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ABSTRACT 

Aim: Most cocaine users also abuse alcohol, but little is known about the 

interaction between the two. These studies in rhesus monkeys compared the 

acquisition of cocaine self-administration in monkeys with or without a history of 

chronic, binge-like alcohol drinking. Raclopride PET imaging and quinpirole-

induced yawning were conducted prior to drug exposure to look at the role of 

dopamine D2-like and D3 receptor availability, respectively, on initial acquisition. 

Methods: Six monkeys drank a sweetened, 4% EtOH solution for five days a 

week for six months prior to initial cocaine exposure while the remaining six 

drank an equivalent volume of sweetened water. Monkeys self-administered 

cocaine (0.001-0.3 mg/kg/injection, i.v) under a fixed-ratio schedule of 

reinforcement (FR10 or FR30). A few hours after cocaine self-administration the 

same sweetened solution was provided. 

Results: No significant between-group differences were found in the dose at 

which monkeys first self-administered cocaine, the initial ED50 of the cocaine 

dose-response curve, or the overall intake at each dose. Additionally, no 

significant correlation was found between baseline D2-like receptor availability 

and early cocaine sensitivity. Initial ED50 of the quinpirole-induced yawning dose-

response curves were negatively correlated with the dose of cocaine self-

administration acquisition (R2=0.6134, df=10, p=0.003). Moreover, the peak 

number of yawns, regardless of the quinpirole dose at which it occurred, was 

negatively correlated with cocaine self-administration ED50 (R2=0.367, df=10, 

p=0.037). 

Conclusions: While no significant differences were found regarding initial cocaine 

self-administration, supporting a lack of short-term behavioral interactions 

between cocaine and alcohol, we are yet to know if alcohol changes cocaine 

seeking long-term. A negative correlation between D3 receptor sensitivity and the 

dose at which monkeys acquired cocaine self-administration indicates higher D3 

receptor function is predictive of lower initial cocaine sensitivity. Future studies 

will attempt to find and characterize any long-term differences between cocaine 

users with or without a history of alcohol use. 

Supported by: R01 DA39953
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INTRODUCTION 

1.1 Cocaine and Alcohol Co-abuse 

Cocaine use disorder has persisted as a public health problem for 

decades as researchers have continued to search for a treatment with clinical 

efficacy. One potential difficulty with translating preclinical findings to clinical 

viability is drug co-abuse, primarily cocaine and alcohol. Few preclinical models 

incorporate drug co-abuse into their framework, and even less do so in a chronic, 

longitudinal matter. In order to eliminate confounding variables, most preclinical 

models of drug abuse limit their drug exposure to a single drug of interest and 

most clinical studies eliminate users of multiple drugs from the subject pool, a 

restriction that may eliminate relevance to a majority of individuals with cocaine 

use disorder. Past studies have found that up to 90% of individuals who use 

cocaine also abuse alcohol (Helzer & Pryzbeck 1988; Grant & Harford 1990). A 

more recent estimate found that the approximately 74% of cocaine users also 

use alcohol, 77% of this group using the two drugs simultaneously (Liu et al., 

2018). These individuals who co-abuse cocaine and alcohol have been found to 

have more severe cocaine dependence, see more negative outcomes in life as a 

result of their dependence, and are less likely to remain in treatment (Carroll et 

al. 1993; Higgins et al. 1994; Heil et al. 2001). 

The mechanisms underlying such elevated rates of alcohol and cocaine 

co-abuse are not fully understood. Past studies in rats, monkeys, and humans 

have been conducted but results are mixed across measures and more studies 

are needed in order to gain a full understanding of the behavioral and 
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mechanistic interactions of the drugs. One of the primary theories for drug co-

abuse is the gateway hypothesis (Nkansah-Amankra & Minelli, 2016; Spear, 

2016; Miller & Hurd, 2017). In the context of alcohol and cocaine use, this theory 

suggests that individuals with a history of alcohol use are more susceptible to 

cocaine use in the future. As with other theories, the gateway hypothesis is not 

completely supported by science (Fredrikkson et al., 2016; Spear, 2016). Some 

questions are still unanswered (Miller & Hurd, 2017). The present study looks to 

answer a few of those questions, specifically, does prior alcohol use increase 

sensitivity to subsequent cocaine use and if so, why?  

1.2 Past Studies of Cocaine and Alcohol Co-abuse 

Past studies looking at cocaine and alcohol interactions have had mixed 

results across a variety of dependent measures. In a few of these past studies, 

alcohol’s acute effect on the reinforcing effects of cocaine has been examined. 

For example, Aspen and Winger (1997) found that a 1 g/kg ethanol pretreatment 

increased the potency of cocaine in only two out of four monkeys. A later study 

shows that when given in combination, the reinforcing strength of cocaine and 

alcohol was intermediate to injections of cocaine or alcohol alone (Winger et al., 

2007). A final example of ethanol’s acute effects on cocaine self-administration is 

John and Nader (2017) in which monkeys trained to respond under a second 

order schedule of cocaine delivery were given a pretreatment of ethanol thirty 

minutes before their self-administration session. After a pretreatment of ethanol, 

some monkeys had a significantly increased quarter-life value across the range 

of ethanol doses and three of the four monkeys had a decrease in self-
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administration. Both of these findings indicate that ethanol non-selectively 

suppressed response rates when given as a pretreatment. Overall, these acute 

studies show that the reinforcing effects of cocaine differ when ethanol is in the 

system, but results vary based on the methodology used. Regardless, the use of 

acute ethanol administration brings a few problems. First, acute ethanol 

administration removes the factor of ethanol history, a vital factor to 

understanding the real-life problem of alcohol and cocaine co-abuse. Second, the 

combination of ethanol and cocaine that would occur in these studies results in 

the production of cocaethylene, a drug that is important to understand due to its 

clinical relevance, but a third variable in the case of understanding the long-term 

effects of cocaine and alcohol co-abuse.  

There have also been some studies examining chronic alcohol 

consumption and cocaine co-abuse. Merzejewski (2003) found that rats who 

were classified as high ethanol responders in a chronic ethanol self-

administration task later had higher responding in a cocaine self-administration 

task. In addition to this finding, researchers found that ethanol history made no 

difference in the rate at which rats extinguished in a cocaine extinction task. 

However, because only one dose of cocaine was studied, it is impossible to 

conclude that ethanol increased or decreased the reinforcing potency of cocaine. 

Another chronic intake study in mice found that adolescent ethanol administration 

had dose- and sex-dependent differences (Mateos-Garcia et al., 2015). Mice who 

had alcohol administered in their adolescence had a significantly greater dose-

dependent increase in locomotion except for male mice after receiving the 
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highest dose of cocaine who had lower locomotion levels compared to mice with 

no ethanol history. This study also found that mice with a history of ethanol intake 

had an increased sensitivity to a cocaine conditioned place-preference task and 

had an increase in cocaine self-administration. Moving on to a study in monkeys, 

Czoty (2015) found that monkeys with an extensive history of cocaine self-

administration began self-administering low doses of cocaine that were not 

previously reinforcing after 8 weeks of ethanol drinking, an effect that was 

reversed after alcohol access was discontinued. An additional study in this same 

group of monkeys found that alcohol did not affect reinstatement produced by a 

priming injection of cocaine (Czoty, 2016). Although more translational to 

humans due to the nature of non-human primate studies, the monkeys in these 

study had an extensive history of cocaine use prior to drinking alcohol, an 

element that is not true of most individuals suffering from cocaine and alcohol co-

abuse. 

The preclinical study that is perhaps most relevant to the “Gateway” 

hypothesis, Fredriksson et al. (2017), provided rats with a 7-week history of 14-

hour/day ethanol vapor sessions or ethanol drinking sessions to assess the 

acquisition of cocaine self-administration, to develop a complete dose-effect 

curve, and to assess the rate at which self-administration extinguished. In their 

study, no significant differences were found in the dose of acquisition, cocaine 

ED50, or self-administration extinction rate. This study along with a few others 

assess the gateway hypothesis, but do not paint a complete picture capable of 
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supporting or refuting the hypothesis as the reasoning for cocaine and alcohol 

co-abuse due to the lack of longitudinal data.  

1.3 Effects of Drugs on Brain Dopamine Systems 

In searching for a neuropharmacological mechanism for elevated co-

abuse, a good place to start is to look at the dopamine (DA) system. Not only is 

brain DA accepted as the primary mediator of reinforcing effects of drugs (e.g., 

Ritz et al., 1987), but as there are many commonalities in the effects of cocaine 

and alcohol on DA systems in preclinical models and in substance abusers. 

1.3.1 Cocaine Use and the Dopamine System 

Considering the prominent involvement of DA in the abuse-related 

behavioral effects of cocaine (e.g., Ritz et al., 1987; Bradberry, 2000; Kimmel et 

al., 2012), medication development has focused on drugs that interact with brain 

DA systems (e.g., Platt et al., 2002). In several compounds that maintain self-

administration in laboratory animals, the reinforcing effect has been directly 

related to DAT inhibition (Ritz et al., 1987; Bergman et al., 1989; Roberts et al., 

1999). Moreover, D2-like receptor agonists maintain self-administration in 

monkeys trained to self-administer cocaine (Woolverton et al., 1984) and D2-like 

antagonists can attenuate cocaine self-administration (Woolverton and Virus, 

1989; Bergman et al., 1990; Nader et al., 1999, 2002). The reinforcing effects of 

cocaine appear to be closely linked to D2-like receptor stimulation (Grech et al., 

1996; Caine et al., 2000). Past studies have analyzed D2-like receptor availability 

regarding cocaine use and cocaine abuse risk. In these studies, lower baseline 
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levels of D2-like receptor availability have been identified as a risk factor for 

increased cocaine self-administration (Morgan et al., 2002). Additionally, a 15-

20% decrease in D2 receptor availability can be seen in monkeys after only a 

week of cocaine self-administration and a 20% decrease in D2 receptor 

availability is seen after chronic cocaine use (Nader et al., 2006). These results 

recapitulate findings in human cocaine users as lower D2-like receptor availability 

has been found in numerous studies examining chronic cocaine users (Volkow et 

al., 1997; Martinez et al., 2007). In addition to a decrease in D2-like receptor 

availability, cocaine use has been found to increase D3 receptor stimulation 

(Blaylock et al., 2011). One of the primary measures of D3 receptor function in 

preclinical animal studies is D3 receptor-mediated yawning. Quinpirole, a D2/D3 

receptor agonist, is frequently used in the assessment of D3 receptor function. 

Collins et al. (2005, 2007) concluded that the ascending limb of the quinpirole 

induced yawning dose-response curve is mediated by D3 receptor function, 

whereas the descending limb is primarily D2 receptor-mediated and coincides 

with an onset of hypothermia. Examining the potency of quinpirole and other D3 

agonists to elicit yawning is a valuable way to see how the D3 receptor system 

plays a role in cocaine use. Past studies have found that while quinpirole will 

induce yawning in all monkeys, D3 partial agonists only elicit this effect in 

monkeys with extensive cocaine histories (Martelle et al., 2007; Blaylock et al., 

2011). This effect of partial agonists is likely due to the increased D3 receptor 

function seen in chronic cocaine users, eliciting the unconditioned behavior of 

yawning after administration of less efficacious D3 agonists. While differences in 
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D3-mediated drug effects have been found in partial agonists, a difference in 

quinpirole potency has yet to be found in monkeys with a cocaine history when 

compared to drug naïve monkeys (Blaylock, 2011 et al.; Collins et al., 2011; 

Martelle et al., 2014). 

1.3.2 Alcohol Use and the Dopamine System 

Alcohol increases striatal DA levels, one of the possible reasons why 

alcohol is such a heavily used and abused drug and for the observed high levels 

of co-abuse (Di Chiara & Imperato 1988; Bradberry 2002; Yoder et al. 2009). In 

addition, D2-like dopamine receptor availability has been found to be significantly 

correlated with subjective feelings of intoxication (Yoder et al., 2005). Alcohol 

consumption has also been found to decrease D2-like receptor function 

(Trantham-Davidson etal., 2014) and availability (Martinez et al. 2005). In 

addition to D2-like receptor function, D3 receptor has been found to be vital for 

the reinforcing effects of ethanol in mice (Thanos et al., 2005; Leggio et al., 

2014). In rats with chronic ethanol consumption, past experimenters have found 

an upregulation of D3 receptor gene expression (Vengeliene et al., 2006), an 

effect similar to cocaine’s and likely one of the reasons alcohol is so reinforcing in 

chronic users. Due to the similar effects on the DA system that alcohol has 

compared to cocaine, it is reasonable to suggest that one of the reasons for the 

high rates of alcohol and cocaine co-abuse lies in the brain DA system. 
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1.4 Current Studies 

The present studies were designed to examine the effects of chronic 

alcohol use on early cocaine reinforcement in a model of chronic cocaine and 

alcohol co-abuse. The use of nonhuman primates, the introduction of alcohol 

prior to cocaine and the focus on quantifying acquisition create a more 

translational model to the human condition of alcohol and cocaine co-abuse than 

has been used in any previous study. Compared to rats, non-human primates are 

physiologically closer to humans. In addition, the use of non-human primates 

rather than humans in co-abuse studies allows for more control of outside 

variables so we are better able to understand the behavioral and neurobiological 

basis for cocaine and alcohol co-abuse. The introduction of alcohol prior to 

cocaine is also like that of most individuals who suffer from cocaine and alcohol 

co-abuse since alcohol is much more accessible and therefore typically used 

prior to the start of cocaine use.  

To investigate the effects of alcohol use on early cocaine exposure, 

subjects’ initial sensitivity to cocaine was first assessed by examining the dose at 

which monkeys, with or without a history of chronic binge-like ethanol drinking, 

acquired cocaine self-administration. This was defined as the dose at which the 

number of injections received differed significantly from when saline was 

available. Dose-effect curves for cocaine were then created in each subject. 

Through these two assessments, we have a thorough measure of early cocaine 

self-administration behavior. We predicted that monkeys with an alcohol-drinking 

history would be more sensitive to cocaine in both the dose at which they start to 
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self-administer as well as the reinforcing potency determined by the initial dose-

effect curve. Along with behavioral measures, baseline D2-like receptor 

availability and D3 receptor function were compared to the early cocaine 

sensitivity measures described above. To assess D2-like receptor availability, 

[11C]raclopride PET scans were taken prior to any alcohol or cocaine access. 

Five brain regions involved with cocaine reinforcement were then examined and 

distribution volume ratios (DVR) were calculated. D3 receptor sensitivity was 

assessed using quinpirole induced yawning. Baseline dopamine receptor 

function may be a predictive measure for increased cocaine seeking in subjects 

with or without an alcohol drinking history. We predicted that lower baseline 

levels of D2-like receptor availability and higher levels of D3 receptor function 

would predict higher initial cocaine sensitivity. In addition to a thorough 

examination of alcohol’s effects on short-term cocaine self-administration, the 

present model sets up a baseline for longitudinal analysis of cocaine seeking 

behavior and dopamine receptor function in cocaine/alcohol co-abusers. 
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MATERIALS AND METHODS 

2.1. Subjects 

Twelve adult male rhesus monkeys (Macaca mulatta) served as subjects. 

Each monkey was fitted with an aluminum collar (Primate Products, Redwood 

City, CA) and trained to sit calmly in a standard primate chair (Primate Products). 

Monkeys were pair-housed in stainless steel cages in which water was available 

ad libitum. Monkeys were weighed weekly and fed enough food (Purina LabDiet 

Chow, St. Louis, MO), fresh fruit and vegetables daily to maintain healthy body 

weights without becoming obese as determined by daily inspection and periodic 

veterinary examinations. Body weights did not change significantly during these 

studies. Environmental enrichment was provided as outlined in the Institutional 

Animal Care and Use Committee’s Non-Human Primate Environmental 

Enrichment Plan. Animal housing and handling and all experimental procedures 

were performed in accordance with the Guide for the Care and Use of Laboratory 

Animals (National Research Council, 2011) and were approved by the Animal 

Care and Use Committee of Wake Forest University. 

Each monkey was prepared with an indwelling venous catheter and 

subcutaneous vascular access port (VAP; Access Technologies, Skokie, IL) 

under sterile surgical conditions. An antibiotic (25 mg/kg kefzol, i.m.; Cefazolin 

sodium, Marsam Pharmaceuticals, Inc., Cherry Hill, NJ) was administered 1 hour 

prior to surgery. Anesthesia was induced with ketamine (10 mg/kg, i.m.) and 

maintained with 1.5% isoflurane. A catheter was inserted into the right femoral 

vein to the level of the vena cava. The distal end of the catheter was passed 
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subcutaneously to a point slightly off the midline of the back, where an incision 

was made. The end of the catheter was attached to a VAP, which was placed in 

a subcutaneous pocket formed by blunt dissection. 

2.2. Apparatus 

Five days per week, each monkey was seated in a primate chair (Primate 

Products, Redwood City, CA) and placed into a ventilated, sound-attenuating 

chamber (0.76 × 0.76 × 1.5 mm; Med Associates, St. Albans, VT). The back of 

the animal was cleaned with 7.5% povidone-iodine and 70% isopropyl alcohol 

(Prevantics Swab, PDI Inc, Orangeburg, NY) and the VAP was connected to an 

infusion pump (Cole-Parmer Instrument Co., Niles, IL) located outside the 

chamber via a 22-gauge Huber Point Needle (Access Technologies) and tubing. 

The pump was operated for approximately 4 seconds to fill the port and catheter 

with the concentration of cocaine available for the session. A photo-optic switch 

(Model 117-1007; Stewart Ergonomics, Inc., Furlong, PA) was located in front of 

the subject on each side of the chamber, above which was a horizontal row of 

three stimulus lights (green, red, and white). To make a response, subjects were 

required to break the LED beam in the apparatus and completely remove their 

finger before another response could be made. A food receptacle was located 

between the switches and was connected with a Tygon tube to a pellet dispenser 

(Med Associates, St. Albans, VT) located on the top of the chamber for delivery 

of 1-g banana-flavored food pellets (Bio-Serv, Frenchtown, NJ). Experimental 

events occurring in these chambers were programmed and controlled by Med-

PC software (Med Associates, St. Albans, VT). 
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2.3 MRI and PET Imaging 

Prior to any cocaine or EtOH exposure, MRI and PET scans were 

performed on each monkey in the Wake Forest School of Medicine Translational 

Imaging Program. Monkeys were anesthetized with ketamine (10 mg/kg, i.m.) 

and maintained on 1.5% isoflurane for the extent of the scan. Individual T1-

weighted MRIs were acquired using a 3.0-T Siemens SKYRA scanner and whole 

brain images were used to anatomically define spherical regions of interest 

(ROI), including the left and right caudate nucleus, putamen (both 2.5mm radii), 

ventral striatum, ventral pallidum (both 2.0mm radii), globus pallidus (2.5mm 

radii) and cerebellum (4.0 mm radii). [11C]Raclopride PET scans were performed 

to determine D2-like receptor availability. First, an initial low-dose CT-based 

attenuation correction scan was acquired. Next, all monkeys received an 

intravenous dose of [11C]raclopride and 0–120 min dynamic brain PET scans 

were acquired using a 64-slice GE PET/CT discovery 

scanner. PMOD Biomedical Image Quantification Software (version 3.1; PMOD 

Technologies, Zurich, Switzerland) was used for image co-registration and to 

calculate DVRs for each ROI by implementing the “Logan method” of analysis 

(Logan, 1996) using the cerebellum as the reference region. After an initial 

cocaine dose-response curve of each monkey was acquired, another 

[11C]raclopride scan was conducted and analyzed using the same procedure. 

2.4 Quinpirole Induced Yawning 

Yawning elicited by the DA D3 receptor agonist quinpirole was measured 

in all monkeys prior to any drug exposure. Each monkey was seated in a primate 
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chair in a quiet room for 5 minutes to habituate them to the environment. Next, at 

30-min intervals, saline was administered i.m. followed by two doses of quinpirole 

(0.003-0.56 mg/kg). Monkeys were video recorded for the duration of each 30-

min interval. Occurrences of yawning were recorded from the videos by two 

observers. A yawn was defined as full extension of the jaws, withdrawal of the 

lips and exposure of the teeth (Code and Tang, 1991). Initial inter-rater variability 

was <5%. In rare cases of a discrepancy, the video was checked by a third 

observer and a consensus was reached. The primary dependent variable was 

total yawns in the 30-min period after each injection. 

2.5 Alcohol Consumption 

After food self-administration training sessions (see below), six of the 12 

subjects were given access to alcohol in their home cage while the remaining six 

drank a sweetened water solution. Access to EtOH in a 5% Tang solution was 

provided via a 1-L drinking bottle attached to the monkey’s cage for one hour, 

five days per week in the afternoon. Alcohol concentrations were gradually 

increased until monkeys reliably consumed 4% alcohol (w/v) in 5% Tang in a 

volume sufficient to equal an intake of 2.0 g/kg (see Czoty, 2015). Tang 

concentration was decreased gradually to a final concentration of 4%. After 

approximately 140 sessions of drinking (approximately 7 months of chronic binge 

drinking), monkeys were implanted with a catheter for the beginning of the 

cocaine acquisition experiment. Subjects continued drinking for the duration of 

the study with drinking sessions taking place at least 90 minutes after the 

cocaine self-administration session. EtOH and cocaine access were separated in 
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this manner to eliminate acute pharmacological interactions, to prevent the 

formation of cocaethylene (e.g., Jatlow et al., 1991), and to ensure that monkeys 

were not intoxicated or in withdrawal during behavioral sessions.  

2.6 Food/Cocaine Self-Administration  

Monkeys were trained to respond using the photo-optic switch to receive a 

food pellet under a fixed-ratio (FR) schedule. Initially, the white light was 

illuminated and every response produced a pellet and a 3-second illumination of 

the red light, followed by a 10-second timeout (TO) period in which no lights were 

illuminated and responding had no scheduled consequences. Subjects 

progressed from an FR 1 to an FR 30 except one subject whose terminal FR was 

FR 10. When monkeys responded reliably for 30 pellets each day, the acquisition 

of cocaine reinforcement was studied. The reinforcer was changed from delivery 

of a food pellet to an infusion of saline for at least 5 days and until responding 

extinguished. Responding was considered extinguished when the number of 

injections delivered was ≤ 20% of the number of food pellets delivered. After 

responding was extinguished, food and ascending doses of cocaine were 

alternated until the subject’s responding stabilized under each condition. 

Responding was considered stable when food or each cocaine dose had been 

available for at least 5 days and there were three consecutive days when number 

of injections delivered were within ±15% of the 3-day average with no upward or 

downward trend. If responding did not stabilize in 15 sessions the average of the 

final five consecutive sessions was taken. After presentation of each cocaine 

dose, a t-test was conducted to compare the number of cocaine injections 
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delivered to the number of saline injections delivered. If the result was not 

significant, there was a return to food availability, followed by the next cocaine 

dose. Once a dose was reached at which a significant difference was found, self-

administration was deemed to have been acquired at that dose. An experimental 

timeline relative to the acquisition of cocaine is provided (Table I). 

After acquisition, either 0.03 or 0.1 mg/kg/injection cocaine was made 

available each day (the maintenance dose). Dose-response curves were 

generated by substituting saline or single doses of cocaine (0.001–0.3 

mg/kg/injection) for at least five days and until responding stabilized, Cocaine 

self-administration sessions were conducted between 10am and 4pm, 5 days per 

week. 

Timeline [11C]Raclopride 
PET 

Quinpirole- 
Induced 

Yawning 

Alcohol/vehicle 
drinking 

initiation 

Five day per  
Week Food 

Maintenance 
Approximate 

months prior 
to cocaine 
acquisition 

 

~20 months 

 

~14 months 

 

~12 months 

 

~5 months 

 

 

  

Table I: Timeline Relative to Cocaine Acquisition. Times are approximate as 

collection of data and start dates varied slightly. 
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2.7 Data Presentation and Analysis 

2.7.1 Cocaine Self-Administration 

To analyze the initial dose at which animals acquired cocaine self-

administration, a Mantel-Cox log-rank test was performed on survival curves. To 

compare the potency of the reinforcing effects of cocaine, after generation of 

dose-effect curves ED50 values were determined by interpolation of the linear 

portion of each monkey’s dose response curve. An unpaired t-test was used to 

compare average cocaine ED50 values between groups. 

2.7.2 PET Imaging 

DVRs were compared using an unpaired t-test to ensure there were no 

baseline differences. A semi-log converted correlation was used to compare 

DVRs of [11C]raclopride PET scans to early cocaine measures.  

2.7.3 Quinpirole Induced Yawning 

Because the potency of cocaine as a reinforcer and the potency of 

quinpirole to induce yawns differed across monkeys, individual data are 

presented alongside group data.  ED50 values were determined for quinpirole-

induced yawning by interpolation of the linear portion of the dose response curve. 

A linear regression was used to compare quinpirole induced yawning to cocaine 

sensitivity after a log conversion.  
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2.8 Drugs 

Ethanol (95% ethyl alcohol) was obtained from The Warner-Graham 

Company (Cockeysville, MD) and diluted each morning prior to mixing with Tang. 

(−)-Cocaine HCl was obtained from the National Institute on Drug Abuse 

(Bethesda, MD). Quinpirole dihydrochloride was obtained from Sigma-Aldrich (St. 

Louis, MO). Cocaine and quinpirole were dissolved in sterile 0.9% saline. Drugs 

were sterile-filtered prior to intravenous administration. Doses are expressed 

based on the salt form. 
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RESULTS 

3.1 Initiation of EtOH Drinking 

 All six monkeys drinking EtOH reliably drank the entirety of their EtOH at 

the doses of 0.5 g/kg, 1 g/kg, and 1.5 g/kg (Figure 1, left panel). Four of the six 

monkeys drinking EtOH continued to reliably consume EtOH at the final 

concentration and volume of 4% EtOH 2 g/kg/day. The remaining two monkeys 

(R-1996 and R-1998) did not drink the full volume of 2 g/kg on numerous days 

and the total volume of EtOH consumed daily varied. The right panel of Figure 1 

shows each day of EtOH consumption prior to cocaine exposure. The total 

amount of EtOH consumed prior to initial cocaine exposure is shown for each 

individual in Table II. Mean ± SD EtOH intake prior to cocaine was 316.54 ± 

42.43 g/kg.  

  

Figure 1: Ethanol Drinking Prior to Cocaine Access. Left graph shows the 

acquisition of ethanol drinking behavior. Right graph shows ethanol drinking 

until each subjects’ first exposure to cocaine. Two monkeys failed to drink the 

full 2 g/kg on many days during these first months of ethanol drinking. 
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Subject Drinking 
sessions 
prior to 
cocaine 
access 

EtOH intake 
prior to 
cocaine 
access 
(g/kg) 

Dose of 
cocaine 

acquisition 
(mg/kg) 

Cocaine 
ED50 

(mg/kg) 

R-1992 159 299.17 0.03 0.0046 

R-1993 170 321.03 0.01 0.0017 

R-1994 184 347.68 0.1 0.0161 

R-1996 168 285.71 0.03 0.0054 

R-1997 201 380.62 0.1 0.0052 

R-1998 181 265.03 0.03 0.0031 

R-1995 264 ___ 0.1 0.0048 

R-1999 218 ___ 0.001 0.0036 

R-2000 220 ___ 0.03 0.0046 

R-2001 209 ___ 0.03 0.0033 

R-2002 203 ___ 0.001 0.0012 

R-2003 208 ___ 0.03 0.0052 

Table II: Ethanol Drinking and Cocaine Sensitivity Data. No 

significant difference in cocaine ED50 between groups. 



20 
 

3.2 Effects of EtOH on Acquisition of Cocaine Reinforcement 

 Cocaine acquisition for Subject R-1992 is shown as an example (Figure 

2). Two subjects in the control group acquired cocaine acquisition at a low dose 

of 0.001 mg/kg/injection while the remaining subjects acquired at the doses of 

0.03 mg/kg/injection or 0.1 mg/kg/injection. One subject in the ethanol drinking 

group acquired at the dose of 0.01 mg/kg/injection while the rest of the group 

acquired at either 0.03 mg/kg/injection or 0.1 mg/kg/injection. A survival analysis, 

the Mantel-Cox test also known as a log-rank test, was conducted to compare 

the two groups. No significant between group difference was found in the dose at 

which subjects acquired cocaine self-administration (Figure 3). 

  

Figure 2: Example of Cocaine Acquisition. Food self-

administration was alternated with saline and increasing doses 

of cocaine until a dose produced significantly more responding 
than saline, in this example, 0.03 mg/kg. 
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3.3 Effects of EtOH on Early Cocaine Self-Administration 

 No significant between-group differences were found in the ascending 

ED50 of post-acquisition dose-response curves or in the overall daily intake of 

subjects (Figure 4). Individual differences are seen in both groups of monkeys. 

3.4 [11C]Raclopride PET and Early Cocaine Self-Administration 

 In comparing the [11C]raclopride DVRs, no significant between group 

differences are found in any of the regions of interest, confirming that monkeys 

were randomly assigned (Table III). No significant correlation between the 

cocaine dose at which subjects acquired and [11C]raclopride DVR was found for 

any of the regions of interest (Figure 5). Moreover, no significant correlation 

between cocaine ED50 and [11C]raclopride DVRs were found for any of the 

regions of interest (Figure 6).  

Figure 3: Survival Curve of Cocaine Acquisition. Line indicates the 

proportion of subjects yet to acquire cocaine self-administration at 

each dose. There were no significant differences between groups. 
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Figure 4: Post-Acquisition Dose Response Curves and Daily Intake. Top graphs 

show grouped data. No significant difference in reinforcers earned at each dose or 

in average daily intake at each dose. Bottom graphs show individual subjects’ 

data. Both groups show great amounts of individual differences. 
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Subject Caudate 
DVR 

Putamen 
DVR 

Ventral 
Striatum 

DVR 

Ventral 
Pallidum 

DVR 

Globus 
Pallidus 

DVR 

R-1992 3.58 4.44 2.61 1.93 2.70 

R-1993 3.66 4.00 3.36 2.87 2.54 

R-1994 2.69 3.39 2.27 2.44 3.06 

R-1996 3.68 4.07 3.32 2.38 1.77 

R-1997 3.70 3.98 2.52 1.95 2.96 

R-1998 4.09 3.81 2.95 2.45 3.61 

R-1995 3.41 3.46 2.06 2.68 3.11 

R-1999 2.04 1.75 1.41 1.57 1.59 

R-2000 3.65 4.37 3.00 2.05 2.28 

R-2001 2.98 3.90 3.19 2.83 3.99 

R-2002 4.52 4.16 2.39 1.89 2.53 

R-2003 2.72 2.76 2.48 2.23 2.76 

 

  

Table III: [11C]Raclopride PET Region of Interest DVRs Prior to any Ethanol or 

Cocaine Exposure. DVR data is normalized to cerebellum binding. No significant 

between-group differences in any of the regions of interest. 
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Figure 5: Cocaine Acquisition Dose Correlations with [11C]Raclopride DVR. 

Logarithmic factors converted prior to correlation calculation. Correlation lines 

shown are for all data, not individual groups. No significant correlations were 

found between the dose of acquisition and region of interest DVRs. 
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Figure 6: Cocaine ED50 Correlations with [11C]Raclopride DVR. Logarithmic factors 

converted prior to correlation calculation. Correlation lines shown are for all data, not 

individual groups. No significant correlations were found between the cocaine ED50 

and region of interest DVRs. 
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3.5 Quinpirole Induced Yawning and Early Cocaine Self-Administration 

 Quinpirole-induced yawning measures are listed in Table IV. The dose at 

which subjects acquired cocaine self-administration was negatively correlated 

with the ascending ED50 of their baseline quinpirole induced yawning curves 

(R2=0.6134, df=10, p=0.003; Fig. 7). When split into individual groups, quinpirole 

ED50 was more predictive of dose of acquisition in the control group (R2=0.7387, 

df=4, p=0.028) than in the ethanol drinking group (R2=0.5016, df=4, p=0.115). 

This may be due to the two subjects that acquired at 0.001 mg/kg/injection 

driving the correlation. No correlation was found between quinpirole induced 

yawning ED50 and cocaine self-administration ED50.  

 The peak number of yawns, regardless of the quinpirole dose at which it 

occurred, was negatively correlated with cocaine self-administration ED50 

(R2=0.367, df=10, p=0.037). When split into individual groups, neither group was 

significant.  
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Subject Quinpirole ED50 

(mg/kg) 
Peak Number of 

Yawns 
Peak Dose 

(mg/kg) 

R-1992 0.0113 27.5 0.03 

R-1993 0.0548 7 0.1 

R-1994 0.0173 3.5 0.03 

R-1996 0.0443 5 0.1 

R-1997 0.0040 11.5 0.01 

R-1998 0.0311 9 0.1 

R-1995 0.0041 9 0.01 

R-1999 0.1299 16 0.3 

R-2000 0.0740 10.5 0.3 

R-2001 0.0336 19 0.1 

R-2002 0.0221 15 0.1 

R-2003 0.1316 12 0.3 

 

  

Table IV: Quinpirole Induced Yawning Data. Quinpirole induced yawning trials 

were conducted prior to the introduction of ethanol or cocaine. No significant 

differences between groups were found. 
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Figure 7: Quinpirole Induced Yawning Correlations with Early Cocaine Self-

Administration Measures. Logarithmic factors converted prior to correlation 

calculation. Top graphs compare quinpirole ED50 to cocaine dose of 

acquisition and cocaine ED50. Quinpirole ED50 is significantly correlated 

with cocaine dose of acquisition (R2=0.6134, df=10, p=0.003). Bottom 

graphs compare the ability for quinpirole to produce yawns in subjects to 

cocaine dose of acquisition and cocaine ED50. Peak yawns was 

significantly correlated with cocaine ED50 (R2=0.367, df=10, p=0.037). 
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DISCUSSION 

 Chronic alcohol use remains a problem amongst many cocaine users. 

This variable is frequently ignored in preclinical or clinical studies, potentially 

stunting the progress of pharmacological developments for the treatment of 

cocaine use disorder. In addition, the gateway hypothesis of drug use comes into 

question when assessing the abuse of multiple substances such as alcohol and 

cocaine. The present study examines the effects of chronic binge-like ethanol 

drinking on early cocaine self-administration. Monkeys with more than eight 

months of experience drinking ethanol 5 days per week under binge conditions 

were given access to increasing doses of cocaine to examine their initial 

sensitivity to cocaine as a reinforcer. The introduction of alcohol prior to cocaine, 

the use of non-human primates, the assessment of exactly when cocaine begins 

acting as a reinforcer via our acquisition procedure, and the ability to transition 

into a longitudinal study examining the long-term effects of cocaine and alcohol 

co-abuse are all factors that make this study a great advancement in the field of 

cocaine and alcohol co-abuse. 

Immediately after cocaine reinforcement was acquired, a full dose-

response curve was created for each subject to further analyze the early cocaine 

self-administration of monkeys. These six monkeys were compared to a control 

group of six who drank an equivalent amount of a sweetened water solution 

without ethanol. Prior to ethanol or cocaine access, a [11C]raclopride scan was 

performed to analyze baseline D2 receptor availability and a full quinpirole 

induced yawning curve was developed to assess D3 receptor function. These 
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receptors are both highly relevant in the assessment of cocaine and alcohol use 

due to the modulation of dopamine levels and dopamine receptor function seen 

in both cocaine and alcohol users (see Introduction). The present study 

compares these measures of dopamine receptor function to the measures of 

early cocaine use in an attempt to characterize mechanisms that may underlie 

any differences in early cocaine sensitivity. 

 Despite the different alcohol history, no difference was found in the dose 

at which subjects acquired cocaine self-administration or subjects’ cocaine ED50. 

This means that despite binge drinking five days a week for an extended period 

of time, no differences in cocaine sensitivity were found between EtOH-drinking 

monkeys and control solution-drinking monkeys. Our findings support the past 

findings that a history of cocaine use does not affect early cocaine self-

administration (Fredriksson et al., 2017). One possible caveat to this is that the 

differences seen in real-life alcohol and cocaine users are chronic effects rather 

than short-term effects. Although extensive for a laboratory study, six months of 

alcohol use may not be enough to produce a difference in cocaine sensitivity and 

a few months of cocaine and alcohol co-abuse may not be enough to escalate 

cocaine seeking behavior or change cocaine sensitivity. Another theory for why 

no differences were found in our study is that the difference in cocaine seeking 

may be related to subjective craving rather than pharmacological sensitivity. This 

theory is supported by Marks et al. (2015) which found that alcohol administration 

increased subjective cocaine craving in human cocaine and alcohol users but 

had no effect on attentional bias towards cocaine related cues. Taking into 
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account the present study along with past studies on cocaine and alcohol co-

abuse, it is apparent that further studies must be conducted to understand the 

complex behavioral interactions between these two drugs. 

 The present study also examined the relationship between baseline D2-

like receptor availability and early cocaine self-administration. Contrary to past 

studies (e.g. Nader et al., 2006), baseline D2 availability determined by 

[11C]raclopride PET scans were not predictive of cocaine sensitivity or cocaine 

self-administration rates. One possible reason for this is the length of time 

between PET scans and the introduction of cocaine. PET scans were performed 

approximately 8 months prior to the introduction of ethanol and over a year prior 

to cocaine introduction. In this time, stress levels may have changed greatly and 

may in turn have affected D2 receptor availability, a factor found to be directly 

related to cocaine self-administration differences. The addition of more housing 

space due to the increased requirements of subjects as they grew may have had 

a significant difference on the stress levels of some monkeys more so than 

others. Additionally, past studies have examined response rates on a fixed 

interval schedule rather than examined sensitivity on a fixed ratio schedule such 

as in this study (e.g. Morgan et al., 2002; Nader et al., 2006). This difference in 

methodology may be another reason we didn’t see a difference in self-

administration whereas past studies did. 

 Quinpirole-induced yawning has been shown to be a good measure of D3 

receptor sensitivity (Collins et al. 2005, 2007). Prior to cocaine or ethanol access 

quinpirole dose-response curves were determined in each subject to serve as a 
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measure of D3 receptor sensitivity. D3 receptors play a vital role in both cocaine 

use disorder (Blaylock, 2011; Collins, 2011; Martelle, 2007, 2014) and alcohol 

use disorder (Thanos et al., 2005; Vengeliene et al., 2006; Leggio et al., 2014). 

The role D3 receptors play in substance use disorder make it a target for 

functional comparisons as well as potential treatments. Our findings of a negative 

correlation between quinpirole induced yawning ED50 and the cocaine dose at 

which subjects acquired indicates that a higher baseline function is associated 

with lower cocaine sensitivity. One theory for why this could be can be found by 

examining cocaine users themselves. Chronic cocaine use results in an 

increased sensitivity of D3 receptors as displayed by the ability for D3 partial 

agonists to elicit yawning in monkeys with a cocaine history but not drug naïve 

monkeys (Martelle, 2007; Blaylock, 2011). This along with the fact that cocaine 

users develop a tolerance to cocaine could lead to the conclusion that higher D3 

receptor sensitivity prior to drug use could lead to a lower initial sensitivity to 

cocaine.  

In addition to this relationship, it was also discovered that the peak 

number of yawns during quinpirole-induced yawning trials was negatively 

correlated with cocaine ED50. Interestingly, this relationship tells a slightly 

different story from the first quinpirole and cocaine sensitivity correlation. While 

quinpirole ED50 assesses D3 receptor sensitivity, the peak number of yawns is an 

assessment of behavioral efficacy. Subjects that yawned more during trials, in 

other words those in which quinpirole was more efficacious, tended to be more 

sensitive to cocaine in the future. Overall, the role of D3 receptors in the early 
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reinforcing effects of cocaine is not fully understood and further assessments 

using quinpirole induced yawning as a measure should be conducted. One 

limitation of quinpirole-induced yawning as a measure of D3 function is that 

quinpirole is D2/D3 agonist. The descending limb is determined by D2 receptor 

binding counteracting the D3 induced yawning effect and therefore the peak is 

partially determined by D2 receptor binding. While this caveat makes quinpirole 

induced yawning an imperfect measure of D3 receptor sensitivity, it remains an 

effective option with the lack of selective D3 receptor PET tracers available 

There were a few other limitations in this study, especially surrounding the 

methodology. In most cases of alcohol and cocaine co-abuse, the two drugs are 

used at the same time. This combination creates a new drug called 

cocaethylene, a highly reinforcing drug on its own (Jatlow et al.,1991). At the 

beginning of the present study a decision had to be made, is it more beneficial to 

look at cocaine self-administration with or without ethanol in the monkey’s 

system? While the development of cocaethylene is more clinically relevant, 

cocaethylene levels in the blood stream could not be measured by us and 

therefore its role as a third variable would do more harm than good to our study. 

In addition to the difficulty of measuring cocaethylene levels, monkeys may have 

more difficulties responding in cocaine self-administration sessions if ethanol is in 

their system. With the methodology in the present study, cocaethylene formation 

is avoided through the separation of cocaine self-administration sessions and 

ethanol drinking sessions. Another limitation is that ethanol consumption was 

constrained to a maximum of 2.0 g/kg per day. Having free ethanol access would 
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make having an accurate control impossible, would create much more variability 

in drug consumption, and would create the need for more subjects as different 

monkeys have greatly different drinking behavior (Shnitko et al., 2018). In the 

future, studies that control cocaine intake but allow for free ethanol access would 

be interesting.  

The future of this study shows promise of having a significant impact on 

our understanding of cocaine and alcohol co-abuse. While no effects of ethanol 

consumption were seen on acquisition of cocaine reinforcement and initial self-

administration, it is still possible that long term co-abuse of cocaine and alcohol 

will have significant impacts on D2-like and D3 receptors as well as cocaine self-

administration. In addition to these possibilities, the more clinically relevant model 

of cocaine use disorder created in this study can be used to highlight potential 

differences in cocaine use disorder treatment efficacy. This study also aims to 

examine longitudinal effects of cocaine and alcohol co-abuse on D2-like and D3 

receptors through the use of [11C]raclopride and quinpirole induced yawning at 

varying time points of monkeys’ drug use history. Although no effects of an 

alcohol history affecting initial cocaine use were found in the early assessment of 

co-abuse, the findings are still relevant to the understanding of a prominent 

worldwide issue. Not having an answer to how two of the most prominently co-

abused drugs interact should only inspire more questions in the future I hope to 

see more studies examining drug co-abuse in the coming years. 
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