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Abstract

Rationale—Caocaine use is associated with cognitive impairment which impacts treatment
outcome. A clearer understanding of those deficits, and whether particular environments
exacerbate them, is needed.

Objectives—This study evaluated whether previously observed domain-specific cognitive
deficits persisted following a three month cessation from chronic cocaine self-administration, as
well as the impact of novel and cocaine-associated attentional distractors.

Methods—Control and experimental groups of monkeys performed stimulus discrimination,
stimulus reversal, and delayed match-to-sample (DMS) tasks. After establishing post-cocaine
baseline performance, we examined general distractibility in both groups, using brief novel
distractors counterbalanced across each task. After testing the novel distractor, an identical
approach was used for exposure to an appetitive distractor previously associated with cocaine in
the experimental group, or water in the control group.

Results—Post-administration baseline performance was equivalent between groups on all tasks.
In the cocaine group, stimulus discrimination was unaffected by either distractor, whereas reversal
performance was disrupted by both the novel and appetitive distractors. DMS performance was
impaired in the cocaine group in the presence of the novel distractor. The control group’s
performance was not affected by the presentation of either distractor on any task.

Conclusion—Our results reveal that despite normalized performance between groups, there
exists in the cocaine group a domain-specific latent vulnerability of cognitive performance to
impairment by environmental distractors. The pattern of vulnerability recapitulates the frank
impairments seen in drug free animals during an active self-administration phase. A greater impact
of the cocaine-associated distractor over the novel one was not observed.
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conflict of interest: none
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Introduction

Cocaine dependent individuals display selective cognitive deficits (Beatty et al. 1995; Bolla
et al. 1998; Bolla et al. 2003; Ersche et al. 2010; Ersche and Sahakian 2007; Kaufman et al.
2003; O'Malley et al. 1992). Some are relatively specific, such as impairments in reversal
performance, a measure of cognitive control, whereas others are more general, such as
attentional impairments (Jovanovski et al. 2005). It might be predicted that there would be a
selective interaction between attentional and other domain-specific cognitive deficits,
however, this has been little studied outside of one report employing a working memory task
(Hester et al. 2006). We previously demonstrated large impairments in cognitive control/
flexibility, assessed using stimulus reversal performance, and more modest impairments in
visual working memory in drug-free rhesus monkeys after extended chronic cocaine self-
administration (Porter et al. 2011). Stimulus discrimination was not affected. Reversal
impairments likely reflect damage to the orbitofrontal cortex, an area repeatedly shown to be
abnormal in cocaine dependence (Bolla et al. 1998; Lucantonio et al. 2012; Volkow and
Fowler 2000; Volkow et al. 1991) and addiction in general (Schoenbaum and Shaham
2008). The orbitofrontal cortex is implicated in the valuation of rewards and stimuli that
represent them (Haber and Knutson 2010; Padoa-Schioppa and Assad 2006; Roesch and
Olson 2004; Rolls 1996; Schoenbaum et al. 2003; Schultz 2000), but is also implicated in
decision making and inhibitory control (Rolls and Grabenhorst 2008). Given the importance
of these functions in maintenance of sobriety, it is important to evaluate whether
environmental events, associated with drug use or otherwise, could selectively impair the
proper function of a key brain region whose integrity is necessary for good decisions and
self-control.

In the current study, following extended cessation from cocaine in a subset of the previous
group we reported on (Porter et al. 2011), we again evaluated domain-specific cognitive
performance. Unlike our previous work, animals were tested with and without two types of
attentional distractors. One distractor was an appetitive compound contextual cue previously
paired with either cocaine (in the experimental group), or water (in the control group). The
other distractor was a novel compound stimulus. Given the importance of attention to
cognitive function in general (Maunsell 2004), we predicted that an attentional challenge,
such as the presentation of a distractor, would produce a selective pattern of impairment that
would recapitulate the pattern of impairments seen during active cocaine self-administration,
despite the fact that performance between the control and cocaine groups was equivalent
following the extended cessation. Selective impairments by the distractors, despite
equivalent performance in their absence, would represent a latent vulnerability consistent
with long term dysfunction. Because of reports of greater attentional bias in favor of drug-
related cues (Carpenter et al. 2006; Copersino et al. 2004; Ersche et al. 2010; Hester et al.
2006; Hester and Garavan 2009), we also predicted that a cocaine associated distractor

Psychopharmacology (Berl). Author manuscript; available in PMC 2014 May 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Porter et al.

Methods

Subjects

Apparatus

Surgery

Page 3

would produce a greater impairment than the novel distractor in the cocaine experienced
animals.

Young adult (67 years old at the time of testing) male rhesus macaque monkeys (n=11)
with previous drug exposure and extensive behavioral training were used for the present
study. These monkeys participated in a previous study, which looked at the effects of
chronic cocaine self-administration on cognition (Porter et al. 2011). We were only able to
use a subset of animals for this study due to unexpected illness and loss of motivation to
work. From the original group of 8 cocaine and 6 control animals, one cocaine animal was
deceased due to lymphoma, and another was removed from the study due to behavioral
problems. For the discrimination/reversal task, one cocaine animal failed to reach criteria
during the discrimination blocks, leaving 6 control and 5 cocaine animals. For the DMS
task, one of the controls was not cooperative, leaving 6 cocaine and 5 control monkeys.
Animals were water-regulated 5 days a week and were supplemented to meet physiological
needs at the end of each day following training and testing. Animal use conformed to the
“Guidelines for the Care and Use of Mammals in Neuroscience and Behavioral Research”
(National Research Council 2003).

All cognitive assessments took place in a sound attenuated chamber (Eckel Industries,
Ontario, Canada, model AB4240) fitted with a 40 W house light and background white
noise. The E-prime software suite (Psychology Software Tools, Pittsburgh, PA), coupled
with a 15” touch screen (Elo systems CarrolTouch), was used for all stimulus presentation,
recording of responses, and initial data processing.

Prior to self-administration, all animals had a vascular access port placed midscapula from
which a catheter extended subcutaneously to an internal jugular vein. The vascular access
port allows percutaneous non-stressful access to vasculature for cocaine self-administration
without the need for a protective jacket and with reduced risk of infection because nothing is
external to the skin (Wojnicki et al. 1994).

Self-administration

The self-administration protocol and cognitive characterization of animals has been
previously published (Porter et al. 2011). Animals self-administered by touching an abstract
shape on the touch screen for the required number of touches. Once the response
requirement was met, either cocaine (cocaine group) was administered intravenously via the
vascular access port or water (control group) via a sipper tube. During the cocaine self-
administration sessions, animals were allowed to self-administer up to 6 infusions of cocaine
at a unit dose of 0.5 mg/kg, which they typically did. The cumulative amount of cocaine
self-administered over a 12-month period ranged from 528-546 mg/kg.
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Stimuli used as distractors

During the chronic cocaine or water self-administration, an audiovisual compound stimulus
had been present for the entirety of each self-administration session, except during the time
of reward delivery. This stimulus consisted of a distinct sequence of tones (rising or falling)
and a distinct visual border around the screen. Because the stimulus was always present in
the background during the self-administration session, it is considered to be a contextual
cue. In that regard, it is important to note as well, that all self-administration and cognitive
testing took place in identical chambers. Two compound stimuli used as distractors were
counterbalanced across groups: half of the cocaine group and half of the control group saw
an abstract “blue sun” border with descending tones (stimulus set 1). The other half of the
each group saw a red “Navajo blanket” border and heard ascending tones (stimulus set 2).
The stimulus set present during self-administration was the appetitive distractor, the other
was the novel distractor.

Experimental timeline: counterbalancing of distractors across cognitive tasks

Animals had not self-administered cocaine for 3 months before we assessed whether novel
or appetitive distractors would interfere with associative learning, reversal performance
and/or working memory. Because the aim of the study was to assess selective attentional
vulnerability across cognitive domains, we counterbalanced stimulus presentation across the
different cognitive tasks. As a conservative approach, we chose to use an ascending order of
predicted influence to avoid possible accelerated habituation of a novel distractor by an
appetitive one. As a result, we did not counterbalance across cue types. We first evaluated
the novel distractor across all domains, then repeated that with the appetitive distractor. Six
baseline sessions for both cognitive tasks (no distractor presentation) were collected. Then,
the novel distractor was presented during the stimulus discrimination/reversal and delayed
match-to-sample (DMS) tasks. Table 1 shows a daily schedule for how the distractors were
distributed across the cognitive tasks. We followed the same daily cue presentation schedule
during cognitive assessment for both novel stimuli and appetitive distractors (Table 1).
Establishing the post-cessation baseline, the novel distractor effects, and the appetitive
distractor effects each took approx. one month, beginning at three months after cocaine self-
administration ceased.

Distractor presentation during stimulus discrimination and reversal tasks

We probed associative learning and cognitive control/flexibility using a stimulus
discrimination/reversal task, similar to the task used previously to show reversal deficits
resulting from cocaine exposure (Porter et al. 2011). For this experiment, we used a 2-object
stimulus discrimination task instead of the 3-object stimulus discrimination task used
previously because of motivational issues in some of the monkeys from both groups. Given
inherent variability in cognitive performance data, we needed to ensure compliance in the
small number of sessions used for distractor presentations. In brief, two stimuli were
associated with a high or low water reward. A correct response was recorded when the
monkey touched the stimulus associated with the high reward. Once a criterion of 27/30
correct responses on consecutive trials was reached, the reward contingency was reversed.
Reaching the same performance criterion after the reversal resulted in presentation of a new
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set of stimuli for a discrimination block. Distractor presentations during the stimulus
discrimination and reversal blocks were alternated across sessions. Animals performed 6
sessions per distractor type (novel or appetitive); 3 sessions with a distractor presented
during the first 20 trials of stimulus discrimination component and 3 sessions in which the
cues were presented during the first 20 trials of the reversal component of the task. This
allowed us to counterbalance distractor presentations across trial types and minimize
habituation (Table 1).

Distractor presentation during DMS task

We intermixed associative learning and reversal performance assessment with working
memory assessment. The DMS task employed here is the same task used previously to
assess working memory during self-administration (Porter et al. 2011). In brief, a sample
stimulus would appear on the touch screen to start each trial. Pressing the sample stimulus
accurately and holding it for 1s led to its offset and the start of a delay period (randomly
selected from 0, 10, 20, or 40s). Following the delay period, the sample and a novel stimulus
(randomly selected from the image pool) appeared, randomly assigned to the left or right
side of the screen. Choosing the sample stimulus within 10 s following the presentation of
the two stimuli led to a water reward (0.075 ml/kg). No reward was delivered for choosing
the wrong stimulus or pressing the area outside of the choice stimuli. The inter-trial intervals
for a correct response and incorrect response were two seconds and seven seconds, resp. Not
responding within a 10 second window resulted in an omission. This task was performed
once a week (Table 1), and was broken up into three blocks, in order to limit distractor
exposure time. The first 60 trials (block 1) were performed in the absence of a distractor,
trials 61-100 (block 2) were performed with a distractor presented for 7s during the delay
period) and trials 101-160 (block 3) were again performed in the absence of a distractor.

Behavioral analysis

Stimulus discrimination and reversal task accuracy was averaged over the first 10 trials of
the stimulus discrimination and reversal component, during which the distractor was
presented. Because of the few number of sessions, we could not evaluate performance across
the first fifteen trials in bins of three as previously reported in Porter et al., (2011), but for
comparison purposes, data for the reversal task is shown in that format in Fig. 2c. For both
distractor types, performance over the three sessions with distractors was compared with
baseline performance (mean of six consecutive sessions without distractor stimulus
presentation). A main effect of distractor type on stimulus discrimination and reversal
performance was determined using repeated measures analysis of variance (RM ANOVA,;
SigmaStat 3.5). Post-hoc analysis was used for comparing each distractor type to baseline.
All statistical analyses were conducted using absolute numbers. Results for stimulus
discrimination and reversal tasks are presented as percent of baseline performance to
facilitate visualization of effects.

For the DMS task, baseline data were averaged over six consecutive sessions for comparison
of performance between groups following cessation. Distractor effects on accuracy were
determined over 3 sessions for each type (novel or appetitive). We conducted a within
session analysis, comparing performance in the absence of distractor (block 1 and block 3)
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to performance in the presence of environmental distractors (block 2). Accuracy was
analyzed over the first 20 trials during each block. For each stimulus type, we conducted a
two way-RM ANOVA with two factors: block and delay interval. Differences between
blocks at given delays were evaluated with Tukey post-hoc tests.

Baseline cognitive assessments

There were no significant between group differences in accuracy on stimulus discrimination
(Fig. 1a), reversal performance (Fig. 1b), or the DMS task (Fig. 1c). It should be noted that
because we employed a two stimulus discrimination/reversal task, there is a quicker increase
in accuracy following reversal than previously observed with the three stimulus task used in
Porter et al. (2011). Compare Fig. 2b from that paper to baseline performance in Fig 2c
herein.

The effect of novel and appetitive distractors on stimulus discrimination and reversal
performance

There was no significant effect of either the novel or appetitive distractor on stimulus
discrimination in either of the groups (Fig. 2a). However, there was a main effect of
distractor on reversal performance (Fig. 2b) relative to baseline in the cocaine group
(F(4,2)=7.08; p=0.02). A follow up post hoc test revealed that performance during the novel
(p<0.01) and the appetitive distractor (p=0.04) was decreased relative to baseline in the
cocaine group. Fig. 2c illustrates the impact of each distractor across the first fifteen trials
following stimulus reversal in the cocaine group relative to baseline performance, and also
shows the control group baseline performance. Neither distractor had an effect on reversal
performance in the control group.

The effect of novel and appetitive distractors on working memory performance

There was a main effect of the novel distractor (Fig. 3a) on working memory in the cocaine
group (F(s,2)=5.02; p=0.031) relative to non-distractor blocks. There was no effect of the
novel distractor on the control’s group performance (Fig. 3b). We did not observe an effect
of the appetitive distractor on performance in either the cocaine group (Fig. 3d) or the
control group (Fig. 3d).

Discussion

The primary aim of this study was to examine the effects of attentional distractors on
domain specific cognition in control and cocaine exposed monkeys following an extended
cessation, after which there were no differences in performance. Secondly, we assessed
whether the presentation of “appetitive” distractors previously paired with either drug
availability in the cocaine group, or water availability in the control group would disrupt
cognitive performance more than a novel, though similar distractor. Our data show a
selective vulnerability to attentional challenge in the cocaine group across the same
cognitive domains that were impaired even without distractors when tested (in a drug-free
state) during chronic cocaine self-administration. This indicates continuing long-term
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dysfunction consistent with orbitofrontal cortex damage. Given the role of anterior cingulate
cortex in attentional control, it is potentially implicated as well. We did not see greater
impairments with the cocaine associated distractor compared to the novel stimulus.

Long term domain-specific impairments

Following the long term cessation, cognitive performance across the three tasks employed
was equivalent between the cocaine and control groups. Thus, the pattern of selective
impairments in which reversal performance was greatly impaired and DMS performance
was modestly impaired was no longer evident. However, given clinical observations of
cocaine-associated structural changes in the orbitofrontal and anterior cingulate cortex
(Bartzokis et al. 2002; Ersche et al. 2011; Franklin et al. 2002; O'Neill et al. 2001; Sim et al.
2007), we hypothesized that an attentional challenge could reveal latent continuing
dysfunction. Our main finding is that there remains a latent impairment in reversal
performance that can be revealed by an attentional challenge. In the cocaine group, reversal
performance was impaired by environmental distractors, whether they were novel or drug
associated, whereas there was no effect of either on stimulus discrimination performance.
Neither the novel, nor the appetitive distractor had an effect on stimulus discrimination or
reversal performance in the control group. These data are in line with previous findings
which showed that chronic cocaine resulted in impaired reversal performance, while having
no effect on stimulus discrimination performance in monkeys (Gould et al. 2012; Jentsch et
al. 2002; Porter et al. 2011). An important question also is whether baseline performance
was equivalent due to cessation of cocaine, or whether continued practice helped the animals
to overcome deficits previously seen during active self-administration using a three stimulus
task (different from the two stimulus task used in the present report). The difference in task
structure, and the lack of a comparison group that continued to self-administer cocaine to
control for practice effects makes this impossible to answer.

We also examined working memory performance in the presence of novel and appetitive
distractors. The presence of the novel distractor impaired working memory performance in
the cocaine group, relative to the non-distractor blocks. There was no effect of the novel
distractor on working memory in the control group, and no effect of the appetitive distractor
on working memory in either group. In our previous report examining the effect of chronic
cocaine self-administration on working memory, the impairment was less robust than seen
on reversal performance (Porter et al. 2011), similar to another recent report (Gould et al.
2012). In general, there are inconsistencies in the literature on whether working memory is
impaired by cocaine exposure, with some reports indicating impairments in working
memory (Bechara and Martin 2004; Hoff et al. 1996; Kubler et al. 2005; O'Malley et al.
1992; Verdejo-Garcia and Perez-Garcia 2007) whereas others do not (Bolla, 1999 #4540;
Pace-Schott, 2008 #5884).

Thus, regardless of distractor type (novel or appetitive), we see a pattern of latent
vulnerability in the cocaine group relative to the control group that recapitulates the frank
dysfunction apparent previously, when chronically self-administering animals were tested
drug free (72 hours post-cocaine). At that time, reversal performance was strongly impaired,
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DMS performance was weakly impaired, and stimulus discrimination performance was
unimpaired.

Comparison of novel and appetitive distractors

We failed to see evidence of an attentional bias toward the appetitive distractor on any task.
Despite the greater attention novel stimuli attract over habituated ones, we hypothesized that
distractor stimuli repeatedly paired with drug exposure would be even more intrusive. Our
intent to assess the impact of the distractors across multiple cognitive domains resulted in a
design limitation in which the distractor order was not counterbalanced. Our conservative
choice to initially expose animals to the novel distractor meant that evidence of greater
impairment by the appetitive distractor in the cocaine group would have been strong
evidence of attentional bias. However, the pattern of results we observed does not permit
strong interpretive statements. There is the possibility of generalization of the novel and
appetitive distractors. The same frequency tones were used as audio components in both
compound stimuli used as distractors, with the only difference being whether they were
ascending or descending. Likewise, though the visual components were distinct, there was
some similarity in that each formed a border around the touchscreen. The pattern of results
seen in the DMS task in particular suggests a habituation in that the weak impairment seen
with the novel distractor was lost when the studies progressed to the appetitive distractor
presentation. The observation that an impairment in reversal performance remained during
appetitive distractor presentation, whereas the DMS performance was unimpaired, suggests
the appetitive distractor was more intrusive on cognitive control/flexibility (reversal
performance) than on working memory (DMS). In a relevant clinical study, Hester et al.,
(Hester and Garavan 2009) conducted a study into neural mechanisms underlying attentional
bias to cocaine cues in cocaine users, while varying working memory load. When cocaine
stimuli were presented, active cocaine users showed a significant decrease in accuracy and
increase in response time under high working memory load compared to controls. In
addition to the impact of the design limitations discussed above, our experiment differed
from that of Hester et al. in that our monkeys had not received cocaine for at least 3 months
before we conducted the experiments, whereas Hester et al. examined active cocaine users
(Hester and Garavan 2009). In another clinical study, when cocaine dependent subjects
performed a color-word drug Stroop fMRI task, hypoactivations in the rostro-ventral
anterior cingulate and medial orbitofrontal cortex were associated with a greater likelihood
of errors (Goldstein et al. 2007). The pattern of hypoactivation of orbitofrontal cortex and
anterior cingulate cortex has been seen in many types of tasks (Bolla et al. 2004; Hester and
Garavan 2004; Li et al. 2008). The rostral anterior cingulate has been implicated in
attentional control and the orbitofrontal is critical for proper reversal performance. The
enduring latent vulnerability to impairment by environmental distraction we observed in this
controlled animal study is consistent with long lasting damage to these regions associated
with drug exposure per se. Given that performance on cognitive tasks dependent on these
areas is predictive of treatment outcome (Aharonovich et al. 2006; Aharonovich et al. 2003;
Patkar et al. 2004; Streeter et al. 2008), understanding the neurobiological basis of the
impairments we observed, and whether they respond to behavioral or pharmacotherapeutic
approaches has the potential to improve clinical outcomes.
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Fig. 1.

Baseline performance following 3 months cessation from cocaine on (a) stimulus

discrimination, (b) reversal, and (c) DMS performance. There was no significant difference
in performance between the groups on any task prior to distractor presentations
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Fig. 2.
Accuracy on the stimulus discrimination and reversal tasks in the presence of distractors. (a)

Neither the cocaine group nor the control group showed an impairment in stimulus
discrimination performance in the presence of either distractor relative to baseline. (b)
Within-group comparison of reversal performance during distractor presentation over the
first 10 trials. (c) Progression of performance after reversal for both groups at baseline, and
in presence of distractors within the cocaine group. white = control baseline, black = cocaine
baseline, diagonal = cocaine novel, horizontal = cocaine appetitive
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Fig. 3.

W?thin session effect of attentional distractors on DMS performance. (a) In the cocaine
group, there was a main effect of block (F(s 2)=5.02; p=0.031), with a decrease in
performance in the presence of the novel distractor (block 2) relative to the non-stimulus
blocks 1 and 3. (b) In the control group, there was no effect of the novel distractor on
working memory. In the presence of appetitive cues, neither the (c) cocaine group nor (d)
control group showed impaired performance. *p< 0.05 relative to non-cue blocks. Solid bars
are blocks of trials without distractors, cross-hatched bars are distractor blocks.
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Table 1

Schedule for counterbalancing stimulus presentations across tasks.

Weekday: Stimulus presented during thistask:
Monday Stimulus discrimination

Tuesday Stimulus reversal

Wednesday | DMS (block 2, delay period only)
Thursday Stimulus reversal

Friday Stimulus discrimination
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