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Abstract
With respect to the treatment of addiction, the objective of extinction training is to decrease drug-
seeking behavior by repeatedly exposing the patient to cues in the absence of unconditioned
reinforcement. Such exposure therapy typically takes place in a novel (clinical) environment. This
is potentially problematic, as the effects of extinction training include a context dependent
component and therefore diminished efficacy is expected upon the patient’s return to former drug-
seeking/taking environments. We have reported that treatment with the NMDAR coagonist D-
serine is effective in facilitating the effects of extinction to reducing cocaine-primed reinstatement.
The present study assesses D-serine’s effectiveness in reducing drug-primed reinstatement under
conditions in which the context of extinction training is altered in rats self-administering cocaine.
After 22 days of cocaine self-administration (0.5 mg/kg) in context “A”, animals underwent 5
extinction training sessions in context “B”. Immediately after each extinction session in “B”,
animals received either saline or D-serine (60 mg/kg) treatment. Our results indicate that D-serine
treatment following extinction in “B” had no effect on either IV or IP cocaine-primed
reinstatement conducted in “A”. These results stand in contrast to our previous findings where
extinction occurred in “A”, indicating that D-serine’s effectiveness in facilitating extinction
training to reduce drug-primed reinstatement is not transferable to a novel extinction environment.
This inability of D-serine treatment to reduce the context specificity of extinction training may
explain the inconsistent effects observed in clinical studies published to date in which adjunctive
cognitive enhancement treatment has been combined with behavioral therapy without significant
benefit.
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The environment an individual frequents to use addictive substances can play an important
role in resumption of drug-taking, even after prolonged periods of abstinence. These
contextual stimuli, along with stress, drug-associated cues, and the addictive drug itself are
major impediments for maintaining abstinence during the treatment of cocaine addiction and
have been observed to reinstate drug-seeking behavior in rodents [1]. Cocaine addiction can
be defined as a psychological disease characterized by uncontrolled, compulsive drug-
seeking and drug use despite negative health and social consequences [2]. To reduce the
efficacy of drug predictive environmental stimuli to induce reinstatement of drug-seeking,
extinction training or exposure therapy is often employed. The objective of extinction
training is to decrease drug-seeking behavior by repeatedly exposing the individual to cues
in the absence of the unconditioned reinforcer. Such exposure therapy typically takes place
in a novel context (e.g. a rehabilitation center). This is potentially problematic because the
effects of extinction therapy are context dependent and therefore diminished effectiveness of
such therapy is expected upon the patient’s return to former drug-seeking/taking
environments [3]. Most preclinical extinction/reinstatement studies do not take these
environmental differences into account, as the extinction experience occurs in the same
context as the acquisition of drug-taking [4].

Since the establishment of the involvement of N-Methyl-D-aspartate (NMDA) receptors
during extinction learning in fear conditioning studies and reports of D-cycloserine
facilitating conditioned fear extinction learning [5], interest in the use of NMDA receptor
co-agonists during extinction training for the treatment of addiction has increased
substantially. Recent attention has been given to D-cycloserine, a partial agonist at the co-
agonist site on the NMDA receptor, for the treatment of cocaine addiction [6]. Various
studies have revealed the efficacy of D-cycloserine to facilitate extinction and reduce drug-
seeking using both the conditioned place preference (CPP) and the self-administration
behavioral paradigms [7]. However, clinical research results to date have not been consistent
with these promising preclinical reports. For example, clinical studies that have used D-
cycloserine as an adjunctive treatment for addiction have revealed no effect on cue reactivity
of heavy smokers [8]. D-cycloserine had no effect on cue reactivity or attentional tasks in
heavy alcohol drinkers [9] and D-cycloserine administration increases craving in alcohol-
dependent individuals [10] and cocaine-dependent participants [11, 12]. Thus, despite
promising results from preclinical studies, those obtained from clinical trials have generally
not been positive.

Previously, we have reported that treatment with the endogenous NMDA receptor co-
agonist D-serine, is effective in facilitating the effectiveness of extinction to reduce cocaine-
primed reinstatement using both the CPP [13] and the self-administration [14, 15] behavioral
models in which extinction occurs in the same context as that of drug-seeking/taking. In the
present study we assessed the effectiveness of D-serine in reducing the context specificity of
extinction training to decrease cocaine-seeking behavior in rats with a history of extended
access to cocaine self-administration.

Sprague–Dawley male rats (Harlan, Indianapolis, IN, USA) weighting approximately 300 g
at the start of the experiment, were singly housed in clear plastic cages. Rats were
maintained on a 12 h light/dark cycle (0700 hr/1900 hr) with food and water available ad
libitum. These studies were approved by the University of Georgia Institutional Animal Care
and Use Committee and conducted in accordance with the Guide for the Care and Use of
Laboratory Animals. Behavioral testing was conducted in self-administration operant
chambers, the “A” environment (Med associates Inc., St. Albans, VT) previously described
by Kelamangalath and Wagner [14]. For extinction training the “B” environment, “B”, was
a modified version of the previously describe self-administration chamber. To create the
novel “B” environment mesh grid flooring was substituted for the rod flooring, a black and
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white striped paper was attached to the rear wall, and the chamber was illuminated with the
inactive lever light.

Before self-administration began an indwelling catheter was surgically placed into the right
jugular vein of all animals, a detailed description of the jugular vein catheterization is
described elsewhere [15]. After one week of recovery from surgery, animals were placed
into the operant chambers to lever press for cocaine. Animals learned that lever pressing
resulted in one infusion of cocaine (0.5 mg/kg) after which a 30 second timeout period
began. During this timeout period, responses on the active lever had no programmed
consequences. Self-administration was divided into three phases: 1) short access, ShA (90
min) on FR1 (days 1-10), 2) ShA on FR3 (days 11-15) and 3) long access, LgA (6 hr) on
FR3 (days 16-22, Fig 1A).

For extinction training (days 23-27) animals were split into two groups, “B” saline and “B”
D-serine. During the 90 minutes extinction training sessions, rats were placed into “B”,
where responses on the active lever and inactive lever resulted in no programmed
consequences. Immediately after each extinction session, animals were given an IP injection
of their respective treatment saline (0.9 %) or D-serine (60 mg/kg). Although the dose of D-
serine used is this study was comparably low in relation to other published work [16, 17],
we have recently published work supporting the use of as little as 30 mg/kg of D-serine for
enhancing the effectiveness of extinction to reduce drug-primed reinstatement [13].

Following extinction training rats were tested for cocaine-primed reinstatement. On day 28,
animals with patent catheters were placed into the original drug-taking environment, “A”
and responding on the active and inactive levers were measured for the first 60 minutes
under extinction conditions to allow context-induced reinstatement to subside. At t=60
minutes rats received a single noncontingent IV cocaine-prime (0.5 mg/kg) and the lever
responding for the next 30 minutes was assessed. This IV reinstatement protocol was
repeated on day 29 using a saline-prime. On subsequent reinstatement test days, animals
received either an IP injection of cocaine (10 mg/kg, day 30) or saline (day 31) immediately
prior to being placed back into the operant chamber.

Statistics were done using SigmaStat software, version 3.1. (Chicago, IL, USA) A one-way
analysis of variance (ANOVA) was applied for all data analysis except where noted. A value
of P≤0.05 was taken as significant, being determined from the Holm-Sidak post hoc test
method.

Self-administration behavior between the subsequently divided saline (n=19) and D-serine
(n=9) treatment groups was comparable throughout the LgA acquisition phase (Fig. 1B),
demonstrating that they entered the extinction phase with similar prior drug-taking
experience. Regarding the effects of transitioning to extended access to cocaine, when
comparing the first 60 minutes of lever pressing during the last three days of ShA (25.4 ±
1.0 presses) to lever pressing during the last three days of LgA (29.2 ± 1.4 presses) a
significant increase is observed (* p <0.05, one-way ANOVA/ Holm-Sidak; Fig 1B, inset,).
The observation of escalation of drug intake after transitioning to extended access is in
concert with our own and other published work [14, 18].

After 22 days of cocaine self-administration the two groups of rats were divided into two
groups (balanced for cocaine intake during LgA) and subjected to extinction training in a
novel context, “B”, for five days. In these treatment groups, either saline or D-serine (60mg/
kg, i.p.) was administered i.p. immediately after each extinction training session. A two-way
ANOVA analysis showed that regardless of treatment, rats extinguished operant responding
at a similar rate and were not statistically sigificant (Fig 1C). We have previously published
work that is consistent with these results; D-serine did not significantly alter the rate of
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extinction in an ShA/LgA self-administration behavioral paradigm when extinction was
conducted in the acquisition environment, “A” [14].

Following extinction training in “B”, all animals were tested in “A” for drug-seeking
behavior using two types of noncontingent cocaine-priming tests; one administrated via the
intravenous (IV) route and another administered via the IP route. On day 28 animal, for the
first 10 mins, lever pressing was evaluated for context-induced reinstatement. Operant
responding between the saline treatment group (16.4 ±3.2 presses) and the D-serine
treatment group (18.7±5.4) were comparable (Suppl. Fig. 2). Later in the session, a
comparison of the rats activity (day 28) for 30 min before (preprime) and for 30 min after
(post prime) a cocaine IV prime (0.5mg/kg) demonstrates a significant increase in active
lever pressing within both the saline (* p <0.05, one-way ANOVA/ Holm-Sidak) and D-
serine (*p <0.05, one-way ANOVA/ Holm-Sidak) treatment groups (Fig. 2A). For the saline
treatment group, comparing the day 28 cocaine post prime response (24.0 ± 7.0 presses)
with the saline post prime response (5.5 ± 1.6 presses) on day 29, a difference in active bar
pressing was evident († p <0.05, one-way ANOVA, Holm-Sidak). Similarly, in comparing
the D-serine treatment group’s cocaine post prime responses (27.7 ± 8.8 presses) from day
28 with the saline post prime response (2.0 ± 0.7 presses) on day 29, there was again a
significant difference in active lever pressing († p <0.05, one-way ANOVA, Holm-Sidak).
Note that active lever pressing in the D-serine treatment group 30 minutes after a cocaine IV
priming (27.7 ± 8.9 presses), was quite comparable in magnitude to that observed in the
saline treatment group (24.0 ± 7.0 presses). Three animals from the saline treatment group
and two animals from the D-serine treatment group catheters were blocked at the time of the
IV cocaine challenge and data from these animals were therefore excluded from these
results.

Evaluation of the IP reinstatement data showed that for the saline treatment group, when
comparing the cocaine IP prime response (65.9 ± 15.9 presses) from day 30 to the saline IP
prime (6.5 ± 1.1 presses) on day 31, there was a significant increase in active lever pressing
(** p <0.01, one-way ANOVA/ Holm-Sidak; Fig. 2B). Similarly, in comparing the D-serine
treatment group’s cocaine post prime response (52.3 ± 17.6 presses) from day 30 with the
saline post prime response (12.2 ± 3.6 presses) from day 31, there was again a significant
increase in lever pressing (* p <0.05, one-way ANOVA/ Holm-Sidak). Once again the
active lever pressing in the D-serine treatment group 30 minutes after a cocaine IP priming
(52.3 ± 17.6 presses), did not significantly differ from that observed in the saline treatment
group (65.9 ± 15.9 presses). Thus, in concurrence with the IV priming results, the cocaine IP
prime reinstatement test indicated no effect of D-serine treatment during extinction in “B” as
compared to saline treatment. Together, these IV and IP drug-priming results indicate the
effectiveness of D-serine in facilitating extinction training to reduce subsequent drug-primed
reinstatement is not transferable when the extinction training has occurred in a novel context
relative to that of the context associated with the acquisition of drug self-administration.

The primary result of the current report is that systemic administration of D-serine does not
provide the beneficial effect of reducing cocaine-induced drug-seeking when extinction
training occurs in a novel context (i.e. “ABA” protocol). We have previously shown that
systemic administration of D-serine after each extinction training session is effective at
reducing drug-primed reinstatement in rats when extinction is conducted in the original
drug-taking environment (i.e. “AAA” protocol) [14]. However, the results of the present
study are in concert with several other clinical studies [8-12] in which cognitive
enhancement has not consistently resulted in decreased measures of craving or cue
reactivity. The relation of these studies to the current results is discussed below.
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We have considered D-serine, a full agonist at the strychnine-insensitive glycine modulatory
site of the NMDA receptor, as a cognitive enhancer for the treatment of cocaine addiction.
Previously, we have reported that when extinction training conditions are effective in
reducing drug-primed reinstatement, an NMDA receptor antagonist can disrupt the ability of
extinction training to decrease cocaine-induced drug-seeking [19]. In a complimentary
fashion, we have also published work revealing the effectiveness of D-serine in reducing
cocaine-primed reinstatement using ShA and LgA self-administration models [14, 15].
Despite this successful characterization of the effectiveness of D-serine in reducing cocaine-
primed reinstatement tested in the “A” environment, the effectiveness of this treatment on
drug-primed reinstatement when extinction training is conducted in a novel “B”
environment has not been evaluated. This is of particular significance considering that a
successful treatment for cocaine addiction with extinction training has yet to be established,
likely due in part to the context specificity of extinction training [20, 21].

Our results revealed that after extended access to cocaine there was a significant escalation
in drug intake over time. This result has also been observed in cocaine-dependent humans,
as increases in frequency of drug intake and increases in the amount of drug use over time
are hallmark characteristics of cocaine addiction [22]. In order to evaluate the effects of D-
serine on the context dependency of extinction training, we modified the acquisition
environment to create a novel context. Our results showed significantly increased lever
pressing behavior upon the return to the acquisition environment after extinction training, as
well as the animals in “A” lever pressed significantly more than animals extinguished in
“B”, indicating that rats were able to differentiate between the two distinctive contexts
(Suppl. Figs. 1&2). Finally, our results demonstrate that lever pressing after either an IV or
an IP cocaine-prime was comparable between both treatment groups. Thus the context
specificity of extinction training counteracted the positive effect of D-serine’s ability to
reduce cocaine-primed reinstatement.

To date, there has been one other preclinical study that has assessed the effectiveness of an
NMDA receptor co-agonist on the context dependency of extinction training to reduce drug-
seeking behavior. In contrast to our current results, the published work from Torregrossa et
al. [23] supports the use of cognitive enhancers for reducing the context dependency of
extinction training. However, there are several noteworthy differences between their study
and ours. For example, we have chosen to incorporate extended access into our rodent self-
administration protocol, as it is thought to model some aspects of the state of addiction in
humans [24]. A prominent characteristic of cocaine addiction is an increased frequency and
an increase in the amount of drug ingested over time; the extended access protocol allows
for the emulation of these traits. Additionally, we chose to examine the effects of D-serine
on both IV and IP noncontingent drug-priming, an aspect of reinstatement to drug-seeking
that is sensitive to extended access/LgA [25] as opposed to the cue-primed reinstatement
tested by Torregrossa et al. [23]. Finally, another noteworthy difference is the specific
cognitive enhancing agent that was administered. D-serine is an endogenous full agonist,
whereas D-cycloserine is a partial agonist at the glycine modulatory site of the NMDA
receptor [26]. It remains unclear as to which, if any, of these differences may underlie the
disparate results observed between the current work and that of Torregrossa et al. [23].

Although most preclinical studies have shown that D-cycloserine paired with extinction can
reduce drug-seeking/taking behavior, one report has shown that potentiation of the
reconsolidation of cocaine-associated memories occurs when D-cycloserine is infused
directly into the Basolateral Amygdala [27]. Eisenberg et al. [28] published work that
reveals that the strength of conditioning and the strength of extinction training may
determine whether cognitive enhancing treatment facilitates the original drug-associated
memories or effects learning that occurs during extinction. During extinction newly formed
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memories compete for control of behavior with the original drug-associated memories [29].
Thus, if the original training is robust and extinction training is weak (i.e. fewer trials),
reconsolidation of drug-associated memories could acquire control of behavior promoting
drug-seeking or vice versa. In addition to promoting reconsolidation, another possible
explanation for the discrepancies seen with D-cycloserine may be because it acts as a partial
agonist at the glycine site of the NMDA receptor. D-cycloserine, when given to healthy
individuals in the presence of increased levels of glycine, produced effects similar to those
of NMDA receptor antagonists at low doses [30]. Therefore, it is possible that in an
individual with high endogenous levels of glycine or D-serine, D-cycloserine may act in an
antagonistic manner rather than as an agonist. At this point, it is clear that the various
discrepancies among reports regarding the potential usefulness of D-cycloserine for the
treatment of addiction may be explained by multiple possibilities.

Despite the accumulating clinical studies that have reported the relative ineffectiveness of
D-cycloserine treatment for addiction [4], several recent reviews have recommended further
investigation of the use of cognitive enhancers as treatment for cocaine addiction [31-33].
However, Kennedy et al. 2012 [34] have recently published a study in which the authors
concluded that D-cycloserine treatment does not offer any additional advantages as
compared to the placebo treatment group. Considering such results, we suggest that although
treatments such as D-cycloserine and D-serine have been effective in treating fear-related
conditions and decreasing the reinstatement drug-seeking behavior in rodents, they may not
be effective in diminishing relapse in humans due to the interactions between context
dependency and competition between consolidation and reconsolidation processes.

In summary, the efficacy of D-serine, a full agonist of the NMDA receptor at the glycine
modulatory site in facilitating the effects of extinction training to reduce drug-primed
reinstatement was not transferable to a novel context. This is an important observation when
taken into consideration along with recent clinical work that has found D-cycloserine to be
generally ineffective as an adjunctive agent for the treatment of addiction.
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Highlights

• D-serine did not facilitate extinction in the “ABA” reinstatement protocol.

• Extinction in context B is ineffective in reducing drug-primed reinstatement.

• D-serine did not alter IV or IP drug-primed reinstatement in the “ABA”
protocol.
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Figure 1.
Experimental design for the “ABA” reinstatement protocol employed in the study. A) For
the acquisition phase, context A (“A”) is the acquisition environment of cocaine self-
administration. For the extinction phase, context B (“B”) is the novel environment of
extinction training. Arrows represent one day. B) Cocaine self-administration and escalation
of drug intake. The saline and D-serine treatment groups were similar in their acquisition of
cocaine self-administration (days1-15) before extinction training and treatments began. On
day 16, cocaine self-administration sessions were increased from 90 min to 6 hrs (LgA). The
bar graph inset indicates significant escalation of drug intake after animals were switched to
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the LgA sessions, there was significantly increased drug-taking within the first 60 minutes
of the final 3 LgA sessions as compared to the final 3 ShA sessions (* p<0.05, one-way
ANOVA/Holm-Sidak). During the LgA phase, analysis by two-way RM ANOVA indicates
an effect of time, F(1, 26)=3.25, p<0.005. (#, p<0.01, Holm-Sidak compared with day 16),
but not between the subsequently divided treatment groups. Dark gray diamonds represent
the saline group and light gray squares represent the D-serine group. C) Over the course of
five days of extinction training, there was a similar decline in active lever responding for
both the saline and D-serine groups treated post session. A two-way RM ANOVA for
extinction days 2-5 indicates an effect of time but not of treatment.
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Figure 2.
The beneficial effects of cognitive enhancement following extinction training to reduce
drug-primed reinstatement are not apparent using the “ABA” reinstatement protocol. A)
Using the IV route, comparing 30 min before and after cocaine (0.5mg/kg) infusion in either
the saline (n=16) or D-serine (n=7) treatment groups, there was a significant difference in
lever pressing after a drug prime (PrePrime vs., Post Prime; * p<0.05, one-way ANOVA/
Holm-Sidak). In addition, post prime active lever pressing on day 28 was significantly
increased as compared to that following a saline IV prime test performed on day 29 (†
p<0.05, one-way ANOVA/Holm-Sidak). B) Using the IP route, cocaine (10mg/kg)
significantly increased active lever pressing in both the saline treatment group (n=19, **
p<0.01, one-way ANOVA/Holm-Sidak) and the D-serine treatment group (n=9, * p<0.05,
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one-way ANOVA/Holm-Sidak) on day 30 as compared to a saline IP priming test on day
31. There was no significant difference in drug-seeking after a cocaine IP prime between the
saline and D-serine treatment groups.
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