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ABSTRACT 

Woodlief, Kendall A.  

 

THE EFFECTS OF DOPAMINE D3 RECEPTOR COMPOUNDS ON OXYCODONE 

SELF-ADMINISTRATION AND REINSTATEMENT IN FEMALE CYNOMOLGUS 

MONKEYS 

 

Thesis under the direction of Michael A. Nader, Ph.D., Professor of Physiology and 

Pharmacology 

 

Evaluating novel pharmacotherapies for the treatment of opioid use disorder 

(OUD) is essential. In the United States, there currently exists an opioid crisis as a result 

of the high prevalence of people abusing opioids and staggering number of overdose 

deaths. Animal models have been used extensively to understand the biological basis of 

substance abuse and to behaviorally characterize novel compounds. Studying nonhuman 

primates in drug self-administration is most predictive of the clinical condition in 

humans, thus, provides important clinically translational insight into medications 

development for treatment of substance abuse. Most drugs of abuse alter dopamine (DA) 

concentrations and recent studies indicate the DA D3 receptor (D3R) as a potential 

therapeutic target for OUD. In addition, sex differences have been identified in opioid 

pharmacology, yet few preclinical studies have examined opioid self-administration in 

female subjects. The present thesis examined the effects of two novel and highly selective 

D3R compounds, the partial receptor agonist (±)VK4-40 and the D3R-selective antagonist 

(±)VK4-116 in monkey models of opioid abuse. Specific Aims were to establish 

oxycodone self-administration under a fixed-ratio (FR) schedule of reinforcement in 

female cynomolgus monkeys and examine the effects of (±)VK4-40 and (±)VK4-116 

versus the mu-opioid receptor antagonist naltrexone (NTX), and to investigate the 
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efficacy of these compounds to block oxycodone-induced reinstatement in the same 

monkeys. Adult female (N=4) cynomolgus monkeys were trained to self-administer 

oxycodone (0.001-0.17 mg/kg/injection) under a fixed-ratio (FR) 30 schedule of 

reinforcement during daily 60-min sessions. Effects of NTX (0.001-0.1 mg/kg), (±)VK4-

116, and (±)VK4-40 (both at 1.0-10 mg/kg), administered intravenously (IV) 5-min 

before sessions, were studied in combination with the oxycodone dose that resulted in 

peak responding and a dose on the descending limb of the oxycodone dose-response 

curve. At the oxycodone dose that maintained peak responding, NTX dose-dependently 

decreased self-administration and shifted the oxycodone dose-response curve to the right 

when tested with a higher oxycodone dose. (±)VK4-40, but not (±)VK4-116, decreased 

peak rates of oxycodone self-administration; (±)VK4-40 did not increase responding 

when tested with an oxycodone dose on the descending limb. Saline was substituted for 

oxycodone and when responding declined by >80% of baseline, oxycodone (0.1 or 0.17 

mg/kg, IV) was administered 1-min prior to the session to reinstate oxycodone seeking. 

NTX (0.01-0.1 mg/kg, IV) and (±)VK4-40 (3.0-5.6 mg/kg, IV), but not (±)VK4-116 (up 

to 5.6 mg/kg, IV), attenuated oxycodone-induced reinstatement. These findings further 

implicate direct effects of D3R on opioid reinforcement and conditioned stimuli, 

suggesting that co-administration of D3R compounds may attenuate the abuse liability of 

opioids. Currently, the reinforcing strength of oxycodone is being evaluated in the same 

monkeys self-administering oxycodone under a PR schedule of reinforcement. 

Preliminary findings suggest between-monkey differences in sensitivity to the reinforcing 

effects of oxycodone under FR and PR reinforcement schedules.



 

CHAPTER I 

INTRODUCTION 

 

Kendall A. Woodlief 
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1.1 Opioid Abuse 

The prevalence of substance use disorders (SUDs) in the American population has 

become a national problem, as demonstrated by the current overdose epidemic. In 2017 it 

was estimated that 68% of the 70,200 drug overdose deaths in the United States involved 

an opioid; every day approximately 130 people die from an opioid overdose (CDC 2018). 

Prescription opioid overdose, abuse, and dependence presents a dire cost to society, as 

one study reports an economic burden of approximate $78.5 billion USD. This estimate 

from CDC includes healthcare costs, substance abuse treatment, loss of productivity in 

the workplace, and criminal justice system involvement (Florence et al. 2016). In recent 

years, changes to policy and educational initiatives by state and federal government 

agencies, such as the Office of National Drug Control Policy (ONDCP), Drug 

Enforcement Agency (DEA), and Food and Drug Administration (FDA), have been 

initiated to help address this health crisis (Brady et al. 2015). A recent report by the 

ONDCP describes current strategies to mitigate the opioid crisis in the United States, 

including efforts to address safe prescribing of opioids, expanding community prevention 

and peer recovery support programs, as well as enhancing utilization and access to 

treatment (Office of National Drug Control Policy 2019).  

Because of their analgesic effects, opioids are powerful in treating pain, such as 

after surgery, in terminal illnesses (e.g. cancer), or following a trauma (Fields 2011). The 

Center for Disease Control and Prevention (CDC) reports that 49% of opioid 

prescriptions are for pain-medicine patients (CDC 2017). The next highest rates, 27% and 

36% respectively, are for patients who had received surgery and those in rehabilitation 

(CDC 2017). Specifically, oxycodone is indicated in treatment of pain arising from 
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conditions such as postoperative pain, infection, neoplasia, and cancer (Ordóñez Gallego 

et al. 2007).  It has been shown that chronic opioid exposure elicits both structural and 

functional changes in the brain affecting impulse, reward, and motivation (Minhas and 

Leri 2018). In opioid-dependent humans, morphological brain changes have been 

observed in important regions that mediate reward and motivation (e.g. insula, amygdala, 

and nucleus accumbens (NAc)); in this study, opioid-dependent subjects showed bilateral 

volumetric amygdala loss, white matter tract abnormalities, and changes in functional 

connectivity, which is thought to be due to the effect of opioids on myelin and axonal 

membrane properties (Upadhyay et al. 2010). These data support the hypothesis that 

long-term use of opioids not only affects specific structures, but entire systems, within 

the brain (Upadhyay et al. 2010).  

Clinically, diagnosis of an opioid use disorder (OUD) is primarily based on 

patient medical history and comprehensive assessments; the Objective Opioid 

Withdrawal Scale (OOWS), the Subjective Opioid Withdrawal Scale (SOWS), and the 

Clinical Opioid Withdrawal Scale (COWS) are used to validate and measure withdrawal 

symptoms (Kampman and Jarvis 2015). According to the 5th edition of the Diagnostic 

and Statistical Manual of Mental Disorders (DSM), criteria for an OUD includes a 

problematic pattern of use that leads to impairment or distress, such as intense craving, an 

inability to function normally at home or work, continued use despite persistent social or 

psychological problems, or tolerance (American Psychiatric Association 2013). These 

criteria are revised from the previous edition, in which tolerance and withdrawal 

symptoms were included. Rather than differentiating between abuse and dependence, the 

DSM-5 includes a single disorder of graded severity (Boscarino et al. 2015). According 
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to the most recent Substance Abuse and Mental Health Services Administration 

(SAMHSA) report, it has been estimated that 2.1 million people in the United States over 

the age of 12 suffered from OUD in 2017 (SAMHSA 2018). However, of the nearly 2.4 

million Americans with OUD, only 1 in 5 received treatment in 2015 (Krebs et al. 2017). 

Although development of OUD can begin during any stage of life, typically most 

problems arise during one’s late teens and early twenties, a result of both genetic and 

environmental factors (American Psychiatric Association 2013). Additionally, it has been 

reported that female adolescents may be at a greater risk for developing such disorder 

(Wu et al. 2009), thus warranting preclinical and clinical studies to include female 

subjects.  

Relapse to drug use is often precipitated by acute exposure to the drug of abuse, 

drug-associated cues, or as a result of experiencing unpleasant withdrawal symptoms is a 

major clinical problem and can also be triggered by stress (Brown and Lawrence 2009) 

Relapse is a major clinical problem and can also be triggered by stress (Brown and 

Lawrence 2009). Social determinants are also important in drug dependence and relapse. 

In one study that examined factors associated with relapse in alcohol and opioid 

dependence, researchers found that the opioid group scored significantly higher on 

craving, higher on perceived criticism, and lower on self-efficacy, though both groups 

most often reported the “desire for positive mood” as reasoning for relapse (Kadam et al. 

2017). Risk of relapse is especially high in patients with opioid use disorder during the 

month after being discharged from a short-term inpatient treatment program, in which 

patients often are supervised during withdraw then receive follow-up counseling without 

medication-assisted treatment (MAT) (Nunes et al. 2018).   
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Long-term recovery typically requires additional interventions, such as 

rehabilitation, maintenance, and cognitive behavioral approaches (Schuckit 2016). For 

patients experiencing opioid withdrawal, MAT is recommended to avoid cravings as a 

result of abrupt discontinuation of opioid use, which could potentially lead to further 

abuse (Kampman and Jarvis 2015). Studies have shown that compared with opioid-

abstinence, psychosocial treatment of OUD with medication more than doubles the rate 

of treatment outcomes (Connery 2015). Currently, there exist three FDA-approved 

medications for the treatment of OUD (stabilization/maintenance and relapse prevention): 

methadone, buprenorphine, and naltrexone (Connery 2015).  

Although effective at antagonizing reinforcing effects of mu-opioids (e.g. heroin), 

noncompliance is an important hurdle to desirable treatment outcomes. To assess the time 

course and effectiveness of XR-NTX Depotrex, researchers examined heroin-dependent 

participants in an inpatient study and reported that the reinforcing effects of heroin were 

reduced for 4-5 weeks following administration (Sullivan et al. 2006). In a randomized, 

double-blind trial of heroin-dependent adults given either sustained-release naltrexone or 

placebo, and retention in treatment was dose-related, providing evidence of feasibility, 

efficacy, and tolerability of antagonist treatments for opioid dependence (Comer et al. 

2006). Yet, a review of XR-NT for OUD treatment discussed several factors that limit its 

clinical utility, for example, many patients who intend to start treatment with this 

medication do not, or they discontinue treatment prematurely (Jarvis et al. 2018).  

There exists surmountable evidence of the efficacy of current approved 

medications at treating opioid dependence. Methadone and buprenorphine are both 

effective agonist replacement therapies for OUD in dependent subjects (Connery 2015). 
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Extended-release buprenorphine has also been reported to significantly increase 

abstinence from opioid use compared to placebo, providing evidence that a monthly, 

injectable formulation of buprenorphine is effective and advantageous over other 

formulations (Haight et al. 2019). Additionally, sublingual buprenorphine/naloxone is 

useful in treating opioid dependence, such as in patients undergoing medically-supervised 

withdrawal (Orman and Keating 2009).  

In contrast, there is limited data regarding safety and efficacy in nondependent 

patients (Connery 2015), thus, there exists a strong need for medications development 

and preclinical assessment of novel compounds in both non-dependent and post-

dependent subjects. These data are crucial to understanding strategies to combat the 

current epidemic, including the development of novel medications and their utilization in 

a patient population. Chapter II describes two novel compounds that do not directly act 

on the opioid system, rather, modulate dopamine (DA) neurotransmission in the brain and 

their effects on drug seeking and relapse in non-dependent subjects; further discussion of 

DA and the specific receptor subtype in which these compounds bind with high affinity 

will be discussed in more detail in the next section.  

 

1.2 Dopamine, Reward, and Drug-Induced Brain Adaptations 

Major consequences of repeated drug use include maladapted biological processes 

underlying reward in the brain. SUD is characterized by a cycle of acute exposure 

(reinforcement), chronic use (tolerance, sensitization, dependence), short-term abstinence 

(withdrawal), and long-term abstinence (craving, relapse); each phase is associated with 

several molecular and cellular changes in neurotransmission, including the upregulation 
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of cAMP signaling and altered receptor-G protein coupling, particularly in response to 

chronic drug exposure including opioids and cocaine (Nestler and Aghajanian 1997). 

More specifically, acute desensitization, internalization, and downregulation of mu-ORs 

are important in the development of opioid tolerance; yet, cellular mechanisms that 

underlie opioid withdrawal and dependence likely are due to separate mechanisms 

(Williams et al. 2001). Although the short-lived brain adaptations are becoming better 

understood, further research on the long-lived adaptations that underlie craving and 

relapse to drug use is needed (Nestler and Aghajanian 1997).  

Importantly, the mesolimbic DA system has been well established to play a role in 

the reinforcing effects of drugs of abuse (Woolverton and Johnson 1992; Nutt et al. 2015;  

Diana 2011). DA neurotransmission, mediated by D1-like (D1 and D5) and D2-like (D2, 

D3 and D4) receptors, is involved in several neurological processes, including emotion, 

cognition, and reward (Kumar et al. 2016). Similar to other drugs of abuse, such as 

psychostimulants like cocaine, opioids affect reward circuity in the midbrain, and 

exposure leads to increased dopamine release in the NAc (Koob et al. 1998). 

Additionally, prior studies have suggested that reinforcing effects of opioids involve both 

DA-dependent (ventral tegmental area; VTA) and independent (NAc) mechanisms (Koob 

et al. 1998). 

Opioids interact with four classes of G-protein coupled receptors, including the 

classical mu, delta, and kappa subtypes, as well as the novel non-opioid nociception 

(NOP) receptor family (Pathan and Williams 2012). Approximately one-third of the 

classical opioid receptors found in nonhuman primates are kappa; distribution of these 

receptors is localized to the frontal cortex, hippocampus, and cerebellum, whereas mu 
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and delta are found in high densities in the central nucleus of the amygdala and 

hypothalamus (Abee et al. 2012). Localization also differs in that mu-opioid receptors 

(mu-ORs) are most often postsynaptic, whereas delta-OR and kappa-OR are on axon 

terminals (Van Bockstaele et al. 2010). In humans, sex differences have been noted in 

mu-OR and delta-OR, in vivo, and a study with PET imaging revealed that males have 

higher distribution volumes for kappa-OR availability than females (Vijay et al. 2016). 

However, each of these receptors similarly affects downstream second messenger 

systems (Childers 1991). Although the functional effects produced by activation of 

different receptor subtype differs, the intracellular responses to activation are similar. For 

example, classical opioid agonist binding triggers a signaling cascade leading to 

inhibition of adenylyl cyclase and reduced levels of cyclic adenosine monophosphate 

(cAMP), ultimately leading to hyperpolarization of the nerve cell and less 

neurotransmitter release (Pathan and Williams 2012). The effects of opioids are a result 

of disinhibition of local GABA circuits, such that hyperpolarization of interneurons 

results in subsequent excitation of neurons in regions such as the VTA (Williams et al. 

2001). Clinically useful opioids used for treatment of pain, which are commonly abused 

(e.g. methadone and oxycodone), primarily target the mu-OR (Darcq and Kieffer 2018); 

however, studies have also reported a complex synergistic interaction in which multiple 

opioid receptor subtypes modulate the control of pain (Pasternak 1993).  

Oxycodone is a semi-synthetic opioid agonist, derived from thebaine in poppes, 

and binds to mu, kappa, and delta receptor subtypes located both centrally and 

peripherally (Ordóñez Gallego et al. 2007). Although it has a clinical efficacy comparable 

to morphine, its binding affinity is 1 in 10 rather than 1 in 40 (Ordóñez Gallego et al. 
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2007). Oxycodone is an important analgesic in the treatment of moderate to severe pain 

in humans, with a plasma half-life of 3-5 hours, which is half that of morphine (Ordóñez 

Gallego et al. 2007). Though clinical analgesia lasts only up to one hour, controlled-

release can last up to 12 hours (Ordóñez Gallego et al. 2007). Oxycodone is primarily 

metabolized in the liver, and its major metabolites are oxymorphone and noroxycodone. 

Side effects resulting from oxycodone are similar to other opioids, the most common 

being constipation, nausea, and drowsiness, however, oxycodone causes less nausea and 

hallucinations than morphine, with side effects decreasing over time (Ordóñez Gallego et 

al. 2007). Although it has been mentioned that all opioids primarily exert their behavioral 

effects through the mu-OR (e.g. in the case of morphine), the antinociceptive properties 

of oxycodone are mediated through both mu-OR and kappa-ORs (Pathan and Williams 

2012; Ordóñez Gallego et al. 2007). In rats, following administration of a mu-OR or 

delta-OR selective antagonist (naloxonazine or naltrindole respectively), antinociceptive 

effects of oxycodone were not affected; in contrast, antinociceptive effects were 

attenuated following administration of the selective kappa-OR antagonist 

norbinaltophimine (nor-BNI) (Ross and Smith 1997).  

Additionally, most drugs of abuse alter DA concentrations and recent studies 

indicate the DA D3 receptor (D3R) as a potential therapeutic target for OUD (You et al. 

2017; Heidbreder and Newman 2010; Newman et al. 2012; Heidbreder 2013; Le Foll et 

al. 2014). Importantly, DA D3R partial agonists and antagonists have been identified 

on NIDA’s Division of Therapeutics and Medical Consequences (DTMC) “ten most 

wanted” pharmacological targets for rapid OUD medications development (Rasmussen 

et al. 2019). Evidence supporting the rationale that selective antagonists for DA receptor 
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subtypes could be a potential target for drug development to combat SUDs includes an 

understanding of DA receptor distribution in the brain and the circuitry involving 

motivation. There exists high expression densities of DA D3R mRNA in DA pathways 

that project from the VTA to limbic forebrain regions, crucial to learning motivational 

importance, and within the loop between medial prefrontal cortex (mPFC), NAc, and 

ventral pallidum, crucial to drug-seeking behavior (Heidbreder and Newman 2010). In 

humans and baboons, positron emission tomography (PET) studies using a mixed D3/D2 

agonist have reported preferential uptake in the ventral striatum and globus pallidus 

compared with radiolabeled D2 antagonists (e.g. raclopride) or other D2 agonists 

(Heidbreder and Newman 2010). It has also been shown that opioid exposure is 

associated with altered D2-like receptor responses (Emery et al. 2015). Additionally, there 

exists supportive evidence in animal models of other SUDs (e.g. alcohol and nicotine) 

that further indicates this receptor as a promising target (Kumar et al. 2016). After acute, 

sub-chronic, or chronic exposure to several classes of abused drugs (cocaine, nicotine, 

morphine, and alcohol), increased expression of D3 mRNA has been reported in rodent 

brains (Heidbreder and Newman 2010).  

Although targeting this this receptor subtype has long been an interest in 

substance abuse research, several hurdles existed in the past that have prevented clinical 

translation of preclinical candidate molecules, one reason being the lack of clinically 

available, D3R-selective compounds, which has been mitigated by improved research 

tools and the availability of high-resolution structures of G-protein coupled receptors 

(GPCRs), thus aiding in structure-based design of new molecules (Kumar et al. 2016; 

Keck et al. 2015). Initially the focus of targeting this receptor subtype was in medications 
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development for psychostimulant abuse, however, one lead compound R-PG648 

ultimately failed to advance to clinical investigation due to metabolic instability and a 

lack of efficacy in nonhuman primate models of methamphetamine self-administration 

and relapse (Kumar et al. 2016). Additionally, it has been reported that in the presence of 

cocaine, a D3R antagonist may lead to toxic hypertension; yet, several drugs of abuse do 

not produce hypertension (e.g. heroin), and several preclinical studies support targeting 

the D3R in medications development for OUD (Kumar et al. 2016). 

Although opioids do not directly act on the mesolimbic dopaminergic pathway in 

the brain, studies have suggested the importance of reward pathways in mediating 

behavioral response to drug use. To elucidate the role of the D3R on modulating the 

mesolimbic dopaminergic pathway, known to be associated with the rewarding effect of 

drugs of abuse, researchers used knock-out mice with deletions in the D3R gene and mu-

OR agonist morphine under a conditioned place preference (CPP) procedure; they 

reported a significant enhancement of morphine-induced rewarding effect as a result of 

deletion of the D3R, thus indicating its role in negatively modulating this pathway (Narita 

et al. 2003). Interestingly, another group of researchers were interested in addressing 

reward-related behavior and DA receptor gene expression (including D1 receptors and the 

dopamine transporter (DAT) in the NAc and VTA). They found that, in mice, adolescent 

exposure to oxycodone resulted in a 300% increase in response to morphine CPP during 

adulthood, as well as a 75% and 30% reduction in DAT and D1 expression, respectively 

(Sanchez et al. 2016). Taken together, these findings suggest indirect cross-talk between 

two distinct systems: opioids and dopamine signaling in the brain.  
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If used in combination with opioids, it is possible that exploiting dopaminergic 

pathways and D3R compounds could potentially decrease abuse liability without altering 

analgesic effects. Two novel and highly selective D3R compounds, the partial receptor 

agonist (±)VK4-40 and the D3R-selective antagonist (±)VK4-116 have been identified as 

promising candidates for pharmacological treatment of OUD. Characterization of both 

molecules revealed high selectivity to the D3R and suggested their ability to penetrate the 

blood-brain barrier (Kumar et al. 2016). Furthermore, after demonstrating high metabolic 

stability in mouse microsomes, it was shown that acute administration of (±)VK4-116 

blocked acquisition of repeated oxycodone-induced locomotor sensitization and dose-

dependently attenuated oxycodone-induced CPP in rats (Kumar et al. 2016). In 

subsequent evaluation of (±)VK4-116 on its potential utility to prevent and/or treat OUD, 

it was reported that acute pretreatment led to dose-dependent attenuation of acquisition 

and maintenance of oxycodone self-administration in rats, inhibition of reinstatement of 

oxycodone-seeking behavior after extinction, and enhanced the antinociceptive effects of 

oxycodone (You et al. 2018). Importantly, in these studies, (±)VK4-116 treatment did not 

have a significant effect on oral sucrose self-administration (You et al. 2018). Recent 

studies with R-VK4-40 report dose-dependent inhibition of oxycodone self-

administration, without affecting opioid-induced antinociceptive or locomotor effects in 

rats (Jordan et al. 2019). Promising results in rodent studies thus warrant further research 

on the effect of these compounds in other models of opioid abuse. The studies in Chapter 

II extend the evaluation of (±)VK4-40 and (±)VK4-116 to nonhuman primate models of 

oxycodone self-administration and reinstatement. 
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1.3 Nonhuman Primate (NHP) Models  

Because of the complex nature of SUDs and factors contributing to continued 

drug abuse, it is necessary to study the behavioral and physiological effects of these drugs 

in an ideal animal model. NHPs have been extensively used in preclinical research for 

over 70 years, and this animal model provides key advantages over other animals used in 

biomedical research, for example, involving experimental design (e.g. patterns of 

intravenous drug self-administration and available noninvasive imaging techniques) 

(Banks et al. 2017). Numerous characteristics of NHPs are analogous to those of humans; 

these factors include processes of development, distribution of neurotransmitters, and 

patterns of social and behavioral constructs (Gould and Nader 2015). Studying the 

mechanisms of drug abuse using macaques, a species that, along with baboons, is the 

closest phylogenetically to humans compared with any other animal used in biomedical 

research, allow researchers to extrapolate experimental findings to humans. Specifically 

for SUD research, NHPs are ideal models since the pharmacokinetics of drugs is similar 

in humans, and thus results are more valid in assessing abuse liability (Nader et al. 2015). 

Additionally, using monkeys as the animal model for SUD research allows for long-term 

studies to be performed, and changes from baseline can be noted over many years (Gould 

and Nader 2015). Clinically, medications approved to treat OUD (e.g. methadone 

maintenance in opioid dependent humans) are administered over long periods of time, 

even years, which allows investigators to examine the effects of chronic dosing with 

novel pharmacotherapies in NHPs (Banks et al. 2017).  Additionally, similar 

neuroendocrine control of menstrual cycles between female rhesus monkeys and humans 
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has been demonstrated (Pfaff et al. 2002), furthering support of the usefulness of 

analyzing sex differences among NHPs in models of oxycodone abuse.  

Studying monkeys in daily self-administration sessions is the most predictive 

model for addiction in humans, and this method was first used in rhesus monkeys self-

administering morphine in 1964 (Thompson and Schuster 1964). This model, however, 

does not rely on physical dependence in the monkeys in order for the self-administered 

drug to have reinforcing effects (Deneau et al. 1969; Nader et al. 2015). Self-

administration can be used to analyze abuse liability, in which fixed-ratio (FR) schedules 

of reinforcement are employed and a specific number of responses is required for 

reinforcement (Nader et al. 2015). The subject must put forth effort and perform a 

response, such as a lever press, to receive a dose of drug, usually through an intravenous 

(IV) catheter, the most direct route of administration; this model arises from the 

understanding of operant conditioning, and the assumption that drug presentations 

maintain (i.e., reinforce) behaviors (Panlilio and Goldberg 2007). FR reinforcement 

schedules are primarily used to determine whether a drug has abuse liability, whereas 

progressive-ratio (PR) schedules, in which the response requirement increases with 

delivery of every reinforcer, provide crucial information regarding the strength of a 

reinforcer (the breakpoint on a dose-response curve is indicative of the highest response 

requirement completed for an injection of a specific dose) (Panlilio and Goldberg 2007). 

In Chapter II, FR and PR schedules of reinforcement are assessed in the same monkeys 

self-administering oxycodone.  

Despite the severity of today’s oxycodone abuse problem, little research has 

characterized oxycodone relapse specifically (Minhas and Leri 2018). Animal models of 
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relapse include those in which abstinence is achieved through extinction training 

(reinstatement, reacquisition, or resurgence), as well by forced abstinence (incubation of 

drug craving or voluntary, in which adverse consequences or alternative non-drug reward 

choices are introduced) (Venniro et al. 2016). Although early classical operant 

conditioning studies described the concept of a “priming effect” after re-exposure to an 

unconditioned stimulus (Pavlov 1927), it was not until 1987 that the reinstatement model 

was identified as a way to study factors involved in drug relapse (Stewart and de Wit 

1987), based on earlier studies with cocaine, amphetamine, and morphine (Shaham et al. 

2003; see also de Wit and Stewart 1981; Davis and Smith 1976; Stretch et al. 1971). 

Although a limited number of studies were published prior to 2000, this model has gained 

popularity as an approach to study drug relapse in animals, as demonstrated by a dramatic 

increase in publications in recent years (Bossert et al. 2013). There exist several phases to 

reinstatement protocol procedures, for example, acquisition, training, extinction, and 

reinstatement (Fattore et al. 2015). Once drug self-administration is stable, responding is 

extinguished by replacing the drug with a neutral stimulus (i.e. saline solution), and 

behavioral responses decrease as animals learn there is no longer an associated drug 

presentation (Fattore et al. 2015). Then, in response to a certain trigger (stress, drug cue, 

or drug), responding re-emerges (Fattore et al. 2015).  

Reinstatement, thus, reflects drug-seeking behaviors and the desire to receive a 

certain drug, and serves as a measure of relapse (Fattore et al. 2015). In rats, low-dose 

naltrexone has been reported to reduce relapse vulnerability in rats: when administered in 

conjunction with oxycodone under extinction conditions, naltrexone significantly reduced 

drug-seeking behavior precipitated by subcutaneous oxycodone priming injections (Leri 
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and Burns 2005). Because it has been implicated that neuronal events mediating 

reinstatement of drug-seeking are not identical to those mediating discrimination or 

reward (Shaham et al. 2003), it is important to study the effects of novel treatments for 

opioid use disorder in both models of drug self-administration and relapse. However, 

several limitations of this model, such as lack of functional equivalence – in other words, 

its ability to answer questions regarding etiology or mechanism of a particular disorder – 

thus warranting skepticism to the extent at which results can be generalized to the clinical 

condition (Katz and Higgins 2003). Ample evidence supports face validity of the 

reinstatement model, yet its predictive validity has yet to be established (Katz and 

Higgins 2003).  

 

1.4 Sex Differences in SUDs 

Sex differences have also been noted in the pharmacology of opiates, including 

their positive reinforcing effects. A study of intravenous self-administration of mu-OR 

agonists (heroin and morphine) found that females consumed more opiates than males 

across a range of doses (on a mg/kg basis) and had higher breakpoints, a measure of 

reinforcing strength, concluding that that females will exhibit much greater effort in an 

operant conditioning task to obtain opioid reinforcement under a PR schedule of 

reinforcement (Cicero et al. 2003). In a national multisite effectiveness trial, profiles of 

men and women with opioid dependence were analyzed, and researchers found that 

craving for opioids was significantly higher among women (Back et al. 2011). One study 

found that female heroin addicts were more likely to begin abusing opioids through initial 



   17 

prescription medication use, later turning to street methadone, which increased their risk 

of fatality as a result of opioid overdose (Maremmani et al. 2010).  

Important sex differences have also been noted in preclinical studies, such as 

through intravenous self-administration of mu-opioid agonists; it has been shown that 

female rats consume more heroin and morphine than males and acquire both cocaine and 

heroin more quickly than males (Cicero et al. 2003; Lynch and Carroll 1999). However, 

it is important to highlight a discrepancy that exists between reported clinical and 

preclinical data regarding sex differences in opioid reinforcement, the former suggesting 

men are more sensitive and thus more likely to misuse opioids and the latter suggesting 

women are more sensitive to the abuse-related effects of mu-opioids (Townsend et al. 

2019). A recent study using a choice procedure, which is not solely dependent on rates of 

responding, aimed to further examine sex differences in opioid reinforcement by 

measuring allocation of behavior from one reinforcer to another (fentanyl vs. diluted 

Ensure®); their findings provide evidence that expression of sex differences depends on 

the schedule of reinforcement, and preclinical assessment using opioid vs. food choice 

procedures provides a translationally relevant measure that is consistent with the trend 

reported in clinical data (Townsend et al. 2019).  

In addition to sex differences related to opioid reinforcement, surmounting 

evidence exists in both humans and animals of sex differences in the efficacy of opioid 

analgesia, yet current treatment protocols for pain management has been described as a 

“one-size fits all” paradigm (Bodnar and Kest 2010). Although several studies have 

shown that male rodents have significantly greater antinociceptive response to mu-OR 

agonists (e.g. in the hot-plate test), sex differences cannot be explained by differences in 
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pharmacokinetics of morphine and are likely due to inherent differences in sensitivity to 

the drug (Cicero et al. 1997). Rather, they appear to be related to the opioid agonist 

potency (Bodnar and Kest 2010). Sex-related differences in response to opioids (e.g. 

antinociceptive, discriminative stimulus, and positive reinforcing properties) has been 

thought to be mediated by sex steroids, of which two distinct mechanisms exists: acute, 

receptor-mediated “activational” effects or long-term “organizational” effects of these 

hormones (Cicero et al. 2002). To elucidate which mechanism likely underlies the 

observed sex differences in response to opioids, researchers manipulated sex steroids in 

rats at two stages of life, early (postnatal days one and two) and during adulthood. More 

specifically, they castrated males and masculinized females with large doses of 

testosterone on postnatal days one and two, and in adults, they castrated males and 

ovariectomized female rats. Interestingly, they reported no changes to the opioid-induced 

antinociceptive response in adults that were castrated or ovariectomized (e.g. sex-specific 

responses were maintained even with the membrane-mediated acute effects of sex 

steroids). On the other hand, rats that underwent sex steroid manipulation early in life 

showed remarkable changes such that the morphine dose-response curve in castrated 

males was shifted to the right, almost identical to untreated females, and the morphine 

dose-response curve in females given large doses of testosterone was shifted to the left, 

similar to that of normal males, suggesting the importance of sex steroid effects in the 

developing rat brain (Cicero et al. 2002).  

Because of documented sex differences in SUDs, it is essential to address 

endocrinology and potential menstrual cycle effects. The opioid system affects the 

hypothalamic-pituitary-adrenal (HPA) axis. It has been shown that opioid drugs decrease 
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circulating levels of luteinizing hormone, and endogenous opioid peptides inhibit the 

hypothalamic release of luteinizing hormone-releasing hormone (LHRH) (Pfaff et al. 

2002). In humans, the female reproductive cycle, consisting of follicular and luteal 

phases, typically lasts 28 days (Moran-Santa Maria et al. 2014). Because of naturally 

occurring menstrual cycles and hormonal profiles similar to those of humans, nonhuman 

primates have been used extensively in models of reproductive biology in women (Appt 

et al. 2009). Endocrine physiology and similar fluctuations of estradiol (E2) and 

progesterone are similar in monkeys compared with humans (cf. Kromrey et al. 2015). 

Estrogen levels rise during the latter half of the follicular phase, reaching a maximum 

prior to ovulation, while progesterone levels remain low; after ovulation, the luteal phase 

is characteristic of rising levels of progesterone, reaching a maximum approximately 3-8 

days after ovulation, before menses (Moran-Santa Maria et al. 2014). Human menstrual 

cycle irregularities have been demonstrated following oral and intrathecal opioid 

treatment, including a decrease in adrenal androgen secretion (Seyfried and Hester 2012). 

Opioids also decrease the secretion of gonadotropin-releasing hormone (GnRH), leading 

to a reduction of LH, testosterone, and E2 secretion (Seyfried and Hester 2012).  

Few studies have focused on the effect of ovarian hormones on drug-seeking, 

rather, they are focused primarily on effects of hormones on analgesia (Moran-Santa 

Maria et al. 2014). For example, it has been reported that male monkeys show greater 

antinociception to opioid agonists compared with untreated ovariectomized females, and 

that E2 treatment has little effect on mu-agonist antinociception (Negus and Mello 1999). 

It has been suggested that the cross-talk between estrogen and opioid receptors may be a 

mechanism underlying sex differences in opioid abuse (Bodnar and Kest 2010). GPR30, 
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the plasma membrane estrogen-receptor, is known to be expressed similarly between 

sexes in pain-relevant areas of the rat central nervous system (Bodnar and Kest 2010). 

Activation by estrogen is coupled with the same signaling molecules as opioid receptors 

(i.e. PKA, phospholipase C, inositol triphosphate, tyrosine kinases, among others); it is 

proposed this overlap in second messenger pathways influences opioid receptors, and 

thus mediates sex differences in opioid use (Bodnar and Kest 2010). These data are 

important because OUD medications development may differ in males and females, thus 

preclinical assessment of candidate pharmacotherapies should be performed in both 

sexes.  

In summary, the rise in prevalence of OUD diagnoses in the United States and 

significant public health concern due to opioid-related overdose deaths among the 

population highlight the need for development of novel pharmacotherapies and 

preclinical research focused on evaluating candidate medications. Female subjects are 

understudied, yet there exists surmounting evidence of sex differences, both in abuse-

related and antinociceptive properties of opioids, that steroid hormones play a crucial role 

in mediating these differences. Additionally, the D3R has been identified as a target for 

OUD medications development, thus it is important to extend rodent studies evaluating 

novel compounds selective to this receptor subtype to other models of opioid abuse. 

Chapter II describes the effects of two novel D3R compounds in NHP females, parallel to 

a study being performed in the same lab in males (unpublished data), in models of 

ongoing opioid abuse (intravenous drug self-administration under FR and PR schedules 

of reinforcement), as well as a model of craving and relapse (oxycodone-induced 

reinstatement).  
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2.1 Introduction 

Although effective for treating pain, opioids have been shown to have high abuse 

liability. Additionally, chronic opioid use (repeated exposure of escalating doses) results 

in tolerance to many of its effects, including analgesia, and dependence (Volkow and 

McLellan 2016; Bie and Pan 2005; Kosten and George 2002) . Studies have suggested 

that women are at greater risk for opioid abuse, perhaps due to the way in which women 

perceive and experience pain (Koons et al. 2018). A review of sex differences in 

prescription opioid use reported that women are significantly more likely to report 

lifetime use (Serdarevic et al. 2017), although overdose deaths are more common in men 

comparatively (Koons et al. 2018). 

Most drugs of abuse alter dopamine (DA) concentrations and recent studies 

indicate the DA D3 receptor (D3R) as a potential therapeutic target for OUD (You et al. 

2017; Le Foll et al. 2014; Heidbreder 2013; Heidbreder and Newman 2010; Newman et 

al. 2012)  . Importantly, DA D3R partial agonists have been identified on NIDA’s 

Division of Therapeutics and Medical Consequences (DTMC) “ten most wanted” 

pharmacological targets for rapid OUD medications development (Rasmussen et al. 

2019).  

Evidence supporting the rationale that selective antagonists for DA receptor 

subtypes could be a potential target for drug development to combat SUDs includes an 

understanding of DA receptor distribution in the brain and the circuitry involving 

motivation. Additionally, evidence in animal models of other SUDs (e.g. alcohol and 

nicotine) further indicates this receptor as a promising target (Kumar et al. 2016). 

Although much is known about the distribution of the D3R in several species, its role in 
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specific brain regions and neural networks has not yet been elucidated (Heidbreder and 

Newman 2010). Based on findings from microinfusion studies in rodents, potential 

neural circuits that might be affected by selective antagonism of the D3R include the 

mPFC, NAc shell, and BLA (Heidbreder and Newman 2010).  

The present study examined the effects of two novel and highly selective D3R 

compounds, the partial receptor agonist (±)VK4-40 and the D3R-selective antagonist 

(±)VK4-116 in monkey models of opioid abuse; chemical structures of both compounds 

are shown in Figure 1. VK4-116 was identified as a lead compound for opioid 

dependence treatment due to promising results in rodents. In vitro analyses showed high 

selectivity to the D3R and metabolic stability in mouse microsomes, summarized in Table 

1 (from Kumar et al. 2016). Additionally, in behavioral assays (±)VK4-116 has been 

shown to attenuate oxycodone-induced hyperlocomotion and sensitization in mice, as 

well as dose-dependently inhibition condition place preference (CPP) acquisition in rats.  

In subsequent evaluation of (±)VK4-116 on its potential utility to prevent and/or 

treat OUD, it was reported that acute pretreatment led to dose-dependent attenuation of 

acquisition and maintenance of oxycodone self-administration in rats, reduction of the 

breakpoint for oxycodone self-administration under a PR schedule of reinforcement, and 

inhibition of reinstatement of oxycodone-seeking behavior after extinction (You et al. 

2018). Importantly, (±)VK4-116 treatment did not have a significant effect on oral 

sucrose self-administration (You et al. 2018).  

Recent studies with R-VK4-40 report dose-dependent inhibition of oxycodone 

self-administration, without affecting opioid-induced antinociceptive or locomotor effects 

in rats (Jordan et al. 2019). Promising results in rodent studies thus warrant further 
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evaluation of (±)VK4-40 and (±)VK4-116 in nonhuman primate models of oxycodone 

self-administration and reinstatement. 

Specific aims were to establish oxycodone self-administration under a fixed-ratio 

(FR) schedule of reinforcement in female cynomolgus monkeys and examine the effects 

of (±)VK4-40 and (±)VK4-116 versus the mu-opioid receptor antagonist naltrexone 

(NTX), and to investigate the efficacy of these compounds to block oxycodone-induced 

reinstatement in the same monkeys.  

 

 
Figure 1. Chemical structures of D3R-selective compounds, the partial agonist (±)VK4-

116 (A) and receptor antagonist (±)VK4-40 (B). * indicates the chiral center. 

 

 

 

 

A

B
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Table 1. Binding inhibition values of (±)SEM of novel and highly-selective D3R 

compounds (±)VK4-116 (compound 19) and (±)VK4-40 (compound 40) determined using 

HEK 293 cells transfected with hD2LR, hD3R, and [3H]N-methylspiperone radioligand. 

Adapted from Kumar et al. 2016.  

 

Compound D3R Ki (nM) D2R Ki (nM) D2 /D3 

(±)VK4-116 6.84 (±) 1.18 11400 (±) 3270 1700 

(±)VK4-40 0.362 (±) 0.047 151 (±) 25.4 417 

 

 

 

 

 

2.2 Materials and Methods 

2.2.1 Subjects 

Four adult female cynomolgus macaques (Macaca fascicularis) served as 

subjects. Two females (F-7438, F-7579) had a history of acute drug exposure and three 

females (F-7453, F-7440) had a history of cocaine self-administration (Nader et al., in 

preparation); all females were drug-free for 2.5 years prior to the start of this study. 

Monkeys were pair-housed in same-sex groups, in a temperature- and humidity-

controlled room maintained on a 14-hour light/10-hour dark cycle (lights on between 

6:00 AM and 8:00 PM) in stainless-steel cages with ad-libitum access to water. They 

were fed sufficient standard laboratory chow (Purina LabDiet 5045, St Louis, Missouri, 

USA) to maintain healthy body weights slightly below free-feeding weights and enriched 

daily with fresh fruits or vegetables. Environmental enrichment was provided as outlined 

in the Animal Care and Use Committee of Wake Forest University Non-Human Primate 

Environmental Enrichment Plan, including chew toys, mirrors, music, and foraging 
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feeders. Menstrual cycle in all females was monitored daily, except for one monkey (F-

7579) because she had prior bilateral ovariectomy and hysterectomy procedures. Animal 

housing, handling, and experimental protocols were performed in accordance with 

the 2011 National Research Council Guidelines for the Care and Use of Mammals in 

Neuroscience and Behavioral Research and were approved by the Animal Care and Use 

Committee of Wake Forest University in facilities licensed by the United States 

Department of Agriculture and accredited by the Association for Assessment and 

Accreditation of Laboratory Animal Care.  

 

2.2.2 Surgery  

Under sterile conditions, monkeys were surgically implanted with a chronic 

indwelling intravenous catheter and subcutaneous vascular access port (VAP). Prior to 

surgery, each animal received an antibiotic (30 mg/kg Kefzol, IM; cefazolin sodium, 

Marsam Pharmaceuticals Inc., Cherry Hill, NJ). Anesthesia was induced using ketamine 

(10-15 mg/kg, IM) and maintained during the procedure with 1.5% isoflurane gas. The 

proximal end of the catheter was passed through a major vein (femoral, internal or 

external jugular) to the level of the posterior vena cava. An incision was then made 

slightly off midline of the monkey’s back, and through blunt dissection, a subcutaneous 

pocket was created for the VAP. The distal end of the catheter was subcutaneously 

threaded to the incision site and connected to the VAP. During post-operative recovery, 

monkeys received either ketoprofen (5 mg/kg, IM) or Metacam (meloxicam; 1.5 mg/kg, 

PO), and starting the following day, Naxcel (ceftiofur sodium; 2.2 mg/kg, IM, SID) for 7-



   27 

14 days. Following catheter implantation, monkeys began in drug self-administration 

sessions ~1 week after surgery.  

 

2.2.3 Apparatus 

All monkeys, fitted with aluminum collars, were trained to sit in a primate 

restraint chair (Primate Products, Redwood City, CA). Behavioral experiments were 

conducted in ventilated, sound-attenuating primate chambers (1.5 × 0.76 × 0.76 m; Med 

Associates, St. Albans, VT). During each session, white noise was also played 

electronically to mask any potentially obstructing sounds from outside the experimental 

room. Inside each chamber was an operant panel with three horizontally aligned photo-

optic switches (Model 117-1007; Stewart Ergonomics, Inc., Furlong, PA) that were 

positioned within reach when monkeys were seated in a primate chair, and above each 

switch were two stimulus lights. In the FR and reinstatement studies only one switch was 

active, signaled by illumination of a white light above the right switch or green light 

above the left switch, depending on individual handedness; three monkeys (F-7438, F-

7440, and F-7579) responded on the right switch and one monkey (F-7453) responded on 

the left. A food receptacle, located in the middle of the operant panel below the middle 

switch, was connected to a pellet dispenser (Med Associates) on the top of the chamber 

with a Tygon tube for delivery of 1.0-g banana-flavored food pellets (Bio-Serv, 

Frenchtown, NJ). A peristaltic infusion pump (Cole-Parmer Instrument Co., Niles, IL) 

was also located on top of the chamber for intravenous drug delivery at a rate of 

approximately 1.5 mL per 10 s. In the FR study, the pump delivered oxycodone over 3-

sec, while in the PR study the pump delivered oxycodone over 10-sec. Illumination of a 
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red light above the active switch inside the chamber accompanied food presentation or 

drug delivery.  

Prior to each session, monkeys were prepared by cleaning the area on the back 

containing the VAP with antiseptic povidone-iodine (PVP) scrub (Medline Industries, 

Mundelein, IL) followed by isopropyl alcohol (Fisher Scientific, Fair Lawn, NJ). The 

area was cleaned again with PVP scrub before a 22-guage right angle Huber needle 

(Access Technologies) was inserted into the monkey’s port, connecting the catheter to the 

infusion pump on the chamber. Before the start of each session, the pump was run for 

approximately 3-sec to fill each monkey’s port with saline or concentration of drug 

available. All pretreatment drug administration was performed outside the chamber 

before placing the monkey into the operant chamber. Additionally, each port and catheter 

was filled with a solution of heparinized saline (100 U/mL) between experimental 

sessions to prolong patency and prevent clotting. 

 

2.2.4 Experiment 1: Effects of (±)VK4-116, (±)VK4-40, and naltrexone (NTX) on 

oxycodone self-administration under a fixed-ratio (FR) schedule of reinforcement 

All monkeys were trained to respond under an FR 30 schedule of food 

presentation followed by a 10-sec timeout (TO) period. Sessions ended after 30 

reinforcers or 60-min, whichever occurred first. When responding was stable, defined as 

three consecutive sessions in which response rates did not vary by more than 20% of the 

3-day mean, saline was substituted for food until responding declined to < 20% of 

baseline (~5 sessions).  
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After determining the oxycodone dose-response curve, which was characterized 

as an inverted U-shaped function of dose in each monkey, drug pretreatment studies 

began. For these studies, two oxycodone doses were examined: the dose associated with 

peak response rates and a dose on the descending limb of the dose-effect curve,  

individually determined in each monkey. The effects of acute pretreatments with NTX 

(0.001-0.3 mg/kg, IV, 5-min before sessions) was studied first in all monkeys; it varied in 

a non-systematic fashion as to whether this occurred with the dose of oxycodone on the 

peak or descending limb. Next, (±)VK4-116 (1.0-10 mg/kg) and (±)VK4-40 (1.0-10 

mg/kg) were administered intravenously 5-min prior to the start of a session. 

Additionally, the highest tolerated dose of NTX and (±)VK4-40 were tested on food-

maintained responding under the same parameters in every subject. Pretreatment drugs 

were typically tested twice weekly, ensuring at least one day between test sessions. Each 

dose was determined at least twice, unless an adverse event (e.g., vomiting or peripheral 

body shaking) was observed following administration of a given dose. Adverse events 

were recorded and presented below (Table 2). 

 

Table 2. Adverse events observed after acute treatment with D3R compounds under an FR 

schedule of reinforcement in females (N=4). 

Adverse Events F-7438 F-7453 F-7440 F-7579 

(±)VK4-116 Wobbly/unsteady N/A N/A N/A 

(±)VK4-40 Body shaking; 

vomited at 10 

mg/kg 

Mild body 

shaking, 

vomited at 5.6 

mg/kg once 

Shaking at high 

doses 

Shaking at high 

doses 
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2.2.5 Experiment 2: Effects of (±)VK4-116, (±)VK4-40, and naltrexone (NTX) on 

oxycodone-induced reinstatement 

At the completion of Experiment 1, saline was substituted for oxycodone until 

responding declined by at least 80% for 3 consecutive sessions. Next, an acute dose of 

oxycodone (0.1-0.17 mg/kg, IV, 1-min before the session) was administered and 

reinstatement was studied. One dose of oxycodone was chosen to evaluate the effects of 

NTX (0.01-0.1 mg/kg, IV, 5 min pretreatment), (±)VK4-116 (3-10 mg/kg, IV, 5 min 

pretreatment), and (±)VK4-40 (3-10 mg/kg, IV, 5 min pretreatment) on oxycodone-

induced reinstatement. Oxycodone alone was tested frequently to assure reinstatement; if 

the effect was diminished, the prior pretreatment data were excluded from analyses. 

Furthermore, oxycodone self-administration was typically reinstated every 2-3 weeks, for 

at least one week, in order to enhance oxycodone-induced reinstatement. As in 

Experiment 1, test sessions were generally twice per week and each dose was typically 

tested twice. F-7438 was unable to become stable on saline due to high levels of 

responding.  

 

2.2.7 Data Analysis 

The primary dependent variables were response rate and reinforcement frequency. 

Using a 3-day mean, initial dose-effect functions were determined for each monkey. 

Dose-effect functions for NTX, (±)VK4-116, and (±)VK4-40 were analyzed when tested 

at the oxycodone dose that resulted in peak response rates. Furthermore, dose-effect 

curves were analyzed using a one-way repeated measures analysis of variance (ANOVA) 

with dose as the main factor. For each animal, percent response at the dose of drug (NTX, 
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(±)VK4-116, and (±)VK4-40) that produced the greatest effect, either an increase or 

decrease from baseline, were used in the analysis. Percent response was defined as: 

(mean response rate of a double determined acute pretreatment test divided by the mean 

baseline response rate at the same oxycodone dose in a given subject)*100. A significant 

ANOVA was followed by pairwise multiple comparisons (Bonferroni) post-hoc tests to 

compare baseline and test conditions.  All statistical tests were analyzed with SigmaPlot 

software (Systat Software, San Jose, CA). Any drug test that resulted in an adverse event 

was excluded from data analysis.  

 

2.2.8 Drugs 

 (-)-Oxycodone HCl and (-)-naltrexone were supplied by the National Institute on 

Drug Abuse (Bethesda, MD) and dissolved in 0.9% saline. (±)VK4-116 and (±)VK4-40 

were synthesized as described in (Kumar et al. 2016) and dissolved in 25% beta-

cyclodextrin (CAS: 128446-35-5; Acros Organics, New Jersey) and sterile water. Heat 

and sonication were used for solubility purposes and all drug solutions were passed 

through a sterile 0.22 µm filter (Millipore Sigma, Burlington, MA) for intravenous 

administration. All drug doses are expressed as the salt form.  

 

2.3 Results 

 

2.3.1 Experiment 1: Effects of NTX, (±)VK4-116,  and (±)VK4-40 on oxycodone self-

administration under an FR schedule of reinforcement 

Oxycodone self-administration varied with dose and intake increased in a dose-

dependent manner. There was evidence of individual-subject variability in oxycodone 
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self-administration, however, oxycodone dose-response curves were characterized as an 

inverted-U shaped function of dose in all subjects (Figure 2).  

 
Figure 2. Baseline oxycodone dose-response curves characterized as an inverted U-

shaped function of dose in all monkeys (N=4) responding under an FR schedule of 

reinforcement. Each point is based on an initial 3-day mean of stable responding on that 

dose of oxycodone. Error bars represent  SD. Note that the ordinates are different in 

two monkeys. 

 

When tested at the dose of oxycodone that maintained peak rates of responding, 

NTX dose-dependently decreased responding in all monkeys [F(1,3) = 63.09, p = 0.004]. 

When tested with a dose of oxycodone on the descending limb, NTX increased response 

rates (Figure 3) and oxycodone injections (Figure 4), shifting the oxycodone dose-

response curve to the right. Importantly, the highest dose of NTX tested in each subject 

did not affect food-maintained responding [F(1,3) = 1, p = 0.391] (Figure 5). 
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Figure 3. Effect of NTX on response rates of female monkeys self-administering 

oxycodone under an FR schedule of reinforcement (N=4). Due to individual differences 

in sensitivity to NTX, three doses are plotted (low-1, mid-2, and high-3). The following 

doses of NTX are shown in each subject: F-7438 (0.003, 0.01, 0.03 mg/kg), F-7453 

(0.001, 0.01, 0.1 mg/kg), F-7440 (0.003, 0.01, 0.1 mg/kg), and F-7579 (0.01, 0.03, 0.1 

mg/kg). As expected, NTX decreased responding when tested with the oxycodone dose 

that maintained peak rates and increased response rates when tested with a dose of 

oxycodone on the descending limb, shifting the oxycodone dose-response curve to the 

right. Error bars represent  SD. Note that the ordinates are different in all monkeys. 
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Figure 4. Effect of NTX on number of injections earned by female monkeys self-

administering oxycodone under an FR schedule of reinforcement (N=4). Due to 

individual differences in sensitivity to NTX, three doses are plotted (low-1, mid-2, and 

high-3). The following doses of NTX are shown in each subject: F-7438 (0.003, 0.01, 

0.03 mg/kg), F-7453 (0.001, 0.01, 0.1 mg/kg), F-7440 (0.003, 0.01, 0.1 mg/kg), and F-

7579 (0.01, 0.03, 0.1 mg/kg). As expected, NTX decreased the number of injections 

earned when tested with the peak oxycodone dose and increased the number of injections 

earned when tested with a dose of oxycodone on the descending limb, shifting the 

oxycodone dose-response curve to the right. Error bars represent -SD.  
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Figure 5. NTX did not affect food-maintained responding at the highest dose tested. The 

following doses are shown for each subject: F-7438 (0.03 mg/kg), F-7453, F-7440, and 

F-7579 (0.1 mg/kg). Error bars represent  SD.    
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limb, whereas in the fourth monkey (F-7579), response rates increased on the descending 

limb (Figure 6). On the contrary, increases were not seen in number of injections when 
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injections) was typically obtained, thus the session timed out (Figure 7). There was no 
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maintaining peak rates of responding [F(1,3) = 0.594, p = 0.497]. 
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Figure 6. Effect of ()VK4-116 on response rates of female monkeys self-administering 

oxycodone under an FR schedule of reinforcement (N=4). At doses that did not produce 

adverse events (e.g. vomiting or body shaking), acute pretreatment with ()VK4-116 had 

no effect in three monkeys, while in the fourth, increases in response rates were noted. 

Error bars represent  SD of the mean response rate. Note that the ordinates are 

different in all monkeys.  
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Figure 7. Effect of ()VK4-116 on number of injections earned by female monkeys self-

administering oxycodone under an FR schedule of reinforcement (N=4). At doses that did 

not produce adverse events (e.g. vomiting or body shaking), acute pretreatment with 

()VK4-116 had no effect on reinforcement frequency. Error bars represent -SD.  
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The effects of the DA D3R partial agonist (±)VK4-40 are shown on response rates 

(Figure 8) and number of oxycodone injections earned per session (Figure 9). In two of 

the four female monkeys tested, (±)VK4-40 (1.0-5.6 mg/kg) had no effect up to doses 

that produced unconditioned side effects (see Table 2). In the other two monkeys (F-7453 

and F-7579), (±)VK4-40 decreased peak-dose oxycodone self-administration. (±)VK4-40 

decreased oxycodone self-administration at the oxycodone dose maintaining peak rates in 

all monkeys. There was a significant main effect of dose on response rates at the peak 

dose of oxycodone [F(1,3) = 33.12, p = 0.01]. Slight increases in responding were noted 

in F-7579 on the descending limb of the dose-effect curve, however, it is important to 

note that these are low doses (1-3 mg/kg), as this subject could not tolerate higher; in 

general, higher doses were tolerated and tested in males in the ongoing parallel study 

(Woodlief et al., in preparation). Importantly, the highest dose of ()VK4-40 tested in 

each subject did not affect food-maintained responding [F(1,3) = 2.08, p = 0.245] (Figure 

10). 
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Figure 8. Effect of ()VK4-40 on response rates of female monkeys self-administering 

oxycodone under an FR schedule of reinforcement (N=4). ()VK4-40 dose-dependently 

reduced responding in two females, while it showed minimal effect in the other subjects. 

Error bars represent  SD. Note that the ordinates are different in all monkeys.  
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Figure 9. Effect of ()VK4-40 on number of injections earned by female monkeys self-

administering oxycodone under an FR schedule of reinforcement (N=4). ()VK4-40 

dose-dependently reduced reinforcement frequency in one females, while it showed 

minimal effect in the other subjects. Error bars represent  SD.  
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Figure 10. ()VK4-40 did not affect food-maintained responding at the highest dose 

tested. The following doses are shown for each subject: F-7438 and F-7579 (3.0 mg/kg), 

F-7453 and F-7440 (5.6 mg/kg). Error bars represent  SD.    

 

 

2.3.2 Experiment 2: Effects of NTX, (±)VK4-116, and (±)VK4-40 on oxycodone-induced 

reinstatement 

When saline was substituted for oxycodone, responding extinguished (i.e., 

decreased by at least 80% of baseline for 3 consecutive sessions) typically within 5-7 

sessions. Oxycodone (0.1 or 0.17 mg/kg, IV) reinstated responding in all monkeys 

(Figures 11 and 12) The effects of NTX, (±)VK4-116, and (±)VK4-40 on oxycodone-

induced reinstatement are shown in Figures 11 and 12. Both NTX [F(1,2) = 3724, p = 

<0.001] and (±)VK4-40 [F(1,2) = 78.33, p = 0.013], but not (±)VK4-116 [F(1,2) = 0.894, 

p = 0.444], attenuated the effects of oxycodone-induced reinstatement.  
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Figure 11. Effect of NTX, ()VK4-116, and ()VK4-40 on oxycodone-induced 

reinstatement in females (N=3). The most effective dose of each drug was selected based 

on results from the previous FR studies. For each subject, the following doses were tested 

in each subject: F-7453 (0.1 mg/kg NTX, 5.6 mg/kg ()VK4-116 and ()VK4-40), F-7440 

(0.01 mg/kg NTX, 3.0 mg/kg ()VK4-116, and 5.6 mg/kg ()VK4-40), and F-7579 (0.03 

mg/kg NTX, 5.6 mg/kg ()VK4-116 and ()VK4-40). NTX and (±)VK4-40, but not 

(±)VK4-116,significantly attenuated oxycodone-induced reinstatement based on saline-

contingent response rates. Error bars represent  SD. 
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Figure 12. Effect of NTX, ()VK4-116, and ()VK4-40 on oxycodone-induced 

reinstatement in females (N=3). The most effective dose of each drug was selected based 

on results from the previous FR studies. For each subject, the following doses were tested 

in each subject: F-7453 (0.1 mg/kg NTX, 5.6 mg/kg ()VK4-116 and ()VK4-40), F-7440 

(0.01 mg/kg NTX, 3 mg/kg ()VK4-116, and 5.6 mg/kg ()VK4-40), and F-7579 (0.03 

mg/kg NTX, 5.6 mg/kg ()VK4-116 and ()VK4-40). NTX and (±)VK4-40, but not 

(±)VK4-116, attenuated oxycodone-induced reinstatement. Error bars represent  SD.  
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2.4 Discussion 

In summary, mu-OR antagonist NTX (as expected) and (±)VK4-40, the novel 

D3R-selective partial agonist, attenuated ongoing oxycodone self-administration under an 

FR schedule of reinforcement and attenuated oxycodone-induced reinstatement in the 

same monkeys. Although it had produced promising results in rodent models of 

oxycodone abuse, including self-administration under FR and progressive-ratio (PR) 

schedules of reinforcement, and in drug-induced reinstatement models, in the present 

study, (±)VK4-116 did not attenuate ongoing oxycodone self-administration under an FR 

schedule of reinforcement, nor did it block oxycodone-induced reinstatement. These data 

were surprising, as we hypothesized the D3R antagonist would have greater efficacy in 

reducing oxycodone self-administration in NHPs. Interestingly, this compound was 

ineffective in both females (data presented in this thesis) and males (Woodlief et al., in 

preparation). Perhaps the fact that (±)VK4-40 has a higher affinity to the D3R and/or D2R 

compared with (±)VK4-116 (see Table 1) is advantageous.  

Possible explanations for the differences in observed efficacy of (±)VK4-116 in 

rodent and NHP models of oxycodone abuse warrants future consideration, including the 

possibility of differential metabolism of these compounds, receptor distribution, or 

subjects’ drug histories influencing outcome. D3R distribution has been reported to differ 

between numerous mammalian species (Levant 1998), thus, it is important to consider the 

animal model when analyzing observed pharmacological effects. It is plausible that 

differences in distribution of this DA receptor subtype in cynomolgus macaques underlies 

the discrepancy between reported outcomes in rodent and NHP studies with these D3R-

selective compounds. Although initial characterization was done in rodents, our data 
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suggest that these novel, D3R selective compounds cross the blood-brain barrier, as 

evidenced by observed adverse events at high doses, for example, emesis (medullary 

control) and body shaking (Parkinsonian effects). There exist gaps in the field related to 

how a history of opioid exposure affects D3Rs, which is an important variable in 

extending rodent studies to NHPs and assessing their potential clinical utility in subjects 

with a long history of drug abuse. Route of administration also plays a critical role in how 

drugs get to the brain: the dose ranges studied intravenously in NHPs were based off of 

those used in intraperitoneal (IP) injections in rats, and it is possible that the short 

pretreatment time also influenced the measured outcome in these studied.  

Since this was a preliminary study in four females, and only three could be used 

in analysis of reinstatement data due to the inability of F-7438 to extinguish responding, 

one limitation of the results is the small sample size. Another important consideration is 

that the one female who exhibited increases in response rates following acute 

pretreatment with (±)VK4-116 was the only female not freely cycling, which of course 

affects the sex steroid influence on opioid pharmacology. It has been reported that 

estradiol replacement in ovarectomized rhesus monkeys plays a more substantial role on 

enhanced kappa-OR-mediated antinociception compared with effects produced by mu-

OR agonists (Negus and Mello 1999). Chapter I described that oxycodone’s 

antinociceptive effects are also medicated by kappa activity, thus it is plausible that the 

reinforcing effects of oxycodone are also affected under certain conditions, as previous 

rodent studies have reported estrogen modulation of opioid receptor densities in 

ovariectomized animals (Maggi et al. 1991; Weiland and Wise 1990; Martini et al. 1989). 

The other monkeys’ menstrual cycles were monitored daily; in the future, analyses can be 
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performed based on hormone phase of cycle in order to elucidate more detail on the 

modulatory role sex hormones may have on oxycodone self-administration and the 

efficacy of D3R compounds to attenuate drug-seeking behaviors.  

Because NTX and (±)VK4-40 did not affect food-maintained responding at the 

highest dose tested in each subject, these data suggest direct effects on opioid 

reinforcement, rather than rate-decreasing effects of the drug itself. Herein, we provide – 

to our knowledge – the first evidence of oxycodone self-administration in female 

monkeys and the preclinical assessment of candidate pharmacotherapies for OUD that 

target the D3R. These results signify the importance of continued evaluation of 

medications development in both males and females. As discussed previously, both 

abuse-related effects of opioids and their response to the antinociceptive properties of 

opioids differ between sexes (Townsend et al. 2019; Cicero et al. 2003; Negus et al. 

2002; Lynch and Carroll 1999). The findings presented in Chapter II further implicate 

direct effects of D3R on opioid reinforcement and conditioned stimuli, suggesting that co-

administration of D3R compounds may attenuate the abuse liability of opioids. The 

attenuation of oxycodone self-administration by ()VK4-40, warrants further study.  
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CHAPTER III 

General Discussion 

3.1 Implications of Findings 

Currently, there exist three FDA-approved medications for the treatment of OUD 

(stabilization/maintenance and relapse prevention): methadone, buprenorphine, and 

naltrexone (Connery 2015). Although NTX is effective at antagonizing the reinforcing 

effects of mu-opioids (e.g. heroin), noncompliance is a large hurdle to desirable treatment 

outcomes, as patients who intend to start treatment with this medication do not, or they 

discontinue treatment prematurely (Jarvis et al. 2018). There exists surmountable 

evidence of the efficacy of current approved medications at treating opioid dependence. 

Methadone and buprenorphine are both effective agonist replacement therapies for OUD 

in dependent subjects (Connery 2015). In contrast, there is limited data regarding safety 

and efficacy in nondependent patients (Connery 2015). Although current FDA-approved 

medications are available for treatment of OUD in both dependent and post-dependent 

patients, there exists a strong need for novel pharmacotherapies, as evidenced by the 

public health concern in the United States in response to the opioid abuse and overdose 

epidemic. Thus, preclinical assessment of novel compounds in both non-dependent and 

post-dependent subjects is necessary.  

Due to the current opioid crisis, the National Institutes of Health (NIH) has 

launched the HEAL (Helping to End Addiction Long-term) Initiative to promote 

scientific advancements in the field; the National Institute on Drug Abuse (NIDA) is 

organizing four key research projects, including focused OUD medications 

development (Rasmussen et al. 2019). As such, NIDA’s Division of Therapeutics and 
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Medical Consequences (DTMC) has identified the ten highest priority pharmacological 

targets for rapid OUD medications development, as previously mentioned in Chapter I 

(Rasmussen et al. 2019). In response, Banks et al. (2019) propose a sensitive and 

selective algorithm for prioritizing candidate medications for OUD. In non-dependent 

subjects they suggest novel compounds be tested acutely on FR or PR schedules of 

reinforcement, whereas in dependent-subjects they suggest testing acutely under PR 

conditions in subjects undergoing withdrawal prior to repeated dosing, followed by 

examining their effects on food-maintained responding and in choice procedures (Banks 

et al. 2019).  These data are crucial to understanding strategies to combat the current 

epidemic, including the development of novel medications and their utilization in a 

patient population.  

The present studies described in Chapter II evaluate the efficacy of two novel, 

highly selective D3R compounds on NHP models of oxycodone abuse in nondependent 

subjects. These experiments fall under early screening of candidate medications, as acute 

treatment was assessed under simple FR schedules of reinforcement. One might argue 

that because the clinical condition typically manifests as opioid dependence in patients 

seeking treatment, it might be more beneficial to assess candidate medications in opioid 

dependent subjects; however, as research on identifying risk factors for progression from 

use to misuse (e.g. nondependent patients prior to development of an OUD) and 

vulnerability to relapse (e.g. post-dependent patients in abstinence), perhaps we might 

shift to preventative measures and early intervention, in which it is beneficial to have 

widely-available options for medications to treat OUD in this population. Additionally, as 

discussed previously, sex differences exist in opioid pharmacology, thus it is logical to 
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presume not all pharmacotherapies will work in both sexes, in addition to individual 

differences (e.g. genetic and social factors) underlying differential responses to a given 

medication. As a result, these studies in female NHPs, using non-dependent subjects, are 

relevant and crucial to the advancement of OUD medications development and to current 

efforts at addressing and mitigating the current opioid crisis.  

 

3.2 Importance of Schedule Parameters 

It is important to consider the strengths and weaknesses of schedule parameters 

used to characterize the effects of pretreatment drugs. Chapter II described the use of FR 

schedules of reinforcement, a simple schedule to evaluate rate effects of drugs, whereas 

PR schedules of reinforcement also provide relevant information regarding reinforcing 

efficacy of a drug or dose (Stafford et al. 1998). One limitation of PR schedules of 

reinforcement involves dynamic patterns of response behavior within sessions, which is 

affected both by ratio requirements and increasing plasma levels of drug; perhaps drug 

treatments that affect breakpoints under PR schedules are also affecting response-

patterning, a consideration that needs to be addressed in the literature  (Stafford et al. 

1998). Additionally, behavioral specificity is also important to consider, thus effect of 

pretreatments on food-maintained responding is essential; an advantage of using a PR 

schedule with an initial food component is that it provides a baseline comparison with 

each behavioral session.  

Regarding reinstatement, it is also crucial to critically examine the extent to which 

results from this model can be used to evaluate the potential of a candidate medication to 

prevent relapse to opioid use. As previously described in Chapter I, reinstatement reflects 
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drug-seeking behaviors and the desire to receive a certain drug (Fattore et al. 2015). Yet, 

several limitations exist. Face validity, but not predictive validity, of this model has been 

established (Katz and Higgins 2003); as a result, one must assert caution when 

generalizing results from such studies to the clinical condition in humans.  

 

 

3.3 Future Directions 

Currently, the reinforcing strength of oxycodone is being evaluated in female 

monkeys self-administering oxycodone under a PR schedule of reinforcement. Two of 

the same monkeys from Experiments 1 and 2 (F-7440 and F-7579), described in Chapter 

II, as well as F-7964, were trained to respond under a PR schedule of reinforcement, in 

which the response requirement increases after ever drug infusion (see Table 3). Daily 

behavioral sessions are comprised of a food component (5-min, FR 20, 5-sec TO, 

maximum 10 banana-flavored pellets) and drug component (maximum 4-hours; starting 

FR 20, 10-sec TO, maximum 30 injections, limited hold (LH) 30-min) separated by a 5-

min component TO. The LH corresponds to the maximum time monkeys have to meet 

the ratio requirement to receive the next drug infusion before the session will time out. 

After determining an oxycodone dose-response curve (0.003-0.17 mg/kg/injection) in 

each monkey, acute drug pretreatment studies began. Criterion for stability was defined 

as oxycodone injections not varying by more than 20% of the 3-day mean at each dose. 

Naltrexone and ()VK4-40 were administered intravenously 5-min prior to the start of 

the session.  

Currently, baseline dose-response curves under a PR schedule of reinforcement have 

been established in two of three females (Figure 13). Interestingly, the dose of oxycodone 
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that maintained peak responding was higher under PR conditions in F-7440: 0.1 vs 0.03 

mg/kg/injection (see Figures 2 and 13). Effects of acute pretreatment with NTX and 

(±)VK4-40 have been tested in F-7440 (Figures 14 and 15). Following acute dosing in all 

monkeys, repeated dosing with NTX and (±)VK4-40 will be evaluated. Preliminary 

findings suggest between-monkey differences in sensitivity to the reinforcing effects of 

oxycodone under FR and PR reinforcement schedules. 

Future research aims to extend these studies described to models of concurrent 

oxycodone-food schedules of reinforcement. Following the algorithm proposed by Banks 

et al.  (2019), next-steps in evaluating this candidate mediation for treatment of OUD 

includes repeated dosing under the PR schedule of reinforcement (underway), followed 

by examining the effects of ()VK4-40 on in choice procedures. Such drug choice 

procedures are important because, in the human condition, drug use typically takes place 

in a context where alternative reinforcers are available, thus it is possible that drug self-

administration can be reduced by increasing the value of another positive reinforcer 

(Nader and Woolverton 1991). It is known that opioid dependence and withdrawal 

greatly affect opioid reinforcement and effects of candidate medications to treat OUD 

(Negus and Banks 2013); another avenue for further exploration might include evaluating 

this compound in opioid dependent-subjects to examine its potential efficacy in this 

population. Future studies could also introduce buprenorphine (positive control) and 

clonidine (negative control) when evaluating the effects of candidate OUD medications 

in either non-dependent or dependent subjects (Banks et al. 2019). 
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Table 3. Ratio requirements and cumulative responses for number of oxycodone 

injections earned under PR schedule of reinforcement. 

Injection Number Ratio Requirement 
Cumulative 

Responses 

1 20 20 

2 25 45 

3 32 77 

4 40 117 

5 50 167 

6 62 229 

7 77 306 

8 95 401 

9 117 518 

10 144 662 

 

 

 

 

 

 

Figure 13. Baseline oxycodone dose-response curves characterized as an inverted U-

shaped function of dose (N=2) under a PR schedule of reinforcement. Error bars 

represent  SD. Note that the ordinates are different for the two monkeys.  
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Figure 13. Effect of NTX on number of oxycodone injections earned under a PR schedule 

of reinforcement in F-7440. NTX dose-dependently reduced breakpoints; effects of acute 

testing in other subjects is underway. Error bars represent  SD.  

 

 

 

 

 
Figure 14. Effect of ()VK4-40 on number of oxycodone injections earned under a PR 

schedule of reinforcement in F-7440. ()VK4-40 dose-dependently reduced breakpoints; 

effects of acute testing in other subjects is underway. Error bars represent  SD. 
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