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Relapse is a dynamic and essential barrier to abstinence in substance use disorders 

with behavioral endophenotypes (e.g. impulsivity) and exposure to environmental drug-

associated cues along with complex neurobiology as precipitating factors. Impulsivity is 

expressed in different forms (e.g. motor impulsivity, impulsive choice) and is associated 

with both cocaine use disorder and opioid use disorder. Animal models of motor 

impulsivity and relapse vulnerability can be reasonably matched to provide valid 

translational approaches to help determine whether motor impulsivity is a factor leading to 

(i.e., trait) and/or resulting from abstinence from (i.e., state) drug use and relapse. We tested 

the hypotheses that abstinence from cocaine and oxycodone would have differential effects 

on trait motor impulsivity and drug-seeking behavior. We demonstrate that oxycodone- but 

not cocaine-abstinence altered trait motor impulsivity phenotypes. Additionally, motor 

impulsivity phenotypes predicted cocaine but not oxycodone drug-seeking. The findings 

presented here offer a glimpse into the complex relationship between trait and state motor 

impulsivity and drug-seeking behaviors during abstinence across classes of drugs of abuse. 
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INTRODUCTION 

The chronic, relapsing nature of substance use disorders (SUDs) presents one of the 

greatest pervasive health concerns in the United States, with cocaine use disorder (CUD) 

having no FDA-approved medication to date, and opioid use disorder (OUD) being 

declared a public health emergency (Califf et al., 2016). In 2017, the number of deaths 

linked to cocaine overdose increased dramatically in part due to the opioid overdose crisis 

(McCall Jones et al., 2017), which was precipitated by prescription opioid (e.g., 

oxycodone) misuse and abuse (National Center for Health Statistics; Center for Disease 

Control). While treatment can decrease morbidity and mortality associated with these 

disorders, only ~11% of those who needed treatment received care in 2017, with cost and 

inaccessibility cited as primary barriers (SAMHSA, 2018). Currently, treatment for CUD 

mainly involves cognitive behavioral therapy (Volkow, 2011). Pharmacological therapies 

are available for OUD (e.g. methadone, naltrexone, buprenorphine) that are used to manage 

withdrawal symptoms and abstinence maintenance; however, these therapies often 

encounter problems of compliance (Comer et al., 2010). Behavioral therapies begin to 

address abstinence maintenance for both OUD and CUD, but are limited in effectiveness 

to deter relapse and often do not address specific phases of the cycle of SUD (for reference, 

see Volkow and Boyle, 2018). Thus, the impact of drug abuse and dependence on the 

quality of health and society is massive, and the lack of useful therapeutic medications is 

considered an unaddressed gap that poses major challenges in the treatment of SUD 

(Hendershot et al., 2011; Volkow and Skolnick, 2012). 

Relapse, in particular, is a dynamic process and an essential barrier to abstinence in 

SUDs with a culmination of factors precipitating it, such as behavioral endophenotypes 

and exposure to environmental cues previously associated with the drug-taking experience 

working alongside a complex neurobiology. One of the attributing behavioral 
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endophenotypes is impulsivity (Sanchez-Roige et al., 2019), a complex, multifaceted 

personality trait, generally defined as action without sufficient foresight and without regard 

to the negative consequences (Evenden, 1999; Moeller et al., 2001a). It is expressed in 

many different forms; the inability to withhold a response (i.e., motor impulsivity, 

impulsive action, rapid-response impulsivity) (Hamilton et al., 2015a), a lack of reflection 

on potential consequences , or aversion to a delayed reward (i.e., impulsive choice, delay 

discounting) (Hamilton et al., 2015b). Impulsivity is most likely both an antecedent and 

consequence of drug use and abstinence (for review, see Fineberg et al., 2014; Moeller et 

al., 2001b) and its roles as a vulnerability factor exhibits roughly equivalent overall 

predictive power in CUD and OUD (Loree et al., 2015; Stevens et al., 2014). Cocaine-

dependent individuals present with high levels of impulsivity (Moeller et al., 2004; Moeller 

et al., 2002; Moeller et al., 2001b) and impulsivity positively correlates with dropout rates 

in clinical trials (Moeller et al., 2001a; Moeller et al., 2001b; Patkar et al., 2004). Acute 

intoxication from opioids does not affect impulsivity in healthy volunteers but for those 

who have a history of use and dependence, active intake of the highly misused prescription 

opioid oxycodone appears to increase levels of impulsivity (Baldacchino et al., 2015; 

Zacny and de Wit, 2009). While impulsivity does not appear to affect treatment outcomes 

in OUD, it is evident in active opioid intake and abstinence (Jones et al., 2016; Schippers 

et al., 2012; Verdejo-Garcia et al., 2008; Winstanley, 2011). Additionally, some studies 

suggest that abstinence from opioids may even decrease impulsivity over longer periods of 

abstinence (Li et al., 2012; Lou et al., 2012).  

Reactivity to cues associated with the drug-taking experience (e.g. pipes, certain 

people, specific locations) is an additional relapse-like vulnerability factor associated with 

CUD (Anastasio et al., 2014b; Bauer and Kranzler, 1994; Cunningham and Anastasio, 

2014; Sinha et al., 2003) and OUD (Back et al., 2014; Li et al., 2012; Liu et al., 2011; Lou 

et al., 2012; McHugh et al., 2014; Sell et al., 2000) where even subliminal presentation of 

drug-associated cues activates motivational neurocircuity (Wetherill et al., 2014). Further, 
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cue reactivity, a valuable clinical tool used to measure the effectiveness of therapies for 

SUDs (MacKillop and de Wit, 2012), is impacted by abstinence in a time-dependent 

manner (Li et al., 2012; Lou et al., 2012), associates with relapse (Back et al., 2010; 

Marissen et al., 2006), and is linked to impulsive behaviors (Coskunpinar and Cyders, 

2013; Leung et al., 2017). Importantly, the propensity for drug-associated cues to trigger 

relapse-like behavior in animals (i.e., drug-seeking behavior, Kalivas and McFarland, 

2003) correlates to inherent levels of motor impulsivity that differ among individuals, or 

trait motor impulsivity, (Anastasio et al., 2014b), presenting the possibility of trait motor 

impulsivity as a behavioral endophenotype of relapse vulnerability.  

Preclinical assays of motor impulsivity and drug-seeking are reasonably matched 

to provide valid translational research outcomes, although few studies employ such tasks 

to address questions concerning the relationship between trait/state motor impulsivity and 

drug-seeking behaviors associated with extended abstinence from cocaine- or opioid-

taking. While much research explores the relationship between SUD relapse-like behaviors 

and impulsivity in humans (Moeller et al., 2001a; Moeller et al., 2004; Moeller et al., 2002; 

Moeller et al., 2001b; Patkar et al., 2004) and laboratory animals (Anastasio et al., 2014b; 

Belin et al., 2008; Dalley et al., 2007), there remain gaps in knowledge for the role of trait 

(i.e., prior to exposure to drug) versus state (i.e., consequence of drug intake and 

abstinence) impulsivity in relationship to cocaine- or oxycodone-seeking behaviors.  Using 

modified rodent behavioral tasks, this study addressed the impact of abstinence from 

cocaine or oxycodone self-administration on trait motor impulsivity and the link between 

trait motor impulsivity and drug-seeking behaviors.  

First, we tested the hypothesis that abstinence from cocaine would induce a state of 

increased motor impulsivity in rats that are inherently more impulsive which would 

translate into increased relapse-like vulnerability, measured by drug-seeking behavior 

reinforced by cues previously associated with cocaine-taking (Anastasio et al., 2014b). 

Next, we tested the hypothesis that abstinence from oxycodone would induce an increased 
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state of motor impulsivity in both high and low inherent impulsive rats, but this increase in 

motor impulsivity would not influence drug-seeking behavior reinforced by cues 

previously associated with oxycodone-taking (Schippers et al., 2012). Overall, we propose 

that trait motor impulsivity plays a differential role in relapse vulnerability between these 

two classes of substances of abuse. 
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MATERIALS AND METHODS  

ANIMALS 

Male, outbred Sprague-Dawley rats (n=104; Envigo, Indianapolis, IN) weighing 

250-275 grams upon arrival were pair-housed under a 12-hour light-dark cycle at a constant 

temperature (21-23oC) and humidity (40-50%). Animals were acclimated to the colony 

room for seven days prior to the start of experiments. While training in the one-choice 

serial reaction time (1-CSRT) task, rats were food restricted and weighed daily with body 

weight maintained at 90% of free-feeding and water available ad libitum except during 

daily operant sessions. During cocaine and oxycodone self-administration and drug-

seeking assays, food and water were available ad libitum. All experiments were carried out 

in accordance with the NIH Guide for the Care and Use of Laboratory Animals (2011) and 

with the University of Texas Medical Branch Institutional Animal Care and Use 

Committee approval. 

 

DRUGS 

(-)-Cocaine (National Institute on Drug Abuse Drug Supply Program, Bethesda, 

MD) and oxycodone hydrochloride (Millipore Sigma, St. Louis, MO) were dissolved in 

0.9% NaCl. 

 

MOTOR IMPULSIVITY ASSAY 

One-choice serial reaction time (1-CSRT) task procedures took place in standard 

five-hole nosepoke operant chambers (Med Associates, Fairfax, VT) contained within a 

ventilated and sound-attenuating chamber. Each chamber is fitted with a houselight, a food 

tray, and an external pellet dispenser capable of delivering 45 mg pellets (Dustless 

Precision pellets, Bio-Serv, Frenchtown, NJ). The 1-CSRT task methodology is previously 
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described in detail (Anastasio et al., 2013; Anastasio et al., 2011; Anastasio et al., 2014b; 

Anastasio et al., 2019; Cunningham et al., 2013; Davis-Reyes et al., 2019; Fink et al., 2015; 

Sholler et al., 2019). Briefly, training began with pre-training stages in which rats were 

habituated to the test chamber and introduced to nosepoke responding for food pellets. 

During the first pre-training stage, all responses made in the correctly-lit, baited, center 

hole (“target”) in a 30-minute period resulted in the illumination of the food tray light and 

presentation of a single food pellet. In the second pre-training stage, the number of correct 

responses were limited to 100 in a maximum of 30 minutes. Subsequent training stages 

involved lowering the stimulus duration with a limited hold of 5 seconds and an intertrial 

interval (ITI) of 5 seconds. The final stage of training and the stage in which rats were 

maintained had a 5-second limited hold, a 5-second ITI, and a 0.5-second stimulus 

duration. During maintenance, a maximum of 100 correct responses in a session resulted 

in a maximum of 100 reinforcers earned; incorrect, premature responses or omissions 

resulted in a 5-s time out period and a reduction in potential reinforcers earned.  

The total number of responses (correct, incorrect, omissions, and premature) as well 

as the latency to the first response made and the time to finish the task were recorded. Rats 

were required to meet an acquisition criteria of a minimum of 50 correct responses, >80% 

accuracy [correct responses/(correct + incorrect) × 100], and <20% omissions (omitted 

responses/trials completed × 100) to move from one training stage to the next. Premature 

responses (total premature responses = target premature responses + non-target premature 

responses; “non-target” indicates premature response detected outside of the center nose 

poke hole) are the primary indication of motor impulsivity for identification of high (HI) 

or low (LI) impulsive phenotypes (Anastasio et al., 2014b; Anastasio et al., 2019; Davis-

Reyes et al., 2019; Fink et al., 2015; Sholler et al., 2019). The number of reinforcers earned 

provides a measure of task competency as well as a secondary measure for motor 

impulsivity (Anastasio et al., 2014b; Anastasio et al., 2019; Davis-Reyes et al., 2019; Fink 

et al., 2015; Sholler et al., 2019). Accuracy (given as a percentage) is a general indication 
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of attentional capacity while omissions (given as a percentage) indicate the level of 

motivation to perform the task (Anastasio et al., 2014b; Anastasio et al., 2019; Davis-Reyes 

et al., 2019; Fink et al., 2015; Sholler et al., 2019). 

After meeting stability criteria for the final training stage over three consecutive 

ITI5 sessions (with <20% variability), an ITI8 challenge session was conducted in which 

the ITI was 8-s for the entirety of the session (Anastasio et al., 2014b; Anastasio et al., 

2019; Davis-Reyes et al., 2019; Fink et al., 2015; Sholler et al., 2019). Two separate cohorts 

of outbred rats were trained on the 1-CSRT task training (see experimental timeline, Figure 

1) and, within each cohort (Cohort 1 N=48; Cohort 2 N=56), LI (N=10-11/cohort) and HI 

(N=12/cohort) were stratified as the top and bottom 33% (tertile split) of rats based upon 

premature responses on the ITI8 challenge session. Tertile splits were determined based on 

necessity for power analyses and utilization of this stratification method did not change the 

validity of the phenotypes nor the consistency of the 1-CSRT task output parameters across 

cohorts. 

Following acquisition and maintenance of drug self-administration (see below for 

methodology and experimental timeline, Figure 1), rats were placed into a period of 30 

days of forced abstinence (FA) from cocaine or oxycodone but were subjected to daily 1-

CSRT task sessions (5-second limited hold, 5-second ITI, 0.5-second stimulus duration). 

During this time, neither drug nor drug-related cues were delivered to the rats. On FA Day 

15 and FA Day 25, rats were subjected to a variable ITI (VITI) challenge session in which 

the intertrial interval varied from 2-8 seconds in random order to verify the reliability of 

responding in the 1-CSRT task (data not shown) (Dalley et al., 2002b). On FA Day 10 and 

FA Day 20, rats were subjected to an ITI8 challenge session to assess the impact of 

abstinence on trait motor impulsivity; the ITI8 session demands extra attentional effort to 

maintain inhibitory control and is used to more easily identify motor impulsivity 

phenotypes (Anastasio et al., 2014b; Anastasio et al., 2019; Besson et al., 2013; Dalley et 

al., 2002a; Davis-Reyes et al., 2019; Fink et al., 2015; Sholler et al., 2019).  
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DRUG SELF-ADMINISTRATION ASSAY 

Following training in the 1-CSRT task (see experimental timeline, Figure 1), rats 

were anesthetized with a cocktail containing xylazine (8.6 mg/kg), acepromazine (1.5 

mg/kg), and ketamine (43 mg/kg) in sterile saline (delivered intramuscular) prior to 

surgical implantation of indwelling catheters into the right jugular vein and attached to a 

cannula which exited dorsally (Anastasio et al., 2014a; Anastasio et al., 2014b; 

Cunningham et al., 2013; Cunningham et al., 2011; Neelakantan et al., 2017; Sholler et al., 

2019). Rats received a 0.1 mL infusion of heparinized saline (10 U/mL; American 

Pharmaceutical Partners, East Schaumburg, IL), streptokinase (0.67 mg/mL; Millipore 

Sigma, St. Louis, MO), and ticarcillin disodium (66.67 mg/mL; Research Products 

International, Mt. Prospect, IL) into the catheter daily during surgical recovery and 

immediately following each drug self-administration session to ensure catheter patency 

throughout the duration of the studies; self-administration training began following a 7-day 

surgical recovery period (Anastasio et al., 2014a; Anastasio et al., 2014b; Cunningham et 

al., 2013; Cunningham et al., 2011; Neelakantan et al., 2017; Sholler et al., 2019).  

Self-administration took place in standard operant chambers contained within a 

ventilated and sound-attenuated chamber (Med Associates, Fairfax, VT). Each chamber 

was equipped with two retractable levers, a stimulus light above each lever, and a 

houselight opposite the levers. Drug infusions were delivered through syringes that were 

loaded daily into infusion pumps (Med Associates, Inc.) located outside of the cubicles. 

The infusion pumps were connected to liquid swivels (Instech, Plymouth Meeting, PA) 

fastened to catheters via polyethylene 20 tubing encased inside a metal spring leash 

(Plastics One, Roanoke, VA).  

Cocaine (Cohort 1, n=48) or oxycodone (Cohort 2, n=48) self-administration 

training consisted of daily 180-min sessions. During these sessions, rats were trained to 

self-administer intravenous (i.v.) cocaine (0.75 mg/kg/infusion) or oxycodone (0.1 
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mg/kg/infusion) on a fixed ratio (FR) schedule of reinforcement. Scheduled responses on 

the active lever resulted in delivery of a drug infusion over a 6-sec period; each infusion 

was simultaneously paired with the illumination of the house and stimulus lights and 

activation of the infusion pump (i.e., discrete cue complex paired with drug delivery). 

Inactive lever presses were recorded but had no scheduled consequences. The stimulus 

light and infusion pump were inactivated following delivery of drug. The house light 

remained on to signal a timeout period (20 sec); lever presses committed during the timeout 

period had no scheduled consequences. Cocaine-trained rats were trained on a FR1 

schedule of reinforcement and progressed to a FR5 schedule after achieving seven 

infusions/hr with <10% variability for three consecutive days (Anastasio et al., 2014a; 

Anastasio et al., 2014b; Cunningham et al., 2013; Cunningham et al., 2011; Sholler et al., 

2019). Oxycodone-trained rats were trained on a FR1 schedule of reinforcement followed 

by a FR3 schedule and then progressed to a FR5 schedule after receiving five infusions/hr 

with <10% variability for three consecutive days (Neelakantan et al., 2017). Self-

administration training consisted of 14 daily sessions for cocaine and 20-21 daily sessions 

for oxycodone. Once stable drug self-administration was acquired and maintained, rats 

were subjected to a 30-day period of FA during which self-administration training was 

terminated and daily 1-CSRT task training was reinitiated (see above for methodology and 

experimental timeline, Figure 1). 

 

DRUG-SEEKING BEHAVIOR ASSAY 

On FA Day 30, immediately following the daily 1-CSRT task, rats were 

reintroduced to the self-administration chambers and assayed in a drug-seeking test session 

comprised of two sequential components (see experimental timeline, Figure 1) (Anastasio 

et al., 2014a). The first part determined whether cocaine-abstinent or oxycodone-abstinent 

HI and LI rats would differentially respond to the drug-paired context in the absence of the 

discrete cue complex. During this 10-min session, responses on either the previously active 
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lever or inactive lever on an FR1 schedule of reinforcement were recorded with no 

scheduled consequence and no discrete cues delivered (e.g. stimulus light illumination, 

pump sounds) to assess the contextual reinforcement aspect of the test. Immediately after 

this initial 10-min session, the second component was initiated by the delivery of a single, 

non-response contingent, discrete cue complex (e.g., stimulus light illumination, pump 

sounds) and cue-reinforced drug-seeking behavior was assessed. During this 60-min cue-

reinforced session, lever pressing on the previously active lever followed a FR1 schedule 

of reinforcement with responses reinforced by the discrete cue complex that was previously 

associated with delivery of either cocaine or oxycodone; inactive lever presses were 

recorded but produced no scheduled consequences (Anastasio et al., 2014a). 

 

Figure 1. Schematic of Experimental Design 

 
Rats were stratified as either high or low motor impulsive using the 1-CSRT task. 

Following phenotype identification, rats underwent jugular catheter implantation surgery 

and allowed to recover. Rats were then trained to self-administer either cocaine (Cohort 1) 

or oxycodone (Cohort 2) to stability. After acquiring and maintaining self-administration, 

rats were placed into forced abstinence (FA) for 30 days, during which daily 1-CSRT task 

training was re-initiated. Rats were subjected to 1-CSRT task ITI8 challenge sessions on 

FA Day 10 and FA Day 20. On FA Day 30, immediately following the daily 1-CSRT task 

session, drug-seeking behaviors were measured.  

 

 DATA AND STATISTICAL ANALYSES 

Student’s t-test was employed to analyze outcome measures of 1-CSRT task 

performance between phenotypes within each cohort and to analyze each outcome measure 

from the 1-CSRT task performance between cohorts (GraphPad Prism 7, La Jolla, CA).  A 
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two-way repeated measure analysis of variance (ANOVA) with the factors of phenotype 

and training session and Sidak’s correction for multiple comparisons was used for the 

comparison of HI and LI rats in the maintenance of drug self-administration (GraphPad 

Prism 7). Student’s t-test was used to analyze total drug intake via self-administration 

between phenotypes (GraphPad Prism 7). A mixed model ANOVA with the within-subject 

factor of day and between-subject factor of phenotype was used to analyze outcome 

measures of 1-CSRT task performance between HI and LI rats during abstinence from drug 

self-administration (IBM SPSS Statistics, Version 23.0. Armonk, NY). A one-way 

ANOVA with a Sidak’s multiple comparisons correction was employed to determine the 

effect of abstinence from drug on 1-CSRT task measures versus pre-drug performance (i.e., 

baseline) within phenotype (GraphPad Prism 7). Student’s t-test was used to analyze 

previously active lever presses and inactive lever presses during the context-induced and 

cue-reinforced drug-seeking tests between HI and LI rats (GraphPad Prism 7). From Cohort 

1, 15 rats were excluded from the final data analyses due to not meeting stable 1-CSRT 

task performance and/or catheter patency lost during the self-administration phase. From 

Cohort 2, 26 rats were excluded from the final data analyses due to not meeting stable 1-

CSRT task performance and/or catheter patency lost during the self-administration phase. 

Significance was measured using α = 0.05 
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RESULTS  

TRAIT MOTOR IMPULSIVITY PHENOTYPES ARE IDENTIFIABLE IN THE 1-CSRT TASK. 

Figure 2 illustrates the premature responses, reinforcers earned, percent omissions, 

and percent accuracy on the 1-CSRT task ITI8 challenge for both cohorts of HI and LI rats 

utilized in this study. Male, outbred, Sprague-Dawley rats [Cohort 1 (n=48) and Cohort 2 

(n=56)] were identified as HI or LI (n=13-17/phenotype/cohort) using a tertile split based 

upon rank ordering of total premature responses (Figure 2A). Within each cohort, HI and 

LI rats differed on levels of premature responses (Cohort 1: t25=9.92, p<0.05; Cohort 2: 

t31=14.54, p<0.05; Figure 2B), reinforcers earned (Cohort 1: t25=6.6, p<0.05; Cohort 2: 

t31=3.32, p<0.05; Figure 2C), and percent omissions (Cohort 1: t25=4.22, p<0.05; Cohort 

2: t31=8.57, p<0.05; Figure 2D), but not percent accuracy  (Cohort 1: t25=0.84, n.s.; Cohort 

2: t31=0.74, n.s.; Figure 2E), as previously reported (Anastasio et al., 2013; Anastasio et 

al., 2011; Anastasio et al., 2014b; Anastasio et al., 2019; Cunningham et al., 2013; Davis-

Reyes et al., 2019; Fink et al., 2015; Sholler et al., 2019). By nature of the task and response 

contingencies, HI rats completed the task faster than LI rats within each cohort (Cohort 1: 

LI=1229.5 ± 24.3 sec, HI=1124.4 ± 13.3 sec, t25=4.75, p<0.05; Cohort 2: LI=1260.8 ± 20.4 

sec, HI=1124.8 ± 9.7 sec, t31=8.42, p<0.05). No difference between phenotypes within 

cohorts on the latency to first response was detected (Cohort 1: LI=1.00 ± 0.30 sec, HI=1.33 

± 0.36 sec, t25=0.94, n.s.; Cohort 2: LI=1.21 ± 0.16 sec, HI=0.93 ± 0.21 sec, t31=1.20, n.s.).  

LI rats between cohorts did not differ on levels of premature responses (t28=1.34, 

n.s; Figure 2B) or reinforcers earned (t28=0.95, n.s; Figure 2C), did differ on percent 

omissions (t28=2.29, p<0.05; Figure 2D), but did not differ on percent accuracy (t28=0.48, 

n.s; Figure 2E), time to finish (t28=0.48, n.s.) or latency to first response (t28=1.35, n.s ). 

The difference in percent omissions for LI rats between cohorts is below task criteria of 

<20% and did not influence the reliability of the identification of the phenotype. HI rats 
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between cohorts did not differ on levels of premature responses (t28=0.15, n.s; Figure 2B), 

reinforcers earned (t28=1.13, n.s; Figure 2C), percent omissions (t28=0.94, n.s; Figure 2D), 

or percent accuracy (t28=0.60, n.s; Figure 2E), time to finish (t28=0.32, n.s.) or latency to 

first response (t28=0.77, n.s.).  
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Figure 2. Stratification of Trait Motor Impulsivity in Outbred Rat Population 

Defined by Premature Responses, Reinforcers Earned, and Percent 

Omissions, but not Percent Accuracy 

 
(A) Ordinal ranking of rats in Cohort 1 (circles) and Cohort 2 (squares) based on 

total premature responses on the ITI8 challenge session. The upper (Cohort 1, red; Cohort 

2, orange) and lower tertile (Cohort 1, blue; Cohort 2, purple) of premature responders 

were identified as high (HI) and low (LI) impulsive, respectively. HI rats made (B) more 

premature responses (C) fewer reinforcers earned and (D) fewer percent omissions versus 

LI rats [(omitted responses/trials completed) x 100]. (E) No difference in percent accuracy 
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was observed between phenotypes [correct responses/ (correct + incorrect) x 100]. *p<0.05 

vs LI rats; #p<0.05 vs Cohort 1.  

 

TRAIT MOTOR IMPULSIVITY LEVELS DO NOT INFLUENCE COCAINE OR OXYCODONE 

SELF-ADMINISTRATION 

Cohort 1 (LI N=11, HI N=12) and Cohort 2 (LI N=10, HI N=12) rats were 

employed to test the hypothesis that trait motor impulsivity is an antecedent to cocaine or 

oxycodone relapse-like behaviors in rodents. Following phenotype identification in the 1-

CSRT task, Cohort 1 HI and LI rats were trained to self-administer cocaine to stability 

(Figure 3A). No differences between HI and LI rats in the acquisition and/or maintenance 

of cocaine self-administration were detected, as previously reported (Anastasio et al., 

2014b). Across the last three training days, there was no main effect of phenotype 

(F1,21=0.50, n.s.), a main effect of session (F2,42=5.44, p<0.05) but no phenotype x session 

interaction (F2,42=0.86, n.s.) for the total number of cocaine infusions (Figure 3A). Sidak’s 

multiple comparison test indicated LI rats took ~three more infusions on Day 14 versus 

Days 12 and 13; however, this difference is less than the criteria for stability of <10% 

variability across days. Total cocaine intake for the entire self-administration phase did not 

differ between phenotypes (HI=122.0 ± 5.85 mg; LI=118.5 ± 6.62 mg; t21=0.40, n.s., 

Figure 3B). Following phenotype identification in the 1-CSRT task, Cohort 2 HI and LI 

rats were trained to self-administer oxycodone to stability (Figure 3C) (Neelakantan et al., 

2017). No differences between HI and LI rats in the acquisition and/or maintenance of 

oxycodone self-administration were detected. Across the last three training days, there was 

no main effect of phenotype (F1,20=0.00, n.s.), session (F2,40=2.68, n.s.) or a phenotype x 

session interaction (F2,40=2.58, n.s.) for the total number of oxycodone infusions (Figure 

3C). Total oxycodone intake for the entire self-administration phase did not differ between 

phenotypes (HI=16.56 ± 0.97 mg; LI=16.15 ± 1.40 mg; t21= 0.24, n.s., Figure 3D). 
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Figure 3. Trait Motor Impulsivity does not Impact Acquisition of Cocaine or 

Oxycodone Self-Administration  

 
HI and LI rats did not differ in cocaine (A, B) or oxycodone (C, D) self-

administration. (A, C) Average lever presses (circles), infusions (triangles), inactive lever 

presses (squares) in daily self-administration acquisition and maintenance training sessions 

are presented. Total drug intake (mg) for cocaine (B) or oxycodone (D) between 

phenotypes is presented. 

  

DYNAMIC STATE OF ABSTINENCE FROM OXYCODONE, BUT NOT COCAINE SELF-

ADMINISTRATION IMPACTS HIGH AND LOW TRAIT MOTOR IMPULSIVITY 

Following stable cocaine or oxycodone self-administration, Cohort 1 and Cohort 2 

rats were subjected to a period of forced abstinence from drug but during which daily 1-

CSRT task sessions were re-initiated to test the hypothesis that the state of abstinence 

would influence the trait of motor impulsivity. Figure 4A demonstrates premature 

responses on the 1-CSRT task made by both HI and LI rats in FA from cocaine self-

administration. The dashed line indicates the level of premature responding in cocaine-

abstinent HI and LI rats prior to cocaine self-administration, i.e. “baseline” performance 

(Figure 4A). On FA Day 10 and FA Day 20, rats were subjected to an ITI8 challenge 

session. There was a main effect of phenotype (F1,21=13.13, p<0.05), no main effect of day 
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(F2,42=2.05, n.s.), but a phenotype x day interaction (F2,42=4.66, p<0.05) for premature 

responses (Figure 4B). Planned comparisons revealed that premature responses for 

cocaine-abstinent LI rats did not differ between baseline, FA Day10, and FA Day 20 (n.s., 

Figure 4B). Planned comparisons revealed that premature responses for cocaine-abstinent 

HI rats did not differ between baseline and FA Day 10 but were lower on FA Day 20 versus 

baseline (F2,33=4.12, Figure 4B). Premature responses on FA Day 10 were higher in 

cocaine-abstinent HI versus cocaine-abstinent LI rats (t21=1.92, p<0.05); no difference 

between phenotypes in premature responses on FA Day 20 was detected (t21=0.79, n.s.).  

 

Figure 4. Cocaine-Abstinent HI Rats Maintain High Impulsivity versus Cocaine-

Abstinent LI Rats 

 
(A) Total premature responses were measured during daily 1-CSRT task 

maintenance in the cocaine abstinence period. (A,B) HI rats (red circles) have higher 

premature responses during ITI8 challenges on FA Day 10 but not FA Day 20 versus LI 

rats (blue circles). LI rats did not differ from their baseline performances (dashed line). HI 

rats had lower premature responses on FA Day 20 versus baseline. No differences were 

detected between HI rats and LI rats on (C) reinforcers earned, (D) percent omissions, or 

(E) percent accuracy on FA Days 10 and 20, but HI rats had more reinforcers earned and 

greater accuracy on FA Day 20 versus baseline. *p<0.05 vs cocaine-abstinent LI rats; 

#p<0.05 vs baseline.  
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For reinforcers earned in cocaine-abstinent rats, there was a main effect of 

phenotype (F1,21=6.71; p<0.05), a main effect of day (F2,42=6.28; p<0.05), but no phenotype 

x day interaction (F2,42=1.41, n.s.; Figure 4C). Planned comparisons revealed that 

reinforcers earned for cocaine-abstinent HI rats did not differ between baseline and FA 

Day 10 but were higher on FA Day 20 versus baseline (F2,33=4.59, Figure 4C). Reinforcers 

earned on FA Day 10 (t21=1.16, n.s.) and FA Day 20 (t21=1.16, n.s.) were not different 

between cocaine-abstinent HI and LI rats. There was a main effect of phenotype 

(F1,21=7.63, p<0.05), no main effect of day (F2,42=0.34, n.s.), but a phenotype x day 

interaction (F2,42=3.85, p<0.05; Figure 4D) for percent omissions. Further analysis did not 

show differences between cocaine-abstinent HI and LI rats on percent omissions. For 

accuracy, there was no main effect of phenotype (F1,21=0.02, n.s.), a main effect of day 

(F2,42=7.29, p<0.05), and no phenotype x day interaction (F2,42=0.38, n.s.; Figure 4E). 

Abstinence from cocaine did not alter latency to the first response on FA Day 10 (LI=1.18 

± 0.38 sec, HI=0.83 ± 0.27 sec) or FA Day 20 (LI=1.18 ± 0.54 sec, HI=0.58 ± 0.23 sec) 

versus baseline performance (LI=1.00 ± 0.30 sec, HI=1.33 ± 0.36 sec); there was no main 

effect of phenotype (F1,21=0.48, n.s.), no main effect of day (F2,42=0.32, n.s.), and no 

phenotype x day interaction (F2,42=0.92, n.s.). Abstinence from cocaine did not alter time 

to finish the task on FA Day 10 (LI=1258.9 ± 77.9, HI=1241.9 ± 95.1 sec) or FA Day 20 

(LI=1190.8 ± 15.9, HI=1227.5 ± 55.9) versus baseline performance (LI=1229.5 ± 24.3 sec, 

HI= 1124.4 ± 13.3.8 sec); there was no main effect of phenotype (F1,21=0.38, n.s.), no main 

effect of day (F2,42=0.80, n.s.), and no phenotype x day interaction (F2,42=0.76, n.s.) for 

time to finish task. 

Figure 5A demonstrates premature responses on the 1-CSRT task made by both HI 

and LI rats in FA from oxycodone self-administration. The dashed line shows the level of 

premature responding in oxycodone-abstinent HI and LI rats prior to oxycodone self-

administration, i.e. “baseline” performance (Figure 5A). On FA Day 10 and FA Day 20, 

rats were subjected to an ITI8 challenge session. There was a main effect of phenotype 
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(F1,20=17.07, p<0.05), no main effect of day (F2,40= 0.25, n.s.), but a phenotype x day 

interaction (F2,40=14.37, p<0.05) for premature responses (Figure 5B). Planned 

comparisons revealed that premature responses for oxycodone-abstinent LI rats were 

higher on both FA Day10 and FA Day 20 versus baseline (F2,27=7.31, p<0.05; Figure 5B). 

Planned comparisons revealed that premature responses for oxycodone-abstinent HI rats 

were lower on both FA Day 10 and FA Day 20 versus baseline (F2,33=4.96, Figure 5B). 

No difference in premature responses on FA Day 10 (t20=1.624, n.s.) or FA Day 20 

(t20=0.22, n.s.) between oxycodone-abstinent HI and LI rats was detected.  

 

Figure 5. Oxycodone-Abstinent HI and LI Rats do not Maintain Original Trait 

Motor Impulsivity Phenotyping 

 
(A) Total premature responses were measured during daily 1-CSRT task 

maintenance in the oxycodone abstinence period. (A, B) Premature responding during ITI8 

challenges on FA Days 10 and 20 did not differ between HI (orange circles) and LI rats 

(purple circles). LI rats had higher premature responses while HI rats had lower premature 

responses on both FA Day 10 and 20. There were no overall differences between HI rats 

and LI rats on (C) reinforcers earned, (D) percent omissions, or (E) percent accuracy. LI 

rats had lower omissions compared to baseline on FA Days 10 and 20. *p<0.05 vs baseline 

LI; #p<0.05 vs baseline HI.  
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For reinforcers earned in oxycodone-abstinent rats, there was no main effect of 

phenotype (F1,20=3.43, n.s.), no main effect of day (F2,40=0.90, n.s.), and no phenotype x 

day interaction (F2,40=1.87, n.s.; Figure 5C). There was a main effect of phenotype 

(F1,20=12.5, p<0.05), no main effect of day (F2,40=1.68, n.s.), but a phenotype x day 

interaction (F2,40=8.37, p<0.05; Figure 5D) for percent omissions. Planned comparisons 

showed that percent omissions for oxycodone abstinent LI rats were lower than baseline 

on both FA Day 10 and FA Day 20 (F2,27=6.00, p<0.05; Figure 5D). There was no main 

effect of phenotype (F1,20=0.01, n.s.), no main effect of day (F2,40=0.77, n.s.), and no 

phenotype x day interaction (F2,40=0.09, n.s.; Figure 5E) for percent accuracy. Abstinence 

from oxycodone did not alter latency to the first response on FA Day 10 (LI=1.79 ± 0.72 

sec, HI=1.72 ± 0.59 sec) or FA Day 20 (LI=1.68 ± 0.51 sec, HI=0.97 ± 0.37 sec) versus 

baseline performance (LI=1.21 ± 0.16 sec, HI=0.93 ± 0.21 sec); there was no main effect 

of phenotype (F1,20=,0.83 n.s.), no main effect of day (F2,40=1.12, n.s.), and no phenotype 

x day interaction (F2,40=0.25, n.s.) for latency to first. Abstinence from oxycodone 

decreased LI time to finish the task on FA Day 10 (LI=1175.0 ± 16.1 sec) and FA Day 20 

(LI=1177.1 ± 11.0 sec) versus baseline performance (LI=1260.8 ± 20.4 sec), but not HI 

rats on FA Day 10 (HI=1163 ± 9.9 sec) or FA Day 20 (HI=1166.4 ± 17.9 sec) versus 

baseline performance (HI=1124.8 ± 9.7 sec). There was a main effect of phenotype 

(F1,20=14.42, p<0.05), no main effect of day (F2,40=1.91, n.s.), but a phenotype x day 

interaction (F2,40=14.89, p<0.05) for time to finish task.  

 

TRAIT MOTOR IMPULSIVITY ASSOCIATES WITH COCAINE, BUT NOT OXYCODONE 

DRUG-SEEKING BEHAVIOR ON FA DAY 30 

A two-component drug-seeking test was employed to test the hypothesis that trait 

motor impulsivity predicts cue-induced cocaine-seeking, but not oxycodone-seeking, 

behaviors following an extended period of abstinence. During the context-induced portion 
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of the test on FA Day 30, cocaine-abstinent HI rats did not differ from cocaine-abstinent 

LI rats in the number of previously active (t21=0.38, n.s.) or inactive (t21=0.07, n.s.;) lever 

presses made (Figure 6A). Following the delivery of a discrete, non-contingent cue, 

cocaine-abstinent HI rats displayed higher previously active lever presses that were 

reinforced by the discrete cue complex compared to cocaine-abstinent LI rats (t21=1.9, 

p<0.05; Figure 6B). Inactive lever presses did not differ between cocaine-abstinent HI and 

LI rats during the cue-reinforced test session (t21=1.02, n.s.; Figure 6B). Oxycodone-

abstinent HI rats did not differ from oxycodone-abstinent LI rats in the number of 

previously active (t19=0.36, n.s.) or inactive (t19=1.57, n.s.;) lever presses made during the 

context-induced test session on FA Day 30 (Figure 6C). Following the delivery of a 

discrete, non-contingent cue, no differences in previously active (t19=0.76, n.s.) or inactive 

(t19=1.24, n.s.;) lever presses between oxycodone-abstinent HI and LI rats were detected 

during the cue-reinforced portion of the test (Figure 6D).  
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Figure 6. Trait Motor Impulsivity is Associated with Cue-Reinforced Cocaine- 

but Not Oxycodone-Seeking Behavior  

 
 (A) Context-induced drug-seeking is not different between cocaine-abstinent LI 

(blue) and HI (red) rats on FA Day 30. (B) Cocaine cue-reinforced drug-seeking is greater 

in cocaine-abstinent HI versus LI rats. (C) Context-induced drug-seeking is not different 

between oxycodone-abstinent LI (purple) and HI (orange) rats on FA Day 30. (D) 

Oxycodone cue-reinforced drug-seeking does not differ between oxycodone-abstinent HI 

and LI rats. *p<0.05 vs cocaine-abstinent LI rats. 
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DISCUSSION  

We demonstrated identification and stratification of trait motor impulsivity using 

an outbred rat population, as previously reported (Anastasio et al., 2014b; Anastasio et al., 

2019; Davis-Reyes et al., 2019; Fink et al., 2015; Sholler et al., 2019). There were no 

differences in performance on the 1-CSRT task between the Cohorts 1 and 2, allowing for 

confidence in the comparison of the two drug classes between phenotypes in this study. 

Trait motor impulsivity phenotypes did not exhibit differences in cocaine (Anastasio et al., 

2014b; Belin et al., 2008; Economidou et al., 2009; but see Dalley et al., 2007) or 

oxycodone self-administration acquisition, maintenance or total drug intake. While 

cocaine-trained rats took a greater amount of cocaine in a shorter period of time than 

oxycodone-trained rats this is mostly likely due, in part, to the different criteria for stable 

self-administration between cocaine and oxycodone (Anastasio et al., 2014a; Anastasio et 

al., 2014b; Cunningham et al., 2013; Cunningham et al., 2011; Neelakantan et al., 2017; 

Sholler et al., 2019). Levels of motor impulsivity for cocaine-abstinent HI and LI rats did 

not differ from baseline performance except for cocaine-abstinent HI rats on FA Day 20. 

Conversely, abstinence from oxycodone shifted levels of motor impulsivity for both 

oxycodone-abstinent HI and LI rats. Finally, high inherent motor impulsivity was 

associated with higher cocaine cue-reinforced cocaine-seeking, but not oxycodone-seeking 

behavior.  

Our data shows that higher trait motor impulsivity exists prior to and is not 

dramatically altered by the state of abstinence from cocaine self-administration (but see, 

Caprioli et al., 2013; Dalley et al., 2007; Economidou et al., 2009) but is impacted by the 

state of abstinence from oxycodone self-administration. Further, high cocaine-abstinent 

impulsive rats in extended abstinence may be more vulnerable to cocaine-associated 

discrete cues (also see Anastasio et al., 2014b) as opposed to oxycodone-associated discrete 

cues, similar to (Schippers et al., 2012). Interestingly, re-exposure to the drug-paired 
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context did not evoke differences between cocaine-abstinent or oxycodone-abstinent HI 

and LI rats, suggesting that context-induced drug memories, regardless of the drug of 

abuse, do not evoke drug-seeking behavior in a phenotype-specific manner. Trait motor 

impulsivity and the propensity to engage in relapse-like behaviors are intertwined in a 

cause-and-effect relationship. Preclinical studies report that high trait motor impulsivity 

predicts escalation of cocaine self-administration, compulsive cocaine-taking (Dalley et 

al., 2007), cocaine-seeking behavior following punishment-induced abstinence 

(Economidou et al., 2009) as well as cocaine-seeking following forced abstinence from 

cocaine self-administration (Anastasio et al., 2014b; Sholler et al., 2019). Conversely, trait 

motor impulsivity in rodents does not predict heroin self-administration or cue-induced 

heroin-seeking following abstinence (McNamara et al., 2010) and both high and low 

impulsive choice rats exhibit an escalation of heroin self-administration over time 

(McNamara et al., 2010; Schippers et al., 2012). Our dataset adds to the literature that high 

trait motor impulsivity predicts relapse vulnerability during extended abstinence in cocaine 

preclinical models and while motor impulsivity may develop during and following 

sustained, continued opioid abuse, trait levels of motor impulsivity per se do not predict 

the initiation of oxycodone use or vulnerability to opioid relapse-like behaviors in 

preclinical models.  

We also discovered that trait motor impulsivity is differentially impacted by the 

state of abstinence from cocaine and oxycodone self-administration. Cocaine-abstinent rats 

maintained their original phenotyping (i.e. HI rats had higher premature responses versus 

LI rats on several days of abstinence.) Additionally, both cocaine-abstinent HI and LI rats 

did not differ significantly from baseline ITI8 performance with the exception of cocaine-

abstinent HI rats on FA Day 20, similar to previous work in which over time, abstinence 

from cocaine decreases premature responding in the 5-CSRT task (Caprioli et al., 2013; 

Dalley et al., 2007; Economidou et al., 2009). However, oxycodone-abstinent rats did not 

maintain their original phenotyping and premature responses between HI rats and LI rats 
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were not different on any FA day. Interestingly, oxycodone-abstinent LI rats showed an 

increase from baseline premature responding, while oxycodone-abstinent HI rats showed 

a decrease in responding. These findings for both cocaine-abstinent and oxycodone-

abstinent rats are unlikely the result of impaired attentional capacity, motivational 

properties, or general disturbances in motor behaviors as evident by a lack of significant 

effect on additional measures in the 1-CSRT task. While these data may appear inconsistent 

with previous findings in which abstinence from cocaine and heroin self-administration did 

not alter impulsivity on the 5-CSRT task (Dalley et al., 2005), levels of premature 

responding in this task can be at a “floor level” due to low working memory demands 

(Dalley et al., 2005; Hamilton et al., 2015a). Nonetheless, our findings support the 

hypothesis that pre-existing differences in impulsivity are an antecedent to cocaine-

associated relapse-like behaviors that are also susceptible to the consequences of drug 

intake and abstinence. Further, we propose that the lack of association between trait motor 

impulsivity and opioid-seeking is most-likely related to transient changes in levels of motor 

impulsivity in the opioid-abstinent rats (Peters et al., 2013). Taken together, the predictive 

power of the motor impulsivity endophenotype for psychostimulant versus opioid relapse-

like behaviors is dissociable and may be governed by distinct neural mechanisms.  

Drug use and abstinence produce long-term effects on neurocircuitry (Kalivas and 

O'Brien, 2008; Koob and Bloom, 1988; Koob and Volkow, 2016) and synaptic plasticity 

(Shen and Kalivas, 2013; Ungless et al., 2001) which can lead to unique patterns of gene 

expression (for review, see Blum et al., 2017), possibly contributing to long-term 

neuroadaptations. A commonality across cocaine and opioids is the generation of 

rewarding effects via stimulation of dopamine mesolimbic efflux in SUD neurocircuitry 

[e.g. medial prefrontal cortex (mPFC), nucleus accumbens (NAc), ventral tegmental area 

(VTA)], (Di Chiara and Imperato, 1988) albeit through a distinct initial molecular target 

for cocaine versus opioid receptor agonists (Koob and Bloom, 1988; Koob and Volkow, 

2016; Wise and Bozarth, 1987). The mPFC, a region integral to decision-making and goal-
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directed behavior, is important for inhibitory control highlighted as dysfunctional in SUD 

(Bechara et al., 2001; Goldstein et al., 2007) and exerts top-down control over the NAc, 

primarily through glutamatergic neurotransmission (Ceglia et al., 2004; Moghaddam and 

Adams, 1998; Sesack et al., 1989; Verma and Moghaddam, 1996). Dysregulation of the 

corticoaccumbal glutamatergic system is recruited during both cocaine- and opioid-

mediated behaviors assessed in preclinical studies (Bobadilla et al., 2017; Kalivas, 2009; 

Kalivas and Volkow, 2011; Peters et al., 2013; Pomierny-Chamiolo et al., 2014; Spencer 

et al., 2016). Bossert and colleagues argue that while there are differences between cocaine 

and opioid conditioned responding, the ventral mPFC, in particular, is a region of interest 

in drug-seeking and speculate that activation of the ventral mPFC to NAc serves to 

suppress, i.e. “off-switch”, cocaine-seeking, but promote, i.e., “on-switch”, heroin-seeking 

(Bossert et al., 2007; Bossert et al., 2011; Crombag et al., 2008; Peters et al., 2013). The 

mPFC is also recruited to regulate impulsivity (for review, see Dalley et al., 2011) and 

chemogenetic activation of the ventral mPFC to NAc circuit attenuates basal motor 

impulsivity (Anastasio et al., 2019). We recently discovered that high trait motor 

impulsivity is linked to an ionotropic glutamate N-methyl-D-aspartate receptor (NMDAR) 

subunit imbalance within the mPFC and the trafficking of these receptors may lead to a 

cortical excitatory synapse characteristic of synaptic destabilization (Davis-Reyes et al., 

2019). Taken together, it is wholly feasible that trait motor impulsivity and cocaine-seeking 

are neurobiologically linked, such that dysfunctional glutamatergic signaling in the ventral 

mPFC may decrease excitatory output to the NAc to underlie sensitivity to discrete cues 

and promote drug-seeking behavior.  

Further, phenotype-distinct neuroadaptations during abstinence from oxycodone 

versus cocaine may trigger the recruitment of additional substrates or brain regions beyond 

the ventral mPFC, or result in the reversal of its output to the NAc, to explain why drug-

seeking behavior is similar between oxycodone-abstinent phenotypes, but elevated in 
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cocaine-abstinent high impulsive rats (but see, Bossert et al., 2007; Bossert et al., 2011; 

Crombag et al., 2008). Future studies are warranted to investigate this hypothesis. 

In summary, this study identified how trait motor impulsivity is differentially 

related to drug-seeking in preclinical models of CUD and OUD. A comprehensive 

understanding of the behavioral manifestation and association of different endophenotypes 

such as motor impulsivity, the role of which in relapse vulnerability is incompletely 

understood, is necessary to significantly advance the prevention and treatment of CUD and 

OUD. The findings presented here offer a glimpse into the complex relationship between 

trait motor impulsivity and drug-seeking behaviors as well as the influence of the state of 

abstinence on these behaviors and lend support for the relevance of considering an 

individual’s inherent level of motor impulsivity in the diagnosis and/or treatment of SUDs. 

The consideration of individual differences in motor impulsivity may one day provide more 

accurate and tailored diagnoses and/or treatment for patients during the different stages of 

the SUD cycle across drugs of abuse (e.g. abstinence, active use, anticipation) and may 

ultimately lead to therapies aimed at modifying trait or state levels of impulsivity which 

could lead to prevention of relapse and maintenance of abstinence.



 

28 

 

REFERENCES 

Anastasio NC, Gilbertson SR, Bubar MJ, Agarkov A, Stutz SJ, Jeng Y, Bremer NM, Smith 

TD, Fox RG, Swinford SE, Seitz PK, Charendoff MN, Craft JW, Jr., Laezza FM, 

Watson CS, Briggs JM and Cunningham KA (2013) Peptide inhibitors disrupt the 

serotonin 5-HT2C receptor interaction with phosphatase and tensin homolog to 

allosterically modulate cellular signaling and behavior. J Neurosci 33:1615-1630. 

Anastasio NC, Liu S, Maili L, Swinford SE, Lane SD, Fox RG, Hamon SC, Nielsen DA, 

Cunningham KA and Moeller FG (2014a) Variation within the serotonin (5-HT) 5-

HT(2)C receptor system aligns with vulnerability to cocaine cue reactivity. 

Translational psychiatry 4:e369. 

Anastasio NC, Stoffel EC, Fox RG, Bubar MJ, Rice KC, Moeller FG and Cunningham KA 

(2011) Serotonin (5-hydroxytryptamine) 5-HT2A receptor: Association with 

inherent and cocaine-evoked behavioral disinhibition in rats. BehavPharmacol 

22:248-261. 

Anastasio NC, Stutz SJ, Fox RG, Sears RM, Emeson RB, DiLeone RJ, O'Neil RT, Fink 

LH, Li D, Green TA, Moeller FG and Cunningham KA (2014b) Functional status 

of the serotonin 5-HT2C receptor (5-HT2CR) drives interlocked phenotypes that 

precipitate relapse-like behaviors in cocaine dependence. 

Neuropsychopharmacology 39:370-382. 

Anastasio NC, Stutz SJ, Price AE, Davis-Reyes BD, Sholler DJ, Ferguson SM, Neumaier 

JF, Moeller FG, Hommel JD and Cunningham KA (2019) Convergent neural 

connectivity in motor impulsivity and high-fat food binge-like eating in male 

Sprague-Dawley rats. Neuropsychopharmacology. 

Back SE, Gros DF, McCauley JL, Flanagan JC, Cox E, Barth KS and Brady KT (2014) 

Laboratory-induced cue reactivity among individuals with prescription opioid 

dependence. Addict Behav 39:1217-1223. 

Back SE, Hartwell K, DeSantis SM, Saladin M, Rae-Clark AL, Price KL, Moran-Santa 

Maria MM, Baker NL, Spratt E, Kreek MJ and Brady KT (2010) Reactivity to 

laboratory stress provocation predicts relapse to cocaine. Drug Alcohol Depend 

106:21-27. 

Baldacchino A, Balfour DJ and Matthews K (2015) Impulsivity and opioid drugs: 

differential effects of heroin, methadone and prescribed analgesic medication. 

Psychol Med 45:1167-1179. 

Bauer LO and Kranzler HR (1994) Electroencephalographic activity and mood in cocaine-

dependent outpatients: effects of cocaine cue exposure. Biol Psychiatry 36:189-

197. 



 

29 

 

Bechara A, Dolan A, Denburg N, Hindes A, Anderson SW and Nathan PE (2001) 

Decision-making deficits, linked to a dysfunctional ventromedial prefrontal cortex, 

revealed in alcohol and stimulant abusers. Neuropsychologia 39:376–389. 

Belin D, Mar AC, Dalley JW, Robbins TW and Everitt BJ (2008) High impulsivity predicts 

the switch to compulsive cocaine-taking. Science 320:1352-1355. 

Besson M, Pelloux Y, Dilleen R, Theobald DE, Lyon A, Belin-Rauscent A, Robbins TW, 

Dalley JW, Everitt BJ and Belin D (2013) Cocaine modulation of frontostriatal 

expression of Zif268, D2, and 5-HT2c receptors in high and low impulsive rats. 

Neuropsychopharmacology 38:1963-1973. 

Blum K, Gold MS, Jacobs W, McCall WV, Febo M, Baron D, Dushaj K, Demetrovics Z 

and Badgaiyan RD (2017) Neurogenetics of acute and chronic opiate/opioid 

abstinence: treating symptoms and the cause. Front Biosci (Landmark Ed) 22:1247-

1288. 

Bobadilla AC, Heinsbroek JA, Gipson CD, Griffin WC, Fowler CD, Kenny PJ and Kalivas 

PW (2017) Corticostriatal plasticity, neuronal ensembles, and regulation of drug-

seeking behavior. Progress in brain research 235:93-112. 

Bossert JM, Poles GC, Wihbey KA, Koya E and Shaham Y (2007) Differential effects of 

blockade of dopamine D1-family receptors in nucleus accumbens core or shell on 

reinstatement of heroin seeking induced by contextual and discrete cues. J Neurosci 

27:12655-12663. 

Bossert JM, Stern AL, Theberge FR, Cifani C, Koya E, Hope BT and Shaham Y (2011) 

Ventral medial prefrontal cortex neuronal ensembles mediate context-induced 

relapse to heroin. NatNeurosci 14:420-422. 

Califf RM, Woodcock J and Ostroff S (2016) A Proactive Response to Prescription Opioid 

Abuse. N Engl J Med 374:1480-1485. 

Caprioli D, Hong YT, Sawiak SJ, Ferrari V, Williamson DJ, Jupp B, Adrian CT, Aigbirhio 

FI, Everitt BJ, Robbins TW, Fryer TD and Dalley JW (2013) Baseline-dependent 

effects of cocaine pre-exposure on impulsivity and D(2/3) receptor availability in 

the rat striatum: Possible relevance to the attention-deficit hyperactivity syndrome. 

Neuropsychopharmacology. 

Ceglia I, Carli M, Baviera M, Renoldi G, Calcagno E and Invernizzi RW (2004) The 5-HT 

receptor antagonist M100,907 prevents extracellular glutamate rising in response 

to NMDA receptor blockade in the mPFC. J Neurochem 91:189-199. 

Comer SD, Sullivan MA, Vosburg SK, Manubay J, Amass L, Cooper ZD, Saccone P and 

Kleber HD (2010) Abuse liability of intravenous buprenorphine/naloxone and 

buprenorphine alone in buprenorphine-maintained intravenous heroin abusers. 

Addiction 105:709-718. 



 

30 

 

Coskunpinar A and Cyders MA (2013) Impulsivity and substance-related attentional bias: 

a meta-analytic review. Drug Alcohol Depend 133:1-14. 

Crombag HS, Bossert JM, Koya E and Shaham Y (2008) Review. Context-induced relapse 

to drug seeking: a review. PhilosTransRSocLond B BiolSci 363:3233-3243. 

Cunningham KA and Anastasio NC (2014) Serotonin at the nexus of impulsivity and cue 

reactivity in cocaine addiction. Neuropharmacology 76 Pt B:460-478. 

Cunningham KA, Anastasio NC, Fox RG, Stutz SJ, Bubar MJ, Swinford SE, Watson CS, 

Gilbertson SR, Rice  KC, Rosenzweig-Lipson S and Moeller FG (2013) Synergism 

between a serotonin 5-HT2A receptor (5-HT2AR) antagonist and 5-HT2CR agonist 

suggests new pharmacotherapeutics for cocaine addiction. ACS Chemical 

Neuroscience 4:110-121. 

Cunningham KA, Fox RG, Anastasio NC, Bubar MJ, Stutz SJ, Moeller FG, Gilbertson SR 

and Rosenzweig-Lipson S (2011) Selective serotonin 5-HT(2C) receptor activation 

suppresses the reinforcing efficacy of cocaine and sucrose but differentially affects 

the incentive-salience value of cocaine- vs. sucrose-associated cues. 

Neuropharmacology 61:513-523. 

Dalley JW, Everitt BJ and Robbins TW (2011) Impulsivity, compulsivity, and top-down 

cognitive control. Neuron 69:680-694. 

Dalley JW, Fryer TD, Brichard L, Robinson ES, Theobald DE, Laane K, Pena Y, Murphy 

ER, Shah Y, Probst K, Abakumova I, Aigbirhio FI, Richards HK, Hong Y, Baron 

JC, Everitt BJ and Robbins TW (2007) Nucleus accumbens D2/3 receptors predict 

trait impulsivity and cocaine reinforcement. Science 315:1267-1270. 

Dalley JW, Laane K, Pena Y, Theobald DE, Everitt BJ and Robbins TW (2005) Attentional 

and motivational deficits in rats withdrawn from intravenous self-administration of 

cocaine or heroin. Psychopharmacology (Berl) 182:579-587. 

Dalley JW, Theobald DE, Eagle DM, FPassetti F and Robbins TW (2002a) Deficits in 

impulse control associated with tonically-elevated serotonergic function in rat 

prefrontal cortex. Neuropsychopharmacolgogy 26. 

Dalley JW, Theobald DE, Eagle DM, Passetti F and Robbins TW (2002b) Deficits in 

impulse control associated with tonically-elevated serotonergic function in rat 

prefrontal cortex. Neuropsychopharmacology 26:716-728. 

Davis-Reyes BD, Campbell VM, Land MA, Chapman HL, Stafford SJ and Anastasio NC 

(2019) Profile of cortical N-methyl-D-aspartate receptor subunit expression 

associates with inherent motor impulsivity in rats. Biochemical Pharmacology 

Accepted 07/07/2019. 



 

31 

 

Di Chiara G and Imperato A (1988) Drugs abused by humans preferentially increase 

synaptic dopamine concentrations in the mesolimbic system of freely moving rats. 

Proc Natl Acad Sci U S A 85:5274-5278. 

Economidou D, Pelloux Y, Robbins TW, Dalley JW and Everitt BJ (2009) High 

impulsivity predicts relapse to cocaine-seeking after punishment-induced 

abstinence. BiolPsychiatry 65:851-856. 

Evenden JL (1999) Impulsivity: a discussion of clinical and experimental findings. J 

Psychopharmacol 13:180-192. 

Fineberg NA, Chamberlain SR, Goudriaan AE, Stein DJ, Vanderschuren LJ, Gillan CM, 

Shekar S, Gorwood PA, Voon V, Morein-Zamir S, Denys D, Sahakian BJ, Moeller 

FG, Robbins TW and Potenza MN (2014) New developments in human 

neurocognition: clinical, genetic, and brain imaging correlates of impulsivity and 

compulsivity. CNS Spectr 19:69-89. 

Fink LH, Anastasio NC, Fox RG, Rice KC, Moeller FG and Cunningham KA (2015) 

Individual Differences in Impulsive Action Reflect Variation in the Cortical 

Serotonin 5-HT2A Receptor System. Neuropsychopharmacology 40:1957-1968. 

Goldstein RZ, Tomasi D, Rajaram S, Cottone LA, Zhang L, Maloney T, Telang F, ia-Klein 

N and Volkow ND (2007) Role of the anterior cingulate and medial orbitofrontal 

cortex in processing drug cues in cocaine addiction. Neuroscience 144:1153-1159. 

Hamilton KR, Littlefield AK, Anastasio NC, Cunningham KA, Fink LH, Wing VC, 

Mathias CW, Lane SD, Schutz CG, Swann AC, Lejuez CW, Clark L, Moeller FG 

and Potenza MN (2015a) Rapid-response impulsivity: definitions, measurement 

issues, and clinical implications. Personal Disord 6:168-181. 

Hamilton KR, Mitchell MR, Wing VC, Balodis IM, Bickel WK, Fillmore M, Lane SD, 

Lejuez CW, Littlefield AK, Luijten M, Mathias CW, Mitchell SH, Napier TC, 

Reynolds B, Schutz CG, Setlow B, Sher KJ, Swann AC, Tedford SE, White MJ, 

Winstanley CA, Yi R, Potenza MN and Moeller FG (2015b) Choice impulsivity: 

Definitions, measurement issues, and clinical implications. Personal Disord 6:182-

198. 

Hendershot CS, Witkiewitz K, George WH and Marlatt GA (2011) Relapse prevention for 

addictive behaviors. SubstAbuse TreatPrevPolicy 6:17. 

Jones JD, Vadhan NP, Luba RR and Comer SD (2016) The effects of heroin administration 

and drug cues on impulsivity. J Clin Exp Neuropsychol 38:709-720. 

Kalivas PW (2009) The glutamate homeostasis hypothesis of addiction. Nat Rev Neurosci 

10:561-572. 

Kalivas PW and McFarland K (2003) Brain circuitry and the reinstatement of cocaine-

seeking behavior. Psychopharmacology (Berl) 168:44-56. 



 

32 

 

Kalivas PW and O'Brien C (2008) Drug addiction as a pathology of staged neuroplasticity. 

Neuropsychopharmacology 33:166-180. 

Kalivas PW and Volkow ND (2011) New medications for drug addiction hiding in 

glutamatergic neuroplasticity. Mol Psychiatry 16:974-986. 

Koob GF and Bloom FE (1988) Cellular and molecular mechanisms of drug dependence. 

Science 242:715-723. 

Koob GF and Volkow ND (2016) Neurobiology of addiction: a neurocircuitry analysis. 

Lancet Psychiatry 3:760-773. 

Leung D, Staiger PK, Hayden M, Lum JA, Hall K, Manning V and Verdejo-Garcia A 

(2017) Meta-analysis of the relationship between impulsivity and substance-related 

cognitive biases. Drug Alcohol Depend 172:21-33. 

Li Q, Wang Y, Zhang Y, Li W, Yang W, Zhu J, Wu N, Chang H, Zheng Y, Qin W, Zhao 

L, Yuan K, Liu J, Wang W and Tian J (2012) Craving correlates with mesolimbic 

responses to heroin-related cues in short-term abstinence from heroin: an event-

related fMRI study. Brain Res 1469:63-72. 

Liu J, Qin W, Yuan K, Li J, Wang W, Li Q, Wang Y, Sun J, von Deneen KM, Liu Y and 

Tian J (2011) Interaction between dysfunctional connectivity at rest and heroin 

cues-induced brain responses in male abstinent heroin-dependent individuals. PLoS 

One 6:e23098. 

Loree AM, Lundahl LH and Ledgerwood DM (2015) Impulsivity as a predictor of 

treatment outcome in substance use disorders: review and synthesis. Drug Alcohol 

Rev 34:119-134. 

Lou M, Wang E, Shen Y and Wang J (2012) Cue-elicited craving in heroin addicts at 

different abstinent time: an fMRI pilot study. Subst Use Misuse 47:631-639. 

MacKillop J and de Wit H (2012) The Wiley-Blackwell Handbook of Addiction 

Psychopharmacology, John Wiley & Sons, Incorporated, New York, United States. 

Marissen MA, Franken IH, Waters AJ, Blanken P, van den Brink W and Hendriks VM 

(2006) Attentional bias predicts heroin relapse following treatment. Addiction 

101:1306-1312. 

McCall Jones C, Baldwin GT and Compton WM (2017) Recent Increases in Cocaine-

Related Overdose Deaths and the Role of Opioids. Am J Public Health 107:430-

432. 

McHugh RK, Park S and Weiss RD (2014) Cue-induced craving in dependence upon 

prescription opioids and heroin. Am J Addict 23:453-458. 



 

33 

 

McNamara R, Dalley JW, Robbins TW, Everitt BJ and Belin D (2010) Trait-like 

impulsivity does not predict escalation of heroin self-administration in the rat. 

Psychopharmacology (Berl) 212:453-464. 

Moeller FG, Barratt ES, Dougherty DM, Schmitz JM and Swann AC (2001a) Psychiatric 

aspects of impulsivity. American Journal of Psychiatry 158:1783-1793. 

Moeller FG, Barratt ES, Fischer CJ, Dougherty DM, Reilly EL, Mathias CW and Swann 

AC (2004) P300 event-related potential amplitude and impulsivity in cocaine-

dependent subjects. Neuropsychobiology 50:167-173. 

Moeller FG, Dougherty DM, Barratt ES, Oderinde V, Mathias CW, Harper RA and Swann 

AC (2002) Increased impulsivity in cocaine dependent subjects independent of 

antisocial personality disorder and aggression. Drug Alcohol Depend 68:105-111. 

Moeller FG, Dougherty DM, Barratt ES, Schmitz JM, Swann AC and Grabowski J (2001b) 

The impact of impulsivity on cocaine use and retention in treatment. JSubstAbuse 

Treat 21:193-198. 

Moghaddam B and Adams BW (1998) Reversal of phencyclidine effects by a group II 

metabotropic glutamate receptor agonist in rats. Science 281:1349-1352. 

Neelakantan H, Holliday ED, Fox RG, Stutz SJ, Comer SD, Haney M, Anastasio NC, 

Moeller FG and Cunningham KA (2017) Lorcaserin suppresses oxycodone self-

administration and relapse vulnerability in rats. ACS Chem Neurosci 8:1065-1073. 

Patkar AA, Murray HW, Mannelli P, Gottheil E, Weinstein SP and Vergare MJ (2004) Pre-

treatment measures of impulsivity, aggression and sensation seeking are associated 

with treatment outcome for African-American cocaine-dependent patients. 

JAddictDis 23:109-122. 

Peters J, Pattij T and De Vries TJ (2013) Targeting cocaine versus heroin memories: 

divergent roles within ventromedial prefrontal cortex. Trends Pharmacol Sci 

34:689-695. 

Pomierny-Chamiolo L, Rup K, Pomierny B, Niedzielska E, Kalivas PW and Filip M (2014) 

Metabotropic glutamatergic receptors and their ligands in drug addiction. 

Pharmacol Ther 142:281-305. 

SAMHSA (2018) National Survey on Drug Use and Health 2016 in US Department of 

Health and Human Services, Substance Abuse and Mental Health Services 

Administration, Center for Behavioral Health Statistics and Quality. 

Sanchez-Roige S, Fontanillas P, Elson SL, Gray JC, de Wit H, MacKillop J and Palmer 

AA (2019) Genome-Wide Association Studies of Impulsive Personality Traits 

(BIS-11 and UPPS-P) and Drug Experimentation in up to 22,861 Adult Research 

Participants Identify Loci in the CACNA1I and CADM2 genes. J Neurosci 

39:2562-2572. 



 

34 

 

Schippers MC, Binnekade R, Schoffelmeer AN, Pattij T and De Vries TJ (2012) 

Unidirectional relationship between heroin self-administration and impulsive 

decision-making in rats. Psychopharmacology (Berl) 219:443-452. 

Sell LA, Morris JS, Bearn J, Frackowiak RS, Friston KJ and Dolan RJ (2000) Neural 

responses associated with cue evoked emotional states and heroin in opiate addicts. 

Drug Alcohol Depend 60:207-216. 

Sesack SR, Deutch AY, Roth RH and Bunney BS (1989) Topographical organization of 

the efferent projections of the medial prefrontal cortex in the rat: an anterograde 

tract-tracing study with Phaseolus vulgaris leucoagglutinin. J Comp Neurol 

290:213-242. 

Shen H and Kalivas PW (2013) Reduced LTP and LTD in prefrontal cortex synapses in 

the nucleus accumbens after heroin self-administration. Int J 

Neuropsychopharmacol 16:1165-1167. 

Sholler DJ, Stutz SJ, Fox RG, Boone EL, Wang Q, Rice KC, Moeller FG, Anastasio NC 

and Cunningham KA (2019) The 5-HT2A Receptor (5-HT2AR) Regulates 

Impulsive Action and Cocaine Cue Reactivity in Male Sprague-Dawley Rats. J 

Pharmacol Exp Ther 368:41-49. 

Sinha R, Talih M, Malison R, Cooney N, Anderson GM and Kreek MJ (2003) 

Hypothalamic-pituitary-adrenal axis and sympatho-adreno-medullary responses 

during stress-induced and drug cue-induced cocaine craving states. 

Psychopharmacology (Berl) 170:62-72. 

Spencer S, Scofield M and Kalivas PW (2016) The good and bad news about glutamate in 

drug addiction. J Psychopharmacol 30:1095-1098. 

Stevens L, Verdejo-Garcia A, Goudriaan AE, Roeyers H, Dom G and Vanderplasschen W 

(2014) Impulsivity as a vulnerability factor for poor addiction treatment outcomes: 

a review of neurocognitive findings among individuals with substance use 

disorders. Journal of substance abuse treatment 47:58-72. 

Ungless MA, Whistler JL, Malenka RC and Bonci A (2001) Single cocaine exposure in 

vivo induces long-term potentiation in dopamine neurons. Nature 411:583-587. 

Verdejo-Garcia A, Lawrence AJ and Clark L (2008) Impulsivity as a vulnerability marker 

for substance-use disorders: review of findings from high-risk research, problem 

gamblers and genetic association studies. Neurosci Biobehav Rev 32:777-810. 

Verma A and Moghaddam B (1996) NMDA receptor antagonists impair prefrontal cortex 

function as assessed via spatial delayed alternation performance in rats: modulation 

by dopamine. J Neurosci 16:373-379. 

Volkow ND (2011) Principles of drug addiction treatment: A research-based guide, 

DIANE Publishing. 



 

35 

 

Volkow ND and Boyle M (2018) Neuroscience of Addiction: Relevance to Prevention and 

Treatment. Am J Psychiatry 175:729-740. 

Volkow ND and Skolnick P (2012) New medications for substance use disorders: 

challenges and opportunities. Neuropsychopharmacology 37:290-292. 

Wetherill RR, Childress AR, Jagannathan K, Bender J, Young KA, Suh JJ, O'Brien CP and 

Franklin TR (2014) Neural responses to subliminally presented cannabis and other 

emotionally evocative cues in cannabis-dependent individuals. 

Psychopharmacology (Berl) 231:1397-1407. 

Winstanley CA (2011) The utility of rat models of impulsivity in developing 

pharmacotherapies for impulse control disorders. BrJPharmacol 164:1301-1321. 

Wise RA and Bozarth MA (1987) A psychomotor stimulant theory of addiction. 

PsycholRev 94:469-492. 

Zacny JP and de Wit H (2009) The prescription opioid, oxycodone, does not alter 

behavioral measures of impulsivity in healthy volunteers. Pharmacol Biochem 

Behav 94:108-113. 

 

 

 

 



 

 

 

 

VITA 

Veronica Campbell was born on August 27, 1995 in Oklahoma City, Oklahoma to 

Christopher and Marlangya Campbell. She attended Texas A&M University Corpus 

Christi and received a Bachelor of Science in 2016. After graduation, she worked at UTMB 

for one year as a post-baccalaureate research fellow in Dr. Noelle Anastasio’s lab. She 

joined Dr. Anastasio’s lab in the Pharmacology and Toxicology program in Fall 2017 to 

pursue her M.S. degree in the Graduate School of Biomedical Sciences at UTMB. In 2018, 

she received a Distinguished Trainee Talk Award at the 2nd Annual Alcohol and Addiction 

Research Symposium hosted by the Gulf Coast Consortia. In 2019, she received a travel 

award to attend the 11th Annual Behavior, Biology, and Chemistry Conference. 

 

Permanent address: 3044 Jamaica Dr. Apt #5, Corpus Christi, TX, 78418 

This thesis was typed by Veronica Marie Campbell. 

Publications 

Davis-Reyes BD, Campbell VM, Land MA, Chapman HL, Stafford SJ and 

Anastasio NC (2019) Profile of cortical N-methyl-D-aspartate receptor subunit 

expression associates with inherent motor impulsivity in rats. Biochemical 

Pharmacology Accepted 07/07/2019 

Abstracts 

Campbell, VM; Chapman, HL; Stutz, SJ; Fox, RG; Moeller, FG; Cunningham, KA; 

Anastasio, NC (2019) Trait Motor Impulsivity as an Antecedent to Cocaine, but Not 

Oxycodone-Seeking Behavior in Rodents. Pharmacology & Toxicology Student 

Research Symposium, Galveston, TX 

Campbell, VM; Anastasio, NC (2018) Cocaine Cue Reactivity and Impulsivity are 

Linked Processes Underlying Relapse-Related Behavior. Alcohol and Addiction 

Research Symposium, Houston, TX 

Campbell, VM; Davis-Reyes, BD; and Anastasio, NC (2018) Role of Medial 

Prefrontal Cortex NMDA Receptors in Inherent Impulsivity. Pharmacology & 

Toxicology Student Research Symposium, Galveston, TX 



 

 

Davis-Reyes, BD; Campbell, VM; Chapman, HL; Stafford, S; and Anastasio, NC 

(2018) Role of Medial Prefrontal Cortex NMDA Receptors in Inherent Impulsivity. 

Society for Neuroscience, San Diego, CA 

Campbell, VM; Davis-Reyes, BD; and Anastasio, NC (2017) Role of Medial 

Prefrontal Cortex NMDA Receptors in Inherent Impulsivity. Behavior, Biology and 

Chemistry: Translational Research in Addiction, San Antonio, TX 

Campbell, VM; Davis-Reyes, BD; and Anastasio, NC (2017) Role of Medial 

Prefrontal Cortex NMDA Receptors in Inherent Impulsivity. National Student 

Research Forum, Galveston, TX 

Davis-Reyes, BD; Campbell, VM; and Anastasio, NC (2017) Implication of Disrupted 

Serotonin:Glutamate Synergy Upon Impulsivity. The College on Problems of Drug 

Dependence, Montreal, Canada   

Davis-Reyes, BD; Campbell, VM; and Anastasio, NC (2017) Implication of Disrupted 

Serotonin:Glutamate Synergy Upon Impulsivity. National Student Research Forum, 

Galveston, TX  

Davis-Reyes, BD; Campbell, VM; and Anastasio, NC (2017) Implication of Disrupted 

Serotonin:Glutamate Synergy Upon Impulsivity. Behavior, Biology and Chemistry: 

Translational Research in Addiction, San Antonio, TX 

Campbell, VM; Boley, AM; and Lodge, DJ (2015) The Novel Antidepressant 

Ketamine Increases Dopamine System Function via the Ventral Hippocampus. 

Integrated Biomedical Sciences (IBMS) Summer Undergraduate Recruiting 

Symposium, San Antonio, TX 

 

 

 

 

 

 

 

 


