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Abstract

Background—Deficits in executive function have been associated with risk for relapse. Data 

from previous studies suggest that relapse may be triggered by stress and drug-paired cues and that 

there are significant sex differences in the magnitude of these responses. The aim of this study was 

to examine the impact of the pharmacological stressor and alpha-2 adrenergic receptor antagonist 

yohimbine and cocaine cues on executive function in cocaine-dependent men and women.

Methods—In a double-blind placebo controlled cross-over study, cocaine-dependent men (n=12), 

cocaine-dependent women (n=27), control men (n=31) and control women (n=25) received either 

yohimbine or placebo prior to two cocaine cue exposure sessions. Participants performed the 

Connors’ Continuous Performance Test II prior to medication/placebo administration and 

immediately after each cue exposure session.

Results—Healthy controls had a significant increase in commission errors under the yohimbine 

condition [RR (95% CI)=1.1 (1.0–1.3), X2
1=2.0, p=0.050]. Cocaine-dependent individuals 

exhibited a significant decrease in omission errors under the yohimbine condition [RR (95% 

CI)=0.6 (0.4–0.8), X2
1=8.6, p=0.003]. Cocaine-dependent women had more omission errors as 
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compared to cocaine-dependent men regardless of treatment [RR (95% CI)=7.2 (3.6–14.7), 

X2
1=30.1, p<0.001]. Cocaine-dependent women exhibited a slower hit reaction time as compared 

to cocaine-dependent men [Female 354±13 vs. Male 415±14; t89=2.6, p=0.012].

Conclusions—These data add to a growing literature demonstrating significant sex differences 

in behaviors associated with relapse in cocaine-dependent individuals.
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1. INTRODUCTION

Substance use disorders are characterized by compulsive drug-seeking behavior despite the 

deleterious consequences of repeated drug use. Relapse rates are particularly high among 

cocaine-dependent (CD) populations (McKay et al., 1995; McMahon, 2001; Sinha et al., 

1999). Recent studies suggest that prior stress enhances the ability of drug-paired cues to 

elicit craving and relapse (Feltenstein et al., 2011; Feltenstein and See, 2006; Moran-Santa 

Maria et al., 2014). In addition, deficits in executive function appear to play a critical role in 

the maintenance of substance use disorders. For example, among cocaine-dependent 

individuals engaged in cognitive behavioral therapy, baseline performance on tests of 

impulsivity and attention predicted treatment retention, engagement and relapse (Carroll et 

al., 2011). Moreover, data from neuroimaging studies of cocaine-dependent individuals 

demonstrate hyperactivity in the anterior cingulate and orbitofrontal cortices during 

exposure to drug cues and hypoactivity during performance on tests of executive function, 

suggesting that chronic drug use alters executive control of impulsive behavior and 

underscores attentional bias to drug-paired cues (Goldstein and Volkow, 2002; Copersino et 

al., 2004; DiGirolamo et al., 2015; Hester and Garavan, 2004; Kaufman et al., 2003). 

Despite these data surprisingly little is known about the impact of stress and drug-paired 

cues on executive function in cocaine dependent men and women.

Impulsive action is an aspect of executive function that involves the inability to inhibit 

inappropriate behavior. Impulsive action can be measured in the laboratory using continuous 

performance tests that require the participants to inhibit the initiation of a response to a non-

target. Failure to inhibit responding to a non-target is considered a commission error. In 

general, human laboratory tests suggest that cocaine-dependent individuals exhibit greater 

commission errors than healthy controls (Fillmore and Rush, 2002; Gooding et al., 2008; 

Kaufman et al., 2003). Impairments in impulsive action such as using more drug than 

intended, failure to reduce drug use, failure to inhibit drug taking despite the consequences 

are characteristic of substance use disorders (APA 2013 DSM-V). However, the extent to 

which exposure to triggers of relapse affects impulsive action has not been assessed in 

cocaine-dependent individuals.

Sustained attention is also a critical component of executive function and involves the ability 

to establish and maintain focus during a goal directed task. In the laboratory continuous 

performance tests assess sustained attention by the average number of times the participant 

fails to respond to a target (omission errors). Cocaine-dependent individuals demonstrate 
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significantly more omission errors than healthy controls (Gooding et al., 2008; Moeller et 

al., 2005; Soar et al., 2012). With regard to substance use disorders deficits in sustained 

attention predict poorer responses to behavioral treatments that require active participation in 

therapy and learning of coping skills (Aharonovich et al., 2008; Verdejo-Garcia et al., 2012). 

In addition, a breakdown in attention control mechanisms has been hypothesized to 

contribute to impulsive action and relapse (Kenemans et al., 2005; Sutherland et al., 2012). 

Understanding the impact of stress and cues on sustained attention could provide significant 

insight into the relapse process.

A growing literature suggests that risk for cue-induced relapse may be potentiated by prior 

exposure to a stressor (Feltenstein et al., 2011; Moran-Santa Maria et al., 2014). For 

example, the alpha-2 adrenergic receptor antagonist yohimbine potentiates cue-induced 

reinstatement of both cocaine and heroin seeking behavior in rodents and in humans (Banna 

et al., 2010; Feltenstein et al., 2011; Moran-Santa Maria et al., 2014). In addition, footshock 

potentiates cue-induced reinstatement of cocaine and ethanol-seeking behavior in rodents 

(Buffalari and See, 2011; Liu and Weiss, 2002). In addition, there are significant sex 

differences in responses to stress and drug cues (Feltenstein et al., 2011; Moran-Santa Maria 

et al., 2014). Despite these findings, little is known about the relationship between relapse 

triggers and executive function in cocaine-dependent men and women.

Of note, studies of executive function in cocaine-dependent subjects have mostly been 

conducted in men. This is particularly noteworthy as studies of heavy drinkers have found 

that women appear to exhibit greater deficits in inhibitory control as compared to men 

(Nederkoorn et al., 2009; Townshend and Duka, 2005). In addition, women may be more 

vulnerable than men to stress and cue-related drug craving and relapse. For example, 

cocaine-dependent women reported greater anxiety and drug craving in response to 

yohimbine and drug-paired cues than cocaine-dependent men (Moran-Santa Maria et al., 

2014). Compared with male rodents, female rodents exhibit greater stress potentiation of 

cue-induced cocaine-seeking behavior (Feltenstein et al., 2011). Moreover, cocaine-

dependent women demonstrate significantly greater cue-related deactivation in brain regions 

involved in executive control as compared to cocaine-dependent men (Volkow et al., 2011). 

Studies examining the effects of stress and drug cues on executive function in cocaine-

dependent men and women may contribute to our understanding of the relapse process.

This study was conducted as part of a larger study examining sex differences in stress and 

cue reactivity in cocaine-dependent men and women (Moran-Santa Maria et al., 2014). 

Specifically, the overarching goal of the larger project was to identify the potentiative effects 

of yohimbine on conditioned response to drug-paired cues in cocaine-dependent men and 

women and sex matched controls. As part of this study we examined the impact of the 

yohimbine and drug-paired cues on different aspects of executive function using a 

continuous performance test in cocaine-dependent men and women and sex-matched control 

groups. Given our previous findings, we hypothesized that together yohimbine and drug cues 

would increase impulsivity and inattention in comparison to drug cues alone (Moran-Santa 

Maria et al., 2014).
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2. MATERIALS AND METHODS

2.1 Subjects

Male and female cocaine-dependent individuals and sex-matched healthy controls were 

recruited for the larger parent study. Study participants were recruited primarily via media 

advertisements over a 48-month period. Written informed consent was obtained from each 

participant before the study assessments were administered. Inclusion criterion for the 

cocaine-dependent groups included meeting Diagnostic and Statistical Manual of Mental 

Disorders-IV (DSM-IV) criteria for cocaine-dependence in the 90-days prior to the study. 

Exclusion criterion for the cocaine-dependent groups included (1) DSM-IV criteria for 

substance dependence except alcohol or marijuana within the past 60 days. Exclusion 

criteria for the control groups included (1) DSM-IV criteria for current or lifetime 

dependence on alcohol or any drugs of abuse and (2) DSM-IV criteria for current abuse of 

alcohol or any illicit drugs. General exclusion criteria included (1) pregnancy, nursing, or 

ineffective means of birth control; (2) premenstrual dysphoric disorder; (3) history of or 

current significant hematological, endocrine, cardiovascular, pulmonary, renal, 

gastrointestinal, or neurological diseases; (4) history of or current psychotic, panic, eating, 

or bipolar affective disorders; (5) current major depressive and PTSD; (6) history of or 

current medical conditions that might affect HPA axis activity; (7) synthetic glucocorticoid 

or exogenous steroid therapy within one month of testing; (8) psychotropic medications with 

the exception of selective serotonin reuptake inhibitors, opiates or opiate antagonists, 

benzodiazepines, antipsychotics, b-blockers and other medications that might interfere with 

HPA axis activity or physiologic measurements; (9) acute illness or fever; (10) body mass 

index > 35 and (11) unwillingness or inability to maintain abstinence from alcohol and other 

drugs of abuse (except nicotine) for three days prior to the cue-reactivity sessions.

2.2 Assessment

Participants meeting pre-screening criteria were evaluated for study eligibility using the 

Mini-International Neuropsychiatric Interview (Sheehan et al., 1998). The substance use 

module of the Structured Clinical Interview for DSM-IV was used to assess current and 

lifetime substance use disorders (First et al., 1994). A medical history and physical 

examination were completed to assess for medical exclusions. Participants meeting inclusion 

criteria and no exclusion criteria were scheduled to complete the study procedures. A total of 

232 individuals were consented but did not meet study criteria. Fifty eight individuals were 

consented, met study criteria were enrolled and did not complete study procedures.

2.3 Study Procedures

Participants completed two cue reactivity sessions conducted on consecutive days. On the 

first day of testing, participants arrived at the Medical University of South Carolina’s 

(MUSC’s) Research Nexus at 10:00 a.m. Urine pregnancy tests were administered to female 

participants prior to study participation. Smokers were provided with a nicotine patch. 

Abstinence was assessed using self-reports, urine drug screens (Roche Diagnostics, 

Indianapolis, Indiana), and breathalyzer tests (AlcoSensor III, Intoximeters, Inc., St. Louis, 

Missouri). If the pregnancy and drug tests were negative (with the exception of 
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tetrahydrocannabinol; THC), the study procedures continued. Participants with THC positive 

UDS were allowed to participate.

The study utilized a double-blind placebo-controlled design. At 11:00 a.m. participants 

performed the Conners’ Continuous Performance Test II (CPT II Version 5 for Windows; 

described below). One hour later, they received either the alpha-2 adrenergic receptor 

antagonist yohimbine (Spectrum Laboratories, Inc., New Brunswick, New Jersey) 21.6 mg 

or a matching placebo capsule. Yohimbine has been shown to increase noradrenergic 

transmission, heart rate, blood pressure and subjective anxiety (Charney et al., 1983). The 

MUSC Investigational Drug Service (IDS) compounded the yohimbine and placebo capsules 

and was responsible for treatment randomization. Half of the participants were randomized 

to receive the placebo capsule on day 1 while the other half to receive the yohimbine capsule 

on day 1. Study participants were seated in a private room, given lunch and were allowed to 

read until the testing procedures began. The cue reactivity session began at 2:00 p.m. Briefly, 

the participant was asked to recall a time when they were using cocaine and recount, in as 

much detail as possible including their heart rate, breathing, and the “rush” of the first hit. 

The participant was then asked to view and handle cocaine cues for two minutes. For 

individuals who used crack cocaine the cues consisted of a small bag of fake crack cocaine, 

the subject’s preferred style of pipe, a lighter, and a $20 bill. For powder or intravenous 

users, cues consisted of a $20 bill and fake cocaine. Afterwards the participant watched a 

five-minute film of individuals using cocaine (Coffey et al., 2002). Immediately after the cue 

reactivity session the participant completed the CPT-II. At the end of the test session the 

participant spent the night in a private room in the Medical University Hospital. The next 

day, the participant returned to the Research Nexus and repeated the study procedures with 

the alternate pharmacologic treatment after which they spent a second night in the hospital. 

At 11:00 a.m. on the morning following the second test day, the participant was 

compensated and discharged from the Research Nexus.

Each participant completed the CPT-II on an IBM compatible laptop computer. The CPT-II 

has high test-retest reliability in measures of attention and impulsive action (Weafer et al., 

2013). The participants were asked to click on the mouse when any letter except the letter 

“X” appeared on the screen. Letters appear on the screen for 250 milliseconds. The interval 

between letter presentations (interstimulus interval) varied between 1, 2 and 4 seconds. The 

CPT-II is divided into six blocks and 90% of the letters in each block were targets (letters 

other than “X”). Each block included three sub-blocks of different interstimulus interval, for 

a total of 18 blocks. The CPT-II takes approximately 14 minutes to complete. Participants 

were given a practice trial prior to the test session. Participants completed the CPT-II four 

times (prior to placebo administration, post placebo administration and cue exposure, prior 

to yohimbine administration and post yohimbine and cue exposure).

2.4 Study Analysis

A Wilcoxon Rank sum test was used to evaluate baseline continuous demographic and 

clinical measures across drug use groups while the Pearson Chi-Square test was used to 

assess the association among categorical and ordinal demographic and clinical variables at 

baseline. To assess the hypothesis that there is an association between treatment with 
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yohimbine and response to cocaine cues, generalized linear mixed effects models were 

developed that included pre and post cue measurements under both the yohimbine and 

placebo conditions. Omission errors and reaction time were used to measure attention. 

Commission errors were used to measure impulsivity. Omission and commission errors were 

examined using count models (log linear); the data showed evidence of over-dispersion and 

thus a negative binomial distribution was used to model the data. Hit reaction time (RT) was 

assessed from the point at which any target letter appeared on the screen until the mouse was 

clicked. Hit reaction time data were analyzed assuming a Gaussian distribution with an 

identity link. Prior to analysis of RT data, assumptions of homoscedasticity and normality in 

the residual were checked and data were natural logarithm transformed as necessary to 

conform to model assumptions. For each outcome (Omission count, commission count, and 

mean RT), a single model was fit containing the main effects of cocaine use status, 

medication assignment, sex, time within each visit (pre-post cue) and all high level 

interactions between primary independent variables. Pair-wise comparisons between pre and 

post cue time points as well as between cocaine and healthy control subjects were assessed 

using model based estimates and associated standard errors derived from contrast statements 

built within each outcome model. Effects of drug administration (carryover effects) and cue-

reactivity session (day 1 vs. day 2) were tested in all models. No effects of order were 

determined to significantly affect model estimates; however, responses were lower during 

the second presentation of the cue (day 2) and thus study day was controlled for in all 

analysis models. Sex and study day interactions with design variables (cocaine use status, 

medication assignment and time within visit) as well as the effect of positive THC UDS at 

baseline were investigated in all statistical models. There were no significant interactions 

between study design variables and study day noted in any model (all p>0.50). Study 

baseline rates were collected as the CPT-II scores completed prior to any drug administration 

on the first study day. Baseline error rates and response times were tabulated and compared 

between cocaine dependent and healthy control subjects as well as between males and 

females. Results from the analysis of error rates are presented as risk ratios (RR) and 

associated 95% confidence intervals (95% CI). Results from the analysis of RTs are 

presented as mean group differences and associated 95% confidence intervals. Due to 

relatively small within group sample sizes and sample size imbalance across groups, all 

model based significance testing was done using a generalized score test. The score test has 

shown to be robust to both small samples and imbalance as compared to the Wald test.

All statistical analyses were performed using SAS, version 9.3 (SAS Institute, Cary, N.C.). 

Significance for all planned pair-wise comparisons was set at a 2-sided alpha level of 0.05 

and no correction for multiple testing was applied to reported values.

3. RESULTS

3.1 Demographics

Data were collected from groups of cocaine-dependent men and women as well as non-

dependent healthy control men and women. Participants were part of a larger parent study 

designed to assess sex differences in responses to stress and drug cues (Moran-Santa Maria 

et al., 2014). Of the 119 participants in the parent study, 99 (83.2%) had CPT-II task scores 
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available. Additionally, four participants had data removed prior to analysis due to high 

commission error rates (>80%) coupled with very low omission error rates, indicative of 

constant response. Baseline demographic and clinical characteristics between dependence 

groups are presented in Table 1. Cocaine-dependent subjects were older and more likely to 

be unemployed as compared to healthy control subjects. Age was significantly associated 

with omission errors, commission errors and RT and was included as a covariate in all 

models. Employment status was included in initial model development but was not a 

significant predictor of error rates or mean response times and was removed from the final 

analysis models.

3.2 Baseline CPT-II Response

Prior to the administration of the study drug on day 1, CPT-II responses were measured 

across all participants. As anticipated, there were no difference between those randomized to 

receive yohimbine as compared to placebo (omission: X2
1=0.1, p=0.812; commission: 

X2
1=1.3, p=0.250; RT: F1,86=0.3, p=0.591). There was, however, a differential omission 

error rate between men and women in the cocaine dependent and healthy control study 

groups [Group × Sex interaction; X2
1=6.1, p=0.013]. Data show that there was a 

significantly greater rate of omission errors in cocaine-dependent women as compared to 

cocaine-dependent men [RR (95% CI)=4.4 (1.5–13.0), X2
1=4.3, p=0.038]. Conversely, in 

the healthy control participants, the women showed slightly lower omission error rates as 

compared to men [RR (95% CI)=0.4 (0.2–1.0), X2
1=3.1, p=0.078]. The baseline sex 

differential between groups seen in the omission error rates was not present in the analysis 

of baseline commission error rates [Group × Sex interaction; X2
1=0.5, p=0.484]. Baseline 

mean reaction times did not differ between cocaine dependent and healthy control subjects 

[387±14 vs. 368±10; p=0.333] or between men and women [364±13 vs. 391±10; p=0.080]. 

There was also no differential effect of sex across cocaine use status rates [Group × Sex 

interaction; p=0.207].

3.3 CPT-II Cue Response

Omission Errors—There was no significant difference in the overall frequency of 

omission errors between those randomized to receive yohimbine as compared to placebo 

[RR (95% CI)=1.3 (0.7–2.4), X2
1=0.5, p=0.467]. However, there was a significant decrease 

in omission errors following the cocaine cue specifically in cocaine-dependent participants 

under the yohimbine condition [RR (95% CI)=0.6 (0.4–0.8), X2
1=4.5, p=0.034] that was not 

present under the placebo condition [RR (95% CI)=0.9 (0.4–2.0), X2
1=0.0, p=0.849] 

(Figures 1A and 1B; see accompanying table in Supplementary Materials1). This effect 

under the yohimbine condition appears to be primarily evident in cocaine-dependent males 

[RR (95% CI)=0.5 (0.3–0.7), X2
1=3.9, p=0.048] rather than cocaine-dependent females [RR 

(95% CI)=0.7 (0.3–1.2), X2
1=0.9, p=0.334]. Omission error model results showed a 

significant group by sex interaction [X2
1=10.8, p=0.001] indicating that the difference in 

errors between cocaine dependent and healthy control participants varied by sex. 

Investigation of the interaction shows that cocaine-dependent women had significantly more 

omission errors as compared to cocaine-dependent men both prior to and following 

1Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:…
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presentation of the cue [RR (95% CI)=7.2 (3.6–14.7), X2
1=10.5, p=0.001] (Figures 2A and 

2B; see accompanying table in Supplementary Material2). However, there was no evidence 

of this effect in the healthy controls [RR (95% CI)=0.7 (0.3–1.5), X2
1=0.9, p=0.350].

Commission Errors—There was no significant difference in the overall frequency of 

commission errors between those randomized to receive yohimbine as compared to placebo 

[RR (95% CI)=1.1 (0.9–1.4), X2
1=0.5, p=0.488]. However, healthy controls had a moderate 

increase in commission errors under the yohimbine condition [RR (95% CI)=1.1 (1.0–1.3), 

X2
1=3.1, p=0.070] that wasn’t present in the cocaine-dependent subjects [RR (95% CI)=0.9 

(0.8–1.1), X2
1=0.6, p=0.428] (Figures 3A and 3B; see accompanying table in 

Supplementary Material3). The sex difference across cocaine-dependent status observed in 

omission errors was not present in commission errors [X2
1=1.7, p=0.200] (Figures 4A and 

4B; see accompanying table in Supplementary Material4).

Reaction Times—Hit reaction times did not differ across drug condition [F1,79=0.05, 

p=0.829] or cocaine use status [F1,89=0.58, p=0.449] (Figures 3C and 3D; see accompanying 

material in Supplementary Material5). Sex differentially impacted hit reaction times in 

cocaine-dependent and healthy control subjects [F1,83=4.9, p=0.029]. Cocaine-dependent 

female participants had significantly slower hit reaction times as compared to cocaine-

dependent men [Female 354±13 vs. Male 415±14; t89=2.6, p=0.012] (Figures 4C and 4D) 

while healthy control women and men had similar hit reaction times [Female 368±13 vs. 

Male 374±14; t89=0.4, p=0.689].

4. DISCUSSION

In this study we examined the effects of the pharmacological stressor yohimbine and drug 

cues on laboratory measures of impulsivity and attention in cocaine-dependent individuals 

and sex-matched control groups. Yohimbine was selective in altering aspects of executive 

function in cocaine-dependent individuals. Of note, cocaine-dependent women exhibited 

more omission errors and had a longer reaction time than cocaine-dependent men regardless 

of treatment. To our knowledge, this is the first study to investigate executive function 

following exposure to a pharmacological stressor and drug-paired cues in cocaine-dependent 

individuals and to systematically investigate sex differences in these responses.

In the present study the drug cue and the placebo had no effect on omission errors, 

commission errors or reaction time. Performance on tests of executive function is best with 

an intermediate level of noradrenergic activity in the prefrontal cortex and worse with either 

too much or too little noradrenergic activity (Arnsten and Li, 2005; Berridge and 

Waterhouse, 2003). Drug cues increase noradrenergic activity in cocaine-dependent subjects 

(Sinha et al., 2003). Thus, we expected that cocaine-dependent subjects would exhibit 

deficits in executive function following exposure to the drug cue under the placebo 

2Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:…
3Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi:…
4Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi: …
5Supplementary material can be found by accessing the online version of this paper at http://dx.doi.org and by entering doi: …
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condition. It is possible that in the laboratory cue-related increases in noradrenergic activity 

are below the threshold necessary to affect impulsive action and sustained attention.

In contrast to our hypothesis, yohimbine together with the drug cue reduced omission errors 

in cocaine-dependent subjects but not in healthy controls. The decrease in omission errors 

appeared to be driven by cocaine-dependent men as cocaine-dependent women exhibited 

significantly more omission errors and a longer mean response time than cocaine-dependent 

men under both the placebo and yohimbine conditions. Lower numbers of omission errors 

coupled without a change in reaction time suggests that these findings were specific to 

improvements in attention and not due to a change in the speed of the motor response and 

suggest that yohimbine may improve laboratory measures of attention in cocaine-dependent 

men. Post synaptic alpha-2 receptors play a pertinent role in attention. It is possible that the 

improvement in attention was facilitated by cocaine-induced increases in the sensitivity of 

alpha-2 receptors. Cocaine-dependent women exhibited both slower reaction times than 

cocaine-dependent men. Although slow reaction times can reflect a sluggish motor response, 

cocaine-dependent women also exhibited and higher omission errors suggesting that 

cocaine-dependent women exhibit deficits in laboratory measures of sustained attention. In 

support, there were no differences in the number of omission errors or the mean response 

time between healthy control women and healthy control men, suggesting that the sex 

differences found in the present study were specific to cocaine-using individuals. In 

agreement, data from previous studies of smokers and heavy drinkers, found that women 

exhibit greater deficits in executive function as compared to men (Fields et al., 2009; 

Nederkoorn et al., 2009; Townshend and Duka, 2005). Still others have found no sex 

differences in measures of impulsivity or attention in cocaine-dependent individuals (van der 

Plas et al., 2009). Differences in drug use history and the type of laboratory tasks across 

studies may explain these disparate findings. Previously we reported that yohimbine and 

drug cues increased craving and anxiety in cocaine-dependent women (Moran-Santa Maria 

et al., 2014), thus we had anticipated that yohimbine and the drug cue would cause 

significant impairments in executive function in cocaine-dependent women. The absence of 

deficits in cognitive function suggests that alpha-2 receptors play a greater role in drug 

craving than in mediating executive function in cocaine-dependent women.

There was no effect of yohimbine and drug cues on commission errors in cocaine-dependent 

subjects. Both clinical and preclinical studies have found that the alpha-2 agonist 

guanfacine, which decreases noradrenergic activity, decreased measures of impulsivity (Fox 

et al., 2015; Terry et al., 2014), thus we expected that yohimbine would increase commission 

errors in cocaine-dependent subjects. It is unlikely that the present findings were due to 

cocaine-induced ceiling effect as there were no differences in baseline commission errors 

between cocaine-dependent and healthy control subjects. Yohimbine increased commission 

errors in healthy controls. These findings are consistent with data from previous studies 

demonstrating that elevated noradrenergic activity stimulates post synaptic alpha-1 

noradrenergic receptors and impairs executive function in healthy controls (Arnsten and Li, 

2005; Arnsten et al., 1999; Swann et al., 2005). Thus, taken together with the present 

findings it appears that the sensitivity of alpha-1 adrenergic receptors may be altered in 

cocaine-dependent individuals.
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There are a few limitations to the present findings. We did not collect any blood markers of 

noradrenergic activity; however, others have shown that similar doses of yohimbine increase 

plasma noradrenergic metabolites in healthy controls (Swann et al., 2013). In addition, in the 

previous study we demonstrated that both the cocaine-dependent and healthy controls 

exhibited significant increases in heart rate following yohimbine administration, suggesting 

that the dose of yohimbine was sufficient to produce an active physiologic response (Moran-

Santa Maria et al., 2014). A second limitation is that we did not measure ovarian hormones 

levels in our subjects. A previous study found significant effects of ovarian hormones on 

laboratory tests of executive function (Colzato et al., 2010). Thus, it is possible that 

hormones played a significant role in the current findings. The relationship between 

noradrenergic activity and executive function has been suggested to operate according to an 

inverted “U” (Yerkes, 1908). Therefore, different doses of yohimbine may produce different 

results between the cocaine-dependent and healthy control groups. It is also important to 

note that yohimbine is a pharmacological stressor, thus it is unclear how the present findings 

would translate to psychosocial stressors. Finally we did not include a yohimbine neutral-

cue group, which would have allowed us to delineate between the effects of the stressor 

alone and that of the cue presentations. Future studies assessing the effects of steroid 

hormones on executive function in cocaine-dependent individuals may be warranted.

Despite these limitations, this is the first study of stress and cue-exposure on measures of 

executive function in cocaine-dependent individuals. Moreover these findings demonstrate 

important sex differences in laboratory measures of impulsivity and attention in cocaine-

dependent subjects. Importantly, these findings add to a growing literature demonstrating 

important sex differences in risk factors for relapse in cocaine-dependent individuals and 

support the development of specific treatment interventions for men and women with 

substance use disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Yohimbine was selective in altering aspects of executive function in cocaine-

dependent individuals.

• Yohimbine reduced omission errors in cocaine-dependent men.

• Cocaine-dependent women exhibited more omission errors and had a longer 

reaction time than cocaine-dependent men regardless of treatment.
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Fig. 1. 
Comparison of omission errors between cocaine-dependent and healthy control subjects 

after placebo (PBO) and cue exposure (A) and yohimbine (YOH) and cue exposure (B). 
Data are presented as the mean + se. * Denotes a significant difference from baseline.
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Fig. 2. 
Comparison of omission errors between cocaine-dependent men and cocaine-dependent 

women after placebo (PBO) and cue exposure (A) and yohimbine (YOH) and cue exposure 

(B). Data are presented as the mean + se. ‡ Denotes a significant sex difference.
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Fig. 3. 
Comparison of commission errors and reaction time between cocaine-dependent and healthy 

control subjects after placebo (PBO) and cue exposure (A & C) and yohimbine (YOH) and 

cue exposure (B & D). Data are presented as the mean + se. * Denotes a significant 

difference from baseline.
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Fig. 4. 
Comparison of commission errors and reaction time between cocaine-dependent men and 

cocaine-dependent women after placebo (PBO) and cue exposure (A & C) and yohimbine 

(YOH) and cue exposure (B & D). Data are presented as the mean + se. ‡ Denotes a 

significant sex difference.
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