1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Psychopharmacology (Berl). Author manuscript; available in PMC 2020 July 01.

-, HHS Public Access
«

Published in final edited form as:
Psychopharmacology (Berl). 2019 July ; 236(7): 2143-2153. d0i:10.1007/s00213-019-05211-5.

Effects of Chronic Cocaine Self-Administration and N-
acetylcysteine on Learning, Cognitive Flexibility, and
Reinstatement in Nonhuman Primates

Brian D. Kangas, Rachel J. Doyle, Stephen J. Kohut, Jack Bergman, and Marc J. Kaufman
Harvard Medical School, McLean Hospital, Belmont, Massachusetts

Abstract

Rationale.—Cocaine use disorder (CUD) is associated with cognitive deficits that have been
linked to poor treatment outcomes. An improved understanding of cocaine’s deleterious effects on
cognition may help optimize pharmacotherapies. Emerging evidence implicates abnormalities in
glutamate neurotransmission in CUD and drugs that normalize glutamatergic homeostasis (e.g., N-
acetylcysteine [NAC]) may attenuate CUD-related relapse behavior.

Objectives.—The present studies examined the impact of chronic cocaine exposure on
touchscreen-based models of learning (repeated acquisition) and cognitive flexibility
(discrimination reversal) and, also, the ability of NAC to modulate cocaine self-administration and
its capacity to reinstate drug-seeking behavior.

Methods.—First, stable repeated acquisition and discrimination reversal performance was
established. Next, high levels of cocaine-taking behavior (2.13-3.03 mg/kg/session) were
maintained for 150 sessions during which repeated acquisition and discrimination reversal
performance was probed periodically. Finally, the effects of NAC treatment were examined on
cocaine self-administration and, subsequently, extinction and reinstatement.

Results.—Cocaine self-administration significantly impaired performance under both cognitive
tasks; however, discrimination reversal was disrupted considerably more than acquisition.
Performance eventually approximated baseline levels during chronic exposure. NAC treatment did
not perturb ongoing self-administration behavior but was associated with significantly quicker
extinction of drug-lever responding. Cocaine-primed reinstatement did not significantly differ
between groups.

Conclusions.—The disruptive effects of cocaine on learning and cognitive flexibility are
profound but performance recovered during chronic exposure. Although the effects of NAC on
models of drug-taking and drug-seeking behavior in monkeys are less robust than reported in
rodents, they nevertheless suggest a role for glutamatergic modulators in CUD treatment
programs.
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INTRODUCTION

Cocaine use disorder (CUD) continues to be a major public health problem for which there
currently is no FDA-approved pharmacotherapy (NIDA 2018). CUD is often characterized
by a high probability of relapse to compulsive drug-taking behavior. Individuals with CUD
also may suffer other deleterious behavioral consequences of long-term drug exposure. For
example, many cocaine users exhibit increased impulsivity as well as deficits in attention,
spatial processing, reversal learning, and cognitive control (reviewed extensively in Potvin et
al. 2014; Spronk et al. 2013; Wood et al. 2013). Indeed, poor treatment outcomes have been
linked to cognitive deficits that emerge during prolonged cocaine exposure (e.g.,
Aharonovich et al. 2003; 2006; Moeller et al. 2001; Turner et al. 2009; Verdejo-Garcia et al.
2012; Winhusen et al. 2013a, b).

Studies in laboratory animals generally have supported the view that exposure to cocaine
impairs cognitive function and, therefore, improving our understanding of cocaine’s
deleterious effects on cognitive performance may help to optimize behavioral interventions
and to develop effective medications with clinical applicability. In this regard, studies in
nonhuman primates have shown that brief (2 weeks) intermittent exposure to high doses of
cocaine as well as extended (up to 5 years) periods of daily intravenous (i.v.) cocaine self-
administration lead to abnormalities in critical cognitive domains, including stimulus
discrimination, reversal learning, and short-term memory (Gould et al. 2012; Jentsch et al.
2002; Liu et al. 2008; Porter et al. 2011). In addition, deficits in reversal learning, a widely
accepted index of cognitive flexibility (Chudasama 2011; Easton 2005; Mackintosh et al.
1968), have been reported in nonhuman primates during drug-free periods following
extended i.v. cocaine self-administration (Porter et al. 2013). Taken together, these findings
support the idea that the cognitive deficits can be induced by chronic cocaine exposure and,
as well, can persist into abstinence.

The neural mechanisms that underlie CUD have been widely studied but are not yet fully
delineated. Although it has been known for some time that cocaine’s blockade of dopamine
transport likely mediates its abuse-related effects (Ritz et al. 1987; Kuhar et al. 1991), a great
deal of evidence indicates that abnormalities in glutamate neurotransmission and
neuroplasticity also can promote CUD (Bauzo et al. 2012; Ben-Shahar et al. 2012; Kalivas
and Volkow 2011; Knackstedt et al. 2014; Liu et al. 2011; Martinez et al. 2014; Yang et al.
2009). In this regard, drugs that normalize synaptic glutamate homeostasis and
neurotransmission (e.g., N-acetylcysteine (NAC), ceftriaxone, clavulanic acid, topiramate)
have been reported to attenuate the priming effects of a variety of self-administered drugs in
reinstatement studies in rodents (e.g., Amen et al. 2011; Johnson et al. 2013; Knackstedt et
al. 2010; LaRowe et al. 2013; Moussawi et al. 2011; Schmaal et al. 2010; Kim et al. 2016).
For example, NAC has been shown to inhibit reinstatement of extinguished self-
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administration responding maintained by cocaine (Baker et al. 2003; Frankowska et al.
2014; Jastrzebska et al. 2016; Kau et al. 2008; Kupchik et al. 2012; Moran et al. 2005;
Reissner et al. 2015; Reichel et al. 2011), methamphetamine (Chamtikov et al. 2018), heroin
(Hodebourg et al. 2018; Zhou and Kalivas 2008), alcohol (Quintanilla et al. 2018), and
nicotine (Ramirez-Nino et al. 2013). Moreover, these findings in rodents appear to be
functionally consistent with two clinical reports of decreased cocaine craving in human
CUD participants following NAC treatment (LaRowe et al. 2007; Mardikian et al. 2007). In
addition, a recent study by Levi Bolin et al. (2017) found that attentional bias for cocaine
cues was attenuated by NAC treatment in human participants. The latter study was also the
first in which decreases in the reinforcing effects of cocaine self-administration were
observed in NAC-treated participants. In studies with nonhuman primates, Bauzo et al.
(2012) demonstrated that NAC administration was able to attenuate cocaine-induced
extracellular dopamine increases in the caudate nucleus /n vivo. However, NAC did not alter
cocaine self-administration intake or reinstatement of previously extinguished cocaine self-
administration.

In general, the above findings support the view that drugs that normalize levels of synaptic
glutamate, e.g., NAC, may be of clinical value in the treatment of cocaine-use disorder
(reviewed in Berk et al. 2013; McClure et al. 2014). The present studies were designed to
further explore 1) the effects of chronic cocaine exposure and abstinence on cognition-
related behavior and 2) the role of glutamatergic mechanisms in ameliorating CUD. This
was accomplished by investigating performance on touchscreen-based discrimination
learning (repeated acquisition) and cognitive flexibility (discrimination reversal) tasks
before, during, and after an extended period of cocaine self-administration and, additionally,
the effects of NAC treatment on cocaine self-administration and reinstatement.

METHODS

Subjects.

Six adult male squirrel monkeys (Saimiri sciureus) were used in these studies. These
subjects had no prior experience with drug self-administration or touchscreen procedures.
Five of the subjects previously served in studies examining neural effects of passive cocaine
administration but had not received cocaine or other drug treatment for approximately 2
years prior to the present studies (the 6 subject was drug and experimentally naive).
Subjects were pair-housed in a temperature- and humidity-controlled vivarium with a 12-h
light/dark cycle (7 am-7 pm), had unlimited access to water in the home cage, and were
maintained at approximate free-feeding weights by post-session feedings of a nutritionally
balanced diet of high protein biscuits (Purina Monkey Chow, St. Louis, MO). In addition,
fresh fruit and environmental enrichment were provided daily. Experimental sessions were
conducted 5 days a week. The protocol for the present studies was approved by the
Institutional Animal Care and Use Committee at McLean Hospital in a facility licensed by
the US Department of Agriculture and in accordance with guidelines provided by the
Committee on Care and Use of Laboratory Animals of the Institute of Laboratory Animals
Resources, Commission on Life Sciences (National Research Council 2011).
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Figure 1 presents a procedural timeline that summarizes the present studies using the task
components described in detail below. Briefly, subjects were first trained on the touchscreen-
based repeated acquisition and discrimination reversal tasks. Next, cocaine dose-response
functions were determined to identify the unit dose (0.32 mg/kg/inj) to use in extended self-
administration conditions that also included intermittent probes of touchscreen performance.
After 140 sessions of cocaine self-administration, subjects were divided into a NAC or saline
treatment group and, following 10 additional self-administration sessions, reinstatement
procedures began. Following reinstatement studies, a final touchscreen probe was conducted
30 days after final cocaine exposure (washout).

Touchscreen assays.

Repeated acquisition.: Details, schematics, and photographs of the chamber used for
touchscreen studies can be found in Kangas and Bergman (2012). All experimental events
and data collection were programmed in E-Prime Professional 2.0 (Psychology Software
Tools, Inc., Sharpsburg, PA). Previously-established methods were used to train subjects to
repeatedly discriminate novel visual discriminations (Kangas and Bergman 2014, 2017).
Each session began with concurrent presentation of two 7x7 cm digital photographs, each in
a different randomly selected quadrant of a 17” touchscreen on the front wall of the
chamber. A reservoir into which fluid could be delivered was positioned below the
touchscreen and was readily accessible to the subject. A touch response on one stimulus
initiated the delivery of 0.15 ml of a 30% sweetened condensed milk solution into a
reservoir (S*) paired with an 880-ms yellow screen flash and followed by a 10-s intertrial
interval (ITI) blackout; a touch response to the other stimulus immediately initiated the 10 s
ITI (S-). The same two stimuli were presented during each of 200 trials comprising the
day’s session. Photographs for each session were selected from a repository of >10,000
images. Thus, the subject was required to repeatedly learn new S*/S™ discriminations based
on distinguishing features of two visual stimuli that had not been viewed previously.
Discrimination mastery was defined as the number of trials into a session at which the
subject had performed correctly in 9 out of 10 consecutive trials (i.e., 90% correct). Subjects
performed the repeated acquisition task each session until 30 unique discriminations were
mastered, after which a discrimination reversal task was introduced into the daily session.

Discrimination reversal.: In the discrimination reversal task, a variant of discrimination
learning for examining response inhibition (Easton 2005; Kangas and Bergman 2014;
Mackintosh et al. 1968), the programmed consequences of S* and S~ were reversed after the
subject learned the initial discrimination. The first 100 trials in the discrimination reversal
session were conducted as described above, i.e., subjects learned a novel discrimination each
session. On trial 101, the reversal occurred without signal, i.e., for the remainder of the 200-
trial session the stimulus that was initially S* was made S~ and vice versa. If the subject
failed to master a reversal within 100 trials, the same stimuli and contingencies were
presented during a 200-trial session the following day. Subjects performed the reversal task
in daily sessions until 30 reversals were mastered, after which subjects were catheterized and
trained to self-administer cocaine.

Psychopharmacology (Berl). Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kangas et al.

Page 5

Touchscreen probes.: Performance in the two touchscreen assays described above were
probed following 30, 60, 90, 120, and 150 sessions of cocaine self-administration, and after
a 30 day cocaine washout (forced abstinence) period. Each touchscreen probe assessed the
number of trials to master 5 novel discriminations and subsequent reversals of those
discriminations using the mastery criteria described above. Probe sessions occurred 22 hr
following the previous self-administration session. This interval was chosen to minimize the
effects of acute cocaine self-administration on performance to enable assessment of the
effects of extended chronic cocaine self-administration on learning and cognitive flexibility.
Thus, subjects were exposed to an approximately 1-h touchscreen session, followed by a 1-h
break (spent in the subject’s home cage), and then a 1-h self-administration session. The
forced abstinence probe occurred 30 days after cessation of NAC or saline treatment, at the
same time of day as previous touchscreen probe sessions.

Cocaine Self-administration.—During self-administration sessions, subjects sat in a
Plexiglas chair (Kelleher and Morse 1968; Kangas and Bergman 2016) in a ventilated,
sound-attenuating enclosure. Subjects faced a panel containing two response levers, colored
stimulus lights, and a custom-designed Plexiglas receptacle (5x3.5%1.27 cm) mounted in
front of the subject. Each press of the lever with a force greater than 0.25 N produced an
audible click and was recorded as a response. An infusion pump (PHM-100-10, Med
Associates, St. Albans, VT) outside the enclosure was used to deliver either i.v. drug
infusions or, for initial training, 0.15 ml of a 30% sweetened condensed milk solution into
the Plexiglas receptacle. All experimental events and data collection were controlled by Med
Associates. Subjects first were trained to respond on one lever under a 10-response fixed
ratio (FR10) schedule of milk delivery. Responses on the other lever had no programmed
consequences. Lever assignment was counterbalanced across subjects. The completion of
the FR10 on the active lever turned off the stimulus lights, delivered the reinforcer, and
initiated a timeout (TO) period of 60 s during which all stimulus lights were off and
responding had no scheduled consequences.

Following the establishment of robust milk-maintained responding, each subject was
prepared with an intravenous catheter for drug delivery using procedures initially described
by Herd et al. (1969). Under isoflurane anesthesia and in aseptic conditions, one end of a
hydrophilically coated polyurethane catheter (inside diameter, 0.381 mm; outside diameter,
0.762 mm) was inserted and secured into the right femoral vein; the other end was
subcutaneously threaded to exit the subject’s back. Catheterized subjects wore nylon jackets
at all times to protect the catheters.

Next, i.v. infusions of cocaine (0.1 ml/infusion) gradually replaced milk deliveries as
reinforcing events. Subjects self-administered cocaine with simultaneous milk delivery
during 1-h sessions, beginning with 0.15 mL of milk delivery paired with 0.1 mg/kg/inj of
cocaine. After 3 days of stable cocaine intake (+20 % of the 3-session mean), milk volumes
were periodically decreased to 0.075 ml, 0.05 ml, 0.025 ml, and 0 ml, allowing for
responding to stabilize between decreases in volume. Once cocaine intake without milk
delivery was stable, a cocaine dose-response function (0.0032-0.32 mg/kg/inj) and vehicle
(0.1 ml/inj saline) was determined three times in each subject. In each determination, doses
were studied in a quasi-random order and each unit dose was studied for a minimum of 5
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days and until session-intake across 3 consecutive sessions was within +20 % of the 3-
session mean. The unit dose that resulted in maximum average daily intake and could be
studied safely (peak unit dose, 0.32 mg/kg/inj) was used during daily self-administration
sessions for the remainder of the study. Throughout all studies, daily cocaine intake was
limited to 3.2 mg/kg to minimize adverse effects.

NAC Treatment.—Following 140 sessions of cocaine self-administration, subjects were
randomly assigned to either a NAC treatment (10 mg/kg/day, n=3) or saline vehicle
treatment group (n=3). Subjects were treated with NAC or saline 7 days a week, 1 hour
before daily self-administration sessions. The dose of NAC was chosen based on previous
research in squirrel monkeys showing that 10 mg/kg NAC could attenuate cocaine-induced
elevations in striatal dopamine levels (Bauzo et al. 2012). Following 10 cocaine self-
administration sessions under NAC or saline treatment conditions, the final touchscreen
probe (i.e., the 150-session probe) was conducted an hour before the daily NAC or saline
treatment. Thereafter, reinstatement testing began under continued NAC or saline treatment.

Reinstatement Procedure.—Following 15 sessions of NAC or saline treatment (i.e., 10
sessions of self-administration alone followed by 5 sessions during which self-
administration was preceded by the touchscreen probe), self-administration responding was
extinguished by replacing cocaine infusions with saline. Sessions were otherwise identical.
The criterion for extinction was defined as fewer than 10 saline infusions earned in a 1-hour
session. This was based on saline infusion levels observed prior to chronic cocaine exposure.
Following a minimum of 5 consecutive sessions in which extinction was observed, tests for
priming-induced cocaine reinstatement began. Reinstatement tests were conducted no more
than 2 times per week, with at least one session that met the extinction criterion between test
days. On each test day, an i.m. priming dose of cocaine was administered 10 minutes before
a saline self-administration session. Priming doses (0.032 mg/kg-1.8 mg/kg) were tested in a
quasi-random order. NAC or saline treatment was stopped after the final day of
reinstatement testing.

Data analysis

In i.v. cocaine self-administration studies, the primary dependent measure was total session
intake of cocaine (mg/kg). Session intake was calculated by multiplying the total number of
infusions in a session by the self-administered unit dose of cocaine (mg/kg/inj). Dose-
response functions were constructed by averaging intake of each unit dose tested during the
last 3 sessions for each subject and then presenting group averages (SEM) for unit dose
intake. The primary dependent measure used to evaluate repeated acquisition and
discrimination reversal performance was trials-to-mastery. Mastery was defined as the
number of trials into a session until a subject performed correctly in 9 out of 10 consecutive
trials (i.e., 90% correct). Therefore, this criterion quantified the number of trials required for
the subject to either learn a novel discrimination in the case of repeated acquisition or
reverse response allocation in the case of discrimination reversal (Kangas and Bergman
2014). A repeated measures two-way analysis of variance (ANOVA) was conducted to
evaluate group differences in the development of acquisition and reversal performance. A
repeated measures one-way ANOVA followed by a Dunnett’s test was conducted to
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determine whether acquisition and reversal performance differed statistically in the
touchscreen probe studies. The criterion for significance was set at p<.05.

Cocaine (cocaine hydrochloride) and NAC (n-acetylcysteine) were purchased from Sigma
Pharmaceuticals (St. Louis, MO), prepared for administration in 0.9% saline solution, and
refrigerated and protected from light. The pH of NAC was adjusted to 7.0 using 0.1 N
sodium hydroxide. Drug concentrations for self-administration experiments were prepared
for each subject so as to deliver the unit dose of i.v. cocaine in a 0.1 ml infusion. For i.m.
treatments, vehicle or doses of drug were administered in volumes of 0.3 ml/kg body weight
or less into thigh muscle. All doses of drugs are expressed in terms of their free base.

Figure 2 presents dose-response functions for cocaine infusions (upper panel) and total
cocaine intake (lower panel) during 1-hour i.v. self-administration sessions. The number of
cocaine infusions described an inverted U-shape curve whereas total cocaine intake
increased monotonically in a dose-dependent manner. The insets in Figure 2 present the
same data from the larger panels divided by subjects that would, in later conditions,
comprise the NAC (n=3) and saline (n=3) groups. As the insets show, there were no
systematic differences in either number of injections or total intake across the two groups.
Intake was maximal at the unit dose of 0.32 mg/kg/inj for all subjects (mean intake 1.75
+0.31 SEM mg/kg). Consequently, the unit dose of 0.32 mg/kg/inj cocaine was chosen for
subsequent daily self-administration sessions. Average session-wide cocaine intake
increased during the first 7-10 sessions in which this unit dose was available and
subsequently stabilized. Thereafter, daily intake remained highly consistent for both the
group and individuals, ranging from 2.13 to 3.03 mg/kg/session across subjects.

Figure 3 presents repeated acquisition (white bars) and discrimination reversal (gray bars)
data for trials to mastery. Values are shown from sessions following training and
immediately prior to the introduction of cocaine self-administration sessions (control [C])
and from the sets of touchscreen probes that occurred following 30, 60, 90, 120, and 150
sessions of cocaine self-administration and after a 30-day washout (forced abstinence [Ab])
period. During training, values for repeated acquisition plateaued at approximately 20 trials
to mastery whereas values for discrimination reversal plateaued at the higher level of
approximately 50 trials to mastery. These baseline learning-to-learn and learning-to-reverse
data systematically replicate and closely approximate previous findings (cf. Kangas and
Bergman 2014, 2016) and are represented in Figure 3 as control values. Each subsequent
probe, in which 5 novel discriminations and reversals were mastered, was conducted
following every 30 sessions of cocaine self-administration. After 30 sessions of cocaine self-
administration, the average number of trials to master the 5 successive discriminations
increased significantly from approximately 20 at baseline to 30, and the average number of
trials to master each of 5 subsequent reversals increased significantly from approximately 50
at baseline to 95 (/=3.54, p<.01; F=5.37, p<.001, respectively). After 60 sessions of self-
administration, the number of trials to master each initial discrimination was greater than
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baseline but these differences did not reach statistical significance. Reversal performance
improved some but remained significantly impaired relative to baseline; subjects took an
average of approximately 80 trials to master each reversal (F=3.69, p<.01). After 90 sessions
of self-administration, the average number of trials to master initial discriminations again
was greater than baseline but did not differ statistically from control values. Reversal
performance continued to be statistically different; subjects took an average of
approximately 75 trials to master each reversal (F=2.72, p<.05). Thereafter, although probe
values did not differ statistically from control values, the average number of trials to master
discriminations and reversals decreased steadily over the course of the remaining 60 sessions
of self-administration. Probe discrimination and reversal values during the forced abstinence
period (30 days following cocaine) closely approximated control values that were obtained
prior to the initiation of cocaine self-administration.

Although cocaine intake was highly consistent within-subject across the extended self-
administration condition, there were individual differences in levels of cocaine intake across
subjects. The possible relationship between daily intake and trials to master discriminations
and reversals was examined using data from the 30-session touchscreen probe when the
effects on touchscreen performance were most apparent. The left panel of Figure 4 presents
data from individual subjects and shows the percent change from baseline in the average
number of trials to master 5 discriminations as a function of average daily cocaine intake
during the sessions in which those discriminations were mastered. Figure 4 indicates a high
correlation between cocaine intake and percent change in trials to master initial
discriminations (R2=.75). In contrast, however, there was no correlation between cocaine
intake and percent change in trials to master reversals, shown in the right panel of Figure 4

(R%=.02).

After 140 sessions of cocaine self-administration, subjects were treated with NAC or saline
daily. The left panel of Figure 5 shows group average session-wide cocaine intake (mg/kg)
during the last 10 sessions of cocaine self-administration for all subjects before saline or
NAC treatment (gray bar, n=6), and during the 10 sessions of saline (white bar, n=3) or NAC
pretreatment (black bar, n=3). A two-way repeated measures ANOVA did not reveal a
significant effect of NAC treatment on cocaine intake during the final ten sessions of cocaine
self-administration (£0.37, p=.78). However, when cocaine was replaced with saline,
subjects treated with NAC required significantly fewer sessions to meet extinction criteria
than did saline-treated subjects (Figure 5, right panel; £3.43, p=.03).

Finally, after extinction criteria were met, reinstatement procedures began. As shown in
Figure 6, pre-session priming with cocaine produced a dose-dependent reinstatement of
previously extinguished cocaine-lever responding in both the saline (open symbols) and
NAC group (filled symbols). A one-way ANOVA revealed a significant main effect of the
priming dose of cocaine on the number of saline infusions that were earned (/=7.43, p<.
0001). The average number of saline infusions earned after priming doses of 0.1 mg/kg and
0.32 mg/kg cocaine was significantly greater than after priming infusions of saline (p<.01,
p<.001, respectively). The average number of saline infusions earned after the priming dose
of 0.32 mg/kg cocaine was also significantly greater than after priming doses of 0.032 mg/kg
and 1.8 mg/kg (p<.01, p<.05, respectively). Thus, the number of saline infusions earned in a
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session was an inverted-U shape function of the priming dose of cocaine. Although the dose-
response function for the NAC-treated group was lower than that of the saline-treated group
at the group-average level, a two-way repeated measures ANOVA revealed no significant
main effect or interaction of NAC treatment on saline infusions earned (/=1.21, p=.33; =
1.45, p=.24, respectively). The modest suppression of the NAC dose-response function
primarily reflected a flattened dose-response function for one of the NAC-treated subjects.

DISCUSSION

In the present studies, learning and cognitive flexibility, assayed in nonhuman primates
using touchscreen-based repeated acquisition and discrimination reversal tasks, were
adversely affected by daily self-administration of high dosages of cocaine. These findings
are consistent with the results of previous research (e.g., Gould et al. 2012; Liu et al. 2008;
Porter et al. 2011), strengthening the view that the deleterious effects of cocaine abuse
include degraded cognitive function. Additionally, the effects of cocaine exposure on
discrimination reversal in the present work were more pronounced than its effects on
repeated acquisition—a relative sensitivity that also has been reported in previous studies
with methamphetamine (Groman et al. 2012, 2013; Kangas and Bergman 2016).
Interestingly, the sensitivity of this measure of cognitive flexibility to the effects of
psychoactive drugs is not observed only with psychomotor stimulants; similar findings have
been observed following the administration of cannabinoids (Kangas et al. 2016). Therefore,
the present and previous data suggest that the loss of inhibitory control that characterizes
discrimination reversal performance may be a deficit resulting from the use of abused drugs
more generally (reviewed in Izquierdo and Jentsch 2012). However, it is also important to
note that, even under control conditions, discrimination reversal is more difficult than
discrimination learning (see pre-cocaine control values in Fig. 3), and the relative magnitude
of cocaine-induced deficits may be dependent on baseline levels of task performance. That
is, persistently difficult cognitive tasks may be relatively more vulnerable to the adverse
effects of abused drugs, regardless of drug class.

Of note, performance on both cognitive tasks gradually recovered over the course of the
extended regimen of daily cocaine self-administration sessions and data from probe
assessments eventually approximated pre-chronic values. These findings are not consistent
with much of the clinical literature on cocaine’s adverse effects on cognition (reviewed in
Potvin et al. 2014; Spronk et al. 2013; Wood et al. 2013). The mechanisms responsible for
the development of tolerance to cocaine’s adverse effects on performance are currently
unclear. One possibility is that chronic cocaine exposure alone lessened its impact on
behavior through neuroadaptation, reflected in surmounted deficits in task performance.
However, it is also possible that probe assessments were essential for subjects to reacquire
learning and reversal performance under chronic cocaine conditions, and that the rate of
performance recovery reflects such remedial state-dependent training or behavioral tolerance
across tasks (see Woolverton and Schuster 1978). The relative contribution of cellular or
neurochemical adaptations or state-dependent training to the recovery of cognitive
performance during chronic cocaine exposure as well as the range of cognitive tasks to
which such tolerance occurs are questions that remain to be determined. Two additional
caveats warrant discussion. First, because these studies did not include a non-cocaine control
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group, e.g., a group of subjects in which task performance was intermittently probed during
extended saline self-administration conditions, the role of, simply, the passage of time on
touchscreen performance is undetermined. Second, it is important to make the distinction
between recovery of repeated acquisition and discrimination reversal task performance and
the more general recovery of learning and cognitive flexibility during extended cocaine self-
administration. Previous studies highlighted above have reported persistent deficits in
cognitive function and it is certainly possible that the recovery of cognitive performance in
the present studies was limited to specific tasks rather than reflecting a recovery of general
cognitive function. Regardless, the present findings suggest that cocaine-induced
impairments of cognition-related behavior are not necessarily a permanent deficit and,
indeed, may be overcome during extended chronic exposure.

Dysregulation of glutamatergic mechanisms has been proposed to play a role in a variety of
neuropsychiatric conditions (reviewed in Skvarc et al. 2017) including drug addiction
(Kalivas and Volkow 2011; McClure et al. 2014). However, this view must be considered
cautiously. The failure of NAC treatment to perturb ongoing cocaine self-administration
behavior in nonhuman primates in the present and previous studies (Bauzo et al. 2012) is not
consistent with a glutamatergic role in the reinforcing effects of self-administered drugs. On
the other hand, as reviewed above, NAC has displayed efficacy in reinstatement models
across drug classes in rodents, presumably through normalizing glutamatergic function and,
since it received FDA approval in 1963 for the treatment of pulmonary disorders, has a long-
established safety record in patient populations (e.g., Grandjean et al. 2000; Repine et al.
1997). Future studies should examine whether this is purely a species difference or whether
different conditions of NAC administration (e.g., dose/duration) are able to reduce cocaine
self-administration behavior.

Although NAC treatment did not significantly alter the direct reinforcing effects of cocaine,
its effects on extinction behavior indicate that it was behaviorally active. The quicker
extinction of drug-lever responding in NAC-treated subjects compared to vehicle-treated
subjects is consistent with the results of previous cocaine self-administration studies in
rodents (e.g., Jastrzebska et al. 2016; Reichel et al. 2011) and may be predictive of a NAC-
induced reduction in overall drug-seeking behavior. In agreement with this idea,
extinguished drug-lever responding in the present reinstatement experiments was not as fully
restored in the NAC-treated group as in the saline-treated group, despite pre-session cocaine
injections as the priming stimulus. However, it is important to note that this latter effect did
not reach statistical significance and was largely driven by data in one of the three NAC-
treated subjects. Moreover, it remains to be determined whether such NAC effects on
extinction rate would be observed during extinction of behavior maintained by other
reinforcers such as food. In the absence of additional data, the idea that NAC treatment can
reduce drug-seeking behavior must remain speculative.

In summary, the present studies indicate that the disruptive effects of cocaine on measures of
learning and cognitive flexibility, while acutely pronounced, were not sustained over the
course of chronic exposure. The present studies also reveal effects of NAC treatment that,
although not as robust as previous findings in rodents, may offer some promise for the
development of glutamatergic modulators for relapse prevention. NAC is relatively lipophilic
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and does not easily cross the blood brain barrier (Samuni et al. 2013), and once in the brain,
is subject to extrusion by organic anion transporters (Hagos et al. 2016). Accordingly, its
limited brain bioavailability also may limit its behavioral efficacy—a view that is supported
by findings with an NAC analogue with higher bioavailability than NAC (e.g., N-
acetylcysteine amide; NACA) that also extinguishes cocaine seeking with greater potency
(Jastrzebska et al. 2016). Additional studies employing regulators of glutamate transport
with better brain bioavailability, e.g., NACA or clavulanic acid (Kim et al. 2016; Hakami
and Sari 2017; Hakami et al. 2017) will be useful for further determining how normalizing
glutamatergic activity affects ongoing self-administration of cocaine, extinction of cocaine
self-administration, and/or attenuation of the reinstatement of drug-seeking behavior
following extinction.
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Figurel.

Experimental timeline. Protocols included repeated acquisition (RA) and discrimination

reversal (DR) training, determinations of cocaine dose-response functions, extended cocaine

self-administration conditions, intermittent touchscreen-based probes, reinstatement, and
cocaine discontinuation (washout). See Procedures for additional information.
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Figure2.
Average (£SEM) cocaine infusions (upper panel) and total cocaine intake (lower panel)

during 1-h sessions in which different unit doses of cocaine (mg/kg/inj) and saline (S) were
self-administered (n=6). The insets in show the same data from the larger panels divided by
subjects that would, in later conditions, comprise the NAC (n=3) and saline (n=3) groups.
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Figure 3.
Average (£SEM) number of trials to master five discriminations (Repeated Acquisition

[RA], open bars) and subsequent reversals (Discrimination Reversal [DR], filled bars) during
probe sessions conducted before cocaine exposure (C), following each 30t session of
cocaine self-administration, and after a 30-d washout (abstinence) period (Ab) (n=6). (*p<.
05; **p<.01; ***p<.001)
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Figure 4.
Percent change from baseline in average trials to master 5 discriminations (left panel) and 5

reversals (right panel) following 30 days of cocaine self-administration, plotted as a function
of average daily cocaine intake during the sessions in which those 5 discriminations were
mastered. Each data point represents that relationship for an individual subject. The solid
line represents a standard linear regression fit to the data.
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Left panel: Mean cocaine intake (mg/kg) during the last 10 sessions of self-administration
for all subjects prior to saline or NAC treatment (gray bar, n=6), and during the 10 sessions
of saline (white bar, n=3) or NAC pretreatment (black bar, n=3). Right panel: Mean sessions
required to meet extinction criteria. Extinction criteria were defined as a 1-hour session with
fewer than 10 saline infusions earned. (p<.05)
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Figure 6.
Effect of NAC treatment (filled circles, n=3) and saline treatment (open circles, n=3) on

reinstatement of previously extinguished self-administration behavior induced by pre-
session cocaine primes. Data are expressed as average number of saline infusions (xSEM)
earned during a 1-h session after an i.m. cocaine prime (mg/kg), saline (S), or no injection

(©).
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