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Cognitive enhancers that act by increasing glycine transmission might be useful adjuncts to cocaine-cue extinction training to deter

relapse. The study investigated the effects of combining treatments of the glycine transporter-1 (GlyT-1) inhibitor, Org24598, with

extinction training on the subsequent reacquisition of cocaine self-administration. Squirrel monkeys and rats were trained to self-

administer cocaine under a second-order schedule of intravenous drug injection in which responding was maintained by cocaine

injections and a cocaine-paired visual stimulus. During three weekly extinction sessions, saline was substituted for cocaine but responding

still produced the cocaine-paired stimulus. Subjects were treated with Org24598 or vehicle, either before or after each extinction

session. One week later, cocaine injections were restored, and reacquisition of cocaine self-administration was evaluated over 15

sessions. Compared with vehicle, administration of Org24598 (1.0 mg/kg in monkeys; 3.0 or 7.5 mg/kg in rats) before each extinction

session significantly inhibited reacquisition of cocaine self-administration in each species. In contrast, administration of Org24598

(1.0 mg/kg in monkeys) following, rather than preceding, each extinction session did not affect reacquisition compared with vehicle.

When extinction training was replaced by cocaine self-administration or abstinence control conditions, treatment with the same doses of

Org24598 resulted in reacquisition that was significantly more rapid than the reacquisition observed when Org24598 was administered

before extinction training sessions. The results support the potential clinical utility of GlyT-1 inhibitor pretreatments combined with

cocaine-cue extinction training to inhibit relapse.
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INTRODUCTION

Within the mesolimbic dopamine pathway, cocaine increases
dopamine release in the nucleus accumbens, prefrontal cortex,
and amygdala. Repeated drug use and increased dopamine
release to these brain regions can result in a sensitized
reward system and enhanced reinforcing salience of drugs
of abuse, as well as drug-associated stimuli (Robinson and
Berridge, 2001). Compelling evidence for the biological sig-
nificance of the conditioned effects of cocaine-associated
stimuli comes from neuroimaging studies in which positron
emission tomography and functional magnetic resonance
imaging have revealed that presentation of objects or words
associated with cocaine use can stimulate dopamine release,
limbic system activation, and physiological responses indicative
of craving in cocaine users (Childress et al, 1999; Goldstein
et al, 2009; Kilts et al, 2001; Volkow et al, 2006; Wong

et al, 2006). As cocaine-associated stimuli by themselves can
prime the memory of cocaine reinforcement and elicit craving,
the concept of reducing the salience of such stimuli through
extinction training has been proposed as a potential thera-
peutic strategy (ie, cue-exposure therapy; Cleva et al, 2010;
Myers et al, 2011).

During extinction, repeated presentations of drug-associated
stimuli in the absence of drug can promote new learning
that competes with previously established drug–cue asso-
ciations. This process of extinction learning recruits brain
regions that mediate learning and memory, including the
prefrontal cortex, amygdala, and hippocampus, and is facili-
tated by glutamatergic signaling between these regions (see
Quirk and Mueller, 2008 for review). In particular, N-methyl-
D-aspartate (NMDA) receptors have a well-documented role
in the extinction of drug–cue associations (Feltenstein and
See, 2007; Zweifel et al, 2008). Based on these observations,
we hypothesized that pharmacological agents that enhance
glutamate signaling via NMDA receptors might augment the
impact of cocaine-cue extinction training.

Pharmacological and genetic manipulation of the glycine
transporter-1 (GlyT-1) can alter extracellular glycine con-
centrations and subsequently influence NMDA receptor activity
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(Chen et al, 2003; Kinney et al, 2003; Dubroqua et al, 2010).
It has been proposed that compounds that elevate extra-
cellular glycine via inhibition of GlyT-1 activity can amelio-
rate cognitive deficits (Liem-Moolenaar et al, 2010; Wallace
et al, 2011; Nikiforuk et al, 2011; Singer et al, 2009).
Therefore, the aim of our study was to determine whether a
GlyT-1 inhibitor might also enhance the consequences of
extinction training in subjects with cocaine self-adminis-
tration histories.

The selective GlyT-1 inhibitor Org24598 increases glycine
levels in vitro (Brown et al, 2001; Mallorga et al, 2003) and
in vivo in the nucleus accumbens (Lidö et al, 2011) and
hippocampus (Le Pen et al, 2003) of rats. Org24598 was
administered in conjunction with extinction training using
a protocol based on procedures developed for cue-exposure
therapy in clinical situations (see Hofmann, 2007 for review).
To evaluate the effects of this combined approach on reacq-
uisition of cocaine seeking, an intravenous cocaine self-
administration model in monkeys and rats was employed.
Org24598 was administered either before or following each
cocaine-cue extinction session to evaluate the contributions
of acquisition and consolidation of extinction learning to
the inhibition of relapse to cocaine self-administration.
Additional control procedures investigated the effects of
Org24598 in the absence of extinction training and extinc-
tion training in the absence of Org24598.

MATERIALS AND METHODS

Animals

Eleven adult male squirrel monkeys (Saimiri sciureus),
weighing 0.8–1.2 kg, had unlimited access to water and
received a nutritionally balanced diet in their home cages to
maintain stable ad libitum body weights. Thirty-four adult
male Wistar rats (Crl (WI) BR; 275–300 g) had unlimited
access to water in their home cages. Rats were maintained
at X90% of a growth-adjusted ad libitum body weight
throughout the study by providing 16–20 g of food daily.
All animals were maintained in accordance with the Guide
for Care and Use of Laboratory Animals (eigth edition).
Research protocols for monkeys were approved by the
Harvard Medical School Institutional Animal Care and Use
Committee and rat protocols were approved by the Boston
University Institutional Animal Care and Use Committee.
Seven squirrel monkeys and all the rats were surgically
implanted with venous catheters using aseptic surgical and
catheter maintenance procedures, as previously described
for monkeys (Platt et al, 2011) and rats (Nic Dhonnchadha
et al, 2011).

Apparatus

Studies involving intravenous self-administration were
conducted in ventilated, sound-attenuated chambers (Med
Associates, St Albans, VT). Within the chambers, monkeys
were seated in chairs facing a panel equipped with a response
lever and colored stimulus lights. Rat chambers were equipped
with a panel containing two response levers with a stimulus
light above each lever. Catheters were connected to motor-
driven syringe pumps that delivered cocaine or saline
at 0.18 ml/s (monkeys) or 0.03 ml/s (rats). PC-compatible

computers were connected to interfaces to control the
experimental events and record data.

Drugs

Cocaine hydrochloride (NIDA, Bethesda, MD or Sigma-
Aldrich, St. Louis, MO) was dissolved in a sterile 0.9% saline
solution. Org24598 (donated by Schering-Plough Research
Institute, Scotland, UK or purchased from Sigma-Aldrich)
was dissolved in 45% (w/v) 2-hydroxypropyl-b-cyclodextrin
and administered I’m. in a maximum volume of 0.3 ml/kg
body weight (monkeys) and intraperitoneal in a volume of
1 ml/kg body weight (rats).

Cocaine Self-administration Baseline

Seven monkeys were trained to self-administer cocaine
(0.18 mg/kg/injection) by pressing a lever under a second-
order fixed-interval 5-min fixed ratio 10, FI 5 (FR10 : S),
schedule of intravenous drug injection similar to the schedule
described by Achat-Mendes et al (2010). Rats were similarly
trained to press a lever to self-administer cocaine (0.3 mg/
kg/injection) under an FI 5 (FR5 : S) schedule. Under the
second-order schedule, completion of every FR during a
5-min FI resulted in the presentation of a 2-s light flash
(cocaine-paired stimulus), and completion of the first FR
after expiration of the FI resulted in simultaneous delivery
of an intravenous cocaine injection and the 2-s cocaine-
paired stimulus. Daily sessions were 60-min long. The
second-order schedule and doses of cocaine used in this
study previously have been shown to maintain persistent
cocaine-seeking behavior and to provide a sensitive baseline
for evaluating the changes in conditioned responding main-
tained by cocaine-paired cues in squirrel monkeys and rats
(Nic Dhonnchadha et al, 2010, 2011). Testing began after
cocaine self-administration stabilized such that no systema-
tic trends were observed in response rate or number of
injections/session for X5 consecutive sessions. The baseline
response rate for each subject was determined by averaging
the response rate across the last five cocaine self-adminis-
tration sessions.

Pre-session Administration of Org24598

Following the baseline stabilization, extinction sessions
were conducted once per week for three consecutive weeks.
During the 6 days between weekly extinction sessions,
subjects remained in their home cages. The first extinction
session began 24 h after the last baseline self-administration
session. Lever pressing was extinguished by substituting
saline for cocaine while maintaining the response-contin-
gent presentations of the cocaine-paired stimulus. Before
each extinction session, Org24598 (1.0 mg/kg in monkeys;
3.0 or 7.5 mg/kg in rats) or vehicle was administered as a
pretreatment 20 min (monkeys) or 30 min (rats) before the
start of the session. The doses of Org24598 used in these
studies were chosen based on initial behavioral observations
in monkeys (see Supplementary Table S1) and on previous
findings in rats (Le Pen et al, 2003; Lidö et al, 2011).
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Cocaine Self-administration Control

To determine the effect of Org24598 under conditions in
which lever pressing was not extinguished, this control
experiment evaluated the effect of Org24598 on active
cocaine self-administration. Org24598 (1.0 mg/kg in mon-
keys, 3.0 and 7.5 mg/kg or vehicle in rats) pretreatments
were administered 20 or 30 min before the self-administra-
tion control sessions, which were conducted once per week
for three consecutive weeks, and were identical in all
respects to the sessions conducted during baseline cocaine
self-administration. As described for the extinction proce-
dure, subjects remained in their home cages during the
6 days between weekly control sessions, and the first weekly
session began 24 h after the last baseline session.

Abstinence Control

To further investigate the effect of Org24598 in the absence
of explicit extinction training, this control experiment
evaluated the effect of Org24598 during an abstinence
period in which subjects were not exposed to either cocaine
or cocaine-paired cues. Abstinence studies in monkeys
were conducted in the subjects’ home cages. Abstinence
studies in rats were conducted in experimental chambers in
which levers were removed and no visual stimuli or injections
were delivered. Org24598 (1.0 mg/kg in monkeys and 7.5 mg/kg
or vehicle in rats) pretreatments were administered once
per week for three consecutive weeks, beginning 24 h after
the last cocaine self-administration baseline session.

Post-session Administration of Org24598

Post-session drug treatments have been used to investigate
memory consolidation processes (cf. Inda et al, 2005). To
investigate the potential role of consolidation of extinction
learning as a mechanism by which Org24598 might influ-
ence the extinction and subsequent reacquisition of cocaine
self-administration, Org24598 (1 mg/kg) or vehicle was
administered to monkeys following, rather than preceding,
each of the three weekly extinction-training sessions. After
each post-session injection of Org24598, subjects remained
seated for 20 min in the experimental chamber with the
door open before being returned to the home cages.

Reacquisition of Cocaine Self-Administration

Reacquisition of cocaine self-administration was evaluated
beginning one week after the third weekly extinction (or
self-administration or abstinence control) session. During
reacquisition test sessions, all conditions and schedule
parameters were identical to those established during the
baseline cocaine self-administration phase, as described above.
The reacquisition test lasted for 15 consecutive sessions.

Re-establishing Baseline Performance

Because of the multiple-cycle design of our study, it was
necessary to re-establish stable baseline performance following
the reacquisition phase of each experiment described above.
Baseline cocaine self-administration typically lasted 3–5
weeks, depending on the subject until no systematic trends

in response rate or number of injections/session was observed
for X5 consecutive sessions. The next testing cycle began
once these criteria were met.

Extinction and control experiments were conducted in a
quasi-randomized order in cohorts of five or six monkeys,
depending on the particular experiment. The exception was
the post-session Org 24598 and vehicle treatments, which
were the final two conditions of the study. These two con-
ditions were run in counterbalanced order in four monkeys,
and two additional monkeys were tested with post-session
Org 24598. Different cohorts of rats were used to evaluate
the extinction (n¼ 16) and control (n¼ 18) test conditions.
The first cohort underwent one or two cycles of baseline
self-administration, followed by extinction and reacquisi-
tion test sessions. The second cohort underwent one or two
cycles of baseline self-administration, followed by control
(self-administration or abstinence) and reacquisition test
sessions.

Data Analyses

For all phases of the study, the average response rates were
determined for each session. For each subject, these response
rates were transformed to a percentage of the baseline response
rate generated by that subject. The baseline response rate
for each subject was calculated by averaging the rate of
responding during the last five cocaine self-administration
sessions that preceded the particular experimental condi-
tion. This was necessary because during the baseline cocaine
self-administration sessions, there was B8-fold range in baseline
response rates among individual monkeys and B5-fold
range in baseline response rates among individual rats.

For analysis of within-session patterns, the number of
responses made during sequential 5-min bins of the 60-min
session was determined. In addition, response rates in the
first component of each extinction- and reacquisition session
were measured to determine the degree to which the behavior
was maintained by presentations of the conditioned stimulus
before delivery of the first injection. Statistical significance
was determined using repeated-measures ANOVAs (mon-
keys) and mixed-model ANOVAs (rats), followed by
Dunnett’s t-tests for multiple comparisons. Criterion for
significance was po0.05 for all analyses.

RESULTS

Effects of Pre-session Org24598 on Extinction and
Reacquisition of Cocaine Self-administration in
Monkeys

Compared with the high rate of responding maintained
by self-administered cocaine under baseline conditions
(Supplementary Table S2), the rate of responding declined
markedly during extinction training under both the
vehicleþ extinction and Org24598þ extinction conditions
(Figure 1). Under both conditions, analysis of within-
session responding across sequential 5-min bins of each
session revealed a temporal pattern of responding char-
acteristic of extinction, ie, comparatively high response
during the early portion of the session and lower response
rates as the session progressed (Figure 1a). This pattern of
responding was confirmed statistically (main effect of
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sequential bins for Extinction 1 (F(11, 44)¼ 5.5, po0.001),
Extinction 2 (F(11, 44)¼ 3.7, po0.01), and Extinction 3
(F(11, 44)¼ 4.6, po0.001). Post hoc analysis showed that,
compared with the maximum number of responses, which
usually was observed in bin 2, there was a significant decline
in the number of responses in bins 4–12 during all the three
extinction sessions (po0.05, Dunnett’s t-tests). Despite an
apparent trend during the third extinction session in
which responding was lower during all sequential bins
following Org24598 compared with vehicle pretreatment
(Figure 1a, Extinction 3), ANOVA revealed no significant
main effect of drug treatment or a drug� bin interaction.
Analysis of responding during the first component of each
extinction session did not reveal any significant differences
between vehicle and Org24598 pretreatments (Supplementary
Figure S1A).

Averaged over the entire session, the rate of responding
during the three weekly extinction sessions also declined
markedly under both the vehicleþ extinction and Org24598þ
extinction conditions (Figure 1b; Extinction). Although
ANOVA revealed no significant main effect of drug, session,
or drug–session interaction, there was an overall monotonic
decline in average response rate across the three weekly
Org24598þ extinction sessions. In contrast, vehicleþ
extinction conditions produced a monotonic increase in
average response rates across the three sessions.

Testing for reacquisition shows that pretreatment with
Org24598 during extinction training significantly inhibited
subsequent reacquisition of cocaine self-administration
compared with pretreatment with vehicle during extinction

training (Figure 1b; reacquisition). ANOVA revealed a
significant main effect of drug treatment (F(1, 62)¼ 8.8,
po0.05), and post-hoc analysis showed that compared with
vehicle, Org24598 treatment before extinction resulted in a
significant attenuation of responding during the 2nd and
4th–10th reacquisition sessions (po0.05, Dunnett’s t-test).
Analysis of response rates during the first component of
each reacquisition session revealed no significant differ-
ences between vehicleþ extinction and Org24598þ extinction
conditions (Supplementary Figure S1A).

Effects of Pre-session Org24598 on Extinction and
Reacquisition in Rats

As in monkeys, the average rate of responding declined
during extinction training under both the vehicleþ extinction
and Org24598þ extinction conditions compared with the
baseline (Figure 2; Supplementary Table S2). Analysis of the
within-session patterns of responding during each extinc-
tion session revealed a significant main effect of sequential
bins for Extinction 1 (F(11, 253)¼ 3.7, po0.001), Extinction
2 (F(11, 253)¼ 2.2, po0.02), and Extinction 3 (F(11,
253)¼ 2.0, po0.03). Compared with bins containing the
highest number of responses (bin 2 or 3), there was a
significant decrease in the number of responses in bins 6
and 10–12 (Extinction 1), bins 11–12 (Extinction 2) and bin
12 (Extinction 3) by post-hoc analysis (Figure 2a; po0.05,
Dunnett’s t-test). Analysis of response rates during the first
component of extinction sessions did not reveal any
significant differences between vehicle þ extinction and

Figure 1 Effects of pre-session administration of Org24598 or vehicle in
monkeys (n¼ 6 per group). (a) Mean (±SEM) number of responses during
sequential 5-min bins of each of the three weekly extinction sessions.
(b) Responding during weekly extinction training sessions and daily
reacquisition sessions following Org24598þ extinction and vehicleþ
extinction. Data are presented as mean (±SEM) response rates expressed
as a percentage of baseline responding.

Figure 2 Effects of pre-session administration of Org24598 (3.0 mg/kg;
n¼ 8 and 7.5 mg/kg; n¼ 8), or vehicle (n¼ 10) in rats. (a) Mean (±SEM)
number of responses during sequential 5-min bins of each of the three
weekly extinction sessions. (b) Responding during weekly extinction
training sessions and daily reacquisition sessions following Org24598þ
extinction and vehicleþ extinction. Data are presented as mean (±SEM)
response rates expressed as a percentage of baseline responding.
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Org24598þ extinction conditions (Supplementary Figure S1B).
Averaged over the entire session, the rate of responding
declined following both vehicle and Org24598 pretreatment
(Figure 2b; Extinction). Pretreatment with Org24598 (3.0
or 7.5 mg/kg) during extinction training resulted in a
significant inhibition of reacquisition of cocaine self-
administration compared with pretreatment with vehicle
(Figure 2b; reacquisition). ANOVA revealed a significant
main effect of drug treatment (F(2, 23)¼ 3.9, po0.04), and
post-hoc analysis showed that compared with vehicle,
Org24598 treatment before extinction resulted in a sig-
nificant attenuation of responding during the first seven
reacquisition sessions (both doses), as well as the 8th, 11th
and 12th sessions (3.0 mg/kg Org24598), and 9th session
(7.5 mg/kg Org24598) (po0.05, Dunnett’s t-tests). For the
rate of responding during the first component of each
reacquisition session, ANOVA revealed a main effect of
session (F(14, 322)¼ 3.8, po0.001), but not of treatment
(Supplementary Figure S1B).

Effects of Org24598 Treatment Under the Cocaine
Self-administration and Abstinence Control Conditions
in Monkeys and Rats

When Org24598 was administered before three weekly cocaine
self-administration sessions, the average response rates
remained at or near cocaine self-administration baseline
values, and no significant differences across sessions for
monkeys or rats were observed (Supplementary Figure S2).
Vehicle treatment in rats before weekly self-administration
control sessions produced results similar to those of Org24598
(data not shown). Inspection of response rates during
sequential 5-min bins of each session showed stable temporal
patterns of responding that did not vary appreciably over
the three weekly control sessions (Supplementary Figure S2).

During the reacquisition phases following Org24598þ
self-administration or Org24598þ abstinence, the average
rate of responding during the 15 sessions did not vary
markedly from baseline in either monkeys or rats, as illu-
strated in Figures 3a and 4a. Vehicle treatment in rats before
weekly self-administration or abstinence control sessions
produced results similar to those of Org24598 (data not
shown). ANOVAs comparing the two control conditions
(self-administration and abstinence) to extinction over
sequential five-session blocks during the reacquisition
phase showed a significant condition� block interaction
in monkeys (F(2, 91)¼ 4.3, po0.05) and a significant main
effect of condition in rats with both 3.0 mg/kg Org24598
(F(1, 13)¼ 8.5, po0.02) and 7.5 mg/kg Org24598 (F(2,
18)¼ 5.5, po0.01). Post hoc analysis further revealed that
the response rates were significantly higher following
Org24598þ self-administration control and Org24598þ
abstinence control compared with Org24598þ extinction
training in both monkeys and rats for most five-session
blocks (Figures 3b and 4b; po0.01 or po0.05, Dunnett’s
t-test). The exceptions were the comparable response rates
following Org24598þ extinction and Org24598þ self-ad-
ministration during the last five-session block in monkeys
(Figure 3b) and 7.5 mg/kg Org24598þ extinction and 7.5 mg/kg
Org24598þ abstinence during the last five-session block in
rats (Figure 4b).

Effects of Post-session Administration of Org24598
in Monkeys

When Org24598 (1 mg/kg) or vehicle was administered to
monkeys following, rather than preceding, each of three
weekly extinction sessions, the average rate of responding
declined rapidly to a level that was comparable to the rate
observed when Org24598 or vehicle was administered as a
pretreatment (Figure 5a, Extinction). Analysis of respond-
ing across the three weekly extinction sessions by ANOVA
revealed no significant effect of treatment (F(1, 6)¼ 0.6,
p40.05) or extinction session (F(2, 6)¼ 0.03; p40.05).
However, unlike the effects seen with pre-session Org24598
treatment, reacquisition of cocaine self-administration occu-
rred within just a few sessions under both the Org24598
and vehicle post-session treatment conditions (Figure 5a,
reacquisition). ANOVA revealed no significant effects of
treatment (F(1, 36)¼ 0.9, p40.05) or reacquisition session
(F(14, 36)¼ 0.4, p40.05).

Figure 3 Reacquisition of cocaine self-administration following
Org24598 in the absence of extinction training in monkeys. Data are
mean (±SEM) response rates expressed as a percentage of baseline
responding. (a) Daily response rates during reacquisition test sessions
following Org24598þ self-administration control (n¼ 5) and Org24598þ
abstinence control (n¼ 6). (b) Response rates across five-session blocks of
reacquisition following Org24598 combined with extinction, self-adminis-
tration control, or abstinence control. *po0.05, **po0.01 compared with
Org24598þ extinction.
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Comparison of responding over sequential five-session
blocks of the reacquisition phase following post-session
Org24598 or post-session vehicle also revealed no significant

effects of condition (F(1, 5)¼ 0.7, p40.05) or block (F(2,
5)¼ 0.8, p40.05) (Figure 5b). Compared with reacquisition
of cocaine self-administration following pre-session treat-
ment with Org24598, ANOVA revealed a significant effect
of condition (F(1, 9)¼ 8, po0.05) (Figure 5b). Post hoc
analysis showed that responding was significantly lower
across the first 10 days of reacquisition following pre-session
treatment with Org24598 compared with post-session treat-
ment with Org24598 (po0.05, Dunnett’s t-test).

DISCUSSION

The present results show that the GlyT1 inhibitor, Org24598,
when administered before weekly extinction training sessions,
inhibited the reacquisition of cocaine self-administration
compared with extinction training conducted in the absence
of Org24598. Administration of Org24598 in the absence
of extinction training (ie, before self-administration and
abstinence control sessions) did not inhibit reacquisition
of cocaine self-administration in either monkeys or rats.

Figure 4 Reacquisition of cocaine self-administration following
Org24598 in the absence of extinction in rats. Data are mean (±SEM)
response rates expressed as a percentage of baseline responding. (a) Daily
response rates during reacquisition test sessions following Org24598þ self-
administration control (n¼ 7 per dose) and Org24598þ abstinence
control (n¼ 6). (b) Response rates over five-session blocks of reacquisition
following 3.0 mg/kg Org24598þ extinction compared with 3.0 mg/kg
Org24598þ self-administration control. (c) Response rates over five-
session blocks of reacquisition following 7.5 mg/kg Org24598þ extinction
compared with 7.5 mg/kg Org24598þ self-administration or 7.5 mg/kg
Org24598þ abstinence controls. *po0.05 compared with Org24598þ
extinction.

Figure 5 Effects of post-session administration of Org24598 (1 mg/kg;
n¼ 6) or vehicle (n¼ 4) in monkeys. (a) Responding during weekly
extinction sessions and daily reacquisition sessions when Org24598 was
administered following each extinction session. Data are mean (±SEM)
response rates expressed as a percentage of baseline responding. (b)
Response rates across five-session blocks of reacquisition following pre-
session Org24598, post-session Org24598 and post-session vehicle
combined with extinction. *po0.05 comparing pre- and post-session
Org24598.
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The latter results indicate that extinction training is a
necessary component for inhibiting reacquisition of cocaine
self-administration after Org24598 pretreatment. These
findings are supported by recent reports using cognitive-
enhancing drugs in cocaine-trained rats and monkeys (Nic
Dhonnchadha et al, 2010, 2011) and extend the previous
work by demonstrating enduring effects on reacquisition of
cocaine self-administration by pharmacological inhibition
of GlyT1 during cocaine-cue extinction training.

In vitro, Org24598 inhibits glycine uptake in cells expressing
the GlyT1 transporter at nanomolar concentrations (Mallorga
et al, 2003). In vivo, Org24598 increases glycine release in
the nucleus accumbens by B50%, (Lidö et al, 2011) at doses
comparable with the higher dose tested (7.5 mg/kg) in our
study in rats. As at least a 40% increase in glycine levels is
sufficient to potentiate NMDA receptor activity (Atkinson
et al, 2001) and because compounds acting as glycine trans-
porter 1 inhibitors have been shown to increase excitatory
synaptic transmission via NMDA receptors (Atkinson et al,
2001; Chen et al, 2003), it is likely that Org24598 inhibited
the reacquisition of cocaine self-administration by facilitat-
ing some aspects of the extinction process shown to require
NMDA receptor-mediated synaptic transmission (Burgos-
Robles et al, 2007; Sotres-Bayon et al, 2007). This is
particularly relevant to this study, as long-term exposure to
cocaine in rodents can disrupt NMDA receptor function
and expression in neural networks involved in extinction
learning, eg, the hippocampus, frontal cortex and striatum
(Loftis and Janowsky, 2002; Self et al, 2004; Turchan et al,
2003; Yamaguchi et al, 2002). Alternative receptor mechan-
isms by which Org24598 can influence extinction learning
could involve increased activation of glycine receptors and
elevation of dopamine levels in the nucleus accumbens
(Lidö et al, 2011). The latter effect, however, would likely
result in an increase, rather than decrease in the reacquisi-
tion to cocaine self-administration in this study, which was
not observed.

Following Org24598þ extinction training, responding
during reacquisition test sessions diminished to B50%
of the rate of responding during baseline cocaine self-
administration and this effect persisted for as many as
twelve reacquisition sessions. Qualitatively, similar effects
on reacquisition has been found in studies using similar
experimental designs to evaluate the effects of combining
extinction training with other glycinergic agents, including
the NMDA receptor partial agonist D-cycloserine (DCS) and
the GlyT1 inhibitor, RO4543338 (Nic Dhonnchadha et al,
2010, 2011). This inhibitory effect of Org24598 on relapse to
cocaine seeking could potentially reflect facilitated acquisi-
tion, consolidation, or retrieval (recall) of extinction
learning (Quirk and Mueller, 2008) as the NMDA receptor
is an important molecule for all three processes (Burgos-
Robles et al, 2007; Sotres-Bayon et al, 2007). Acquisition
of extinction is the initial learning manifested by reduced
responding within an extinction session (Quirk and
Mueller, 2008). In the present study, Org24598 and vehicle
pretreatments reduced responding in each extinction
session to similar degrees, suggesting that the acquisition
phase of extinction was not facilitated by Org24598. In our
previous study, pretreatment with an NMDA receptor
partial agonist, DCS, also inhibited reacquisition without
affecting responding during extinction learning in monkeys

(Nic Dhonnchadha et al, 2010). It is therefore possible that
cognitive-enhancing drugs administered during extinction
training can inhibit subsequent reacquisition of cocaine
self-administration without facilitating the acquisition of
extinction learning.

Consolidation of extinction memory that occurs within a
few hours after an extinction session to stabilize memories
(Inda et al, 2005) has been proposed as an important phase
at which cognitive-enhancing drugs can act to reduce drug
relapse (eg, Nic Dhonnchadha et al, 2010; Torregrossa et al,
2010). In the present study, post-session Org24598 treat-
ments resulted in reacquisition to cocaine seeking that was
not attenuated compared with either post-session vehicle or
pre-session Org24598 treatments. This suggests that en-
hanced consolidation of extinction memory by Org24598
does not appear to be the primary mechanism underlying
the inhibition of reacquisition. However, this conclusion
should be interpreted cautiously, because post-session
Org24598 effects were studied after pre-session Org24598
studies were completed in monkeys. Furthermore, post-
session DCS inhibited the reacquisition of cocaine self-
administration in rats only under conditions of increased
arousal (Nic Dhonnchadha et al, 2010), and there was no
explicit attempt to elicit post-session arousal in monkeys in
this study.

Considered from another perspective, Org24598 treat-
ment before the three weekly extinction sessions may have
influenced processes underlying extinction retrieval, result-
ing in better recall of extinction memory during the
reacquisition phase and thereby reducing relapse to cocaine
seeking. This possibility is based on findings that presenta-
tion of an extinguished conditioned stimulus can trigger
retrieval of extinction memory, resulting in low levels of
conditioned responding (Quirk and Mueller, 2008). Poor
retrieval of extinction memory, on the other hand, is
characterized by high levels of conditioned responding. In
animals that received vehicle during the extinction phase,
cocaine self-administration was reacquired within just a few
sessions, suggesting comparatively poor retrieval of the
extinction memory. In contrast, animals that received
Org24598 during the extinction phase showed a prolonged
attenuation of cocaine seeking during reacquisition, sug-
gesting that extinction memory was more efficiently retrieved
than in the case of vehicle-treated animals. The pattern of
reduced cocaine seeking following extinction training com-
bined with Org24598 suggests that animals had increased
resistance to reestablishing the association between cocaine
and the cue, even after multiple intravenous cocaine injec-
tions were delivered.

Although the precise neurobiological mechanisms by
which glycinergic compounds can influence extinction
learning are unclear, the study provides preclinical evidence
of the utility of compounds acting via GlyT1 inhibition to
promote extinction learning and subsequently reduce
cocaine self-administration. Inhibition of relapse for a
prolonged period of time following extinction, as observed
in this study, might provide a significant window of
opportunity during which additional therapeutic interven-
tions could be introduced to further forestall relapse. For
example, stress is a major determinant of relapse (Sinha,
2009) and cognitive behavioral therapies that help to
develop coping skills have been effective in treating alcohol
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abuse (O’Malley et al, 2007). As evidenced by the eventual
return to baseline levels of responding toward the end of
the reacquisition phase of our study, pharmacologically
augmented exposure therapy might be most beneficial if
implemented as a recurring treatment strategy for the
management of cocaine dependence. To advance these
findings to clinical practice, further translational research is
necessary to investigate candidate pharmacotherapies and
understand the mechanisms by which glycinergic compounds
can augment the different phases of extinction learning,
including acquisition, consolidation, and retrieval processes.
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