocaine in a Time-Sensitive Manner 

The potential use of KOR-targeted ligands has been widely debated. Studies have 

found that both KOR agonists and antagonists decrease cocaine self-administration 

behaviors (for review, see Escobar et al., 2020 and Karkhanis et al., 2017), with the 
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outcomes being dependent on several factors including the DA pathway involved (for 

review see, Margolis and Karkhanis, 2019) and the timing between activating the KOR 

and DA systems (Chartoff et al., 2016). Chartoff and colleagues used ICSS to study the 

effects of timing on KOR activation and the rewarding effects of cocaine. On its own, 

cocaine reduces ICSS thresholds, reflecting the rewarding properties of cocaine. When 

cocaine was administered 15 or 60 minutes after systemic KOR agonist administration, 

there were profound or slight decreases, respectively, in ICSS thresholds. This suggests 

an increased reward valuation of cocaine; however, when cocaine was administered 24 

hours after KOR activation, ICSS thresholds increased, suggesting reduced reward 

valuation (Chartoff et al., 2016). Interestingly, McLaughlin and colleagues (2006) observed 

that activating KOR 15 minutes before conditioning blocked cocaine CPP in naïve mice, 

even though reward valuation seen by Chartoff and colleagues (2016) was high at this 

time point. As expected from ICSS results, KOR activation 60 minutes prior to conditioning 

potentiated cocaine CPP (McLaughlin et al., 2006). These time-dependent results on CPP 

were confirmed by Ehrich and colleagues (2014). The contrasting findings between ICSS 

and CPP data may be due to KOR agonist administration being negatively associated with 

cocaine, leading to blockade of CPP. Ultimately, timing of KOR activation with respect to 

cocaine administration is likely to have differential effects on the perceived reward value 

of cocaine with early activation of KORs (15-60 min) leading to decreased rewarding 

effects while 24 hours after activation leads to increases in rewarding effects of cocaine. 

These complex responses suggest that KORs and cocaine effects are tightly intertwined, 

and KOR activity fine-tunes cocaine’s behavioral effects, most likely by influencing DA 

dynamics in limbic brain areas. 
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Role of KOR system on Motivated Behavior 

Pre-clinical behavioral studies have consistently shown that KOR antagonists do 

not directly block the rewarding effects of drugs as KOR agonists do (at early time points); 

instead, KOR antagonists block the stress-induced potentiation of drug reward, stress-

induced reinstatement, and escalation of drug consumption (for review see Bruchas et al., 

2010). Though KOR antagonists have been shown to block escalation of drug 

consumption, one study showed that KOR blockade selectively reduces cocaine seeking 

(appetitive responding) but not cocaine consumption. In this study by Wee and colleagues 

(2009), administration of nBNI did not alter the amount of cocaine received on a fixed ratio 

one schedule of reinforcement. However, when conditions were switched to a progressive 

ratio schedule, nBNI treated animals exhibited lower breakpoints, suggesting reduced 

motivation to self-administer cocaine (Wee et al., 2009). Notably, only animals with a 

history of extended cocaine exposure were sensitive to nBNI effects; animals that self-

administered on a short access schedule were unaffected by nBNI (Wee et al., 2009). 

These data indicate that longer sessions with cocaine promote activation of KORs, while 

shorter access sessions either have no effect, or possibly the opposite effect, on KOR 

function.  

3. Pharmacotherapeutic Options for Cocaine Use Disorder 

Unfortunately, there are currently no FDA approved medications for cocaine use 

disorder, despite advances in our knowledge of cocaine’s molecular mechanisms and 

resultant neurobiological dysregulations following use. A vast range of pharmacological 

agents have been tested in clinical trials for cocaine use disorder, including but not limited 

to central nervous system stimulants (lisdexamfetamine, NCT01486810), serotonin 

receptor agonists (Lorcaserin, NCT03007394), cortisol receptor blockers (Mifepristone, 
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NCT01134198), anticonvulsants (Topiramate, NCT02239913, NCT00223626), 

antidepressants (Citalopram, NCT01535573; Venlafaxine, NCT00249483), psychotropics 

(Modafinil, NCT01778010) and even psychedelics (Psilocybin, NCT02037126). 

Significant barriers to progress include abuse liability and/or negative side effects of 

potential treatments, especially when given at the high doses required to reduce cocaine-

craving and subsequent cocaine administration in humans. Additionally, a limited number 

of investigations look at long-term, continuous administration of potential treatment drugs, 

a key aspect of clinical use.  

Targeting the DAT 

Many putative pharmacotherapies have targeted DATs to inhibit the binding of 

cocaine and increase extracellular DA levels. Interest has increased in developing a 

treatment for cocaine use disorder that acts as an indirect DA agonist (Rush and Stoops, 

2012), since agonist-based treatment strategies have been successful for tobacco and 

opioid-use disorders. One such agonist-based therapy is the use of DA releasers such as 

amphetamine. While DAT blockers increase DA by blocking the DAT, DA releasers act as 

substrates for the DAT. They competitively bind to DATs, inhibit DA uptake, and promote 

release of DA into the extracellular space via reverse transport, independent of vesicular 

release induced by action potentials (Floor and Meng, 1996; Jones et al., 1998b; Schmitz 

et al., 2001; Fleckenstein et al., 2007; Daberkow et al., 2013).  

Recent work utilizing continuous or repeated amphetamine administration has 

shown potential to treat cocaine use disorder in both preclinical (Negus and Mello, 2003; 

Czoty et al., 2010, 2011; Ferris et al., 2015; Siciliano et al., 2017)  and clinical research 

(Grabowski et al., 2001, 2004; Rush and Stoops, 2012; Nuijten et al., 2016). However, a 

major caveat is that amphetamine is a highly reinforcing drug of abuse. Therefore, the use 
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of prodrug deterrent formulations have been made, which require first pass metabolism 

before being metabolized into active metabolites, decreasing abuse liability. 

Lisdexamfetamine, the prodrug of amphetamine, has been shown to reduce cocaine use 

in multiple double-blinded, placebo-controlled studies (Grabowski et al., 2001, 2004; 

Shearer et al., 2003). However, the FDA has lisdexamfetamine as Schedule II status, 

despite being a prodrug and having lower risk of abuse compared to amphetamine.  

Since amphetamine and lisdexamfetamine have shown effective results at 

decreasing cocaine self-administration in both pre-clinical models and in clinical trials, but 

will likely never be FDA approved to treat cocaine use disorder due to abuse liability, a 

similar compound has gained interest.  Phenmetrazine, the active metabolite of the 

prodrug phenmetrazine, is an amphetamine-like compound that functions as a DA 

releaser. Non-human primate studies revealed cocaine-like discriminative stimulus effects 

of phenmetrazine (Negus et al., 2009; Banks et al., 2013a), with phenmetrazine 

decreasing cocaine self-administration without altering food-maintained responding 

(Negus et al., 2009), and decreasing the reinforcing strength of cocaine compared to food 

under a choice procedure (Banks et al., 2011, 2013c). Since phenmetrazine has shown 

promising preclinical effects, its prodrug phendimetrazine is strong candidate as an 

agonist-based treatment for cocaine use disorder. Similarly, Czoty and colleagues (2015) 

showed that phenmetrazine decreased cocaine self-administration in rats. In this study, 

phenmetrazine via osmotic minipump reduced cocaine responding on a progressive ratio 

schedule of reinforcement, suggesting a decrease in reinforcing effects of cocaine when 

animals were continuously treated with phenmetrazine (Czoty et al., 2015). Similar results 

were reported by our laboratory (Karkhanis et al., 2016a).  

Although phenmetrazine is able to reduce cocaine self-administration behaviors, 

abuse potential remains high (Chait et al., 1987; Corwin et al., 1987; Rothman et al., 
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2002). One strategy to decrease abuse potential is the creation of pro-drugs, which lack 

physiological properties prior to first-pass metabolism (Huttunen et al., 2011; Rush and 

Stoops, 2012), therefore having a slower onset of action. For example, the prodrug 

phendimetrazine—FDA approved as an anorectic, Schedule III status—functions as a 

very weak monoamine releaser before being metabolized by the liver into its active 

metabolite phenmetrazine (Beckett and Raisi, 1976; Chait et al., 1987; Corwin et al., 1987; 

Rothman et al., 2002). Abuse-related subjective drug effects (“drug liking” or “high”) in 

human laboratory studies were reported by cocaine dependent individuals to be minimal 

(Bolin et al., 2016; Stoops et al., 2019), especially compared to studies assessing 

subjective effects of d-amphetamine (Rush et al., 2001; Stoops et al., 2004, 2007; Comer 

et al., 2013). Phendimetrazine has also been reported as safe and tolerable in combination 

with a wide range of cocaine doses (Bolin et al., 2016; Stoops et al., 2019), making it a 

safe candidate for individuals in recovery at high risk for relapse.  

Regarding effectiveness as a treatment to reduce cocaine use, preclinical results 

in non-human primates testing phendimetrazine show promising results (Banks et al., 

2013c, 2013b). In humans, however, phendimetrazine given in an inpatient setting was 

not able to decrease the number of cocaine choices (vs money), but did decrease some 

subjective effects of cocaine, such as “talkative/friendly” (Stoops et al., 2019). Though at 

face-value these results do not indicate that phendimetrazine is clinically effective as a 

standalone treatment for decreasing cocaine use, this study had a relatively small number 

of subjects (n=29) and only one dose of phendimetrazine was tested. Overall, more 

studies are necessary to fully assess the efficacy of phendimetrazine at decreasing 

cocaine use in humans.  
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Targeting the KOR 

Another candidate pharmacological target for cocaine use disorder is the KOR. 

Antagonism of the Dyn/KOR system leads to a decrease cocaine self-administration, 

blocks stress-induced reinstatement, and attenuates anxiety- and depressive-like 

behaviors (for review, see Karkhanis et al., 2017).  Most of these preclinical studies used 

long-acting KOR antagonists that have effects for greater than 21 days after a single 

administration (Carroll et al., 2004; Bruchas et al., 2007; Melief et al., 2011). Recently, an 

abundance of studies are shifting towards using short-acting KOR antagonists that have 

pharmacokinetic properties similar to medications used clinically, increasing potential 

translation of results.  

One short-acting KOR antagonist LY2444296 reduced anxiety and depressive-like 

behaviors in rats after cocaine self-administration (Valenza et al., 2016). Valenza and 

colleagues (2020) recently showed that daily pretreatments with LY2444296 also 

prevented escalation of cocaine intake. LY2456302 (also referred to as JNJ-67953964, 

CERC-501, OpraKappa and Aticaprant), a structurally similar compound to LY2444296, 

is currently in clinical trials for nicotine use disorder and major depressive disorder. This 

short-acting KOR antagonist was found to be safe and tolerable in early-abstinent, 

cocaine-dependent individuals (Reed et al., 2018). This study did not find any alterations 

in subjective cocaine craving, although only one dose of LY2456302 (10 mg) for 4 

consecutive days was tested (Reed et al., 2018). Additionally, this study was not designed 

to test the effectiveness of LY2456302 to treat cocaine use disorder. More studies are 

necessary to examine if short-acting KOR antagonists are effective at decreasing cocaine 

self-administration in humans.  
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Interest is growing in development and testing of biased KOR agonists. Recent 

research has identified multiple downstream signaling cascades of KOR activation, which 

includes mitogen-activated protein kinase (MAPK) pathways (i.e. extracellular signal-

regulated kinases (ERKs), c-Jun N-terminal kinases (JNKs), and p38 mitogen-activated 

protein kinases (p38s). Two major signaling pathways have been identified: (1) G-protein 

dependent and (2) G-protein independent pathway (β-arrestin pathway) (for review see 

Brust, 2020). Pharmacological studies assessing behavior have tried to identify what 

pathways induce the analgesic and anti-addictive effects of KOR agonism opposed to the 

dysphoric and sedative side effects (reviewed in Mores et al., 2019). KOR agonists that 

activate one pathway over another (termed biased agonists) have been created. One of 

the first KOR biased agonists RB-64, which primarily activates the G-protein pathway, was 

found to have anti-nociceptive effects without sedation (White et al., 2015). Brust and 

colleagues (2016) found supporting evidence that β-arrestin signaling was necessary to 

produce the sedative and dysphoric side effects seen with KOR activation, but not the 

anti-nociceptive or anti-pruritic effects (Brust et al., 2016). Therefore, KOR agonists biased 

to the G-protein pathway specifically may be beneficial for not only for pain and pruritus, 

but also for treatment of substance use disorders. 

Combination Therapy Approach to Treat Cocaine Use Disorder  

The progression from recreational drug-use to addiction is a complex process, 

involving many neuroadaptations that lead to compulsive drug-seeking behaviors. 

Complex diseases often require multifaceted therapies, and this is likely true for treatment 

of cocaine use disorder. Cocaine addiction encompasses multiple stages, from 

intoxication to withdrawal/negative affect to preoccupation and ultimately relapse. 

Therefore, successful treatments must ease symptoms associated with each of these 

stages. Monotherapies are not often suited to treat a multitude of symptoms, unless the 
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single medication has multiple mechanisms of action. Thus, a combination therapy 

approach may have several advantages: (1) the ability to target multiple neurotransmitter 

systems at once; and, (2) the potential to be dose-sparing, resulting in a lower risk of side 

effects and toxicity (Palmer and Sorger, 2017; Calzetta et al., 2019; Garjón et al., 2020). 

In this body of work, we focus on a combination therapy that will address both aspects of 

the reward deficit, stress surfeit syndrome associated with cocaine addiction through 

examining the effects of the DA releaser phenmetrazine in combination with the KOR 

antagonist nBNI.  

4. Summary and Aims 

Overall, cocaine affects multiple brain mechanisms leading to various 

neuroadaptations. The Dyn/KOR system plays a primary role in shaping drug-seeking 

behaviors at various stages of the drug addiction cycle, partially through modulation of the 

mesolimbic DA system. Interactions between the Dyn/KOR and DA systems shape many 

overall behavioral outcomes and reward perceptions. Repeated cocaine exposure 

promotes a hypodopaminergic state characterized by low tonic levels of DA. KOR 

hyperfunctioning contributes to this state, as KOR activation leads to inhibition of DA 

release. Augmented KOR function also affects perception of reward value by its influence 

on mesolimbic DA signaling. Drug exposure produces an anhedonic state, driven partly 

by high KOR function in combination with low synaptic DA levels. Further understanding 

the processes underlying development of addictive behaviors and negative affect as a 

result of an orchestrated interaction between the dynorphin/KOR and DA systems may 

help the field target these two systems to find an effective pharmacotherapy to treat 

cocaine use disorder. 
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This dissertation utilizes cocaine self-administration and ex vivo fast scan cyclic 

voltammetry to elucidate (1) behavioral and neurobiological changes in the Dyn/KOR 

system after cocaine-self administration (Chapter 2); (2) how these behavioral effects can 

be altered by treating animals with the DA releaser phenmetrazine and KOR antagonist 

nBNI (Chapter 3); and (3) how KOR activity influences tolerance to the inhibitory effects 

of cocaine (Chapter 4).   
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Significance Statement   

Over 1 million people suffer from cocaine use disorder in the US, but there are no 

FDA-approved pharmacotherapies. Further examination of potential cellular targets in 

preclinical models, and understanding their behavioral impacts, is necessary for 

identification of clinically efficacious medications. One promising target is the 

dynorphin/kappa opioid receptor (Dyn/KOR) system, which is upregulated after chronic 

cocaine exposure, leading to deficits in dopamine signaling which promotes escalation of 

drug intake and relapse. After cocaine self-administration in rats, we examined Dyn/KOR 

activity in the nucleus accumbens and correlated levels of mRNA encoding KOR and Dyn 

with cocaine-seeking behaviors. These results suggest that compounds targeting the 

Dyn/KOR system are worthy of further exploration as therapeutics for cocaine use 

disorder.   
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Abstract  

Background: Prior studies have examined dynorphin/kappa opioid receptor (Dyn/KOR) 

signaling after non-contingent cocaine exposure, but the effects of contingent self-

administration (SA) are not well studied. Here we characterized the effects of escalated 

intravenous SA of cocaine on the functional state of the Dyn/KOR system and its 

interaction with mesolimbic dopamine (DA) signaling. 

Methods: Rats self-administered cocaine in an extended access, limited intake cocaine 

procedure, in which animals were allowed a maximum of 40 infusions per day (1.5 

mg/kg/inf) for 5 consecutive days, to ensure comparable consumption levels. Following 

single day tests of cue reactivity and progressive ratio responding, quantitative real-time 

polymerase chain reaction (qPCR) was used to measure levels of Oprk and Pdyn 

transcripts in the ventral tegmental area (VTA) and nucleus accumbens (NAc). 

Additionally, after SA, ex vivo fast-scan cyclic voltammetry (FSCV) in the NAc was used 

to examine the ability of the KOR agonist U50,488 to inhibit DA release.  

Results: Rats significantly escalated their cocaine intake across the five days of SA, and 

KOR agonist effects on DA release following SA were enhanced. Expression levels of 

Pdyn in the NAc and VTA, and Oprk in the NAc, were elevated in cocaine SA animals 

compared to controls, and Pdyn expression in the NAc was negatively correlated with 

progressive ratio breakpoints, a measure of motivation to self-administer cocaine.  

Conclusions: Overall, these data suggest that cocaine SA elevates KOR/Dyn activity in 

the mesolimbic DA pathway.  
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Introduction  

The dynorphin/kappa opioid receptor (Dyn/KOR) system plays an important role in 

regulation of reward, stress and pain (for review see Estave et al., 2020 and Paton et al., 

2020). Gi/o-coupled KORs are found ubiquitously throughout the central nervous system, 

with a notable density in the mesolimbic dopamine (DA) pathway projecting from the 

ventral tegmental area (VTA) to the nucleus accumbens (NAc) (Mansour et al., 1988; 

Slowe et al., 1999). Behavioral studies have shown an upregulation of the KOR system 

after chronic intake of drugs including opioids, alcohol, and psychostimulants (for review, 

see Wee and Koob, 2010; Koob, 2021). For example, repeated cocaine exposure 

increases KOR binding in limbic brain regions of humans, nonhuman primates, and 

rodents (Daunais et al., 1993; Hurd and Herkenham, 1993; Unterwald et al., 1994; 

Daunais et al., 1995; Spangler et al., 1996a; Fagergren et al., 2003; Frankel et al., 2008). 

Most of these preclinical studies have focused on non-contingent cocaine exposure. 

However, non-contingent cocaine exposure and cocaine SA are known to differentially 

alter gene expression (Stefański et al., 2007; Fumagalli et al., 2013), protein expression 

and/or function (Caffino et al., 2014) and DA activity (Hemby et al., 1997; Stuber et al., 

2005). Thus, outcomes from non-contingent cocaine exposure may not be applicable to 

cocaine SA, which is a more translational model of human drug use. Therefore, this study 

examined the effects of cocaine SA on Dyn/KOR system activity.  

Dyn/KOR hyperactivity is involved in behavioral dysregulation after cocaine SA. 

For example, pharmacological KOR blockade prevents stress-induced reinstatement of 

cocaine seeking (Beardsley et al., 2005a; Polter et al., 2014), decreases cocaine 

breakpoints on a progressive ratio schedule of reinforcement (Wee et al., 2009), and 

attenuates anxiety- and depressive-like behaviors after chronic cocaine SA in rats 

(Valenza et al., 2016). These behavioral outcomes may be due to alterations in either 
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endogenous dynorphin tone or responsiveness of KORs. PET imaging of the striatum in 

active cocaine users showed that higher baseline KOR binding availability correlated with 

greater cocaine choice (Martinez et al., 2019). Indeed, human postmortem studies have 

shown an upregulation of both mRNA encoding prodynorphin (the precursor peptide for 

dynorphin) and autoradiographic KOR binding in the striatum after cocaine overdose 

(Hurd and Herkenham, 1993; Staley et al., 1997; Mash and Staley, 1999).  

When KORs are activated by dynorphin or exogenous agonists, DA release is 

suppressed through multiple mechanisms including G-protein activated inwardly rectifying 

potassium (GIRK) channel activation, leading to subsequent terminal hyperpolarization 

(Chavkin et al., 1982; Heijna et al., 1990; Siciliano et al., 2015a; Karkhanis et al., 2016c; 

Rose et al., 2016a). This inhibition of DA release may contribute to a hypofunctioning DA 

system after chronic cocaine SA (for review, see Trifilieff and Martinez, 2013). DA 

hypofunction is involved in the reward deficits and negative affective states seen during 

drug withdrawal and may drive further cocaine use and promote relapse (for review see 

Koob et al., 2014 and Koob, 2021). While there is evidence that the Dyn/KOR system is 

upregulated after chronic, repeated cocaine exposure (for review see, Shippenberg et al., 

2007; Chavkin and Koob, 2016), the mechanisms through which the Dyn/KOR system 

contributes to cocaine-induced DA hypofunction are not well understood.  

In this study, we examine how the Dyn/KOR system in both the VTA and NAc 

adapts after a high-dose, binge-like IV cocaine SA procedure that produces an escalation 

of intake and neurobiological changes associated with cocaine use disorder (Ferris et al., 

2011, 2012; Calipari et al., 2013, 2014a). Further, to better understand the functional state 

of the Dyn/KOR system following cocaine SA, we used fast-scan cyclic voltammetry 

(FSCV) in brain slices to measure the ability of KOR agonism to inhibit DA release in the 

NAc. In another subset of animals, we measured gene expression levels of Oprk and Pdyn 
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encoding KOR and prodynorphin, respectively, after cocaine SA, and correlated these 

mRNA levels with behavioral measures taken in the same animals. Overall, these studies 

provide a more comprehensive view of Dyn/KOR and DA system interactions and 

dysregulation after cocaine SA. 

Methods 

Animals 

Male Sprague-Dawley rats (325–400 g; Envigo, Indianapolis, IN) were maintained 

on a 12:12 h light/dark cycle (lights on at 1500) with food and water ad libitum. The 

Institutional Animal Care and Use Committee at Wake Forest School of Medicine 

approved the experimental protocol, and all animals were maintained according to the 

National Institutes of Health guidelines in Association for Assessment and Accreditation 

of Laboratory Animal Care accredited facilities. 

Drugs 

For FSCV, Cocaine HCl and U50,488 were acquired from National Institute on 

Drug Abuse Drug Supply Program (Bethesda, MD) and dissolved in deionized water. For 

behavior, Cocaine HCl was dissolved in sterile saline. 

Catheter implantation 

Rats were anesthetized with ketamine (100 mg/kg, i.p) and xylazine (8 mg/kg, i.p.) 

and given ketoprofen (5 mg/kg, s.c.) for analgesia before being implanted with a chronic 

indwelling jugular catheter as described previously (Liu et al., 2005). Following surgery, 

animals were individually housed in 30×30×30 cm custom-made operant conditioning 

chambers, which served as both a housing and experimental chamber as described 
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previously (Siciliano et al., 2019). All SA sessions occurred in the active/dark cycle (0900-

1500). The first cocaine SA session began 3 days after surgery.  

Cocaine SA: Extended Access, Limited Intake Procedure 

Without prior operant training, rats were given access to cocaine (1.5 

mg/kg/infusion over approximately 4 seconds depending on animal weight) on a fixed-

ratio one (FR1) schedule of reinforcement. Each response resulted in an infusion of 

cocaine, retraction of the lever and illumination of a stimulus light for the duration of the 

infusion. Sessions were terminated when 40 infusions were reached or 6 hours elapsed, 

whichever occurred first. Acquisition was considered met when the animals first 

administered 40 infusions of cocaine at evenly spaced intervals within a 6 hour session. 

Animals were required to complete at least 4 additional days of 40 infusions per day, for 

a total of 5 consecutive days. A subset of animals were sacrificed the following morning 

(~0900) for FSCV experiments (approximately 18 hours withdrawn), and the other subset 

of animals completed operant tasks and were sacrificed for quantitative real-time PCR 

(described below). All control animals in this study were implanted with a closed-off port 

on the animal’s dorsum, allowing animals to be tethered in their home cage to control for 

surgery and housing conditions.   

Cue Reactivity Task 

Eighteen hours after the last cocaine SA session, animals were tested for cue 

reactivity. In this task, lever presses resulted in a delivery of a cue light, pump noise and 

retraction of a lever on a FR1 schedule; however, saline was delivered in place of cocaine. 

Sessions lasted for 6 hours, and the total number of lever presses was recorded. 
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Cocaine SA on a Progressive Ratio Schedule of Reinforcement 

One day after the cue reactivity task, animals were allowed to self-administer 

cocaine on a progressive ratio schedule of reinforcement (PR, 0.19 mg/kg/infusion of 

cocaine) for one day. One day of testing was used since breakpoints have been shown to 

not significantly increase over time after animals self-administer high amounts of cocaine, 

as in the extended access, limited intake procedure used here (Morgan et al., 2006; Liu 

et al., 2007a). Response requirements systematically increased following each earned 

reinforcer in the following ratio sequence: 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 50, 62, 77, 

95, 118, etc. as described previously (Richardson and Roberts, 1996). Breakpoints were 

defined as the number of reinforcers earned prior to one hour elapsing without completion 

of the next response ratio requirement (Richardson and Roberts, 1996). 

Ex vivo Fast Scan Cyclic Voltammetry (FSCV) 

FSCV was used to examine changes in DA dynamics in rat NAc core following 

completion of extended access, limited intake procedure. Approximately 18 hours after 

the last SA session (0900-1000), animals were rapidly decapitated, brains were removed 

and immediately transferred to ice-cold artificial cerebrospinal fluid (ACSF). A vibrating 

tissue slicer (Leica VT1200S, Leica Biosystems, Wetzler, Germany) was used to prepare 

400 µM thick coronal brain slices containing the NAc core (see Mauterer et al., 2018 for 

details). Brain slices were transferred to recording wells containing 32˚C oxygenated 

ASCF flowing at 1 mL/min. A carbon fiber microelectrode (150–200 μM length, 7 μM 

diameter) and a bipolar stimulating electrode were positioned into the NAc core. A single 

electrical pulse (750 μA, 4 msec, monophasic) was applied every 5 minutes to evoke DA 

release. The extracellular DA concentration was recorded by applying a triangular 

waveform (−0.4 to +1.2 to −0.4 V vs. Ag/AgCl, at a rate of 400 V/s) to the carbon fiber 
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microelectrode. Once DA release was stable, a concentration-response curve of U50,488 

(0.01, 0.03, 0.10, 0.30, 1.0, 3.0 μM) was obtained by adding the KOR agonist cumulatively 

to the slice superfusion buffer at approximately 45 minute intervals, or after the effect of 

the drug on DA release was stable. 

Quantitative Real-time PCR (qPCR) 

Animals were anesthetized with isoflurane and rapidly decapitated approximately 

18 hours after the PR cocaine SA session. The NAc and VTA were immediately collected 

using a rat brain block and stored at -80°C until tissue processing. One side of NAc or 

VTA tissue was homogenized in TRIzol, and the total RNA was extracted using an RNeasy 

isolation kit (Qiagen, Valencia, CA, USA). The purity and quantity were determined using 

a NanoDrop 2000 Spectrometer (Thermo Fisher Scientific, Wilmington, DE, USA). The 

total RNA (1µg) was reverse transcribed to a single-stranded cDNA using a cDNA Reverse 

Transcription Kit (Invitrogen). The sequences of oligonucleotide primers for amplification 

of the opioid genes were described previously (Sun et al. 2020): Oprk forward primer: 5’-

TCCCTGGTCATGTTTGTCATC-3’; Oprk reverse primer: 5′-

TGGAAGGGCATAGTGGTAGTA-3′), Pdyn forward primer: 5′-

CTTGGAGAATGAGGTTGCTTTG-3′; Pdyn reverse primer: 5′-

GAGACGCTGGTAAGGAGTTG-3′), and housekeeping gene Gapdh forward primer: 5′-

TGATGCTGGTGCTGAGTATGTCGT-3′; Gapdh reverse primer: 5′-

TTCTCGTGGTTCACACCCATCACA-3′. The primers were synthesized by Integrated 

DNA technologies (Coralville, IA, USA).  

To determine the mRNA levels of Oprk and Pdyn, qPCR was conducted with Fast SYBR 

Green Master Mix (Invitrogen) in a 96-well format using an ABI 7500 Fast real-time PCR 

System (Applied Biosystems, Forester City, CA, USA). The PCR reaction mixture 

contained primers (100 nM) and transcribed cDNA (10 ng) in a total volume of 20 µl. 



53 
 

Samples were denatured first at 95 °C for 10 min followed by 36 cycles of PCR (15s at 

95°C, 20 s at 60°C and 15 s at 72°C). Control and cocaine SA samples were run 

concurrently on the same 96-well plate, and each sample was run in triplicate. The mRNA 

levels of Oprk and Pdyn were normalized to the housekeeping gene Gapdh, which is not 

altered by cocaine SA (Graham and Self, 2010). The relative fold change was calculated 

using the ΔΔCt method (Livak and Schmittgen, 2001). Data are presented as relative to 

controls. 

Data Analysis  

Demon Voltammetry and Analysis software was used to evaluate evoked DA 

release and reuptake kinetics. Recording electrodes were calibrated by recording current 

responses to a known concentration of DA (3 μM), which was used to convert current (nA) 

to DA concentration (µM). Michaelis–Menten based modeling was then used to determine 

the amount of stimulated DA release and the maximal rate of DA uptake (Vmax). See 

Yorgasen et al., 2011 for further details.  

All analyses were conducted using GraphPad Prism 8 (Graph Pad Software, La 

Jolla, CA). Data are presented as mean ± standard error, and significance level is set at 

p<0.05. When appropriate, Mauchly’s Test of Sphericity was used to determine if data 

violated the assumption of sphericity, and Greenhouse–Geisser correction was used if 

data violated this assumption.  For cocaine SA, a one-way ANOVA with repeated 

measures was used to determine if there was a significant reduction in the inter-infusion 

interval and the rate of infusions per hour across session days (n=7). Posthoc Dunnett’s 

multiple comparisons tests was used to evaluate whether there were any differences in 

these parameters between sessions on days 2-5 and day 1. For FSCV, a Student’s t-test 

was conducted to compare baseline DA release and the uptake rate between cocaine-

exposed (n=21 slices) and naïve rats (n=36 slices). Concentration-response curves were 

https://www.sciencedirect.com/science/article/pii/S0306452220304784?via%3Dihub#b0125
https://www.sciencedirect.com/science/article/pii/S0306452220304784?via%3Dihub#b0200
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then subjected to a two-way ANOVA with repeated measures, with concentration as the 

within-subject factor and experimental group as the between-subjects factor. DA release 

was the dependent variable. Two-way ANOVAs were followed by targeted pairwise 

comparisons between groups using a Sidak post hoc test. A Student’s t-test was used to 

determine if there were a difference in efficacy of U50,488 between cocaine and control 

animals. Due to unequal variance between groups, a Welch’s T-test (one-sided) was used 

to determine if there were a difference in potency.  For mRNA, a Student’s t-test was 

conducted to determine differences between cocaine-exposed and control rats (n=6-7 per 

group). Lastly, Pearson’s correlation coefficient was used to measure the strength of 

correlations between mRNA levels and cue reactivity responding or progressive ratio 

breakpoint.   

Results:  

Escalation of the Rate of Cocaine Intake  

We have shown previously that 5 days of 40 cocaine infusions (1.5 mg/kg/inf) 

results in an escalated rate of intake across cocaine SA sessions (Ferris et al., 2011, 2012; 

Calipari et al., 2013, 2014a). This escalation can be expressed as a decrease in the 

average inter-infusion interval between the 40 infusions, an increased rate of infusions per 

hour, or a decrease in the length of time to complete 40 infusions. 

A one-way ANOVA with repeated measures revealed a significant main effect of 

cocaine session on the inter-infusion interval (F (4, 24) = 20.79, p<0.0001, Fig 1C) and the 

rate of infusions per hour (F (4, 24) = 18.54, p<0.0001, Fig 1D). Posthoc Dunnett’s multiple 

comparisons tests revealed a significant decrease in the inter-infusion intervals on days 

2-5 when compared to day 1 (day 2, p=0.003; day 3-5, p<0.0001, Fig 1C). There was also 
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a significant increase in the rate of infusions on days 2-5 when compared to day 1 (day 2, 

p=0.02; day 3, p=0.0007; day 4-5, p<0.0001, Fig 1D). 

Increased Kappa Opioid Receptor Activity after Contingent IV Cocaine SA 

Pre-drug baseline DA release and the uptake parameters were analyzed to 

evaluate difference in DA kinetics after cocaine SA. There was no significant difference in 

baseline stimulated DA release (t(55)=1.657, p=0.1; Fig 2B) or the rate of maximal uptake  

(t(55)=0.20, p=0.8; Fig 2C). A two-way ANOVA with repeated measures revealed a main 

effect of cocaine SA on inhibition of DA release in response to KOR agonist U50,488, 

indicating that cocaine SA increases responsivity of the KOR system in the NAc core (seen 

as an increase in inhibition of DA release; F(1,14) = 10.51, p=0.006; Fig 2D). Sidak’s multiple 

comparisons test revealed a greater inhibition of DA release by U50,488 treatment at 0.01 

µM (p=0.01), 0.03 µM (p=0.02) and 0.1 µM (p=0.02) in cocaine SA animals. This increase 

in inhibition of DA release by KOR activation appears to be due to a shift in the efficacy 

(t(15)=2.994, p=0.009; Fig 2E) and potency (t(9.717)=2.151, p=0.03; Fig2F).    

Increased expression levels of Oprk and Pdyn in the Mesolimbic DA system after 

Cocaine SA 

Expression levels of mRNA encoding the kappa opioid receptor (Oprk) and 

prodynorphin (Pdyn) were determined by qPCR analyses (Fig 3). Cocaine SA significantly 

increased Oprk mRNA in the NAc (t(11)=4.998, p=0.0004; Fig 3B), with a modest, non-

significant trend for an increase in the VTA (t(12)=1.851, p=0.09; Fig 3C) compared to 

controls. Cocaine SA significantly increased Pdyn mRNA levels in the NAc 

(t(12)= 4.561, p= 0.0007; Fig 3D) and VTA (t(11)= 2.432, p=0.03; Fig 3E).  
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Pdyn mRNA levels are Negatively Correlated with Cocaine Breakpoints on PR  

We examined whether there was a correlation between Oprk and Pdyn mRNA 

levels and drug seeking behaviors (cocaine breakpoints or the total number of lever 

presses during a cue reactivity session) using Pearson’s correlation coefficient. The 

mRNA levels of Pdyn, but not Oprk, in the NAc were negatively associated with 

breakpoints on a PR schedule of reinforcement (r=-0.85, r2= 0.73, F(1,5)= 13.54, p=0.0143), 

suggesting that animals with lower cocaine breakpoints (0.19 mg/kg/inf) are predicted to 

have higher levels of Pdyn mRNA in the NAc (Fig 4B).  Breakpoints were not significantly 

correlated with Oprk or Pdyn mRNA levels in the VTA (Fig 4C,G). The total number of 

lever presses during the cue reactivity session was not correlated with Oprk or Pdyn 

mRNA levels in the VTA or the NAc (Fig 4D,E,H,I) 

Discussion:  

This study explored the state of the Dyn/KOR system in the NAc and VTA of rats 

after high-dose, binge-like cocaine SA by examining KOR activity in the NAc using FSCV, 

and by measuring Oprk and Pdyn mRNA levels in the NAc and VTA. This is the first report 

to employ FSCV in brain slices to show alterations in Dyn/KOR after cocaine SA. 

Additionally, our unique extended access, limited intake SA procedure standardized 

cocaine consumption across animals, removing variations in cocaine history as a 

confound and thus decreasing subsequent variability in neurobiological outcomes. This is 

the first demonstration that inhibition of DA release by KOR activation in the NAc is 

augmented by cocaine SA in rats. Additionally, unlike expected compensatory adaptations 

between receptor and ligand, in which receptor levels are reduced in the presence of 

excess ligand, we show here that both Pdyn and Oprk mRNA levels were elevated in the 

VTA following cocaine SA. Together, these findings suggest heightened activity of the 
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Dyn/KOR system after cocaine SA in rats, which could contribute to hypodopaminergia 

and thereby promote the progression of addiction-like behaviors.  

Dynorphin-containing neurons and KORs are widely distributed in the limbic 

system, including the NAc and VTA, among other regions (Meng et al., 1993; Simonin et 

al., 1995; Al-Hasani et al., 2015). The Dyn/KOR and DA systems interact with one another, 

especially within the mesolimbic pathway (Heidbreder et al., 1998; Chefer et al., 2013; 

Ehrich et al., 2014, 2015). Pharmacological activation of KORs inhibits DA release and 

decreases extracellular DA levels, as measured by microdialysis (Di Chiara and Imperato, 

1988; Spanagel et al., 1992b; Zhang et al., 2004; Chefer et al., 2006; Fuentealba et al., 

2006; Gehrke et al., 2008; Karkhanis et al., 2016d). Upregulation of the Dyn/KOR system 

after cocaine exposure is thought to be part of a compensatory mechanism to reduce DA 

levels in response to chronic cocaine-mediated increased dopaminergic activity in the 

mesolimbic pathway (for review, see Koob 2008). Here we showed that Dyn/KOR activity 

was heightened after cocaine SA by measuring KOR agonist-induced inhibition of 

electrically-stimulated DA release using FSCV. 

Increased activity of the KOR system appears to be an evolutionarily conserved 

neuroadaptation that occurs in response to repeated use of multiple drugs of abuse and 

contributes to compulsive drug taking behaviors (for review, see Wee and Koob, 2010; 

Siciliano et al., 2018). KOR antagonists, for instance, decrease cocaine (Wee et al., 2009), 

heroin (Schlosburg et al., 2013), methamphetamine (Whitfield et al., 2015) and ethanol 

(Walker and Koob, 2008; Rose et al., 2016a) SA in rats with extended drug access. KOR 

blockade also prevents stress-induced reinstatement of cocaine (Polter et al., 2014, 2017; 

Beardsley et al., 2005; Carey et al., 2007; Redila and Chavkin, 2008), heroin (Sedki et al., 

2015) and ethanol seeking (Sperling et al., 2010). Similar to the enhanced KOR activity 

after cocaine SA seen here, our laboratory has also shown augmented KOR regulation of 
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DA after chronic intermittent ethanol in mice (Karkhanis et al., 2016c; Rose et al., 2016a), 

as well as after voluntary drinking in macaques (Siciliano et al., 2015a).  

To understand potential mechanisms for upregulation of the Dyn/KOR system after 

cocaine SA, we analyzed Pdyn and Oprk transcripts in the NAc and VTA. Previous studies 

showed that repeated non-contingent cocaine injections increased Pdyn and Oprk mRNA 

levels in several mesolimbic brain regions (Mathieu-Kia and Besson, 1998; Turchan et al., 

1999), though these results have not been consistently found (Daunais and McGinty, 

1995; Rosin et al., 1999; Bailey et al., 2005).  While there are a number of studies 

examining Pdyn gene expression after non-contingent cocaine administration, there are 

relatively few examining Oprk. Moreover, Pdyn/Oprk expression changes in the NAc and 

VTA after cocaine SA have not previously been measured in the same animals. 

In this study, we were interested in the co-regulation of Pdyn and Oprk in both the 

VTA and NAc after cocaine SA, allowing for a better understanding of the Dyn/KOR 

system’s influence on the DA system in both the cell bodies and terminals of dopaminergic 

neurons, which can be differentially regulated. Additionally, we examined changes in both 

the ligand and receptor. Previous studies using cocaine SA in rats consistently showed 

increased Pdyn levels in the caudate and/or NAc (Hurd et al., 1992; Daunais et al., 1993; 

Ziółkowska et al., 2006; Valenza et al., 2016), and the same was found in non-human 

primate and human studies (Hurd and Herkenham, 1993; Fagergren et al., 2003; Frankel 

et al., 2008). However, only one study, from the MJ Kreek laboratory, used cocaine SA 

and examined changes in Oprk mRNA levels, and the results differed depending on the 

brain region and the strain of rats used. The Oprk mRNA was increased in the dorsal 

striatum of Lewis but not Fischer rats, and there were no changes in the NAc (Valenza et 

al., 2016). There were, however, several experimental discrepancies between the present 

study and the one by Valenza and colleagues (2016), aside from strain differences. Their 

https://www.sciencedirect.com/science/article/pii/S0074774217301393?via%3Dihub#bb0555
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rats were allowed unlimited access to cocaine for 14 days, 18 hours per day, and the 

doses were chosen individually by each rat (“subject-controlled unit dose selection”), 

varying from 0.2 to 2.5 mg/kg/inj. Together, these studies suggest that results can vary, 

depending on strain, schedule and total consumption of cocaine. In our study, we used a 

6-hour access session with a cocaine dose of 1.5 mg/kg/inj for 5 days, and we limited 

consumption so that each rat took the same amount every day (60 mg/kg); therefore, in 

this study, variations in mRNA levels and KOR function are not likely due to differences in 

cocaine consumption.  

The next important step is to further understand the impact of alterations in KORs 

and Dyn on behavioral outcomes, such as the cocaine reinforcement and seeking 

examined here. While KOR antagonists consistently decrease cocaine’s behavioral 

effects (for review see Reed et al., 2020 but see Beardsley et al., 2005), activating the 

KOR system can either augment or inhibit cocaine’s effects, in a complex time-, schedule- 

and context-sensitive manner (for review see Escobar et al., 2020). With acute dosing of 

a KOR agonist, there is evidence for a rapid (~15 min) decrease in cocaine reward 

sensitivity followed by a later (~1hr) increase in sensitivity, and a delayed (~24-48hr) 

rebound decrease in sensitivity (Heidbreder et al., 1998; Fuentealba et al., 2006; Chartoff 

et al., 2008, 2016; Ehrich et al., 2014). For example, administration of a KOR agonist 15 

minutes before cocaine blocks conditioned place preference, whereas administration 1 

hour before cocaine augments conditioned place preference (McLaughlin et al., 2006; 

Ehrich et al., 2014). Chartoff and colleagues (2016), using intracranial self-stimulation, 

showed that administration of the KOR agonist Salvinorin A 1 hour before cocaine 

presentation increased sensitivity to cocaine reward, but there was a decrease in 

sensitivity when cocaine was administered 24 hours after Salvinorin A. Many laboratories 

have attributed these changes in reward sensitivity to the magnitude of change in the 
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hedonic state of the animal pre- and post-cocaine since acute effects of KOR agonists are 

aversive and produce an anhedonic-like state (Bruchas et al., 2010; Schindler et al., 2010; 

Ehrich et al., 2014; Chartoff et al., 2016). Further, repeated or chronic exposure to an 

exogenous KOR agonist or endogenous dynorphin (as with repeated stress), has been 

shown to induce either exacerbated or opposite effects from acute exposure (for review 

see (Escobar et al., 2020)). This may explain our paradoxical findings of a negative 

correlation between Pdyn mRNA levels and cocaine breakpoints. If Dyn peptide levels are 

increased, as suggested by high mRNA levels, at the same time that progressive ratio 

responding is being measured, the overall reinforcing effects of cocaine, or breakpoints, 

may be reduced. Further investigation will be necessary to understand the complex 

relationships between Pdyn, Oprk and cocaine’s behavioral effects. 

Understanding how the interaction between Dyn/KOR and DA systems is altered 

following stress and drug exposure is an expanding field, and additional mechanistic 

studies are necessary to further examine co-regulation of these two systems. For 

example, monitoring extracellular levels of dynorphin in real time would add to the current 

state of the literature, but methodologies are limited. The Kennedy laboratory is making 

headway in analytical techniques to allow rapid measurements of dynorphin using 

microdialysis and liquid chromatography/mass spectrometry, but these methods are not 

currently widely available (Li et al., 2009; Zhou et al., 2013; Al-Hasani et al., 2018). Though 

several KOR antibodies have been created, they generally lack specificity, as is often the 

case with antibodies against G-protein coupled receptors (for review, see Michel et al., 

2009). A new knock-in mouse line was recently created that has a fluorescent protein 

fused to the KOR, bypassing some of the issues with KOR antibodies (Chen et al., 2020). 

Due to the limitations of utilizing KOR antibodies, we focused on changes in mRNA levels; 

future work will be necessary to examine if these changes translate to alterations in protein 
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levels. However, using FSCV, in the present study we measured an increase in the ability 

of the KOR agonist, U50,488 to inhibit DA release in the NAc, with a greater maximal 

effect but no change in potency, which is consistent with increased receptor numbers, 

although not conclusive.  

In conclusion, our data shows that the Dyn/KOR system is upregulated in rats after 

binge-like cocaine SA. In addition to Oprk and Pdyn mRNA levels being elevated in the 

NAc and VTA, we showed that KOR activity in the NAc is also augmented. Additional 

studies will be necessary to fully understand the relationship between KOR and dynorphin 

expression and how this relates to behavioral outcomes. Nonetheless, these results 

provide support to continue examining the Dyn/KOR system in relation to the DA system, 

and how these two systems can be targeted to treat cocaine use disorder.  
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Figure 1  

 

Figure 1: Escalation in the rate of cocaine intake in an extended access, limited 

intake procedure. A) Schematic of experimental timeline. B) Event record across 5 

sessions of a representative animal self-administering cocaine (1.5 mg/kg/inf, 40 

infusions). Each vertical tick mark represents a contingent infusion of cocaine. Escalation 

of rate of cocaine intake can be seen across the five days, with the animals self-

administering 40 infusions in shorter session lengths each day. C) There was a significant 

decrease in the interinfusion interval (time between each infusion) across 5 days. D) There 

was a significant escalation of rate of intake (infusions/hour) across 5 days. N=7; *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. Data shown as mean ±SEM. FR1, fixed-ratio one; inf, 

infusion; FSCV, fast-scan cyclic voltammetry.  
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Figure 2 

 

Figure 2: Increased kappa opioid receptor function after cocaine SA. A) Schematic 

of experimental timeline. B) Average evoked DA release (µM) in the control group (n=36, 

black) versus the cocaine group (n=21, blue). C) Average maximal rate of DA uptake 

(Vmax). D) Group data showing that the cocaine group had greater response to KOR 

agonist U50,488 (n=9 per group). E) Increased efficacy of U50,488 in the cocaine group, 

defined by maximal effect on DA per pulse ([DA]/p). F) No change in potency of U50,488 

between groups, defined by the log of the half-maximal Inhibitory Concentration (Log 

IC50). *p<0.05, **p<0.01. Data shown as mean ±SEM. Inf, infusion; FR1, fixed-ratio one; 

FSCV, fast-scan cyclic voltammetry; Coc, cocaine; Ctrl, control. 
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Figure 3 

 

Figure 3: Effect of cocaine SA on mRNA levels of the kappa opioid receptor and 

prodynorphin genes in the NAc and VTA. A) Schematic of experimental timeline. B) 

Population data showing responding on a cue reactivity test day and C) breakpoints on a 

progressive ratio schedule. D) Cocaine SA (blue) significantly increased Oprk mRNA in 

the NAc compared to controls (black). E) In the VTA, Oprk mRNA levels trended toward 

an increase after cocaine SA (p=0.09). F) Cocaine SA increased Pdyn expression in the 

NAc and G) in the VTA. N=6-7 per group. *p<0.05, ***p<0.001. Data was normalized to 

Gapdh gene and shown as mean ±SEM. FR1, fixed-ratio one; qPCR, quantitative real-

time PCR; Coc, cocaine; Ctrl, control; NAc, nucleus accumbens; VTA, ventral tegmental 

area.   
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Figure 4 

 

Figure 4: Correlations between Pdyn and Oprk mRNA levels and drug-seeking 

behaviors. A) Schematic of experimental timeline. B, C) Pdyn mRNA levels in the NAc, 

but not the VTA, correlate with cocaine breakpoints on a progressive ratio schedule of 

reinforcement (0.19 mg/kg/inf). D, E) Pdyn mRNA levels in the NAc or VTA do not correlate 

with cue reactivity responses. F-I) Oprk mRNA levels in the NAc or VTA do not correlate 

with breakpoints or cue reactivity responses. *p<0.05. mRNA levels were normalized to 

Gapdh gene. FR1, fixed-ratio one; inf, infusion; qPCR, quantitative real-time PCR; NAc, 

nucleus accumbens; VTA, ventral tegmental area.  
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Abstract: 

Cocaine disrupts dopamine (DA) and kappa opioid receptor (KOR) system activity, 

with long-term exposure resulting in reduced inhibition of DA uptake by cocaine, as well 

as increased KOR function. Single treatment therapies have not been successful in clinical 

studies for cocaine use disorder; therefore, this study focuses on a combination therapy 

including ligands for the DAT and KOR. We used phenmetrazine to target the DAT since 

it is mechanistically similar to the DA releaser amphetamine, which has shown promise 

clinically but suffers from high abuse liability. Additionally, we and others have shown that 

releasers such as phenmetrazine can reverse cocaine-induced DAT adaptations. In 

combination with phenmetrazine, the KOR antagonist norbinaltorphimine (nBNI) will be 

used to combat the heighted KOR function seen after cocaine exposure. After confirming 

that the current protocol of 5 days of FR1 cocaine self-administration  (1.5 mg/kg/inf, max 

40 inf/day), followed by 14 days on a progressive ratio (PR) schedule (0.19 mg/kg/infusion) 

resulted in decreased inhibition of DA uptake compared to control animals, we examined 

the behavioral effects of individual and combined administration of phenmetrazine and nBNI. 

We found that chronic administration of phenmetrazine or the combination of 

phenmetrazine and nBNI—but not nBNI alone—significantly reduced PR breakpoints. The 

combination reversed cocaine-induced neurodysregulations of the KOR and DA systems, 

indicating therapeutic benefits of targeting the DA and KOR systems in tandem. Taken 

together, these data highlight the potential beneficial effects of the DAT and KOR as dual-

cellular targets to reduce motivation to administer cocaine and reverse cocaine-induced 

alterations of the DA system.   
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Introduction  

Addiction is an ongoing public health crisis, with opioids and cocaine leading the 

list of drugs responsible for overdose deaths in the United States. Notably, from 2010 to 

2017, there was a 3.5-fold increase in overdose deaths involving cocaine (Abuse, 2020). 

To date, however, the FDA has yet to approve any medication to treat cocaine use 

disorder. Therefore, a greater understanding of cocaine’s mechanisms and the 

neurobiological alterations induced by chronic cocaine exposure is needed to inform 

medication development. 

Cocaine functions as a reinforcer, acting primarily through inhibition of the 

dopamine transporter (DAT) (Roberts et al., 1977; Ritz et al., 1987a; Bergman et al., 1989; 

Volkow et al., 1997; Chen et al., 2005, 2006), which leads to elevated extracellular 

dopamine (DA) levels, particularly in limbic regions of the brain (Di Chiara and Imperato, 

1988; Hurd et al., 1989; Wise et al., 1995; Czoty et al., 2000; Cox et al., 2009; Calipari et 

al., 2014a). After chronic cocaine exposure, extensive compensatory neuroadaptations 

lead to deficits in DA signaling, especially during drug withdrawal (Parsons et al., 1991; 

Imperato et al., 1992; Dworkin et al., 1995; Jones et al., 1995). PET studies in individuals 

with cocaine use disorder show an association between low D1 receptor availability in the 

ventral striatum and an increased number of cocaine choices over monetary vouchers 

(Martinez et al., 2009). Additionally, several PET studies have revealed persistent 

reductions in striatal D2/D3 receptor binding in individuals with cocaine use disorder 

(Volkow et al., 1990, 1993; Martinez et al., 2007) (but see Narendran et al., 2011). 

Postmortem striatal tissue from chronic users has increased DAT binding and increased 

DAT function (Little et al., 1998; Mash et al., 2002). Overall, these changes point to a 

hypodopaminergic state in humans after chronic cocaine use (Volkow et al., 1999; Blum 

et al., 2000 p.2; Koob and Kreek, 2007), which is also seen in preclinical models of cocaine 
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addiction (Mateo et al., 2005b; Nader and Czoty, 2005; Samuvel et al., 2008; 

Ramamoorthy et al., 2010; Siciliano et al., 2015b). 

Prevailing theories of addiction suggest that positive reinforcement drives initial 

drug use, whereas negative reinforcement, aimed at alleviating withdrawal-associated 

negative affective states (anxiety, dysphoria, anhedonia), promotes later compulsive drug 

use (Ahmed et al., 2002; Koob, 2013; Edwards, 2016). Changes in DA over time mirror 

this switch in reinforcement valence, with early transient DA elevations preceding long-

term reductions in signaling (for review see Bressan and Crippa, 2005; Blum et al., 2015). 

During early drug use, humans report that cocaine initiates a feeling of euphoria, or “high” 

(Resnick et al., 1977; Van Dyke et al., 1982; Cascella et al., 1994); however, after long-

term use, subjects no longer take cocaine to get “high” but to reduce drug craving and 

feelings of dysphoria and anhedonia—allowing them to feel somewhat “normal” while 

under the influence of cocaine (Fischman et al., 1985; Breiter et al., 1997) (for review see 

(Hyman, 1996).  

In preclinical animal models, chronic cocaine exposure induces DA system 

adaptations including (1) low tonic levels, (2) decreased responses to stimuli, (3) reduced 

behavioral effects of cocaine, and (4) tolerance to cocaine’s inhibitory effects on the DAT 

(Ferris et al., 2011, 2012, 2015; Willuhn et al., 2014; Siciliano et al., 2015b). To address 

the state of low DA after chronic use by blocking cocaine from binding to the DAT, many 

putative medications for cocaine use disorder have targeted DATs. DA “releasers”, for 

example, competitively bind to DATs and inhibit uptake as well as reverse the direction of 

transport and promote non-vesicular release of DA into the extracellular space (Floor and 

Meng, 1996; Jones et al., 1998b; Schmitz et al., 2001; Fleckenstein et al., 2007; Daberkow 

et al., 2013). Releasers have been shown to reduce voluntary cocaine intake in both 

clinical and preclinical studies (amphetamine, (Negus and Mello, 2003; Grabowski et al., 

2004; Mooney et al., 2009; Herin et al., 2010; Longo et al., 2010; Czoty et al., 2011); 
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phenmetrazine/phendimetrazine, (Czoty et al., 2015; Stoops et al., 2019)), and recent 

results from our laboratory are consistent with prior studies (amphetamine, (Ferris et al., 

2015; Siciliano et al., 2017); phenmetrazine, (Karkhanis et al., 2016b)). 

In addition to DA deficits, recruitment of brain stress systems, including the 

corticotrophin releasing factor and kappa opioid receptor (KOR) systems, evoke negative 

affective states that intensify the negative reinforcing aspects of on-going drug use 

(Shippenberg et al., 2001; Mague et al., 2003; Land et al., 2008b). In this study, we focus 

on KORs, which are widely distributed throughout the brain, with high density in the 

nucleus accumbens (NAc) where they are located on both neuronal cell bodies and 

afferent axon terminals, including DA terminals (Werling et al., 1988; Svingos et al., 2001). 

When DA terminal KORs are activated, DA release is inhibited, contributing to a low-

functioning DA system (hypodopaminergia) (Werling et al., 1988; Spanagel et al., 1992b; 

Thompson et al., 2000a; Ebner et al., 2010; Karkhanis et al., 2016b; Rose et al., 2016b) 

(but see (Lemos et al., 2012; Schindler et al., 2012)). This inhibition of DA release 

promotes anxiety- and depressive-like behaviors (Mague et al., 2003; Land et al., 2008b; 

Knoll and Carlezon, 2010), which may heighten the risk of relapse in cocaine-dependent 

individuals. Conversely, KOR antagonists reduce anxiety-like behaviors and prevent 

stress-induced reinstatement of cocaine seeking (Beardsley et al., 2005b; Carey et al., 

2007; Redila and Chavkin, 2008; Carr and Lucki, 2010; Chartoff et al., 2012; Graziane et 

al., 2013). Repeated cocaine exposure in animal models (Unterwald et al., 1994; Collins 

et al., 2002) and in humans (Hurd and Herkenham, 1993; Staley et al., 1997; Mash and 

Staley, 1999) leads to an upregulation of KORs in the NAc, which is thought to reduce DA 

transmission. A recent study using PET imagining revealed a positive correlation between 

cocaine choice and KOR binding (availability) in many brain regions, including the ventral 

striatum, following an acute stressor (Martinez et al., 2019). For these reasons, KOR 
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antagonists may be beneficial in reducing KOR activity and restoring extracellular levels 

of DA after chronic cocaine exposure. 

Enduring changes in DA and KOR systems after chronic cocaine exposure likely 

drive, at least in part, escalation of drug intake as well as increased seeking and relapse-

like behaviors, presumably in an attempt to restore DA homeostasis. This study, for the 

first time, examines the combined effects of the DA releaser phenmetrazine and the KOR 

antagonist norbinaltorphimine (nBNI) on the motivation to take cocaine and dopamine 

system dysregulations. In this preclinical study, we find putative benefit of a combination 

therapy with phenmetrazine and nBNI, which is echoed by a wealth of clinical literature 

indicating several advantages of combination therapy, including the potential to treat 

multiple disease symptoms (Palmer and Sorger, 2017; Calzetta et al., 2019; Garjón et al., 

2020). This is particularly important for a complex disease such as cocaine use disorder, 

which is notoriously difficult to treat.  

Materials/Methods  

Animals 

Male Sprague-Dawley rats (325–400 g; Envigo, Indianapolis, IN) were maintained on a 

12:12 h reversed light/dark cycle (lights on at 1500) with food and water ad libitum. All 

animals were maintained according to the National Institutes of Health guidelines in 

Association for Assessment and Accreditation of Laboratory Animal Care accredited 

facilities. The experimental protocol was approved by the Institutional Animal Care and 

Use Committee at Wake Forest School of Medicine. 

Drugs 

For behavior, Cocaine HCl (National Institute on Drug Abuse Drug Supply Program, 

Bethesda, MD) and phenmetrazine hemifumarate (RTI International, Research Triangle 



78 
 

Park, NC) were dissolved in sterile saline; norbinaltorphimine (nBNI) was dissolved in 

sterile injectable water. For fast-scan cyclic voltammetry, U50,488 (National Institute on 

Drug Abuse Drug Supply Program, Bethesda, MD) and Cocaine HCl were dissolved in 

deionized water.  

Catheter implantation 

Rats were anesthetized with ketamine (100 mg/kg, i.p) and xylazine (8 mg/kg, i.p.) and 

implanted with a chronic indwelling jugular catheter (see (Liu et al., 2007b) for further 

details). After surgery, animals were given 5 mg/kg ketoprofen subcutaneously and 

individually housed in 30×30×30 cm custom-made operant conditioning chambers where 

all self-administration sessions took place in the active/dark cycle (0900-1500). Control 

animals for fast-scan cyclic voltammetry experiments were implanted with a closed-off port 

on the animal’s dorsum to control for housing and surgery conditions. 

Cocaine Self-Administration Training 

On the third day after surgery, responding by rats was maintained on a fixed-ratio one 

(FR1) schedule of reinforcement without any prior operant training. Each lever press 

(response) resulted in an intravenous infusion of cocaine (1.5 mg/kg/infusion over 

approximately 4 seconds), retraction of the lever, and illumination of a stimulus light above 

the lever for the duration of the infusion. Sessions were terminated after 40 infusions or 6 

hours elapsed, whichever occurred first. Animals were required to complete 5 consecutive 

days of 40 infusions prior to progressive ratio (PR) schedule of reinforcement. 

Progressive Ratio Schedule of Reinforcement 

Once training was complete, the schedule was switched to PR (0.19 mg/kg/infusion), 

where response requirements systematically increased following each earned reinforcer 
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in the following ratio sequence: 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 50, 62, 77, 95, 118, 

etc. (Karkhanis et al., 2016b). The breakpoint was defined as the number of reinforcers 

earned prior to one hour elapsing without completion of the next response requirement. 

Breakpoint was used as the outcome measure for all statistical analyses (see (Richardson 

and Roberts, 1996) for details).   

Cocaine Self-Administration Paradigm  

The behavioral portion of this study aimed to examine the individual and combined effects 

of phenmetrazine and nBNI on PR responding (Fig 2, Fig 3). Once responding on PR was 

stable (number of infusions earned did not differ by more than 20% over three days, with 

no upward/downward trend; approximately 4-7 days), animals were treated with 

phenmetrazine (25 mg/kg/day, s.c. osmotic minipump, Model 2001 Alzet, Cupertino, CA; 

n=26), nBNI (10 mg/kg, ip; n=10) or saline (n=6) to determine therapeutic effects of each 

monotherapy. Another group of animals received phenmetrazine + nBNI (n=9). Osmotic 

minipumps were replaced every 7 days as needed, and injections of nBNI were 

administered every 7 days. nBNI is known to be a long-lasting KOR antagonist (see 

(Bruchas et al., 2007; Melief et al., 2010) for details), with a single injection resulting in 

behavioral effects for up to 3 weeks (Horan et al., 1992; Carroll et al., 2004; Bruchas et 

al., 2007; Melief et al., 2011). Once responding was stable, animals received a second 

phase of treatment to determine effects over a longer treatment period. Breakpoints were 

recorded when behavior was stable (approximately 4-7 days).  

Food Self-Administration Training  

A separate group of animals were used for food self-administration. To control for housing 

conditions, animals underwent a surgery to implant a closed-off port on the animal’s 

dorsum to allow animals to be tethered in its home cage (similar to cocaine self-
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administering animals). Two days after surgery, responding was maintained on a fixed-

ratio one (FR1) schedule of reinforcement without any prior operant training or food 

deprivation. Each press on the active lever resulted in the delivery of a single 45-mg 

chocolate-flavored rat chow pellet reinforcer (Bio-Serv, Flemington, NJ; product # F0299, 

dustless precision pellets, purified diet), retraction of the lever, and illumination of a 

stimulus light above the lever for 20 seconds to signal a timeout period. Responses on the 

inactive lever were recorded, but no programmed consequences resulted. Sessions were 

terminated after 40 reinforcers were reached or 6 hours elapsed, whichever occurred first. 

Once 5 days of 40 food pellets were earned, conditions were switched to a PR schedule 

of reinforcement, during which the response requirement systematically increased as 

described above. Once responding on PR was stable (described above), animals were 

treated with phenmetrazine (25 mg/kg/day, s.c. osmotic minipump, ALZET model 2002; 

n=9), nBNI (10 mg/kg, i.p.; n=8), or the combination of the two treatments for 14 days 

(n=8), as described above. 

Ex vivo Fast Scan Cyclic Voltammetry (FSCV) 

Ex vivo FSCV was used to examine changes in DA dynamics in the NAc core following 

cocaine self-administration training and 14 days of PR. Approximately 18 hours after the 

end of the final self-administration session (0900-1000) animals were rapidly decapitated 

and brains were extracted and placed in ice-cold, oxygenated artificial cerebrospinal fluid 

(ACSF). A vibrating tissue slicer was used to prepare 400 µM thick coronal brain slices 

containing the NAc core (see (Karkhanis et al., 2016b) for details). Brain slices were 

immersed in oxygenated ACSF and transferred to recording chamber wells containing 

32˚C ASCF flowing at 1 mL/min. A carbon fiber microelectrode (150–200 μM length, 7 μM 

diameter) and a bipolar stimulating electrode were placed into the NAc core. A single 

electrical pulse (750 μA, 4 msec, monophasic) was applied to the tissue every 5 minutes 
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to evoke DA release. The extracellular DA concentration was recorded by applying a 

triangular waveform (−0.4 to +1.2 to −0.4 V vs. Ag/AgCl, at a rate of 400 V/s) to the carbon 

fiber microelectrode. Once evoked release of DA was stable, drug concentration-response 

curves were obtained by adding drugs cumulatively to the slice superfusion buffer at 

approximately 45 minute intervals, or after the effect of the drug was stable. Drug 

concentrations were as follows: Cocaine 0.30, 1.0, 3.0, 10.0, 30.0 μM and U50,488 0.01, 

0.03, 0.10, 0.30, 1.0, 3.0 μM. 

Data Analysis  

Demon Voltammetry and Analysis software (Yorgason et al., 2011)  was used to evaluate 

evoked DA release and reuptake kinetics. Recording electrodes were calibrated by 

recording current responses to a known concentration of DA (3 μM), and this was used to 

convert current (nA) to DA concentration (µM). Michaelis–Menten based modeling was 

used to determine the amount of stimulated DA release, the maximal rate of DA uptake 

(Vmax), and the ability of DA to bind to the DAT in the presence of the competitive inhibitor 

cocaine (apparent Km). See (Yorgason et al., 2011) for further details.  

Statistical Analysis 

All analyses were conducted using GraphPad Prism 8 (Graph Pad Software, La Jolla, 

CA). Data is reported as mean ± standard error, and significance level was set at p<0.05. 

For behavior, a repeated measures one-way analysis of variance (ANOVA) was 

conducted to compare effects of treatment phase. A one-way ANOVA was then used to 

compare phase 2’s treatment response to control animals with saline minipumps. 

ANOVAs were followed by planned comparisons using Tukey’s multiple comparisons test. 

Paired t-tests were used to compare breakpoints for food responding.  For voltammetry, 

a Student’s t-test was conducted to compare baseline DA release and uptake rate 

between groups. Concentration-response curves were subjected to a repeated measures 

two-way ANOVA, with concentration as the within-subject factor and experimental group 
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as the between-subjects factor. DA release (U50,488 experiments) or apparent Km 

(cocaine experiments) were the dependent variable. The ANOVAs were followed by 

targeted pairwise comparisons between groups using a Sidak post hoc test. Due to 

unequal variance between groups, a Welch’s t-test was utilized to compare IC50s. 

 

Results 

Prior cocaine exposure decreases DA transporter inhibition by cocaine and 

increases kappa opioid receptor activity in the NAc  

Our laboratory has previously shown that 5 days of 40 cocaine infusions (1.5 mg/kg/inf) 

results in a decrease in cocaine’s ability to inhibit DA uptake at the DAT (Ferris et al., 

2011, 2012; Calipari et al., 2014a). Here, the effects of an additional 14 days of PR (0.1875 

mg/kg/infusion) on DA terminal function, cocaine potency, and KOR responsivity were 

tested using ex vivo FSCV recordings in the NAc core.  

 

Compared to naïve controls, cocaine-exposed animals exhibited significantly reduced 

baseline release (t(33)=2.835, p=0.008; Fig1B, D) and slower rates of maximal uptake (Vmax; 

t(33)=3.398, p=0.002; Fig1C). A repeated measures two-way ANOVA revealed a main 

effect of cocaine concentration (F(1.134, 13.61)= 57.07, p<0.0001), cocaine exposure (F(1, 12)= 

8.905, p=0.01, Fig 1E), and an interaction between cocaine concentration and cocaine 

exposure (F(4, 48)= 7.324, p=0.0001). Post hoc testing revealed a significant effect at the 

30uM cocaine concentration (p=0.04). In addition, comparison of KOR function in control 

and cocaine exposed rats using repeated measures two-way ANOVA showed a main 

effect of U50,488 concentration (F(2.213, 20.80)= 107.5, p<0.0001) and cocaine history (F(1, 

10)= 6.012, p=0.03; Fig 1F), as well as an interaction between U50,488 concentration and 

cocaine exposure (F(5, 47)= 2.914, p=0.02), indicating  that cocaine exposure increases 
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KOR system function in the NAc core. Post hoc testing revealed a significant effect at 0.1 

µM U50,488 concentration (p=0.03). Welch’s t-test revealed a significant difference in the 

IC50 of U50,488 between the cocaine and control groups (t(6.684)=3.077, p=0.008; Fig1G). 

 

Dual-targeting the DAT and KOR decreases cocaine breakpoints on PR 

Because cocaine self-administration markedly changed the function of both DATs and 

KORs (Fig 1), we tested the effects of the DA releaser phenmetrazine and the KOR 

antagonist nBNI on cocaine breakpoints (Fig 2). If DA or KOR system dysregulations are 

involved in the reinforcing effects of cocaine, treatment with phenmetrazine or nBNI should 

alter cocaine breakpoints on a PR schedule. To test this hypothesis, animals self-

administered cocaine for 5 days (FR1, 40 infusions max, 1.5 mg/kg/inf) to induce changes 

to the DA and KOR systems, as described above. After this exposure, PR commenced 

(0.19 mg/kg/inf) until breakpoints were stable. A minipump containing phenmetrazine (25 

mg/kg/inf) was implanted subcutaneously, an i.p. injection of nBNI (10 mg/kg) was given, 

or a combination of the two treatments were administered. Both phenmetrazine and nBNI 

decreased breakpoints in the first phase of treatment, suggesting a role of DATs and 

KORs in the reinforcing effects of cocaine. In the phenmetrazine group (n=13), breakpoints 

decreased to 73.2% ± 4.44 of baseline during phase 1, with a further decrease to 59.9% 

± 5.69 of baseline during phase 2. There was a significant effect of treatment phase 

(F(1.358,16.3)= 43.33, p<0.0001; Fig2B), with a significant decrease in breakpoint from 

baseline to phase 1 (p<0.0001) and from phase 1 to phase 2 (p=0.002).  In the nBNI group 

(n=10), breakpoints decreased to 80.4% ± 5.70 of baseline in phase 1; in phase 2, 

breakpoints remained stable at 80.6% ± 12.02 of baseline. There was no significant effect 

of treatment phase (F(1.211, 10.9)=2.503, p=0.14; Fig2D), with a significant decrease from 

baseline to phase 1 of nBNI treatment (p=0.008). In the phen+nBNI group (n=9), 
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breakpoints decreased to 61.37% ± 8.33 of baseline in phase 1; in phase 2, breakpoints 

further decreased to 42.5% ± 10.49 of baseline. There was a significant effect of treatment 

phase (F(1.276, 10.21)= 14.26, p=0.002; Fig2F), with a significant decrease in breakpoint from 

baseline to phase 1 (p=0.03) and from phase 1 to phase 2 in the combination group 

(p=0.04).  There was no effect of treatment in animals with saline minipumps (F(1.171, 5.857)= 

0.06, p=0.85; Fig2H). When comparing each group’s breakpoints during phase 2 to their 

respective baselines, there was a main effect of treatment (F(3, 33)= 6.721, p=0.001; Fig2I), 

with a significant decrease in the phenmetrazine (p=0.01) and phen+nBNI (p=0.0007) 

groups. 

 

Monotherapy with phenmetrazine or nBNI, or combination of the two, does not 

decrease food responding on a progressive ratio schedule of reinforcement.  

Given the impact of treatments on cocaine breakpoints, we wanted to assess the 

specificity of this effect for cocaine vs a non-drug reinforcer. Therefore, we trained three 

groups of animals to self-administer palatable chocolate pellets. In the three groups of rats 

self-administering food, there was no significant difference in the number of pellets 

received at baseline (data not shown; F(2, 13)=0.4794, p=0.6297).  Treatment with 

phenmetrazine (n=9; 25 mg/kg/day, minipump) increased food maintained responding 

(t(8)=2.365; p=0.045; Fig3B). However, nBNI (n=8; 10 mg/kg, i.p; t(7)=0.0; p>0.99; Fig3C), 

or a combination of the two (n=8; t(7)=2.211; p=0.06; Fig 3D), did not alter food breakpoints 

on PR. This suggests that the decrease in cocaine breakpoint seen in Fig 2 is not due to 

general suppression of behavior and that the effects of these drugs are not generalizable 

to all reinforcers. In addition, there was no significant difference between the number of 

food pellets and number of cocaine injections earned at baseline, suggesting that the food 

pellets used here and cocaine (0.19 mg/kg/inf) have comparable reinforcing strength. 
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Treatment with phenmetrazine and nBNI reverse cocaine-induced dysregulations 

of the DA system  

 As shown in Fig 1, 5 days of 40 cocaine infusions (1.5 mg/kg/inf), followed by 14 days of 

PR (0.19 mg/kg/inf) results in a decrease in cocaine’s ability to inhibit DA uptake at the 

DAT (decreased apparent Km) and an increase in KOR activity in the NAc core. To 

determine if the combination of phenmetrazine and nBNI can reverse these dysregulations 

after cocaine self-administration, animals treated with the combination were sacrificed for 

FSCV.  

 

There was a significant main effect of treatment on baseline DA release (F(2, 58)=5.692, 

p=0.006; Fig4B). Compared to naïve controls, cocaine exposed animals exhibited 

significantly reduced baseline release (p=0.005; Fig4B), which was significantly increased 

with nBNI+phen treatment (p=0.02). Similarly, there was a significant main effect of 

treatment on baseline maximal uptake rate (F(2, 58)=7.831, p=0.001; Fig4C). Compared to 

naïve controls, cocaine exposed animals exhibited significantly reduced baseline uptake 

rate (p=0.002; Fig4C), which was significantly increased with nBNI+phen treatment 

(p=0.002). These results suggest that the combination of nBNI and phenmetrazine are 

able to reverse and normalize the cocaine-induced changes in baseline dopamine 

kinetics.  

 

A repeated measures two-way ANOVA revealed a main effect of cocaine exposure on DA 

uptake inhibition by cocaine (F(2, 25)= 6.876, p=0.004, Fig 1E). Post hoc testing revealed a 

significant effect between cocaine animals and controls (p=0.02) as well as cocaine 

animals and phen+nBNI animals at the 30uM cocaine concentration (p=0.01). In addition, 

comparison of KOR function in control, cocaine exposed, and nBNI+phen rats using a 
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repeated measures two-way ANOVA showed a main effect of cocaine exposure on 

inhibition of DA release induced by U50,488 (F(2,21)= 3.626, p=0.04; Fig4E). Post hoc 

testing revealed a significant effect at 0.1 µM U50,488 concentration between cocaine and 

control animals (p=0.008) and cocaine animals and phen+nBNI animals (p=0.04). Welch’s 

ANOVA test revealed a main effect of treatment on the IC50 of U50,488 between the 

cocaine and control groups (F(2,11.61)=12.2, p=0.001; Fig4G), with a significant decrease in 

IC50 between cocaine and control groups (p=0.049) that was significantly increased back 

to control levels after nBNI+phen treatment (p=0.003). Here we show that phenmetrazine 

and nBNI are able to reverse cocaine-induced DA system changes including (1) baseline 

release and uptake rates; (2) decreased effects of cocaine at the DAT; and (3) heighted 

KOR activity. 

 

Discussion  

The present study sought to gauge KOR and DAT activity in the nucleus 

accumbens after cocaine self-administration and evaluate the individual and combined 

effects of the DA releaser phenmetrazine and the KOR antagonist nBNI on cocaine 

breakpoints and DA system dysregulations. Cocaine self-administration resulted in 

decreased inhibition of DA uptake and increased KOR function after 5 days of 40 

infusions/day of high dose cocaine (1.5 mg/kg/inf) followed by 14 days of PR at a low dose 

(0.1875 mg/kg/inf), which were both reversed after animals were treated with the 

combination of phenmetrazine and nBNI. Treatment with phenmetrazine alone (25 

mg/kg/day, minipump), a single injection of nBNI (10 mg/kg, i.p.), or a combination of the 

two significantly reduced cocaine breakpoints. A second phase of treatment continued to 

decrease breakpoints in the phenmetrazine and phen+nBNI groups, but not the nBNI 

group. Importantly, phenmetrazine, nBNI, or the combination of the two did not suppress 
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food maintained responding. Therefore, the reduction in breakpoints observed is specific 

to the reinforcing effects of cocaine. 

Continuous phenmetrazine treatment is sufficient to reduce cocaine breakpoints  

The monoamine releaser amphetamine has proven effective to decrease human 

self-administration of cocaine (choice, (Greenwald et al., 2010; Rush et al., 2010); clinical 

trials, (Grabowski et al., 2001; Schmitz et al., 2001, 2012; Levin et al., 2015)); however, 

like many drugs that increase DA, amphetamine has substantial abuse liability. For this 

reason, we used a low-potency monoamine releaser, phenmetrazine, which is available 

as a prodrug, phendimetrazine (Rothman and Baumann, 2003). Phendimetrazine is a very 

weak monoamine releaser before being metabolized by the liver into phenmetrazine 

(Beckett and Raisi, 1976; Chait et al., 1987; Corwin et al., 1987; Rothman et al., 2002). 

We chose to focus on phenmetrazine in this study since it is the active metabolite of 

phendimetrazine. Consistent with the results seen in this study, previous studies have 

shown that continuous administration of phenmetrazine results in decreased cocaine 

breakpoints in rodents (Czoty et al., 2015; Karkhanis et al., 2016b), as well as decreased 

choice for cocaine in non-human primates (phenmetrazine, (Banks et al., 2011); 

phendimetrazine, (Banks et al., 2013c, 2013b)). Studies in humans have shown that 

phendimetrazine is a promising candidate medication for cocaine use disorder. Several 

report a low abuse potential for phendimetrazine in cocaine-dependent individuals with 

regard to subjective drug effects such as “drug liking” or “high” (Bolin et al., 2016; Stoops 

et al., 2019), in contrast to numerous reports of d-amphetamine increasing abuse-related 

subjective drug effects (Rush et al., 2001; Stoops et al., 2004, 2007; Comer et al., 2013). 

It would be interesting to compare the subjective effects of the phenmetrazine prodrug, 

phendimetrazine, and d-amphetamine’s prodrug, lisdexamfetamine, especially in 

individuals with cocaine use disorder, but reports of such studies are not available at the 

present time.   
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Abuse liability is a significant obstacle for developing drug treatments for 

substance use disorders, and should be weighed carefully against the therapeutic benefit 

of drugs. Therefore, from a clinical therapeutic perspective, it is advantageous to use 

prodrugs due to their slow onset of action in the central nervous system, attenuating abuse 

liability (Carter and Griffiths, 2009). In the case of amphetamine and phenmetrazine, more 

studies are needed to directly evaluate their respective prodrugs, lisdexamfetamine and 

phendimetrazine. It is also important to consider DEA schedule status. Phendimetrazine 

is a schedule III controlled substance, compared to lisdexamphetamine, which is a 

schedule II substance. This difference in schedule status allows phendimetrazine to be 

prescribed by physicians under less stringent restrictions, and also increases accessibility 

for patients since prescription refills are allowed. Although some reports suggest that 

phendimetrazine may not be highly efficacious on its own in attenuating subjective or 

reinforcing effects of cocaine (Stoops et al., 2019), it is possible that phendimetrazine may 

be successful as part of a dual-target therapy.   

A single injection of nBNI is sufficient to reduce cocaine breakpoints 

KORs on DA neurons contribute to the modulation of affective states (for review, 

see (Bruchas et al., 2010; Van’t Veer and Carlezon, 2013)). Particularly, KOR-activation 

mediated reductions in DA release are thought to contribute to negative affective states 

(Shippenberg et al., 1993; Chefer et al., 2013; Tejeda et al., 2013). Stress induces an 

increase in dynorphin levels (Shirayama et al., 2004; Chartoff et al., 2009), and chronic 

stress-induced anxiety has been shown to increase cocaine self-administration (Yajie Ding 

et al., 2005; Baarendse et al., 2014; Groblewski et al., 2015). Stress-induced anxiety-like 

behaviors have also been shown to be reduced by genetically deleting KORs from DA-

containing neurons in mice (Van’t Veer and Carlezon, 2013). Similar to stress, chronic 

cocaine exposure leads to an upregulation of the KOR system (Unterwald et al., 1994; 

Spangler et al., 1996b; Valenza et al., 2016), and increases drug-seeking behaviors 
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(McLaughlin et al., 2003; Redila and Chavkin, 2008). Additionally, stress-mediated 

elevations in dynorphin have been shown to reinstate cocaine self-administration in 

various animal models (Beardsley et al., 2005b; Valdez et al., 2007; Redila and Chavkin, 

2008; Polter et al., 2014)—an effect which is blocked by KOR inhibition (nBNI, (Polter et 

al., 2014); JDtic, [75]). While  there have been some studies that have indicated 

therapeutic benefits of KOR agonists, this effect appears largely dependent on timing of 

agonist administration activation, in addition to context, duration of KOR agonist 

administration (Negus, 2004; Fuentealba et al., 2006, 2007; Chartoff et al., 2008), sex  

(Russell et al., 2014; Chartoff and Mavrikaki, 2015; Laman-Maharg et al., 2018) and stress 

history (Al-Hasani et al., 2013; Karkhanis et al., 2016d), for review see (Karkhanis et al., 

2017; Siciliano et al., 2018b; Escobar et al., 2020; Estave et al., 2020). On the other hand, 

KOR agonists have also been shown to potentiate reinstatement and self-administration of 

several drugs (ethanol: (Funk et al., 2014; Anderson et al., 2016; Rose et al., 2016b); 

cocaine, (Negus, 2004; Valdez et al., 2007); nicotine, (Grella et al., 2014). 

A limited number studies have examined the effects of KOR antagonists on cocaine 

use and subjective craving in humans (Ling et al., 2016; Reed et al., 2018). Recently, Reed 

and colleagues (2018) conducted a study assessing the  safety and tolerability of the short-

acting KOR antagonist LY2456302 (also referred to as JNJ-67953964, CERC-501, 

OpraKappa and Aticaprant). LY2456302 was found to safe and tolerable in early-abstinent, 

cocaine-dependent individuals; albeit, there was no change in subjective cocaine craving, a 

secondary outcome of the study (Reed et al., 2018). However, it is important to note that this 

study had a small number of subjects, tested only one dose of the KOR antagonists, and only 

tested effects of treatment over 4 consecutive days.  Furthermore, this study was not designed 

to examine LY2456302’s effectiveness to treat cocaine use disorder. More studies are 

necessary to examine if KOR antagonists are effective at decreasing cocaine self-

administration in humans (for review, see (Reed et al., 2020)).  
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KOR - DAT interactions may underlie added benefits of combination therapy   

This study used a combination therapy approach to provide an enhanced profile 

of anti-cocaine effects. In theory, these dual drugs may individually address two different 

aspects of the “reward deficit and stress surfeit” syndrome seen in addiction (Koob and Le 

Moal, 2005; Koob, 2013). Co-localization of KORs and DATs on presynaptic DA terminals 

in the NAc allows for functional interactions as well as direct protein-protein binding and 

complex formation (Svingos et al., 2001; Kivell et al., 2014).  When KORs are activated 

acutely, the number of KOR-DAT complexes increases, as does the rate of DA uptake 

through the DAT (Thompson et al., 2000a; Kivell et al., 2014). With repeated KOR agonist 

treatment, however, sustained decreases in DA uptake have been reported (Thompson 

et al., 2000a) (but see (Ebner et al., 2010)). In light of the interaction between KORs and 

DATs, and the cocaine-induced dysfunction of both the DA and DYN/KOR systems, we 

chose to determine the pharmacotherapeutic potential of combining the monoamine 

releaser phenmetrazine and KOR antagonist nBNI.  

Combination therapy can provide many benefits over monotherapies, including (1) 

the ability to use lower doses of drugs, decreasing unwarranted side effects compared to 

single high-dose monotherapy, and (2) the potential for greater overall benefit than either 

drug alone (Zimmermann et al., 2007; Blagosklonny, 2008). After two treatment phases, 

phenmetrazine continued to decrease cocaine breakpoints while nBNI did not. In the 

group treated with the combination of phenmetrazine and nBNI, cocaine breakpoints 

continued to decrease to a larger extent than either treatment alone. Additionally, long-

term cocaine-induced deficits in DA and KOR systems were reversed by chronic treatment 

with the combination of phenmetrazine and nBNI.  

Conclusions  

This is the first study to dual-target the KOR and DAT by administering a 

monoamine releaser and a KOR antagonist in combination to reduce cocaine self-
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administration and reverse DA system dysregulations. As clinical treatments become 

more holistic, it will be important to study combinations of drugs that would be predicted 

to treat multiple aspects of cocaine addiction, such as drug craving and withdrawal 

anhedonia, as well as comorbid anxiety or depression. The present results indicate that 

combining DAT and KOR inhibitors provides a promising avenue for potential medication 

development. Further investigation is required to understand the physical and functional 

interactions between the KOR and DAT and how modulation of these cellular targets, 

together, ultimately influences drug taking behaviors.     
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Figure 1 

 

Figure 1: Decreased dopamine transporter response to cocaine and heightened 

kappa opioid receptor function in rats after cocaine self-administration 

A Schematic diagram of experimental timeline for animals self-administering cocaine. B 

Average evoked DA release in the cocaine group (blue, Coc, n=13) compared to naïve 

controls (grey, Ctrl, n=22). C Average maximal uptake rate (Vmax).  D Averaged raw data 

traces illustrating differences in evoked release and uptake. E Group data showing that 

the cocaine group exhibited a reduction in response of the DAT to cocaine (Ctrl n=8, Coc 

n=6), and F an increase in response to U50, 488, a KOR agonist (Ctrl n=7, Coc n=5). G 

Increased potency of U50, 488 in the cocaine group, defined by the half-maximal Inhibitory 

Concentration (IC50). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Main effect: #p<0.05, 

##p<0.01. Data shown as mean ±SEM. FSCV, fast-scan cyclic voltammetry; inf, infusion; 

coc, cocaine; ctrl, control; DAT, dopamine transporter; DA, dopamine; KOR, kappa opioid 

receptor 
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Figure 2 

 

Figure 2: Combination of phenmetrazine and nBNI decreased number of cocaine 

infusions earned on a progressive ratio schedule of reinforcement  

A Schematic diagram of experimental timeline. B Average breakpoint at baseline (grey), 

after Phase 1 (light teal), and after a second phase of phenmetrazine treatment (dark teal). 

C Before-after graph showing individual changes.  D Average breakpoint at baseline 
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(grey), after Phase 1 (light orange), and after a second phase of nBNI treatment (dark 

orange).  E Before-after graph showing individual changes. F Average breakpoint at 

baseline (grey), after Phase 1 (light purple), and after a second phase of 

phenmetrazine+nBNI treatment (dark purple).  G Before-after graph showing individual 

changes. H Average breakpoint at baseline (dark grey), and after saline minipump 

treatment. I Average change from each treatment depicted as a percent of baseline. 

Phenmetrazine n=13, nBNI n=10, Phen+nBNI n=9, saline n=6. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. Data shown as mean ±SEM. Progressive ratio, PR. Phen, 

phenmetrazine; nBNI, norbinaltorphimine; inf, infusion; m.p., osmotic minipump; i.p., 

intraperitoneal 
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Figure 3 

 

 

Figure 3: Neither phenmetrazine alone, nBNI alone, nor a combination of the two 

decreased the number of palatable food pellets earned on a progressive ratio 

schedule of reinforcement 

A Schematic diagram of experimental timeline. B Average breakpoint at baseline (grey) 

and after phenmetrazine treatment (teal). C Average breakpoint at baseline (grey) and 

after nBNI treatment (orange). D Average breakpoint at baseline (grey) and after 

phenmetrazine + nBNI treatment (purple).  Phenmetrazine only n=9, nBNI only n=8, 

Phenmetrazine + nBNI n=8. Data shown as mean ±SEM. Progressive ratio, PR. Phen, 

phenmetrazine; nBNI, norbinaltorphimine. 
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Figure 4 

 

 

Figure 4: Treatment with phenmetrazine and nBNI reverse cocaine-induced 

dysregulations of the dopamine system  

A Schematic diagram of experimental timeline for animals self-administering cocaine. B 

Average evoked DA release in the cocaine group (blue, Coc, n=13), naïve controls (grey, 

Ctrl, n=22), and nBNI + phenmetrazine group (purple, Phen+nBNI, n=26) C Average 

maximal uptake rate (Vmax).  D Averaged raw data traces illustrating differences in evoked 

release and uptake. E Group data showing that the cocaine group exhibited a reduction 

in response of the DAT to cocaine, which was blocked by phen+nBNI treatment (Ctrl n=8, 

Coc n=6, phen+nBNI n=14), and F an increase in response to U50, 488, a KOR agonist 

that was reversed by phen+nBNI treatment (Ctrl n=7, Coc n=5, phen+nBNI n=12). G 

Increased potency of U50, 488 in the cocaine group, defined by the half-maximal Inhibitory 

Concentration (IC50) that was normalized by nBNI + phen treatment. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. Main effect: #p<0.05, ##p<0.01. Data shown as mean ±SEM. 

Ctrl, control; coc, cocaine; FSCV, fast-scan cyclic voltammetry; DAT, dopamine 

transporter; DA, dopamine; KOR, kappa opioid receptor; phen, phenmetrazine; nBNI, 

norbinaltorphimine; m.p., osmotic minipump; i.p., intraperitoneal.  
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Abstract 

Chronic cocaine exposure leads to compensatory alterations of the mesolimbic 

dopamine system including low tonic dopamine levels and tolerance to inhibitory effects 

of cocaine at the dopamine transporter (DAT), which influences the reinforcing effects of 

cocaine. Additionally, after chronic cocaine exposure, activity of the kappa opioid receptor 

(KOR) system in mesolimbic brain regions is heightened, which leads to KOR-induced 

inhibition of dopamine release. Furthermore, literature suggests that the dopamine 

transporter (DAT) and KOR both physically and functionally interact. Here we examined 

the functional interaction between the DAT and KOR, and how KOR activity influences 

cocaine effects at the DAT. We found that pharmacologically increasing KOR activity 

resulted in a decrease in cocaine’s ability to inhibit the DAT. This tolerance to the inhibitory 

effects of cocaine normally seen after high dose cocaine self-administration was also 

blocked when rats were administered the KOR antagonist nBNI prior to cocaine self-

administration. This KOR blockade also prevented escalation of rate of intake of cocaine. 

These results provide a potential mechanism for the development of tolerance to cocaine 

that is seen after high-dose cocaine self-administration.  
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Introduction  

Decades of research have implicated mesolimbic dopamine (DA) system 

dysfunction as a primary driver of various facets of cocaine use disorder; therefore, several 

studies primarily target the DA system to treat cocaine addiction (for review, see Czoty et 

al., 2016). Direct agonists of the DA system, however, have several side effects and a 

high abuse potential— which prompted pre-clinical research to study targets that indirectly 

modulate DA system function. Local striatal microcircuitry within the nucleus accumbens, 

a region of the mesolimbic reward pathway, modulates DA neurotransmission and relays 

information central to processing reward-associated cues and contributing to action 

selection in goal-directed behaviors (Nicola et al., 2004; Taha and Fields, 2006; Ambroggi 

et al., 2011). Two important regulators of DA neurotransmission, and potential cellular 

targets to treat cocaine use disorder, are the DA transporter (DAT) and the kappa opioid 

receptor (KOR). Although it is known that both the KOR and DAT are involved in regulating 

DA release and signaling (for review, see Nolan et al., 2020), unraveling how these two 

proteins interact and influence DA signaling may be critical to treating and understanding 

the neurobiology of cocaine use disorder.  

The DAT functions to reuptake DA from the synaptic cleft into the presynaptic 

terminal, ultimately controlling the temporal dynamics of DA signaling (for review see 

Vaughan and Foster, 201)). Cocaine binds to the DAT and prevents reuptake of DA, which 

increases extracellular DA levels, promotes DA signaling, and contributes to the euphoric 

and reinforcing effects of cocaine (Roberts et al., 1977; Ritz et al., 1987b; Chen et al., 

2006; Williams and Galli, 2006; Thomsen et al., 2009). In humans with cocaine use 

disorder and in preclinical models of cocaine addiction, studies have shown a reduction in 

cocaine’s ability to inhibit the DAT after chronic use and thus a tolerance to the dopamine-

elevating and reinforcing effects of cocaine (Dackis and Gold, 1985; Volkow et al., 1996; 
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Ferris et al., 2011; Siciliano et al., 2016b). Though this is a well-reported effect, the 

mechanisms underlying cocaine’s decreased ability to inhibit the DAT after high-intake 

cocaine self-administration are not fully elucidated. 

Dynorphin, the KOR endogenous ligand, is released from medium spiny neurons 

(MSNs) when D1 receptors are activated. When KORs are activated by dynorphin, DA 

release is inhibited. This inhibition of DA release leads to an overall decrease in 

extracellular levels of DA as well as reduced evoked DA release  (Di Chiara and Imperato, 

1988; Heijna et al., 1990; Spanagel et al., 1992a; Fuentealba et al., 2006; Karkhanis et 

al., 2016e; Rose et al., 2016b; Siciliano et al., 2016a; Melchior and Jones, 2017). On the 

contrary, when cocaine is administered acutely, DA levels increase in the NAc (Di Chiara 

and Imperato, 1988), contributing to the reinforcing effects of cocaine. However, cocaine-

induced increases in DA levels and subsequent activation of D1 MSNs leads to dynorphin 

release (Ehrich et al., 2014; for review, see Estave et al., 2020), which ultimately feeds 

back to activate KORs and inhibit presynaptic DA release. Furthermore, after chronic 

cocaine self-administration, animals have low baseline DA extracellular levels (Mateo et 

al., 2005b), which is exacerbated by increased KOR system activity induced by prolonged 

cocaine exposure that further inhibits DA release (for review, see Estave et al., 2020).  

Kappa opioid receptors (KORs) and DA transporters (DATs) are co-localized in the 

nucleus accumbens on DA neuron terminals (NAc, (Svingos et al., 2001; Kivell et al., 

2014)). Empirical evidence from co-immunoprecipitation, bioluminence resonance energy 

transfer (BRET), and fluorescence resonance energy transfer (FRET) suggests that the 

KOR and DAT both physically and functionally interact (Kivell et al., 2014). When acutely 

increasing KOR activity, Kivell and colleagues (Kivell et al., 2014) showed that the KOR 

agonist Salvinorin A increased DAT-mediated DA uptake in striatal tissue. Additionally, 

KOR activation increased BRET and FRET signals, suggesting increased formation of 
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DAT-KOR complexes (Kivell et al., 2014). Conversely, when the KOR system was 

repeatedly activated by KOR agonist U69,593, the rate of DA reuptake in the NAc was 

decreased (Thompson et al., 2000b), consistent with chronic adaptations being the 

inverse of acute effects, as is often seen with perturbations of the DA system (for review, 

see Puig et al., 2012). Interestingly, KOR blockade with norbinaltorphimine (nBNI) after 

24 hours increased extraction fraction via microdialysis, an indirect measure that is 

positively correlated with DA uptake (Chefer et al., 2006; Azocar et al., 2019), which 

supports the idea that increased KOR activity results in decreased DA uptake rates.   

Together, these findings indicate that the KOR and DAT are strategically located 

in proximity to one another to physically and functionally interact. Little is known, however, 

about the interactions between the DAT and KOR after chronic cocaine exposure, and the 

resulting behavioral effects of altering their interaction. The present study utilizes fast-scan 

cyclic voltammetry (FSCV) and cocaine self-administration to further understand the 

interconnection of these two systems, and how modulating the KOR system alters DAT 

function and cocaine self-administration behaviors.  

Materials/Methods  

Animals 

Male Sprague-Dawley rats (325–400 g; Envigo, Indianapolis, IN) were maintained 

on a 12:12 h light/dark cycle (lights on at 1500) and given food and water ad libitum. Wake 

Forest’s Institutional Animal Care and Use Committee approved the experimental 

protocol. Animals were maintained according to the National Institutes of Health guidelines 

in Association for Assessment and Accreditation of Laboratory Animal Care accredited 

facilities. 
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Drugs 

Cocaine HCl, nBNI, and U50,488 were acquired from National Institute on Drug 

Abuse Drug Supply Program (Bethesda, MD). For behavior, cocaine HCl was dissolved 

in sterile saline, and nBNI was dissolved in injectable water. For FSCV, cocaine HCl and 

U50,488 were dissolved in ultrapure water.  

Catheter implantation 

Rats were implanted with a chronic indwelling jugular catheter under ketamine 

(100 mg/kg, i.p), xylazine (8 mg/kg, i.p.) and ketoprofen (5 mg/kg, s.c.), as described 

previously (Liu et al., 2005). After surgery, animals were single housed in custom-made 

operant conditioning chambers (30×30×30 cm), which served as both a housing and 

experimental chamber. Self-administration sessions occurred in the active/dark cycle 

(0900-1500). All control animals were implanted with a closed-off port, which allowed 

animals to be tethered in their cage and control for surgery and housing conditions 

(referred to as controls).   

Extended Access, Limited Intake Procedure 

Prior to cocaine self-administration, animals were randomly assigned to receive an 

injection of 10 mg/kg of nBNI (i.p.) or vehicle 18 hours prior to their first cocaine self-

administration session. Two days following surgery, animals self-administered cocaine 

(1.5 mg/kg/inf; ~4 sec/inf) on a fixed-ratio one (FR1) schedule of reinforcement. Animals 

had no prior operant training. Each response on the lever resulted in a cocaine infusion, 

retraction of the lever and illumination of a stimulus light during the infusion. Sessions 

were terminated after 40 infusions were reached or 6 hours elapsed, whichever occurred 

first. Animals were required to complete 40 infusions for 5 consecutive days. nBNI or 

vehicle was administered every 7 days until animals completed this requirement. 
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Ex vivo Fast-scan Cyclic Voltammetry (FSCV) 

Approximately 18 hours after the last self-administration sessions, animals were 

rapidly decapitated and brains extracted. Extracted brains were immediately transferred 

to ice-cold artificial cerebrospinal fluid (ACSF). A vibrating tissue slicer (Leica VT1200S, 

Leica Biosystems, Wetzler, Germany) was used to prepare coronal brain slices (400 µM 

thickness) containing the NAc core (see Mauterer et al., 2018 for details). Brain slices from 

each animal were transferred to recording wells where they were immersed in 32˚C 

oxygenated ASCF flowing at 1 mL/min. A carbon fiber microelectrode (150–200 μM 

length, 7 μM diameter) and a bipolar stimulating electrode were positioned into the NAc 

core. Every 5 minutes, a single electrical pulse (750 μA, 4 msec, monophasic) was applied 

to evoke DA release. A triangular waveform (−0.4 to +1.2 to −0.4 V vs. Ag/AgCl, at a rate 

of 400 V/s) was applied to the carbon fiber microelectrode to record the extracellular DA 

concentration. Once evoked release of DA was stable, drugs were bath applied over slices 

in half-log cumulative concentrations as described below.   

Experiment 1: This experiment was conducted in cocaine-naïve animals that received a 

sham catheter implantation surgery. From each animal, two hemispheres from the same 

coronal plane slice were transferred to recording chambers. To test cocaine’s ability to 

inhibit DA transporter function, cocaine (0.30, 1.0, 3.0, 10.0, 30.0 μM) was bath applied 

cumulatively to one of the hemispheres for approximately 45 minutes/concentration, or 

until the effect of cocaine on DA release at each concentration was stable. On the second 

hemisphere, the IC50 dose of U50,488 (0.30 μM) was bath applied. Following stability in 

0.30 μM U50,488, cocaine (0.30, 1.0, 3.0, 10.0, 30.0 μM) was then bath applied 

cumulatively to test the effects of activating the KOR system on cocaine’s ability to inhibit 

DAT.  

Experiment 2: This experiment was conducted in sham animals and animals that had 

self-administered cocaine. Cocaine (0.30, 1.0, 3.0, 10.0, 30.0 μM) was bath applied 



114 
 

cumulatively to slices for approximately 45 minute/concentration, or until the effect of 

cocaine on DA release was stable. 

Data Analysis  

Evoked DA release and reuptake kinetics were analyzed using Demon 

Voltammetry and Analysis software (see Yorgason et al., 2011 for details). Briefly, 

electrodes were calibrated by recording current responses to a known concentration of 

DA (3µM), which was used to convert current (nA) to DA concentration (µM). Michaelis–

Menten based modeling was then used to determine baseline kinetics including stimulated 

DA release and maximal rate of DA uptake (Vmax), as well as changes in apparent Km 

(inhibition of DA uptake) following cocaine application. Apparent Km at each concentration 

was transformed into log scale, and a non-linear regression was used to generate area 

under the curve (AUC) of the 10 and 30 µM concentration for each rat’s inhibition 

curve.  Inhibition constants (Ki) were calculated as described previously (Jones et al., 

1995) using the equation (Km)/(slope) where Km is equal to the Michaelis-Menten constant 

of DA for the DAT (0.16 µM) and slope is equal to the slope of the linear concentration-

response regression of cocaine. The Ki is the measure of cocaine concentration necessary 

to produce 50% DA uptake inhibition.  

Statistical Analysis 

All analyses were conducted using GraphPad Prism 8 (Graph Pad Software, La 

Jolla, CA). Data are presented as mean ± SEM, with a significance level set at p<0.05. 

FSCV: A paired Student’s t-test was conducted to compare baseline DA release, uptake 

rate, AUC, and Ki between brain slices pre-treated with U50,488 compared to untreated 

slices (n=7). A one-way ANOVA was used to compare baseline DA release, uptake rate, 

AUC, and Ki in cocaine animals, nBNI cocaine animals, and sham animals. Concentration-
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response curves were subject to a repeated measures two-way ANOVA, with 

concentration as the within-subject factor and experimental group as the between-subjects 

factor. Mauchly’s Test of Sphericity was used to determine if the assumption of sphericity 

was violated. If violated, Greenhouse–Geisser correction was used. ANOVAs were 

followed by targeted pairwise comparisons between groups using a Sidak’s multiple 

comparisons or Tukey’s multiple comparisons post hoc test.  

Behavior: A Student’s t-test was used to determine if there was a significant difference in 

average interinfusion interval of cocaine (across the 5 sessions of 40 infusions) between 

untreated and nBNI treated animals. A repeated measures two-way ANOVA was used to 

determine if there was a difference in interinfusion interval across the 5 self-administration 

sessions. Sidak’s multiple comparisons was used to evaluate differences between groups 

on each session day. Mauchly’s Test of Sphericity was used to determine if data violates 

the assumption of sphericity. If violated, Greenhouse–Geisser correction was used. 

Results 

KOR Activation Reduced Cocaine-induced Uptake Inhibition   

Because the KOR and DAT are known to functionally interact (Thompson et al., 

2000b; Kivell et al., 2014), and the DAT is the main site of action of cocaine, we examined 

if cocaine potency at the DAT was altered in cocaine-naïve rats after KOR activation. First 

we examined the effect of KOR activation on cocaine’s ability to inhibit the DAT. Slices 

were pretreated with 0.3µM U50,488 for approximately 45 minutes to activate KORs, and 

then cocaine was bath applied in cumulative concentrations in the presence of U50,488. 

Pretreatment with U50,488 resulted in a significant decrease in DA release (t(7)= 5.615, 

p=0.0008; Fig 1A), with no effect on maximal uptake rate (t(7)= 1.428, p=0.2; Fig 1B). A 

repeated measures two-way ANOVA revealed a main effect of cocaine concentration (F 

(1.192, 16.69) = 127.1, p<0.0001, Fig 1D), indicating that cocaine inhibits uptake of DA in a 
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concentration-dependent manner, and an interaction between concentration and 

treatment (F (4, 56) = 6.246, p=0.0003, Fig 1D). There was no main effect of KOR activation 

on cocaine’s ability to inhibit the DAT (F (1, 14) = 3.966, p= 0.07, Fig 1D). Sidak’s multiple 

comparisons showed a significant decrease in cocaine-induced uptake inhibition at 30uM. 

Slices pre-treated with U50,488 had a significant increase in Ki (t(7)= 4.913, p=0.002; Fig 

1E) and a significant decrease in area under the curve (t(7)= 2.892, p=0.02; Fig 1F).  

Blockade of the KOR Prevents Increased Rates of Cocaine Self-administration 

Our laboratory, and others, have shown that 5 consecutive days of 40 infusions 

(FR1, 1.5 mg/kg/inf) results in escalation of rate of intake (Ferris et al., 2011, 2012). We 

examined this escalation in terms of rate of infusions per hour across session days in 

animals treated with nBNI versus vehicle treated animals, referred to as coc+nBNI and 

coc animals respectively. A repeated measures two-way ANOVA revealed a significant 

main effect of treatment (F (1, 99) = 19.29), p=0.<0.0001; Fig 2D) and session (F (4, 99) = 

11.29), p<0.0001; Fig 2D). Sidak’s multiple comparisons test revealed a significant 

increase in interinfusion interval on day 4 between groups (p=0.03). Student’s T-test 

showed a significant difference in the average interinfusion interval between groups 

across the 5 sessions (t(22)= 3.073, p=0.006; Fig 2E). 

KOR antagonist nBNI blocks the development of cocaine tolerance at the DAT 

After determining that KOR blockade leads to escalation of cocaine intake, we 

examined whether nBNI also alters cocaine’s ability to inhibit DA uptake by the DAT. Our 

laboratory has shown that animals self-administering cocaine on the extended access, 

limited intake procedure develop DAT tolerance to cocaine (Ferris et al., 2011, 2012; 

Calipari et al., 2014a, 2014b).  Since KOR activation decreased cocaine-induced inhibition 

of DA uptake (Fig 1), we hypothesized that coc+nBNI animals would have increased 

uptake inhibition compared to cocaine animals.   
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A one-way ANOVA showed no difference in baseline DA release (F (2, 44) = 0.935), 

p=0.40; Fig 3B) or DA uptake rate (F (2, 44) = 1.365, p=0.27; Fig 3C) between coc animals, 

coc+nBNI animals, and sham animals.  A repeated measures two-way ANOVA revealed 

a main effect of cocaine’s ability to inhibit the DAT (F (1.778, 28.45) = 6.288, p= 0.007, Fig 3D), 

a main effect of cocaine concentration (F (1.486, 23.77) = 615.1, p=<0.0001, Fig 3D) — 

indicating that cocaine inhibits uptake of DA in a concentration-dependent manner — and 

an interaction between cocaine concentration and nBNI treatment (F (2.12, 31.21) = 6.896, 

p=0.0023, Fig 3D). Tukey’s multiple comparisons test revealed a significant increase in 

cocaine potency at 0.3 µM between coc and control animals (p=0.03), at 30 µM between 

cocaine and control rats (p=0.001), and at 30 µM between coc and coc+nBNI animals 

(p=0.002). A one-way ANOVA comparing cocaine potency at 30 µM revealed a significant 

difference between groups (F (2, 44) = 8.443, p=0.0008; Fig 3E). Tukey’s multiple 

comparisons analysis showed that cocaine-induced uptake inhibition was significantly 

lower in coc compared to control animals (p=0.007), and cocaine potency significantly 

increased in coc+nBNI animals (p=0.02). A one-way ANOVA also showed a significant 

difference in area under the curve ((F 2, 44) = 7.153, p=0.002; Fig 3F) and Ki (F (2, 44) = 7.648, 

p=0.001; Fig 3G) between groups. Tukey’s multiple comparisons showed that area under 

the curve was significantly lower in coc compared to control animals (p=0.0004), but not 

significantly different between other groups (control vs coc+nBNI, p=0.12; coc vs 

coc+nBNI, p=0.07), while Ki was significantly higher in coc vs control animals (p=0.003) 

and coc vs coc+nBNI animals (p=0.007), with no significant difference between sham and 

coc+nBNI animals (p=0.9227). These data suggest that KOR antagonists block cocaine-

induced tolerance at the DAT. 
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Discussion 

Here we show evidence that functional interactions between KORs and DATs 

modulate cocaine’s ability to inhibit DA uptake at the DAT and thereby alter cocaine-taking 

behaviors.  Few studies have examined the interactions between the KOR and DAT (Kivell 

et al., 2014; Thompson et al., 2000). To the best of our knowledge, no studies have 

examined this interaction in the context of cocaine self-administration, although we and 

others have shown separate KOR and DAT alterations in this context (Ferris et al., 2011, 

2012; Calipari et al., 2014b, 2014a; Valenza et al., 2016; Sun et al., 2020). Previous work 

has shown that increasing KOR function acutely augments DAT function and increases 

the number of DAT-KOR complexes (Kivell et al., 2014). Here we extend these findings 

to show that KOR activation alters cocaine’s interactions with the DAT, decreasing 

cocaine’s ability to inhibit DA uptake and ultimately reducing cocaine self-administration 

behaviors in rats.  

We first examined the interactions between the KOR and DA systems in control 

animals. Acutely activating the KOR system via U50,488 pretreatment of brain slices 

decreased inhibition of DA uptake by bath-applied cocaine (referred to as tolerance to 

cocaine). A similar effect on cocaine tolerance at the DAT is seen after animals self-

administer cocaine on a long-access or an extended access, limited intake procedure, as 

used here (Ferris et al., 2011, 2012; Calipari et al., 2014b, 2014a; Siciliano et al., 2016b; 

Siciliano and Jones, 2017). These procedures (but not short access or intermittent access) 

produce pharmacodynamic DAT tolerance to cocaine without altering its metabolism (for 

review, see Siciliano et al., 2015), as well as reductions in the locomotor-stimulating 

effects of cocaine (Calipari et al., 2014a). The tolerance to cocaine after self-administration 

seen here may be mediated, at least in part, by increased activity of KORs. This was 

confirmed by administering the KOR antagonist norBNI to animals prior to cocaine self-
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administration. When KOR activity was blocked, cocaine self-administering animals did 

not develop DAT tolerance to cocaine.  

Changes in DAT expression and function are thought to underlie components of 

cocaine use disorder and affect cocaine self-administration behaviors. Identified molecular 

mechanisms underlying cocaine tolerance at the DAT include DAT oligomerization 

(Hastrup et al., 2001; Torres et al., 2003; Siciliano et al., 2017), with DAT-DAT complexes 

showing decreased cocaine-induced  uptake inhibition (Chen and Reith, 2007; Siciliano 

et al., 2017). Post-translational modifications of the DAT via phosphorylation by protein 

kinases are known to alter DAT surface trafficking, binding affinity, and function (For 

review, see Foster and Vaughan, 2017). Several mitogen-activated protein kinases 

(MAPKs, i.e.  ERK, JNK, and p38) are recruited when KORs and intracellular signaling 

cascades are activated. These MAPKs are known to phosphorylate the DAT (Gorentla et 

al., 2009). ERK, for example, phosphorylates DAT at Thr53; in vitro, DAT mutants 

containing non-phosphorylatable Thr53 sites had reduced dopamine uptake rates, 

suggesting that phosphorylation at Thr53 increases DAT function (Morón et al., 2003; 

Foster et al., 2012; Calipari et al., 2017). Further, the ability of cocaine to inhibit the DAT 

has recently been shown to be enhanced by increasing VTA neuron firing rates and 

phosphorylation at Thr53 (Calipari et al., 2017; Brodnik et al., 2020). Thus, our present 

results may be due to post-translational modification of the DAT when KORs are activated, 

possibly through changes in complex formation, DAT configuration or phosphorylation 

state. More studies are needed to fully understand how these two proteins are interacting 

with one another and influencing DAT function and/or cocaine potency.  

The KOR system is known to be involved in modulating cocaine reinforcement, 

with KOR antagonists decreasing cocaine self-administration (for review see, Estave et 

al., 2020). In the present study, the KOR antagonist nBNI blocked development of cocaine 

tolerance at the DAT. Cocaine intake rates were also reduced. Animals treated with nBNI 
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escalated their rate of intake to a lesser degree than untreated animals. These findings 

are likely related to the nBNI treated animals not developing tolerance to cocaine at the 

DAT and retaining higher sensitivity to cocaine, since activation of the KOR system has 

been shown to block the reinforcing and discriminative properties of cocaine (Spealman 

and Bergman, 1994; Glick et al., 1995; but see Kuzmin et al., 1997, 1998).  

Together, these results suggest that KOR antagonism as a target of 

pharmacotherapy for cocaine use disorder may be effective in reducing drug use and also 

have additional benefits including normalization of the neurobiological and behavioral 

disruptions induced by high dose cocaine self-administration. We saw here that treatment 

with nBNI blocked the development of DAT tolerance to cocaine and led to a decrease in 

the rate of cocaine intake. The KOR and DAT were found to be functionally linked; 

however, the exact mechanism through which these two proteins interact to alter cocaine 

potency and self-administration are unknown. With no FDA approved treatment for 

cocaine use disorder, and direct agonists of the DA system such as DAT 

inhibitors/releasers having high abuse potential, an indirect modulator of the DA system 

such as the KOR could serve as a fruitful cellular target to treat neurobiological and 

behavioral alterations induced by cocaine. 
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Figure 1: Increased kappa opioid receptor system activity results in decreased 
dopamine transporter inhibition of dopamine uptake. A) Schematic of experimental 
timeline. B, C) Average evoked DA release (µM) and uptake rate (Vmax) before and after 
U50,488 application. D) Group data showing that pretreatment with U50,488 results in a 
reduction in cocaine’s ability to inhibit DA uptake compared to slices not pretreated with 
U50,488 (n=8 per group). E)  Increased Ki values (inhibitory constant) for cocaine at the 
DAT in the group pretreated with U50,488, indicative of decreased cocaine potency. F) 
Decreased area under the curve in the group pretreated with U50,488, indicating 
decreased cocaine potency. *p<0.05, **p<0.01. Main effect: ## p<0.01. Data shown as 
mean ±SEM. FSCV, fast-scan cyclic voltammetry. Coc, cocaine; Ctrl, control; CRC, 
concentration response curve.  
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Figure 2: Treatment with the kappa opioid receptor antagonist nBNI blocks 
escalation of rate of cocaine intake in an extended access, limited intake procedure. 
A) Schematic of experimental timeline. B, C) Event records from a representative saline 
treated animal (blue, n=12) and a nBNI treated animal (grey, n=12) across 5 self-
administration sessions (1.5 mg/kg/inf, 40 infusions). Each vertical tick mark represents a 
contingent infusion of cocaine. Escalation of rate of cocaine intake is depicted by animals 
completing 40 infusions in shorter session lengths each day, which can be seen in the 
saline group. D, E) There was a significant increase in the interinfusion interval (time 
between each infusion) in the nBNI treated animals compared to saline treated animals. 
(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). Data shown as mean ±SEM. FR1, fixed-
ratio one; inf, infusion; nBNI, norbinaltorphimine; CRC, concentration response curve; 
U50, U50,488; FSCV, fast-scan cyclic voltammetry; CRC, concentration response curve. 
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Figure 3: Treatment with the kappa opioid receptors antagonist nBNI blocks 
cocaine tolerance at the dopamine transporter. A) Schematic of experimental timeline. 
B, C) Average evoked DA release (µM) and uptake rate (Vmax). D) Group data showing 
that cocaine animals have a reduction in cocaine’s ability to inhibit DA uptake, which is 
blocked when animals are treated with nBNI. E, F) Apparent Km at 30 µM and area under 
the curve at 10 and 30 µM is decreased in cocaine self-administering animals compared 
to controls, and increased in the nBNI treated animals compared to cocaine animals. This 
indicates increased cocaine potency in control animals, which is hampered by cocaine 
self-administration and returned to normal levels in nBNI treated animals. (G)  Self-
administration increases Ki values (inhibitory constant) for cocaine at the DAT, indicating 
decreased cocaine potency. This effect is blocked by nBNI injection prior to cocaine self-
administration. (n=15-16 per group; *p<0.05, **p<0.01, ***p<0.001. Data shown as mean 
±SEM. FR1, fixed-ratio one; inf, infusion; nBNI, norbinaltorphimine; CRC, concentration 
response curve; FSCV, fast-scan cyclic voltammetry; CRC, concentration response curve; 
ctrl, control. 
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1. Summary of Findings 

The work presented in this dissertation utilizes cocaine self-administration (SA) in 

rats, a preclinical model of cocaine addiction, to study alterations in the dopamine (DA) 

and kappa opioid receptor (KOR) systems after cocaine SA. The principal findings from 

these studies are: (1) chronic cocaine SA increases the activity of the dynorphin/kappa 

opioid receptor (Dyn/KOR) system (Chapter 2); (2) Treatments targeting the DA 

transporter (DAT) and KOR can decrease cocaine SA behaviors and reverse 

dysregulations of DA signaling induced by cocaine SA (Chapter 3); (3) the KOR and DAT 

functionally interact, with KOR activation inducing tolerance to cocaine’s ability to inhibit 

the DAT (Chapter 4). Collectively, these studies highlight benefits of targeting the KOR 

and DAT for treatment of cocaine use disorder.  

 

2. Personal Perspective 

During my journey of becoming a physician-scientist, I have come to understand 

the importance of both the clinical and research perspective—and how these two 

viewpoints influence and depend on one another to advance patient care. Immersed in 

the field of addiction, I realized how individuals were being blamed for their substance use 

disorder, even though it was recognized as a neurobiological brain disease. I heard 

medical professions, researchers, and lay people using harsh language with negative 

connotations instead of person-first language. 

The level of stigma and negative bias surrounding substance use disorder inspired 

me to not only further educate myself, but other future clinicians and scientists as well. For 

the past 3 years, I helped design a multi-disciplinary curriculum that brought together 

physicians and scientists to teach students about the spectrum of pain and addiction. One 

of the most attended sessions involved patients and professionals discussing their 

personal stories of addiction. To my surprise, even senior faculty members attended, who 
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realized the privilege and benefit of connecting personal experiences to their research. 

Promoting education surrounding such topics, and learning from patient voices, has 

become one of my passions that I will continue to foster through the rest of my career in 

hopes to do my part in improving patient care through combating stigma surrounding 

substance use disorders. In addition, I am proud of this body of work and my pursuit of a 

PhD that uncovered novel molecular adaptations to chronic cocaine exposure and found 

promising putative benefit of a combination therapy approach targeting the DAT and KOR. 

This work further ignited my desire to move research and clinical practice forward—

together—now and in the future. 

 

3. Overarching Clinical Significance 

Cocaine use disorder is a very complex, chronically relapsing neurobiological 

disease that is diagnosed using the Diagnostic and Statistical Manual of Mental Disorders 

(DSM-5), which contains eleven diagnosis criteria that recognize the cognitive, behavioral, 

and physiological symptoms involved with substance misuse. Despite decades of 

research attempting to find an effective pharmacotherapy to treat cocaine use disorder, 

there are over a million individuals in the United States alone without a medication to help 

treat their illness.  

Due to the multiple chronic symptoms associated with cocaine use disorder, such 

as persistent craving that promotes relapse, a number of themes in putative effective 

pharmacotherapy strategies have emerged, such as: (1) combination therapy—more than 

one drug combined to treat multiple facets of disease; (2) maintenance therapy—utilization 

of long-term approaches to treatment; (3) individualized medicine—tailoring a treatment 

strategy to each patient’s needs. These three approaches are often the mainstay of 

treating complex, chronically relapsing diseases such as diabetes and hypertension. 

Therefore, an effective treatment strategy for treating cocaine use disorder will likely 
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involve multiple long-term, individualized medications. The summation of these studies 

describe the efforts to investigate two putative pharmacological targets, the DAT and KOR, 

which are both implicated in cocaine use disorder. 

 

4. Contingent Intravenous Cocaine Self-administration increases Activity of the 

Dyn/KOR system 

Drug self-administration is the current “gold-standard” preclinical model of 

substance use disorders. In Chapter 2, we examined the effects of cocaine SA on the 

Dyn/KOR system in the mesolimbic pathway. Several studies utilizing non-contingent 

cocaine administration reported an increase in Dyn/KOR system activity in limbic brain 

regions, though some outcomes were conflicting. For example, previous studies showed 

that repeated non-contingent cocaine exposure increased mRNA levels of prodynorphin 

(Pdyn) and KOR (Oprk) genes in several mesolimbic brain regions (Mathieu-Kia and 

Besson, 1998; Turchan et al., 1999), though others showed no change or a decrease in 

mRNA levels (Daunais and McGinty, 1995; Rosin et al., 1999; Bailey et al., 2005). Very 

few studies have examined the effects of cocaine SA on both Oprk and Pdyn expression 

levels in the same animals (Valenza et al., 2016; Sun et al., 2020). One highlight of our 

study is our holistic approach of measuring KOR activity through changes in DA release 

in the nucleus accumbens using ex vivo fast-scan cyclic voltammetry, in concert with 

measuring concurrent expression levels of Oprk and Pdyn in the nucleus accumbens and 

ventral tegmental area.   

One confound of many cocaine self-administration studies is that drug 

consumption is not standardized. Our laboratory’s extended access, limited intake 

procedure (1.5mg/kg/inf, 40 infusions/day, 5 days) substantially decreases the variability 

of cocaine intake within a cohort by limiting the number of infusions per SA session. This 
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procedure also allows for contingent exposure, unlike yoked delivery of cocaine that may 

control for cocaine intake but introduces new variables such as the aversion associated 

with passive cocaine infusions. This alone would introduce a substantial confound when 

studying brain circuitry involved in stress responses, such as the Dyn/KOR system. 

Normalizing cocaine consumption via cocaine SA could be beneficial to future studies in 

the field since magnitude and temporal pattern of cocaine intake are known factors that 

influences the neurobiological alterations induced by cocaine. Further, using the extended 

access, limited intake procedure throughout all studies in this dissertation allowed for the 

results of each study be interconnected and influence future hypotheses.  

 

5. Treatments targeting the DAT and KOR can decrease cocaine SA behaviors and 

reverse dysregulations of DA signaling induced by cocaine SA 

Cocaine use disorder is described as a “reward deficit, stress surfeit syndrome,” 

with a reward deficiency being driven primarily by a state of mesolimbic hypodopaminergia 

and a stress surfeit, driven, at least in part, by increased activity of the Dyn/KOR system 

(Koob et al. 2013). The design of the experiments in Chapter 2 were influenced by the 

idea that chronic cocaine exposure induces this  reward deficit, stress surfeit state  (Koob 

et al. 2013). To combat both aspects of this syndrome, a combination therapy targeting 

the DAT and KOR was used. First, administration of a DA releaser would function to 

elevate extracellular DA levels, which would heighten the overall low function of the 

mesolimbic DA system induced by chronic cocaine exposure—thereby acting to alleviate 

the reward deficit. On the other hand, since KOR activity is heightened after cocaine 

exposure, a KOR antagonist would function to block KORs, decreasing overall KOR 

system activity (Chapter 2)—reducing the stress surfeit.  In this study, we showed two 

benefits of dual-targeting the DAT and KOR: (1) The combination reduced cocaine self-
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administration on a progressive ratio schedule of reinforcement, and (2) the combination 

reversed DA system dysregulations induced by cocaine including normalizing DA uptake 

inhibition of the DAT and KOR activity to levels of control animals. Though this study used 

a specific DA releaser and KOR antagonist (phenmetrazine and nBNI, respectively), the 

goal of this study was to assess if targeting these two systems together could be a 

therapeutic strategy to reduce cocaine taking and rescue cocaine-induced 

neuroadaptations.   

Agonist-based medication approaches, which activate the same receptors as the 

misused substance, have been successful as a maintenance therapy for nicotine and 

opioid use disorder, and have shown promise for cocaine use disorder. One type of 

agonist-based medication for cocaine use disorder is DA releasers, such as amphetamine 

or phenmetrazine, which function to increase extracellular DA levels. This increase in 

extracellular DA, however, causes high abuse liability. For this reason, pro-drugs of DA 

releasers have been created; many of these deterrent formulations require first pass 

metabolism to be broken down into active metabolites, slowing their onset of action. 

Agonist-based approaches utilizing DA releasers could potentially serve as a 

pharmacological agent to improve abstinence outcomes. 

There has been much debate on whether studies should continue examining KOR 

antagonists as candidate pharmacotherapies for cocaine use disorder (for review see 

Banks, 2020 but see Reed et al., 2020). Preclinical studies in rodents have shown that 

KOR antagonists block stress induced cocaine reinstatement and reduce rates of cocaine 

SA after extended access conditions (Wee et al., 2009); these results, however, have not 

yet translated to nonhuman primates (Negus and Rice, 2009; Hutsell et al., 2016). Human 

laboratory studies conducted thus far have only looked at safety and tolerability of  KOR 

antagonists as primary outcomes and were not powered to assess craving or other 



134 
 

therapeutic-like endpoints (Reed et al., 2017, 2018). The translational discordance 

between preclinical rodent studies and non-human primates may be due to non-human 

primate studies being underpowered. More studies are warranted to determine the 

effectiveness of KOR antagonists to treat cocaine use disorder.   

 Although KOR antagonists may not be efficacious on their own to promote 

abstinence from cocaine, they may be beneficial as an adjunct therapy in the 50% of 

patients with co-morbid depression or anxiety (Kelly and Daley, 2013; Torrens et al., 

2021). Antidepressants have been shown to improve treatment outcomes in cocaine use 

disorder. Though KOR antagonists are not classified as an anti-depressant, preclinical 

studies suggest that KOR antagonists produce anti-depressant and anxiolytic properties, 

as well as block the effects of stressors that can promote relapse. Since many individuals 

use drugs to self-medicate, treating co-morbid mental illness (such as depression and 

anxiety) may increase treatment adherence and retention, making it a fruitful adjunct to 

treat cocaine use disorder.  

 

6. The KOR and DAT functionally interact, with KOR activation inducing tolerance to 

cocaine’s ability to inhibit the DAT  

In Chapter IV, we show evidence that the KOR and DAT functionally interact and 

influence cocaine’s ability to inhibit DA uptake at the DAT, thereby altering cocaine-taking 

behaviors. The KOR has been widely studied in the context of the DA system; however, 

few studies have examined the interactions between the KOR and DAT in naïve tissue 

(Kivell et al., 2014; Thompson et al., 2000). In the work presented here, we examine this 

interaction in the context of cocaine self-administration. We found that KOR activation 

decreases cocaine’s ability to interact with the DAT and inhibit DA uptake. This tolerance 
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in cocaine’s ability to inhibit DA uptake was blocked by the KOR antagonist nBNI, which 

also reduced cocaine self-administration behaviors in rats.  

Tolerance to cocaine (measured via fast-scan cyclic voltammetry) tracks with 

decreased cocaine-induced locomotion and escalation of cocaine intake. Studying 

mechanisms underlying tolerance at the DAT, and subsequent changes in cocaine-taking 

behaviors, may help researchers understand tolerance that develops in individuals who 

chronically use cocaine. Tolerance to cocaine in humans involves decreased subjective 

effects, which leads to individuals increasing drug consumption. Molecular mechanisms 

underlying this interaction between the KOR and DAT have yet to be examined in the 

context of cocaine tolerance. Possible future avenues of research are discussed below in 

Future Directions.   

 

7. Limitations and Considerations   

One important strength of the work encompassed in this dissertation is moving 

from the level of mRNA to neurobiology in brain slices to behavior in the whole animal.  It 

is important, however, to consider the limitations of these studies and the techniques used. 

In Chapter 1, qPCR was used to determine mRNA levels of the KOR and 

prodynorphin genes. One limitation is that mRNA levels do not always mirror alterations 

in protein level, and give no indication of changes in protein function. Several processes 

can occur between transcription and translation, in addition to posttranslational 

modifications that can alter activity and stability of proteins. For instance, prodynorphin is 

a precursor peptide that can be alternatively spliced, leading to diverse formation of 

prodynorphin-derived peptides (for review, see Nikoshkov et al., 2005). Unfortunately, in 

experiments utilizing KOR antibodies, it is hard to interpret the results since KOR 

antibodies are notoriously known to lack specificity, similar to other antibodies against G-

protein coupled receptors (for review, see Michel et al., 2009). Further, many KOR 
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antibodies used in published results have been discontinued, making replication of 

experiments difficult. Without a dependable antibody, there are limitations to conducting 

western blots and immunohistochemistry experiments that would potentially aid in our 

understanding of how KOR levels are being regulated by cocaine exposure. Future work 

is necessary to understand how levels of mRNA correlate with protein levels of KORs. 

Even though we cannot examine the impact of cocaine exposure on protein levels, we are 

able to query the functional consequences of cocaine exposure on KOR activity by using 

ex vivo fast-scan cyclic voltammetry as a proxy for KOR activity (Chapter 2, 3 and 4). 

Fast-scan cyclic voltammetry (FSCV) allows for the direct detection of oxidizable 

neurotransmitters at a sub-second timescale, which can be done ex vivo—as used here—

and in vivo in both anesthetized and in freely moving animals. One issue with FSCV in 

deafferented brain slices is removal of intact circuitry from region to region. However, 

working with brain slices allows for easier isolation of brain regions, without influence of 

upstream circuitry onto the VTA. FSCV in brain slices also allows for the collection of 

concentration response curves by bath applying drugs to study local circuitry influencing 

DA dynamics. Collecting concentration response curves allows for higher throughput as 

well as determination of shifts in potency and efficacy of bath-applied drugs between 

treatment groups. Though this can be done in vivo, it would require 1 dose to be given per 

animal, where as in the slice, multiple concentrations can be applied to a single slice in 

the form of a cumulative response curve.  

In order to study natural DA neuron response to environmental stimuli, FSCV 

would have to be performed in freely behaving animals. Freely behaving preparations 

allow for examination of both spontaneous DA release and response to passive drug 

administration or environmental stimuli. With the development of chronic electrodes that 

last weeks to months, DA activity could be monitored at baseline and throughout the 

duration of treatments.  
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Chapter 2 examines the effects of the DA releaser phenmetrazine and the KOR 

antagonist nBNI on cocaine SA behaviors. In this study, definitive conclusions could have 

been made about how phenmetrazine and nBNI alter the reinforcing effects of cocaine if 

a full dose response curve was obtained on a progressive ratio (PR) schedule of 

reinforcement. Assessing horizontal shifts in the dose response curve would provide 

information in whether phenmetrazine or nBNI increases (leftward shift) or decreases 

(rightward shift) sensitivity to cocaine, while vertical shifts would provide information on 

efficacy. A downward shift in the dose response curve may be ideal from a therapeutic 

perspective since responding would be lowered at multiple drug doses  (Ahmed and Koob, 

1998; Piazza et al., 2000). In addition, the current study would benefit from testing a 

combination of ineffective doses of phenmetrazine and nBNI to see if the combination 

therapy is dose sparing. 

Lastly, the work presented here focuses on effects in male rats. Studying both 

males and females is extremely important since often times individuals do not respond to 

treatments in the same way, and sex has been identified as an important biological 

variable in the field of addiction. We first wanted to examine male rats since there are 

conflicting results between preclinical and clinical research in females regarding effects of 

KOR ligands. In clinical studies, females are shown to have greater analgesia when 

treated with KOR agonists, while in preclinical studies the opposite effects have been 

observed (for review see Chartoff and Mavrikaki, 2015). Additionally, female rats have 

been shown to be less sensitive than males to KOR agonist-induced depressive-like 

behavior (Russell et al., 2014). Previous studies have mostly examined analgesia and 

affective states; however, very few have examined the effects of sex on addictive 

behaviors in preclinical models. For this reason, we collected experiments in Chapter II 

and IV in female rats as well, which we plan to publish in addition to the work in this 

dissertation. 
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8. Future Directions 

While this work has contributed to understanding the benefits of targeting the DAT 

and KOR for treatment of cocaine use disorder, a number of questions remain: 

 

(1) What is the state of the Dyn/KOR system after a history of intermittent cocaine 

access? How does intermittent access affects the interactions between the KOR 

and DA system?  

Long/extended access and intermittent access are two preclinical models 

of cocaine use disorder that differ in the temporal pattern of drug access. Studying 

the behavioral and neurobiological alterations under both conditions is clinically 

important since not all individuals use cocaine continuously (as modeled in 

extended access procedures). Neurobiological alterations induced by intermittent 

access include an increase in cocaine’s ability to inhibit the DAT (sensitization 

model), whereas long/extended access exposure decreases cocaine’s ability to 

inhibit the DAT (tolerance model). In Chapter 3, we show that acute activation of 

the KOR system on slices of naïve animals induced tolerance to cocaine’s ability 

to inhibit the DAT. Furthermore, the KOR antagonist nBNI prevented this 

tolerance-like effect from occurring after extended access cocaine SA.  

Cocaine-induced alterations in the Dyn/KOR system after intermittent 

access have not been explored. However, there have been studies examining the 

roles of KORs in cocaine locomotor sensitization. However, similar to the effects 

of KOR ligands on cocaine self-administration, both KOR agonist and antagonists 

can prevent or block behavioral sensitization to the locomotor effects of cocaine, 

which occurs when animals are re-exposed to injections of cocaine (Shippenberg 

and Rea, 1997; Allen et al., 2013). This adds to the complexity of the overlapping 

outcomes of KOR agonist and antagonist treatments. 



139 
 

Furthermore, it would also be interesting to see if decreasing KOR activity 

increases cocaine’s ability to inhibit the DAT. Treating cocaine-naïve animals with 

nBNI prior to ex vivo voltammetry, however, did not result in an increase in 

cocaine’s ability to inhibit the DAT (unpublished data, Fig 1). Nevertheless, 

assessing the effects of intermittent access on KOR-DAT activities could provide 

insight into how these two proteins interact and contribute to DAT-mediated uptake 

of DA.  
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Figure 1: Treatment with the kappa opioid receptor antagonist nBNI does not 
cause sensitization at the dopamine transporter. Group data showing that 
cocaine animals have a reduction in cocaine’s ability to inhibit DA uptake 
(tolerance), which is blocked when animals are treated with nBNI. No change is 
seen in control animals treated with nBNI compared to controls treated with saline.  
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(2) What is the molecular mechanism by which KOR activity is decreasing cocaine’s 

ability to inhibit the DAT? 

Since cocaine’s reinforcing effects are primarily due to increased 

extracellular levels induced by DAT inhibition, changes in cocaine’s ability to inhibit 

the DAT have been hypothesized to contribute to development of cocaine use 

disorder. After extended/long access cocaine exposure, there is a reduction in 

cocaine’s ability to inhibit the DAT (pharmacodynamic tolerance to cocaine) (Ferris 

et al., 2011, 2012). Our laboratory has shown that DAT-DAT oligomer formation is 

associated with this tolerance. In Chapter IV, we reveal a functional interaction 

between the KOR and DAT that also influenced cocaine’s interaction with the DAT. 

When KOR activity was increased, there was a subsequent decrease in cocaine’s 

ability to inhibit the DAT (tolerance). Since KOR activity is known to increase KOR-

DAT complex formation (Kivell et al., 2014), and decrease cocaine’s ability to 

inhibit the DAT (Chapter IV), it is possible that KOR-DAT complexes—in addition 

to DAT-DAT oligomers—contribute to the development of cocaine tolerance. Our 

laboratory in collaboration with colleagues have used a tolerance-inducing protocol 

in cells (Siciliano et al., 2018)  and fluorescence resonance energy transfer (FRET) 

microscopy to study changes in DAT-containing complexes. A similar protocol 

could be utilized, although with fluorescently expressing KORs and DATs (Kivell 

et al., 2014) to determine if KOR-DAT complexes play a role in cocaine tolerance. 

Furthermore, if KOR-DAT complexes are involved in cocaine tolerance, it would 

be interesting to see if phenmetrazine or nBNI disperses KOR-DAT complexes, 

since these two treatments can reverse (phenmetrazine, unpublished data) or 

block (nBNI, Chapter IV) tolerance to cocaine at the DAT measured by ex vivo 

voltammetry.  
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(3) Is the pharmacodynamic tolerance to cocaine’s inhibitory effects at the DAT 

dependent on KORs?  

Since increasing KOR activity decreases cocaine’s ability to inhibit the DAT 

in slices from naïve animals (Chapter IV), a question remains of whether KORs 

are necessary to produce this effect. In order to determine this, conditional KOR 

flox mice can be used to create targeted knockdowns (KDs). For instance, an 

adeno-associated virus (AAV) encoding Cre recombinase under a dopamine-

specific promoter (such as tyrosine hydroxylase or the dopamine transporter) could 

be infused into the VTA in order to delete KORs from VTA dopamine neurons. To 

add further specificity, a retrograde virus encoding Cre in a dopamine neuron-

specific fashion could be infused into the NAc, thus knocking down KORs only in 

VTA dopamine neurons whose terminals reside in the NAc.   

Historically, viral strategies, such as the ones outlined above, have 

primarily been carried out in mice, but with the advent of CRISPR, there will be 

exciting opportunities to use genetically target rats. At this time, while rats with 

floxed KOR genes are currently not commercially available, our laboratory 

currently has a colony of KOR floxed mice. In these mice, we could test whether 

cocaine tolerance develops after cocaine exposure to determine if KORs are 

necessary to produce this tolerance effect to cocaine.  

First, in order to do this experiment, cocaine concentration response curves 

in the nucleus accumbens would have be collected from naïve-controls and 

cocaine exposed controls using a protocol that induces tolerance. Then KOR KD 

mice, using the viral strategies above (and controls) would be exposed to cocaine 

according to this protocol. Cocaine concentration response curves from these 

animals would then be compared to see if tolerance is blunted in cocaine-exposed 



143 
 

KOR KD mice. This would help us understand if KOR activation is a driving force 

for development of this pharmacodynamic tolerance at the DAT.  

 

(4) Is phenmetrazine reversing the hypodopaminergic (reward deficit) state induced 

by cocaine? Is nBNI normalizing the increased activity of the Dyn/KOR system 

(stress surfeit) induced by cocaine?  

Using in vivo microdialysis, dialysate could be collected from animals after 

extended access, limited intake procedure. Using high performance liquid 

chromatography, extracellular DA levels in dialysate could be determined, while 

enzyme-linked immunosorbent assays (ELISAs) could be used to determine 

dynorphin content. We would expect cocaine animals to have decreased 

extracellular DA levels and increased dynorphin levels compared to controls, 

indicating a hypodopaminergic and stress surfeit state, respectively.  Furthermore, 

extracellular levels from cocaine animals could be compared to animals treated 

with phenmetrazine and nBNI to see if either of these treatments reversed either 

component of the reward deficit, stress surfeit syndrome induced by cocaine.  

 

(5) Can combination therapy targeting the DAT and KOR treat other symptoms of 

cocaine use disorder, such as depression, anxiety, and anhedonia?  

Individuals who use cocaine report that during drug withdrawal and even 

after prolonged abstinence, a negative affective state persists. An important aspect 

of medication-assisted treatment is to not only decrease cocaine use (with a goal 

of complete abstinence) but also treat associated symptoms that increase the risk 

of relapse such as co-morbid anxiety or depression. Therefore, a combination drug 

therapy that will treat multiple symptoms concurrently is ideal. Unfortunately, 

behavioral detection of a withdrawal syndrome following chronic cocaine in rats, 
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such as enhanced negative affect-like behavior, has proven difficult. One 

promising avenue to measure changes in affect includes examining ultrasonic 

vocalizations (for review, see Barker et al., 2015), which has been successful in 

characterizing negative affective-like states associated with ethanol withdrawal. 

Therefore, similar assays such as ultrasonic vocalizations may prove fruitful in 

uncovering these behavioral maladaptations following chronic cocaine.  

 

9. Conclusions 

The work included in this dissertation supports the KOR and DAT as two cellular 

targets for cocaine use disorder treatments. Using FSCV in brain slices, we show for the 

first time that cocaine SA increases KOR-induced inhibition of DA release in the NAc. 

Additionally, a novel combination of a DA releaser and KOR antagonist decreased cocaine 

breakpoints on a PR schedule of reinforcement and reversed DA and KOR system 

dysregulations induced by cocaine exposure. Lastly, a unique interaction between the 

DAT and KOR is explored, with results suggesting that KORs contribute to cocaine’s ability 

to inhibit the DAT.   
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APPENDIX I 

 

MEASUREMENT OF DOPAMINE USING FAST SCAN CYLCIC VOLTAMMETRY IN 

RODENT BRAIN SLICES 

Madelyn I. Mauterer, Paige M. Estave, Katherine M. Holleran, Sara R. Jones 
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Abstract 

Fast scan cyclic voltammetry (FSCV) is an electrochemical technique that allows sub-

second detection of oxidizable chemical species, including monoamine neurotransmitters 

such as dopamine, norepinephrine, and serotonin. This technique has been used to record 

the physiological dynamics of these neurotransmitters in brain tissue, including their rates 

of release and reuptake as well as the activity of neuromodulators that regulate such 

processes. This protocol will focus on the use of ex vivo FSCV for the detection of 

dopamine within the nucleus accumbens in slices obtained from rodents. We have 

included all necessary materials, reagents, recipes, procedures, and analyses in order to 

successfully perform this technique in the laboratory setting. Additionally, we have also 

included cautionary points that we believe will be helpful for those who are novices in the 

field. 
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Background 

Since the ability to examine the electrical properties of physiological systems was 

first appropriated for use in preclinical scientific research, many techniques used to study 

synaptic physiology have been developed. From the early days of electrophysiological 

recordings in squid axons to present day fast scan cyclic voltammetry (FSCV) performed 

in human Parkinson’s patients (Kishida et al. 2016; Lohrenz et al. 2016), the field has 

made significant advances in a relatively short amount of time. This protocol’s focus, 

FSCV, is the technical result of over 40 years of innovation and collaboration between 

physicists, analytical chemists, and neuroscientists. While electrochemistry was born with 

Michael Faraday and Alessandro Volta as early as the 19th century 

(https://www.electrochem.org/birth-of-electrochemistry), modern voltammetry did not 

come to fruition until the 1920s with Jaroslav Heyrovsky in his quest to measure the 

surface tension of mercury (Heyrovsky, 1922). Through his pursuit, Heyrovsky developed 

a dropping mercury electrode to perform polarography—a technique that would be 

introduced as “voltammetry” in the United States in the 1940s with utilization of platinum, 

gold, or carbon electrodes, in addition to the dropping mercury electrode, to study metal 

ions in solution. With the advent of computing technology, voltammetry methodology 

advanced dramatically from the late 1960s to today (for review see Bard and Zoski, 2000). 

Of note, in the 1970s, Ralph Adams pioneered the use of voltammetry, using a fast 

scanning method, in translational neuroscience specifically to study oxidizable 

neurotransmitters (Adams 1976), a technique further applied to awake, freely-moving 

animals by Mark Wightman (Bucher & Wightman, 2015). 

FSCV is a powerful electrochemical technique and is currently the only method 

available to directly measure extracellular levels of neurotransmitters on a sub-second 

timescale in discrete brain regions. One of the few comparable techniques is in vivo 
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microdialysis—a method used to examine extracellular levels of multiple different 

neurotransmitters. However, even with the most recent advancements, microdialysis can 

only resolve neurotransmitter levels on a timescale of minutes, whereas FSCV has a 

temporal resolution of milliseconds.  Other electrophysiological techniques utilize indirect 

measurements of such as downstream postsynaptic ion channel-induced alterations in 

electrical signaling as a proxy for neurotransmitter activity. FSCV offers the unique ability 

to directly measure neurotransmitters in the extracellular space. This is due to the 

oxidizable nature of various chemical species, particularly monoamines such as 

dopamine, serotonin, and norepinephrine. As there are numerous publications regarding 

the fundamental theory of FSCV (for detailed review see: Yorgason et al. 2011; 

Rodenberg et al. 2017), we will not concentrate heavily on this topic here.   

While the FSCV technique spans both in vivo and ex vivo applications, this paper 

will focus specifically on FSCV execution in rodent brain slices.  We will concentrate on 

ex vivo methods, as an analysis of current literature indicates there are few ex vivo FSCV 

protocols in rodent brain tissue, particularly using the new, freely available Demon 

Voltammetry Software (Maina et al. 2012; Fortin et al. 2015). While there are many reviews 

available regarding the history and theory of both in vivo and ex vivo FSCV, training in the 

execution of the technique in translational neuroscience is traditionally passed from 

mentor to mentee through direct hands-on training with equipment often unique to each 

laboratory, rather than by formal instruction universal to all. Furthermore, until recently, 

commercial kits for FSCV (such as those manufactured by Pine Research; 

https://www.pineresearch.com/) were unavailable and are currently not widespread. Thus, 

it is imperative that trainees in the technique of FSCV be well versed in equipment usage 

and maintenance as well as technical performance. To this end, this protocol seeks to 

address technical execution of FSCV while directing the user to the tools and equipment 
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the authors personally use to conduct experiments. Specifically, discussion is focused on 

rodent brain slice preparation, isolating a monoamine response (with a focus on dopamine 

in the nucleus accumbens), and data analysis. We also included a section with what we 

believe are helpful notes on the technique obtained from personal observation.  

Materials and Reagents 

1. Borosilicate Capillary Glass with Microfilament, 1.2 mm x .68 mm, 4”: A-M 

Systems, 602000 

2. Carbon Fiber: GoodFellow, C005722/5 

3. Silver Print II: GC Electronics, 22-023 

4. Stainless steel conductive wire (L 3.000 x 1.000s x 1.000s UL 1423, UL1423 30/1 

BLU) with insulated segment, Kauffman Engineering Inc., custom made 

5. Platinum wire, 0.5mm dia, annealed: Alfa Aesar, 43288 

6. 1mm dia x 4mm Ag/AgCl reference electrode (pellet form), World Precision 

Instruments, EP1 

7. Bipolar Electrode, PlasticsOne, 8IMS3033SPCE 

8. Isoflurane: Patterson Veterinary, 140430704 

9. Single Edge Razor Blade 

10. Personna Double Edge Stainless Razor Blade: Personna, 72000 

11. Standard surgical tools for brain extraction 

12. Loctite 404 Instant Adhesive:  300001-033 

13. Sodium bicarbonate (NaHCO3): Sigma-Aldrich, S6014 

14. Sodium phosphate monobasic monohydrate (H2NaO4P · H2O): Fisher Chemical, 

S369 

15. Sodium chloride (NaCl): Sigma-Aldrich, S7653  

16. Potassium chloride (KCl): Sigma-Aldrich, P5405  

https://www.a-msystems.com/p-121-single-barrel-borosilicate-capillary-glass-with-microfilament.aspx
https://www.goodfellowusa.com/catalog/GFCat4J.php?ewd_token=wOBZmkAZYHrwH1DbZ3yGFe7gcohRDy&n=T1qvhM5pe4EsUuO0KlBA4MRsxrb7E6
http://www.newark.com/gc-electronics/22-0023-0000/silver-print-ii-coating-bottle/dp/29M6219
https://www.alfa.com/en/catalog/043288/
https://www.wpi-europe.com/products/glass/ag-agcl-half-cells.aspx
https://www.pattersonvet.com/Supplies/ProductFamilyDetails/PIF_762328
https://us.vwr.com/store/product/12360289/razor-blades-double-edge-stainless-steel-electron-microscopy-sciences
https://us.vwr.com/store/product/7604076/404-quick-set-instant-adhesive-loctite
https://www.sigmaaldrich.com/catalog/product/sigald/s6014?lang=en&region=US
https://www.fishersci.com/shop/products/sodium-phosphate-monobasic-monohydrate-crystalline-certified-acs-fisher-chemical-4/p-34094#?keyword=s369
https://www.sigmaaldrich.com/catalog/product/sial/s7653?lang=en&region=US
https://www.sigmaaldrich.com/catalog/product/sigma/p5405?lang=en&region=US
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17. Magnesium chloride Hexahydrate (MgCl₂·6H₂O): BDH, BDH9244 

18. D-(+)-Glucose (C6H12O6): Sigma-Aldrich, G8270 

19. Calcium chloride dehydrate (CaCl2 · 2H2O): Sigma-Aldrich, C5080 

20. L-ascorbic acid (C6H8O6): Sigma-Aldrich, A0278 

21. Dopamine hydrochloride, Sigma-Aldrich, H8502 

22. Perchloric Acid (ACS reagent, 60%), Sigma-Aldrich, 311413 

Equipment 

1. Vertical Microelectrode Puller: Narshige, PE-22 

2. Semiautomatic Vibrating Blade Microtome: Leica VT 1200s   

3. Chem-Clamp potentiostat: Dagan Corporation, CHEM-5-MEG 

4. Headstage (5 megohm): Dagan Corporation, 8024 

5. Breakout Box, custom made 

a. Visit https://www.pineresearch.com/shop/neuroelectrochemistry/fscv-

system-overview/#pricing for FSCV bundles offered by PINE research. 

Many of their bundle options include the breakout box.  

6. Data acquisition cards: National Instruments, PCI-6711 and PCI-6052e 

7. NeuroLog System: Digitimer, NL800A 

8. Dual Heater, Warner Instruments, TC-344C- 642401 

9. Harvard Peristaltic Pump P-70, Harvard Apparatus, 70-7000C 

10. Superfusion chamber, Custom Scientific, custom order 

11. Clearlink System extension set with Control-A-Flo Regulator, Baxter, 2C8891 

 

 

 

https://us.vwr.com/store/product/9902205/magnesium-chloride-hexahydrate-acs
https://www.sigmaaldrich.com/catalog/product/sigma/g8270?lang=en&region=US
https://www.sigmaaldrich.com/catalog/product/sial/c5080?lang=en&region=US
https://www.sigmaaldrich.com/catalog/product/sigma/a0278?lang=en&region=US
https://www.sigmaaldrich.com/catalog/product/sigma/h8502?lang=en&region=US
https://www.sigmaaldrich.com/catalog/product/sigald/311413?lang=en&region=US
http://products.narishige-group.com/group1/PE-22/pipette/english.html
https://www.leicabiosystems.com/histology-equipment/sliding-and-vibrating-blade-microtomes/vibrating-blade-microtome/products/leica-vt1200-s/
http://www.dagan.com/chem.htm
http://www.dagan.com/8024.htm
https://www.pineresearch.com/shop/neuroelectrochemistry/fscv-system-overview/#pricing
https://www.pineresearch.com/shop/neuroelectrochemistry/fscv-system-overview/#pricing
http://www.ni.com/en-us/support/model.pci-6711.html
http://sine.ni.com/nips/cds/view/p/lang/en/nid/2601
https://digitimer.com/products/neurolog-system/stimulator-modules/digitimer-nl800a-part-neurolog-system/
https://www.harvardapparatus.com/temperature-controller-tc-344c.html
https://www.harvardapparatus.com/harvard-peristaltic-pump-p-71.html
http://ecatalog.baxter.com/ecatalog/loadproduct.html?cid=20016&lid=10001&hid=20001&pid=822510
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Software 

1. Demon Voltammetry and Analysis Software Suite, available free-of-charge at the 

following site: https://www.wakeforestinnovations.com/technologies/demon-

voltammetry-and-analysis-software/  

Procedure 

Prior to Day of Experimentation:  

A. Carbon Fiber Microelectrode (CFE) Preparation 

1. Using a house vacuum line, suction a single carbon fiber (approximately 

12 cm long) into a capillary tube. Hold one end of the carbon fiber down 

with a finger to prevent it from being suctioned into the vacuum line. 

− Separating carbon fibers over a piece of white paper can assist in 

visualizing the individual fibers.  

**It is important to aspirate only a single carbon fiber into the capillary 

tube.  

2. Load the carbon fiber-filled capillary tube into a vertical microelectrode 

puller, with the midpoint positioned in the center of the heating element. 

Once the two electrodes have been pulled from the single capillary tube, 

use scissors to cut the carbon fiber connecting the two halves. 

− It may be helpful to mark the glass capillary tube at its midpoint with 

a permanent marker prior to pulling to assure that the midpoint is 

placed in the center of the heating element, thus creating two CFEs 

of equivalent length. 

− Settings for the microelectrode puller vary from lab to lab. Our lab 

uses the following settings: 89.1 main-magnet; 20.9 sub-magnet; 

https://www.wakeforestinnovations.com/technologies/demon-voltammetry-and-analysis-software/
https://www.wakeforestinnovations.com/technologies/demon-voltammetry-and-analysis-software/
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54.2 heater.  Ideal settings will allow the pulled glass to fuse tightly 

with the carbon fiber at the tip, while being sturdy enough to resist 

cracking near the glass-carbon fiber interface (typically settings that 

yield a taper length of approximately 0.75cm are optimal). Trial and 

error testing may be necessary to determine the best settings for 

individual pullers. 

3. Under a light microscope with a reticule at 10x magnification, use a scalpel 

to trim the carbon fiber at the tip of the microelectrode to a desired length. 

− Our lab uses a length of approximately 30-100µm. Optimal CFE 

length may vary between labs depending on the sensitivity of 

individual setups.  

4. Apply a layer of silver conducting paint to a stainless steel conductive wire 

and thread it into the microelectrode. Allow the paint to dry in an open, 

ventilated area (such as a fume hood) for at least 12 hours before use.  

B. Other Preparations 

1. Freeze a portion of ACSF in a small beaker (50-100 ml) and a 1L bottle, 

both filled approximately half way.  

− On the day of slicing, fresh ACSF will be added to the bottle of frozen 

ACSF in order to be oxygenated and used for slicing. Fresh ACSF 

from the aforementioned bottle will be added to the beaker of frozen 

ACSF, and will be used to transport the brains from the site of 

decapitation to the site of slicing. 

− After slicing, the frozen ACSF in these containers can be returned to 

the freezer for subsequent experiments. 

2. 10x KREBs solution (see Recipes) should be prepared in advance, and 

allowed to stir until all the solutes are dissolved (at least one hour).  
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Day of Experimentation: 

A. Set Up 

1. Prepare and oxygenate fresh ACSF solution (see Recipes) and aliquot to the 

approximate volumes noted below: 

(1)200 mL into the bottle containing frozen ACSF (described above), to be used 

for slice preparation. 

(2)500mL into a cylinder for each FSCV rig, to be used during experiment 

(additional ACSF may be needed for longer experiments). 

(3)200mL into a storage beaker with netted wells to retain extra slices, to be 

oxygenated and maintained at room temperature. 

2. Place the vibratome stage and brain matrix in the freezer, and add a fresh 

blade to the vibratome; set the thickness and slicing speed appropriately for 

the species (mouse – speed 0.46mm/sec and thickness 300µm; rat – speed 

0.60mm/sec and thickness 400µm). 

− The same blade may be used over the course of one day if creating slices 

from multiple animals or if multiple investigators will be using the vibratome. 

3. Prepare the FSCV rigs by adding deionized water to fill the bottom portion of 

the dish. 

**Ensure that water is covering the heater coil to prevent melting of the tubing. 

4. Flow oxygenated ACSF into the slice chamber at 1mL/min by using a pump or 

gravity flow with a fluid flow regulator. 

5. Turn on the following equipment: (1) dish heater, set to 32OC; (2) Neurolog, 

output set to 1mA; (3) ChemClamp; (4) light source, and (5) microscope. 

6. Draw fluid from the outflow tubing of the dish (leading to a waste bottle) to begin 

flow of fluid out of the dish. 
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− Throughout experimentation, ensure that outflow is maintained. This can be 

particularly troublesome with new tubing, and may require the outflow to be 

reestablished several times throughout the day.  

7. Before moving on to brain extraction, add ~ 50 mL of the cold, oxygenated 

ACSF to the beaker containing frozen ACSF (described above), to be used for 

transporting the brain to the vibratome. 

B. Brain Extraction   

1. Using isoflurane, deeply anesthetize the rodent, followed by immediate 

decapitation.   

2. Expose the skull by making a midline incision (caudal to rostral) with scissors; 

pull the skin laterally to visualize the suture lines of the skull and scrape away 

any fascia overlying the skull. 

3. Use rongeurs to carefully remove the skull to expose the dorsal surface of the 

brain.  

4. Peel away surface blood vessels and meninges.  

5. Carefully run a spatula under the brain to free it from any cranial nerves. 

6. Once free, completely submerge the brain in the beaker containing frozen 

ACSF. 

C. Brain Slicing 

1. Arrange the brain ventral side up into the chilled brain matrix, and place a blade 

at the desired location(s) in the matrix to remove excess brain tissue (Figure 

1A). 

− Use a plastic pipette to transfer chilled, oxygenated ACSF to the brain matrix 

in order to straighten the brain and prevent sticking. 

**Take care not to block off too much tissue. When our group isolates slices 

containing the nucleus accumbens, we block caudally at the level of the 
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hindbrain to remove the cerebellum, and block rostrally to remove the 

olfactory bulb and early prefrontal cortex. 

2. Place a small amount (approximately one drop) of Loc-Tite glue onto the stage, 

and use forceps to quickly position the caudal side of the brain onto the glue 

(Figure 1B). 

**Take care to not use too much glue, as excess glue can lift up upon addition 

of ACSF and result in less than optimal slicing.  

3. Carefully push a razor blade down the midline to hemisect the brain. 

4. Place the stage onto the vibratome, and fill the stage with ice-cold, oxygenated 

ACSF to submerge the brain. 

**Avoid pouring the ACSF directly onto the brain, as this could cause the brain 

to detach from the stage.  

5. Lower the blade into the ACSF solution, and set the slicing window to at least 

1mm beyond the brain edges on both the dorsal and ventral ends of the brain; 

slice the brain at the suggested settings listed above.  

6. Using a transfer pipette or a spatula, transfer slices to FSCV recording 

chambers (Figure 1C). 

− Extra slices can be stored in a beaker containing oxygenated ACSF with 

netted cells to prevent slice motility (Figure 1F). 
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Figure 1. Brain slicing (mouse shown). (A) Using a brain matrix, block the brain at 

appropriate rostral and caudal locations using razor blades. (B) Adhere the brain rostral 

side up onto the stage, hemisect, and submerge in ice cold oxygenated ACSF. (C) Using 

spatula or transfer pipette (not shown), carefully transfer brain slice to FSCV dish. (D) 

Secure the brain slice using platinum wires placed distally from region of interest. (E) Place 

bipolar stimulating electrode and CFE in the region of interest (nucleus accumbens 

shown). (F) Diagram of beaker adapted to retain slices in netted wells (which can be 

manufactured using pantyhose or other finely netted material) for later recording up to 

6hrs after slicing. 
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D. FSCV Rig Set Up 

1. To weigh down the brain slice, place platinum wires at the edges of the slice 

distant from the recording location (Figure 1D).  

2. Place the lid onto the dish of the recording chamber, and fully submerge the 

Ag/AgCl reference electrode pellet into the ACSF solution. Connect the 

reference electrode and the stainless steel wire of the CFE to the headstage 

using alligator clips.  

3. Carefully remove any bubbles that have formed under the netting in your dish 

with a syringe prior to beginning experimentation.  

− It may be necessary to remove bubbles during experimentation if they affect 

the signal (see Notes). 

4. Submerge the entire exposed carbon fiber tip of the CFE into ACSF. Turn on 

the CV, and repeatedly scan at a frequency of 60 Hz for at least 20 minutes. 

After this conditioning step, turn off the CV and change the frequency to 10Hz 

(the working CV frequency for FSCV). 

− Electrodes can be used 2-4 times, and this conditioning step is only required 

for the first use. If electrode is not new, start at the working CV frequency of 

10 Hz.  

 

E. Demon Voltammetry Set Up for Measuring Dopamine 

1. Setup for an experiment by clicking on Edit CV and Stim, which will allow the 

command voltage and stimulation settings to be set. Click Apply once 

parameters are set. Standard settings are shown in (Figure 2).  
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Figure 2. Demon Voltammetry setup for dopamine detection. (A) User Interface showing 

typical experimental settings with ideal current-voltage plot from an electrode (red box). 

For CFE conditioning, the CV frequency (blue box) may be increased to 60Hz. (B) 

Command Voltage settings. Switching potential can be adjusted as needed (red box; see 

Notes). (C) Stimulation settings for single pulse experiments (frequency is not used for 

single pulses). Frequency and pulse number (red box) can be adjusted as needed for 

multipulse experiments (see Notes). 
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F. Collecting Dopamine Signals 

1. Lower the microelectrode approximately 75µm into the brain region of interest.  

2. Lower the bipolar stimulating electrode onto the surface of the slice, 100-

200µm from the carbon-fiber microelectrode (Figure 1E). 

**A common early mistake is puncturing the surface of the slice when lowering 

the stimulating electrode. Ensure that the stimulating electrode rests on top of 

the slice surface. 

3. Name the collection files and set the save folder.  

4. Set the number of collection files to 1, and uncheck the “Wait” button. The file 

name can be set to “default” for this step. 

− A few electrode placements may need to be tested in order to achieve an 

optimal signal.  

− It is better for slice health to move the recording electrode placement rather 

than the stimulating electrode placement (which, due to size, can damage 

the tissue). 

5. Once a reasonable dopamine signal is obtained (optimally greater than 3nA for 

rat slices and greater than 7nA for mouse slices), set the desired number of 

collection files and the collection interval to either 180 seconds or 300 seconds 

(for single or multi-pulse experiments, respectively). Click the Collect button to 

begin collecting dopamine signals. 

**Do not let the slice sit without regular stimulation at the selected interstimulus 

interval, or else the signal will need to be restabilized.  

6. Stop the collection after 30-40 minutes of collecting baseline signals (at least 

10 collections with a 180sec interstimulus interval or at least 8 collections with 

a 300sec interstimulus interval). The last three signals need to be stable 
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collections (amplitude varying less than 10% between collections and not 

showing a consistent upward or downward trajectory). 

7. After stability, a pharmacological agent of interest can be added to the ACSF 

cylinder. Change the collection name, and collect for a minimal of 30 minutes 

to allow the pharmacological agent to reach maximal effect.  

8. Upon completion of experimentation, turn off the CV and move electrode to a 

flow cell for calibration. 

 

G. Calibration of Recording Electrodes 

1. Dilute dopamine into ACSF to a known concentration of dopamine (our lab 

uses 3uM).  

2. Open Demon Voltammetry and use the same settings as listed above, except 

change the collection interval to 0 seconds and number of files to 5.   

3. Using the same headstage as the performed experiment, reconnect the CFE 

and reference electrode. Run ACSF through the flow cell, and lower the CFE 

into the ACSF solution.  

4. Turn on the CV (should appear the same as during experimentation) and start 

the collection. Allow ACSF to flow for 5 seconds. Then, apply a consistent flow 

of the DA solution for 5 seconds, followed by 5 seconds of ACSF solution. 

Continue until collection is complete.  

− Dopamine signal should have an approximately square shaped peak (Figure 

3).  

5. Analyze calibration collections to ensure that the DA signals were not trending 

in one direction. If all of the collections were ascending/descending, repeat 

step 4 to collect additional calibration data. Once the DA signals appear stable, 

average all of the DA currents (nA) collected. Divide the average current by the 
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concentration of the DA solution used for calibration (3µM) in order to 

determine calibration factor (nA/µM)  

**If any collection amplitudes vary drastically from other collections, exclude it 

and average accordingly.   
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Figure 3. Electrode Calibration. (A) An ideal calibration curve should have an approximate 

square shape with fast kinetics. (B) A calibration curve from a “slow” electrode that has 

been overused. Lipids and proteins can adhere to and foul the surface of the carbon fiber 

following repeated usages and slow the kinetics of dopamine detection, resulting in sloping 

- rather than square - calibration curves (red arrows indicate regions of slowed kinetics) 
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H. Clean Up 

1. Flow a 70% Ethanol solution through the tubing for each dish for 10 minutes at 

an increased flow rate (ex: 2mL/min). Repeat with 3% hydrogen peroxide, then 

distilled water. 

2. If using a pump, allow air to flow through the line until all liquid has been 

displaced from the tubing. If using a gravity flow system, set the fluid regulator 

to the “prime” function, and use a syringe to push air through the tubing to clear 

out any residual liquid.  

3. Empty used ACSF into an appropriate waste container. 

Data Analysis 

A. Demon Voltammetry Analysis with Michaelis-Menten Modeling (see Yorgason et 

al. 2011) 

1. Open the program and click Analyze 

2. Click the Open File button to allow the user to choose the file of interest. 

3. Click Kinetics, and input the calculated calibration factor (nA/µM) for the 

experiment 

4. Go to the Baseline Correction Tab, and move the start (green) line and 

end (red) line to the beginning of the collected signal. Click Reset, then Pre 

Stim Shift. The Baseline offset should now appear as 0.00. 

5. Go to the Peak and Decay tab. Position the Pre (green) line at the start of 

the DA signal, the peak (purple) line at the peak of the signal, and the post 

(red) line at the end of the DA signal. Click Analyze, and ensure that the 

modeled (yellow) line appropriately fits the curve. Click Export to save the 

file (Figure 4A).  
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− When prompted, name the file accordingly, and select save. When 

saving subsequent analyses from the same experiment, you may select 

this file which will then retain all peak-decay data in one text file that can 

be tab-delimited in Excel later (see below). 

6. Go to the Michaelis-Menten Analysis tab. Enter the Km constant of 

160nM. Alter the [DAp] so that the curve matches the peak of the trace, the 

vMax to fit the first one-third of the descending portion of the curve. 

Increase the thickness until one point exactly overlays the trace on the 

ascending portion of the curve. Check Pearson Coefficient closeness of 

modeling fit, aiming for 0.95 (note that curves analyzed from experiments 

using drugs that decrease dopamine release will likely show poorer fit due 

to decreased signal:noise). Click Export to save the file (Figure 4B).  

− When prompted, name the file accordingly (being sure to assign a name 

discrete from the peak-decay file), and select save. When saving 

subsequent analyses from the same experiment, you may select this file 

which will then retain all modeled data in one text file that can be tab-

delimited in Excel later (see below). 

This procedure describes the Michaelis-Menten curve fitting analysis technique. 

However, a number of kinetic parameters that can be analyzed by Demon 

Voltammetry and Analysis program. Please see Yorgason et al. 2011 for thorough 

review. 
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Figure 4. Voltammetry analysis using Demon Software. (A) Peak-Decay analysis. Demon 

software will automatically attempt to fit these parameters, but may need to be corrected 

slightly. The green, purple, and red lines should be placed at the stimulation time point, 

the peak of the signal, and a time point after the signal that has returned to baseline, 

respectively. The yellow dots are indicative of the program’s automated peak-decay fit. 

(B) Michaelis Menten model fitting, showing Demon user interface for adjusting kinetic 

parameters to properly fit the signal. 
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B. Exporting Data to Excel 

1. Open Excel, and the CYE file containing peak/decay or modeled data to 

export. 

− Be sure to select All Files from the dropdown list in order to see the 

CYE file format. 

2. When the prompt appears, ensure that the Delimited option is chosen, and 

click Next. 

3. When the next prompt appears, ensure that the Tab option is chosen, and 

click Finish. 

− A table containing all files from the analyzed experiment will result. It can 

be helpful to create a master spreadsheet containing all experimental 

files from a study. Values of interest can then be analyzed using 

statistics software, such as Prism. 

Notes  

Electrode Placement: When placing electrodes, it is important to maintain consistency in 

location between experiments. Dopamine signals change not only between location in the 

region of interest (for example, the core and shell of the nucleus accumbens), but also 

along the dorsal-ventral and rostral-caudal axes.  

Timing of Experiments: Maintaining a consistent time in the animal’s light-dark cycle is 

important to ensure that temporal fluctuations in dopamine levels do not confound any 

potential findings (Ferris et al. 2013). It is also important to extract brains at the same time 

points post-drug in order to consistently observe the same temporally defined drug effects.  

Competitive Inhibitors of the Dopamine Transporter: The kinetic constant “Km” 

measures the affinity of dopamine for the dopamine transporter, and has been estimated 
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as 160nM based on competition binding assays (previously determined; Wightman, 1988). 

However, FSCV can be used to measure the effect of a competitive inhibitor of the 

dopamine transporter (such as cocaine) on the reuptake of dopamine. In this instance, 

“apparent” Km is used, which models dopamine uptake inhibition. In order to analyze 

experiments in which the dopamine transporter is known to be affected, set Km to 160nM 

for analysis of the baseline curve, and fit the descending portion of the curve by adjusting 

Vmax.  For curves in the presence of inhibitor, maintain Vmax at the value determined in the 

baseline traces, and adjust Km.  Values obtained are denoted “apparent Km” to indicate 

that the constant itself is not changing, but the apparent affinity of dopamine for the 

dopamine transporter changes with transporter inhibition. Please note that this technique 

of adjusting Km only applies in the case of dopamine transporter targeted drugs, and for 

all other experiments Km should be maintained at 160nM throughout curve fitting analysis. 

Determining the Appropriate Switching Potential: In the Demon Collection Software, 

the switching potential can be adjusted as needed. For measurement of dopamine, the 

switching potential can vary between 1.1V and 1.3V. In most FSCV labs (including our 

own), a switching potential of 1.2V is utilized to provide sufficient sensitivity while also 

preserving the integrity of the CFEs for 3-4 usages. Increasing the switching potential to 

1.3V increases electrode sensitivity; however, a switching potential of 1.3V may result in 

electrode “drift” or continuously changing sensitivity, and thus make it necessary to replace 

CFEs more often. The switching potential can also be reduced to 1.0 or 1.1V to decrease 

sensitivity. Generally, the switching potential is only reduced when an electrode begins to 

“limit” during the baselining portion of the experiment (Figure 5C), and new electrodes are 

unavailable. Upon altering the switching potential, a new baseline needs to be collected 

as the peak heights (in nA) of the evoked release will be altered by the changed sensitivity 
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of the electrode. Switching potentials are specific to the species being analyzed. Here we 

describe guidelines for dopamine FSCV. 

Determining Frequency and Number of Pulses: The frequency (Hz) and number of 

pulses can be altered as needed, typically when examining drug or treatment effects on 

“phasic-like” stimulation kinetics. While the frequency setting has no effect on single pulse 

experiments, typical multi-pulse experiments consist  of a set number of pulses (typically 

5 or 10) applied for each of a number of increasing frequencies (i.e. 5, 10, 20, 40, 60, 

100Hz) with a 300sec inter-stimulus interval (See Ferris et al. 2013 for review).  
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Table 1: Common electrode errors and solutions. 

Common Electrode Errors  

Complication Solution 

Noise 
1. Seal between glass and carbon fiber is not intact 
2. Grounding electrode not placed properly (Figure 5A) 
3. Headstage malfunction 

Not Sensitive (Figure 5B) Carbon fiber is too short 

Too Sensitive (Limiting)  
1.Carbon fiber is too long (Figure 5C) 
2. Lack of seal between glass and carbon fiber 

Stimulator Artifact (Figure 5D-F) 
1. CFE and Stimulating electrode are too close 
2. stimulating electrode is not level on tissue surface 

Wide (Figure 5G) 
1. Electrode is old (slow) 
2. Recording from shell instead of core 
3. Heater is not on 

Lack of Waveform 
1. Malfunctioning breakout box 
2. Malfunctioning headstage 
3. Malfunctioning National Instruments card 
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Figure 5. Common CFE problems (See Table 1 for troubleshooting tips). (A) Improperly 

grounded CFE (properly grounded trace shown in red). (B) CFE with less-than optimal 

sensitivity. Note the relatively flat shape indicated by the red arrow (C) Limiting CFE. The 

electrode current is exceeding the maximum limit of the computer interface, resulting in 

loss of data. Note that the full current range has been cut off at the red arrows.  (D-F) 

Signals with invasive stimulator artifacts. (D,E) Stimulator artifact separated from signal 

(note that decay kinetics appear slow due to the presence of 3µM cocaine bathing the 
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slice). (D) Trace with colorplot inset depicting voltage on y-axis, time on x-axis and current 

in heatmap form on z-axis; see Yorgason et al., 2011 (red and white arrows indicate visual 

indication of spike presence on I/T plot and colorplot, respectively).(E) Dot plot 

representation of the trace with red arrow indicating spike presence. (F) Stimulator artifact 

not separated from signal with colorplot and CV inset (red and white arrows indicate visual 

indication of spike presence on I/T plot and colorplot, respectively). Note that the peak of 

dopamine in the CV (~7nA) does not correspond to apparent peak in the trace (~19nA), 

another indication of potential interfering stimulator artifact. (E) Wide baseline signal with 

colorplot inset. 
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Troubleshooting 

Noise: Increased signal noise is often caused by one of the following issues: noise in the 

electrodes (see above), static electricity from the experimenter, bubbles in the dish, or 

interference from outside electrical noise (so called 60Hz noise). As discussed previously, 

a “noisy” electrode can be replaced. In order to prevent static electricity from the 

experimenter, it is good practice to touch the grounded Faraday cage prior to touching the 

micromanipulators or other rig components. This will eliminate any potential static 

electrical build up that may occur due to clothing or general electricity in the area. Bubbles 

in the dish can also contribute to noise. In this case, the bubble itself can be removed as 

previously described. Bubble traps can also be installed to decrease the frequency of air 

bubbles in the tubing reaching the dish.  

Interference from outside electrical noise is the most common cause of spontaneous noise 

in signals. The origin of electrical noise can be difficult to ascertain and often arises without 

warning; however, precautions can be taken to ameliorate spontaneous noise. For 

example, dry air can increase static and thus noise, but the use of humidifiers on dry days 

can provide relief. Other troubleshooting options include completely enclosing the faraday 

cage, ensuring that the surface of the rig is free from all tools used during set up such as 

forceps and syringes, and turning off the lights in the rig. In general, electronic devices 

such as pumps and voltammetry equipment must be kept outside of the Faraday cage in 

order to reduce noise from these devices as much as possible. 
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Common Electrode Placement Errors: 

 

Figure 6. Ideal electrode placement (Image adapted from Figure 1D). Above represents 

ideal positioning of CFE and bipolar stimulating electrodes (Stim) for FSCV. (A) The CFE 

should be placed approximately 75µm into the brain slice; placement too deep or too 

shallow will yield less-than-optimal dopamine responses. The CFE should also be 

triangulated centrally between the two stimulating wires. (B) The stimulating electrode 
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should just touch the surface of the brain; placement too deep into the tissue will result in 

poor FSCV signals and tissue damage. The two wires of the stimulating electrode should 

lie flat on the tissue; crooked stimulating electrodes can result in increased stimulation 

artifact observance (see Figure 5D). (C) The stimulating electrode and CFE should be 

placed approximately 100-200µm apart; placement too close together increases artifact 

occurrence, while placement too far apart may result in diminished dopamine signal. 
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Artificial Cerebrospinal Fluid (ACSF)  10X Krebs Stock Solution 

Material 
Final Concentration (in 

mM) 

 Material Final Concentration (in 

mM) 

NaCl 126  NaCl 1259.4 

KCl 2.5  KCl 24.95 

NaH2PO4 1.2  NaH2PO4 12.03 

CaCl2 2.4  CaCl2 8.16 

MgCl2 1.2  MgCl2 12.0 

NaHCO3 25.0  Store at 4oC for up to 1 month 

Ascorbic Acid 0.4  Use ultrapure water to prepare solution 

D-Glucose 11.0  

Store at 4oC for up to 1 day  

Use deionized water to prepare solution  

 

Tables 2 and 3: Recipes for ACSF and Krebs. A 10x Krebs stock solution, containing the 

majority of solutes above (with the exception of those in italics, NaHCO3, ascorbic acid, 

and D-glucose) is prepared in advance. 
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1 mM Dopamine Stock Solution 

Material Amount 

DA 

hydrochloride 

9.4 mg 

HCLO4 500 µL 

Ultrapure water 50mL 

Store at 4oC for up to 6 months 

 

Table 4: Recipe for Dopamine Stock Solution. On each day of experimentation, make a 

3µM solution of dopamine that will be used for calibration. For example, add 150 µL of the 

dopamine stock solution to 50mL of aCSF. 
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