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D-cycloserine, the glutamate N-methyl-D-aspartate receptor partial agonist, has been reported to facilitate the
extinction of learned fears acquired in both naturalistic and laboratory settings. The current study extended
this literature by evaluating the ability of either chronic or acute administrations of DCS to modulate the ex-
tinction and spontaneous recovery of a conditioned taste aversion (CTA).
Twenty-three hour fluid-deprived Sprague–Dawley rats acquired a strong CTA following 3 pairings of a condi-
tioned stimulus (CS; 0.3% oral saccharin)+unconditioned stimulus [US; 81 mg/kg (i.p.) lithium chloride (LiCl)].
In separate groups of rats, we then employed 2 different extinction paradigms: (1) CS-only (CSO-EXT) in which
saccharin was presented every-other day, or (2) Explicitly Unpaired (EU-EXT) in which both saccharin and LiCl
were presented but on alternate days. Previous studies have indicated that the EU-EXT procedure speeds up
the extinction process. Further, spontaneous recovery of a CTA emerges following CSO-EXT but the EU-EXT par-
adigm causes a suppression of spontaneous recovery. DCS (15 mg/kg, i.p.) was administered immediately after
daily liquid presentations (saccharin or water, alternate days) during the extinction period. In an acute drug ma-
nipulation, DCS (15 mg/kg, i.p.) or saline control injectionswere administered for 4 days only. This was done dur-
ing one of 3 different phases of extinction [i.e., static (2–5%), early dynamic (8–16%), ormiddle dynamic (20–40%)
saccharin reacceptance]. Other animals assigned to the chronic DCS condition received daily DCS (15 mg/kg, i.p.)
throughout extinction. Changes in saccharin drinking in these animals were compared to the data from rats that
received no drug (saline controls). Once rats met our criterion for asymptotic extinction (90% reacceptance of the
CS) they entered a 30-day latency period duringwhich they receivedwater for 1 h/day. The day after the comple-
tion of the latency period, a final opportunity to drink saccharin was provided (spontaneous recovery test).
Saline-treated control rats that went through the EU-EXT procedure achieved asymptotic extinction more quick-
ly than did the CSO-EXT rats and did not exhibit a spontaneous recovery of the CTA. Chronic DCS treatments did
not significantly reduce the time to achieve asymptotic CTA extinction in rats exposed to either CSO or EU extinc-
tion methods. Further, animals treated with DCS throughout EU-EXT exhibited a spontaneous recovery of the
CTA whereas the saline-treated, EU-EXT rats did not. Thus, chronic DCS treatment did not shorten the time to
extinguish a CTA and this treatment eliminated the ability of EU-EXT to block spontaneous recovery of the
CTA. Acute DCS treatments were more effective in reducing the time required to extinguish a CTA than were
chronic drug treatments. Moreover, the timing of these acute DCS treatments affected spontaneous recovery
of the CTA depending on the extinction method employed. Acute DCS administrations later in extinction were
more effective in reducing spontaneous recovery than were early administrations if the rats went through the
CSO-EXT procedure. However, late-in-extinction administrations of DCS facilitated spontaneous recovery of
the CTA in rats that experienced the EU-EXT method.
These data agree with other findings suggesting that DCS treatments are more effective when administered a
limited number of times. Our data extend these findings to the CTA paradigm and further suggest that, depend-
ing on the extinction paradigm employed, acute exposure to DCS can speed up CTA extinction and reduce spon-
taneous recovery of the aversion. The timing of the acute DCS treatment during extinction is generally less
important than its duration in predicting the rate of CTA extinction. However, the timing of acute DCS treatments
during extinction and the method of extinction employed can interact to affect spontaneous recovery of a CTA.
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1. Introduction

Fears and defensive reactions to fears may be acquired through
the well-known processes of classical conditioning [1]. Our recent en-
hanced understanding of not only how fears are acquired but also
how they are extinguished continues to inform clinical practice in
the treatment of phobias and post-traumatic stress disorder (PTSD).
However, the specific conditioned stimulus (CS)/unconditioned stim-
ulus (US) dynamics of extinction are still being debated. Extinction
may be an unlearning of a CS+US pairing [2] or a devaluation of an
US [3] such that the CS activates a conditioned response that is too
weak to produce fear. However, the most widely-supported hypothe-
sis is that a new type of learning occurs, which supplements the orig-
inal CS+US association [4–7]. During extinction, an inhibitory CS+
no US connection is created which competes with the original CS+
US association. This inhibitory CS+no US memory temporarily sup-
presses the CS+US memory, which also temporarily suppresses the
fear response [4–6]. However, a CS presented later on, or in a different
context, may result in spontaneous recovery or relapse of the fear or
defensive reaction to the fear [1,8].

Several biological mechanisms have been shown to subserve the
CS+no US learning that produces extinction of the conditioned re-
sponse (CR). Extinction learning depends on glutamate N-methyl-D-
aspartate (NMDA) receptor activation in the ventromedial prefrontal
cortex, hippocampus, and basolateral amygdala [9–12]. Administra-
tion of NMDA antagonists impairs fear conditioning as well as extinc-
tion learning when injected either directly into the brain [13] or
systemically [14]. On the other hand, administration of the NMDA re-
ceptor agonist D-serine has been shown to compensate for memory
loss in rats following cortical damage [15] or aging [16]. Unfortunate-
ly, competitive NMDA agonists like D-serine can lead to excitotoxicity,
inducing cellular apoptosis [17]. The potentially toxic effects of D-ser-
ine make clinical application of this drug unlikely.

Partial NMDA receptor agonists, unlike competitive agonists,
have been shown to produce the memory benefits of competitive ag-
onists without excitotoxicity. D-cycloserine (DCS), one such partial
agonist, enhances excitatory NMDA receptor neurotransmission by
binding to glycine NMDA receptor sites [18]. However, DCS's modu-
latory actions on NMDA receptors are complex. When NMDA recep-
tor glycine levels are low, DCS facilitates NMDA receptor activation.
However, when glycine levels are high, DCS can have an antagoniz-
ing effect and reduce NMDA receptor functioning by up to 50%
[19,20]. These findings are important as decisions are made about
dosing and timing of DCS administration. Therefore, within clinical
practice DCS is most beneficial when glycine levels at the synaptic
cleft are low [21].

DCS has been shown to be an effective memory enhancer in both
preclinical and clinical studies [22–24]. Clinical studies have demon-
strated that if DCS is given in conjunction with exposure therapy, par-
ticipants show less acrophobia [18], social anxiety [25] and obsessive
compulsive behaviors [26]. But note also that these benefits in
humans have not been reported universally [27,28]. In non-human
animals, DCS administration leads to improved water maze learning
[29], enhanced extinction in cocaine-induced place preference [30],
and a facilitation of extinction in light/shock models of fear condition-
ing [23,24,31]. A number of excellent review papers have appeared
that discuss the pre-clinical work with DCS and the potential of the
drug for clinical applications [32,33].

However, the timing of DCS administration during extinction has
been subject to debate. Richardson, Ledgerwood, and Cranney [34]
found that DCS is best administered immediately just before or after
extinction treatments. Langton and Richardson [35], as well as Parnas,
Weber, and Richardson [36] found it's best to only administer DCS di-
rectly after extinction treatments to extinguish a conditioned fear.
The benefits of DCS administration are linearly time sensitive so
that DCS is most efficacious when given less than four hours after

extinction treatments. As time between extinction treatments and
drug administration increases, efficacy of DCS decreases [34].

The frequency of DCS administration needed for peak efficacy has
also been investigated. Parnas, Weber, and Richardson [36] showed
that 5 DCS exposures over a 10-day period prior to fear conditioning
created no enhancing effect on extinction compared with significant
facilitation of extinction with acute dosing. Similarly, Quartermain
et al. [37] found that a single dose of DCS before training in a maze en-
hanced learning whereas 15 days of drug exposure had no beneficial
effect. Human studies also indicate that acute DCS administration has
been found to enhance treatment outcomes for acrophobia, suggest-
ing that short periods of therapy may be the most effective [18].

Various laboratories have used the conditioned taste aversion
(CTA) paradigm [38–40] to create a robust, aversive memory that
causes the animal to refuse the CS of saccharin [7,41]. Animals learn
an aversion to saccharin if ingested before administration of the mal-
aise-inducing US, lithium chloride (LiCl) [42]. CTAs are extremely ro-
bust and extinction is very slow, making it an interesting model of
other hard-to-extinguish defensive reactions to conditioned fears
[7,43]. Based on the literature cited above, DCS may be expected to fa-
cilitate the extinction of a CTA as it has done so in other paradigms.

The nootropic properties of DCS have been studied in CTA para-
digms during both conditioning and extinction. The literature consis-
tently shows that DCS administration results in enhanced
conditioning of the CTA [22,43] although DCS (at the dose commonly
employed, i.e., 15 mg/kg, i.p.) does not interfere with a rat's ability to
experience either the CS or US nor is it an effective US in the context
of a CTA paradigm [4,44,45]. For example, Land and Riccio [22] dem-
onstrated that DCS administration prior to pairing the CS with a low
dose of LiCl resulted in a stronger CTA as compared to saline controls.
Further, Davenport and Houpt [44] showed that DCS only enhanced
CTA learning when administered before a short-delay CTA protocol
and had no effect on CTA learning when there was a long delay be-
tween saccharin drinking and LiCl administration. However DCS's ef-
fect on CTA extinction is less understood. For example, Yu et al. [46]
reported impaired extinction learning by knock-in mice that were ge-
netically altered to have a polymorphism of the brain derived neuro-
trophic factor (BDNF) gene found only in humans. When the mice
were administered DCS these mice extinguished like wild-type
mice, suggesting that DCS can also facilitate extinction in a CTA para-
digm [46]. However, Akirav et al. [47] found that animals showing a
stress-induced impairment in CTA extinction did not recover when
DCS was infused into the basolateral amygdala. The authors also
noted that the controls animals (i.e., those that did not undergo a
stress procedure) did not show a facilitation of extinction after DCS
infusions as compared to control animals that received the vehicle.
This suggests that DCS infusions do not facilitate extinction of a CTA
[47]. The inconsistent findings between these two studies indicate
that DCS could facilitate extinction under certain conditions, but
more research is needed to understand these parameters.

The way in which a fear is extinguished has much to do with
whether or not a relapse or spontaneous recovery of the fear will
occur. We have explored two different paradigms in which extinction
of an established CTA occurs: CS-only (CSO), which involves the pre-
sentation of only the CS every other day, and explicitly unpaired (EU),
in which the CS and US are given, unpaired, on alternating days. Our
previous research has shown that exposure to the EU paradigm pro-
duces a more-rapid reacceptance of the once-aversive CS (saccharin)
and makes spontaneous recovery of the CTA less potent [48]. The ef-
fects of DCS on spontaneous recovery have supported the notion that
DCS decreases the likelihood of fear re-emergence [31], although re-
sults from other labs have not always demonstrated this effect [49].
The EU paradigm has also been shown to resist a context-renewal ef-
fect often seen following extinction [50]. These findings are important
as one of the greatest post-therapy difficulties for PTSD and phobia
patients is a relapse to original fearful thoughts and behaviors [50].
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Previous research suggests that acute DCS administration facili-
tates fear extinction more effectively than chronic administration
[18]. The timing of the DCS treatments during extinction may also
be important [36]. Moreover, the behavioral methods employed are
also important predictors of the effectiveness of extinction in regards
to spontaneous recovery of a CTA [48] or relapse of a conditioned fear
[50]. Therefore, the goal of the current study was to investigate the ef-
fects of chronic DCS treatments given throughout extinction and
compare them to the effects of acute DCS treatments, given during
different phases of extinction. We studied how these different dosing
parameters affected the progress of 2 different types of CTA extinc-
tion (CSO and EU). We also studied the effects of these factors on
the spontaneous recovery of a CTA.

2. Methods

2.1. Animals

One hundred and ten adult male Sprague–Dawley rats (Mean
weight=349.55 g; SEM=34.09 g) were purchased from Charles
River Laboratories (Wilmington, MA) and used in this study. All ani-
mals were maintained and used in accordance with the Animal Wel-
fare Act and The Guide for the Care and Use of Laboratory Animals [51].
Throughout the experiment the animals were housed in plastic tub
cages (20 cm×22 cm×20 cm deep) with wire top lids. The bottoms
of the cages contained corncob bedding (The Andersons, Inc., Mau-
mee, OH). Rats lived in a temperature-controlled room under a 12-h
light/dark cycle (lights on at 06:00 h; off at 1800 h). Rats had free ac-
cess to food (Purina Rodent Chow, No. 5001, PMI Nutrition Interna-
tional, Brentwood, MO).

2.2. Overview of drug treatments and groups

Animals were randomly assigned to one of ten groups (see Table 1).
All acquired a CTA and then underwent extinction (via 1 of 2 different
methods)while receiving acute or chronic DCS (15 mg/kg, i.p.) or phys-
iological saline control injections (see procedural descriptions below).
Once they reached 90% of baseline saccharin consumption, rats were ei-
ther sacrificed for immunohistological analyses (not reported here) or
they entered a 30-day latency period that preceded a spontaneous

recovery test. See the distribution of N/group at each stage of the
study in Table 1.

2.3. CTA acquisition

Two days prior to the first conditioning trial, animals were intro-
duced to a 23 h fluid deprivation schedule during which they were
given two 30-min presentations of tap water each day (1200–
1230 h and 1245–1315 h). CTA acquisition began following this peri-
od of acclimation. On experimental days 1, 3 and 5 of the study all an-
imals were presented with sodium saccharin (0.3%;%w/v) for a 30-
min period (1200–1230 h) and then injected with lithium chloride
(LiCl; 81 mg/kg, i.p.) [7]. Fifteen min after the injections rats were
given another 30-min presentation of water to prevent dehydration
(1245–1315 h). On the rest days (days 2, 4 and 6) animals were not
given any drug injections and were presented with water for two,
30-min sessions (with a 15 min period between sessions) to mimic
the timing of liquid availability on the LiCl-injection days. A high
dose of LiCl was employed and 3 CS+US pairings were conducted
to ensure a strong CTA was established. This promoted a lengthy pe-
riod of extinction that aimed to reveal subtle group differences over
time. This robust CTA was necessary to examine the different phases
of extinction, as described by Nolan et al. [52]. It should be noted that
the concentration of LiCl employed is hyperosmotic. However, this
dose does not enhance drinking and, in fact, can suppress it [53].
Moreover, drinking measures were taken 24 or 48 h following LiCl
treatments. Given the 6-hour half-life of the drug [54], it is unlikely
that its hyperosmotic feature affected drinking measures a day or 2
later.

2.4. CTA extinction

Following CTA acquisition, rats were randomly assigned to one of
two extinction groups: conditioned stimulus only (CSO-EXT) or ex-
plicitly unpaired (EU-EXT). All animals were maintained on the 23-
h fluid deprivation schedule, but presented with saccharin (0.3%)
for 30 min every-other day (1200–1230 h) followed by water
(1245–1315 h). On alternate days animals were given two, 30-min
presentations of water only during the same time periods.

Table 1
Treatment groups and numbers of animals.

Group Sub-group N through
EXT

Conditioning Extinction (EXT) N at
SR

SR test
solution

Days 1,3, 5 Days 2, 4, 6 Odd days Even days

Acute DCS CSO (2–5%) 11 SACa+ LiClb Water SAC+SAL/DCSc Water+(SAL+SAL/DCS)d 6 SAC
CSO (8–16%) 10 SAC+LiCl Water SAC+SAL/DCS Water+(SAL+SAL/DCS) 5 SAC
CSO (20–40%) 9 SAC+LiCl Water SAC+SAL/DCS Water+(SAL+SAL/DCS) 7 SAC
EU (2–5%) 12 SAC+LiCl Water SAC+SAL/DCS Water+(LiCl+SAL/DCS)e 7 SAC
EU (8–16%) 13 SAC+LiCl Water SAC+SAL/DCS Water+(LiCl+SAL/DCS) 9 SAC
EU (20–40%) 15 SAC+LiCl Water SAC+SAL/DCS Water+(LiCl+SAL/DCS) 13 SAC

Chronic DCS CSO 11 SAC+LiCl Water SAC+DCS Water+(SAL+DCS)f 6 SAC
EU 10 SAC+LiCL Water SAC+DCS Water+(LiCl+DCS)g 6 SAC

Saline control CSO 10 SAC+LiCl Water SAC+SAL Water+(SAL+SAL)h 6 SAC
EU 9 SAC+LiCl Water SAC+SAL Water+(SAL+LiCl)i 6 SAC

a SAC = saccharin dissolved in deionized water (0.3%), presented in 30 minute exposures.
b LiCl = intraperitoneal injection, 81 mg/kg at a volume of 1 ml/kg, lithium chloride dissolved in physiological saline.
c SAL/DCS = .9% physiological saline intraperitoneal injection (NaCl dissolved in deionized water) give at 1 ml/kg or DCS intraperitoneal injection (15 mg/kg given at 1 ml/kg,

dissolved in physiological saline). Rats are given SAL control injections everyday excluding the four days they received their DCS treatment injections.
d (SAL+SAL/DCS) = Two injections given within 30 s of each other, one SAL i.p. 1 ml/kg and then one i.p. injection of either SAL 1 mg/kg or DCS 15 mg/kg at 1 ml/kg, depending

on whether in DCS treatment or not.
e (LiCl+SAL/DCS) = Two injections given within 30 s of each other, one LiCl i.p. 81 mg/kg at a volume of 1 ml/kg and one i.p. injection of either SAL 1 mg/kg or DCS 15 mg/kg at

1 ml/kg, depending on whether in DCS treatment or not.
f (SAL+DCS) = Two injections given within 30 s of each other, one SAL i.p. 1 ml/kg and then one i.p. injection of DCS 15 mg/kg at 1 ml/kg.
g (LiCL+DCS) = Two injections given within 30 s of each other, one LiCl i.p. 81 mg/kg at a volume of 1 ml/kg and one i.p. injection of DCS 15 mg/kg at 1 ml/kg.
h (SAL+SAL) = Two injections SAL i.p. 1 ml/kg given within 30 s of each other
i (SAL+LiCl)=Two injections given within 30 s of each other, one SAL i.p. 1 ml/kg and then one LiCl i.p. 81 mg/kg at a volume of 1 ml/kg
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Following the first daily drinking period (1200–1230 h) on every
day of the extinction phase of the study, animals were given an injec-
tion of DCS or saline (depending on group assignment, see details
below). On water-only days animals were also given an injection of
LiCl if they were assigned to an EU group. If they were assigned to a
CSO group, they received saline (i.p.) (refer to Table 1 for group as-
signments and corresponding treatments throughout extinction).
The animals were maintained on this regimen until they reached
the asymptotic extinction criterion of≥90% reacceptance of saccharin
(i.e., ≥90% of baseline saccharin drinking) [53]. Nolan et al., [52] have
described the shape of CTA extinction curves as reflecting 3 phases:
static (during which rats abstain or drink little of the CS, i.e., less
than or equal to 10% baseline saccharin consumption); dynamic (CS
sampling grows and, over a few days, increases dramatically; 10–
80% baseline saccharin consumption), and asymptotic (animals reac-
cept the CS at levels approaching baseline; 80–100% baseline saccha-
rin consumption).

As a first step in evaluating the degree towhich the rats in this study
had extinguished their CTA, we needed to estimate levels of baseline fa-
miliar saccharin drinking. However, recording several days of baseline
saccharin pre-exposure in our animals would have impeded future
CTA training, due to latent inhibition effects [55]. Moreover, we also
wanted to record saccharin consumption over several days to avoid
the bias associated with the rat's initial hesitation to consume novel
substances (neophobia) [56]. Therefore, baseline saccharin consump-
tion was determined by averaging saccharin consumption on the third
day of exposure from a separate group (N=10) of similarly-sized rats
maintained on the same fluid restriction schedule as the rats in the
studies reported here (see CTA acquisition, above). This produced a
mean saccharin consumption (±SEM=17.57±1.29 ml) [7]. In order
to confirm that this method of determining baseline saccharin con-
sumptionwas consistentwith otherways to estimate familiar saccharin
drinking, we also measured the saccharin consumption of a group of
rats (N=24; also maintained on the same fluid restriction schedule as
the rats in the studies reported here) that were exposed to saccharin
and LiCl but did not have the US and CS paired. Saccharin or LiCl were
available/administered on alternate days. The saccharin consumption
of this group represented normal enhanced acceptance of the sweet
tasting liquid in the absence of conditioned avoidance. The animals
that had these explicitly unpaired CS-US exposures over 3 saccharin-ex-
posure days drank amounts of the sweet liquid (Mean±SEM=18.2±
2.8 ml) not significantly different from those animals that only drank
saccharin over the same time period (see data above). In a final pilot
study, we employed 7 fluid-restricted rats on the same 23-h fluid dep-
rivation schedule. Like the rats in themain study thatwent through CTA
acquisition, these pilot animals were offered saccharin every-other day
but, instead of receiving LiCl immediately after the saccharin, these rats
received an equal volume of physiological saline (i.p.). On their third
day of saccharin drinking, these rats drank 17.10±1.38 ml (Mean±
SEM) of the sweet liquid—an amount very similar to the baseline sac-
charin consumption estimates from the other methods described
above. These data validated our method of estimating baseline saccha-
rin consumption as a comparison point to determine 90% reacceptance
of saccharin as asymptotic extinction.

Once they reached 90% of baseline saccharin consumption, rats
were either sacrificed for immunohistological analyses (not reported
here) or they entered a 30-day latency period that preceded a sponta-
neous recovery test. See the distribution of N/group at each stage of
the study in Table 1 and the number of rats that contributed to our
dataset at each of 2 behavioral time points (achieving asymptotic ex-
tinction and spontaneous recovery test).

2.5. Spontaneous recovery

After reaching the asymptotic extinction criterion, animals were
maintained on the 23-hour fluid deprivation schedule but given

water-only for 29 days (at 1200 h and 1245 h). During this latency
period leading up to the spontaneous recovery test day, rats received
no injections. On the 30th day after the last day of extinction animals
were given a spontaneous recovery test (at 1200 h) which consisted
of a single 30-min exposure to 0.3% saccharin. Rats were sacrificed
following this exposure.

2.6. DCS or control treatments

Rats in each of the 2 extinction treatment groups (CSO or EU)
were randomly divided into chronic-DCS administration, acute-DCS
administration, or saline-control groups. See group distribution in
Table 1. All chemicals were purchased from Sigma Aldrich (St. Louis,
MO) and DCS was mixed immediately prior to injection.

2.6.1. Chronic DCS treatments
Those rats in the chronic-DCS treatment group received DCS injec-

tions (15 mg/kg i.p., dissolved in sterile physiological saline; 1 ml/kg)
[40] following their first fluid exposure every day during extinction.
On odd days both CSO and EU rats received just this DCS injection fol-
lowing their 30 min saccharin exposure. On even days during extinc-
tion EU rats also received one LiCl injection (i.p.; 81 mg/kg, 81 mg/ml;
dissolved in sterile saline) following water exposure. CSO extinction
rats received one saline control injection (1 ml/kg, i.p.; in lieu of
LiCl) along with their DCS injection during this time.

2.6.2. Acute DCS treatments
Each CSO or EU extinction group was randomly divided into three

additional subgroups (6 groups total; see Table 1). The three subgroups
represented various stages in extinction when the animals began DCS
treatment. The static stage of extinction is defined in the literature as
b10% baseline CS consumption and the dynamic stage is between 10
and 80% baseline CS consumption [52]. Thus, to see when DCS treat-
mentwasmost effective, rats were randomly assigned to the three sub-
groups, static (2–5% baseline saccharin consumption), early dynamic
(8–16% baseline saccharin consumption), or middle dynamic (20–40%
baseline saccharin consumption). Rats began DCS treatment when
their saccharin consumption reached its designated level during the ex-
tinction procedure. Rats received DCS injections (15 mg/kg i.p., dis-
solved in sterile saline; 1 ml/kg) [43] for four consecutive days.

2.6.3. General features of DCS treatments
Once chronic or acute DCS treatments began, animals received

daily injections of DCS—even on the animals' “rest days” when no
CS was presented. This regimen was implemented because the EU ex-
tinction paradigm presents the US to the animals on their “rest day”,
when no saccharin was offered. As indicated earlier, animals that un-
dergo EU extinction show a facilitation of extinction and an attenua-
tion of spontaneous recovery [48], and these results could indicate
that the learning that occurs on the days when the US is presented
is just as important as the learning that occurs when the CS is pre-
sented. Likewise, recent data from studies that employed a condi-
tioned fear paradigm suggest that presentation of the US during
extinction triggers the consolidation of its associated predictor repre-
sentation in the lateral amygdala [57]. In an attempt to “facilitate” all
the learning that may contribute to the extinction procedure, a DCS
injection was given following both the CS and US presentations.

DCS was administered after the animals received these stimuli in
order to reduce the chance of state-dependent learning. The timing
of our DCS administration was also motivated by previous research
indicating that DCS injections, given immediately following each
day of extinction, facilitated learning [23,31].

The dose of DCS (15 mg/kg, i.p.) was carefully selected based on a
pilot study performed in our lab [45] indicating that DCS doses rang-
ing from 3–15 mg/kg (i.p.) did not disrupt rats' taste (i.e., the ability
to discriminate between 0.3% and 0.6% saccharin). This finding is
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consistent with the data of Davenport and Houpt [44] who reported
that DCS (15 mg/kg) does not cause gustatory problems or interfere
with a rat's ability to develop a preference for saccharin. The results
of our pilot study also indicated that 15 mg/kg DCS (i.p.) did not
significantly change LiCl-induced drinking suppression. These results
are consistent with those of Nunnink et al. [43] who showed that
15 mg/kg of DCS does not possess US properties in the context of a
CTA paradigm nor does the drug affect LiCl-induced malaise. Thus,
15 mg/kg DCS (i.p.) does not interfere with a rat's ability to expe-
rience either the CS or US employed in the current study nor is it an
effective US in the context of a CTA paradigm. In addition, this dose
of DCS has facilitated extinction in a conditioned emotional response
paradigm [24,31] and enhanced CTA learning [43].

2.6.4. Saline control treatments
Those rats in the saline control groups did not receive any DCS in-

jections during extinction. Instead they received 1 ml/kg physiologi-
cal saline (i.p.) injections only. On odd days, rats in both CSO and
EU groups received one saline injection following saccharin exposure.
On even days, after water exposure CSO rats received two saline in-
jections while EU rats received one saline injection paired with one
LiCl injection (i.p.; 81 mg/kg, 81 mg/ml; dissolved in sterile saline).
A pilot study involving 6 rats indicated that acute injections of
saline over a 4-day period (parallel to the timing of the acute DCS
treatments) produced behavioral results (i.e., days to achieve asymp-
totic extinction; Mean±SEM=31.66±3.66 days) that were not
significantly different from the chronic saline treatments (Mean±
SEM=34.80±3.86 days). Therefore, for simplicity of presentation,
the data from only the rats given chronic saline injections are pre-
sented here and represent the saline control manipulation.

2.7. Data analysis

Analyses of variance (ANOVAs) and (when appropriate) Bonfer-
roni-corrected t-test were used to determine the reliability of group
differences. An α=0.05 was adopted throughout these studies.

3. Results

3.1. CTA acquisition

The amount of saccharin consumed over the three-day condition-
ing period indicated that all groups acquired a strong taste aversion
(see Fig. 1). Saccharin consumption decreased steadily over these
three conditioning days and the first day of extinction for all animals
and all groups. A repeated measures ANOVA (Treatment Group×
Trial) revealed that the decrease in saccharin consumption over trials
was statistically significant [F(3,297)=228.433, pb0.001]. Initial ex-
posure to 0.3% saccharin produced relatively low levels of consump-
tion. Higher saccharin concentrations may be borderline aversive
[53] and may help explain this phenomenon.

To verify that the rats in our treatment groups had acquired the
same level of aversion to saccharin during the CTA acquisition phase
of the study, the saccharin consumption on the first day of extinction
was compared using a two-way ANOVA [Drug Treatment (DCS or sal-
ine)×Extinction (EU or CSO)] among the treatment groups. Themean
volumes of saccharin consumed on the first day of extinction by all
the groups were not significantly different from one another.

3.2. CTA extinction—Chronic DCS treatment

All groups in this study achieved the same levels of asymptotic
extinction (≥90% of baseline). However, the mean days to reach
asymptotic extinction for these groups were significantly different
(See Fig. 2A). A two-way ANOVA [Drug Treatment (DCS or saline)×
Extinction (EU or CSO)] revealed a significant effect of extinction

treatment [F(1,38)=24.58. pb0.05] but no main effect of drug treat-
ment [F(1,38)=0.30. pN0.05] and no interaction effect[F(1,38)=
0.81. pN0.05]. Specifically this analysis indicated that animals
that underwent the EU procedure extinguished the CTA significantly
faster than animals that experienced the CSO procedure. These data
corroborate previous findings from our laboratory [48]. However,
unlike other published research [24], the administration of DCS
following CSO-extinction did not reduce the time required to achieve
asymptotic extinction.

To further explore drug effects on the rate of extinction, the lengths
of each of the phases of extinction (as described by Nolan et al. [52];
see Methods for description) were determined and compared. No sig-
nificant effectswere found between groups for either time spent in the
dynamic or asymptotic stages. However a two-way ANOVA [Drug
Treatment (DCS or saline)X Extinction (EU or CSO)] showed a signifi-
cant main effect of extinction method [F(1,42)=7.63, pb0.05] but no
effect of drug treatment and no interaction effect when examining
the static phase. Rats that went through the EU extinction procedure
took significantly fewer days to complete the static phase of extinction
(i.e., to return to 10% of baseline saccharin drinking) than did the CSO
groups (see Fig. 2B).

3.3. CTA extinction—Acute DCS treatment

Chronic treatment with DCS does not facilitate the extinction of a
CTA (see above). In the following initial analysis, we combined the
rats into the 3 main treatment groups (Acute DCS, Chronic DCS, or sa-
line controls) and investigated whether acute DCS treatment was
more effective than chronic DCS treatment. A one-way analysis of
variance [Group Treatment (Acute DCS, Chronic DCS, or saline)]
revealed a significant main effect [F(2,107)=5.338, pb0.01] and
post-hoc comparisons indicated that acute DCS animals extinguished
significantly faster than both chronic DCS and saline control animals
(Fig. 3).

Fig. 1. Mean (±SEM) volume of saccharin (SAC) consumed by rats during CTA acqui-
sition. CTA Day 1 represents the first day of saccharin exposure before the first LiCl in-
jection. Saccharin consumed on conditioning days 2 and 3 and extinction (EXT) day
1represent the formation of the CTA after three CS+US pairings. All animals in all
treatment groups formed a strong taste aversion following these three SAC+LiCl pair-
ings. Note: These measurements were taken before any DCS/Saline (SAL) or extinction
treatments began. Since all the rats received the same initial treatment, they are com-
bined into 3 groups for simplicity of presentation (see Table 1). * indicates a significant
decrease in saccharin consumed as compared to conditioning day 1 (before adminis-
tration of LiCl)(pb0.001).
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One of the main goals of the current study was to determine if the
timing of acute DCS administration would have an effect on the facil-
itation of extinction in CSO or EU rats. A two-way analysis of variance
[Extinction (EU or CSO)×DCS Group (2–5%, 8–16%, or 20–40%)]
revealed a significant main effect of Extinction method [F(1,64)=
44.546, pb0.001], indicating that the EU rats took significantly less
time to reach asymptotic extinction than CSO rats (Fig. 4). Post-hoc
comparisons revealed that this was true for rats in all of the DCS treat-
ment phases. EU (2–5%, 8–16%, and 20–40%) rats extinguished signif-
icantly faster than the corresponding rats in the CSO-EXT groups [2–
5% (pb0.01), 8–16% (pb0.01), and 20–40% (pb0.001)]. Additionally,
rats in the CSO (2–5%) group extinguished significantly faster than
rats in the CSO (20–40%) group (pb0.02) (Fig. 4).

3.4. Spontaneous recovery of the CTA—Chronic DCS treatment

Animals chronically treated with DCS did not show a reduced
spontaneous recovery of the CTA. In an analysis of saccharin con-
sumption, a two-way ANOVA [Drug Treatment (DCS or saline) X Ex-
tinction method (EU or CSO)] with repeated-measures [saccharin
drinking test time (saccharin consumption at asymptotic extinction;
saccharin consumption at spontaneous recovery test)], revealed a sig-
nificant main effect for drug treatment [F(1,19)=10.064, pb0.05]
and a significant main effect of extinction method [F(1,19)=8.724,
pb0.05]. In addition, we found a significant main effect of drinking
test time [F(1,19)=23.468, pb0.001] and a significant interaction ef-
fect between drinking test time and extinction method [F(1,19)=

Fig. 2. (A) Mean days for rats to reach asymptotic extinction, operationally defined as≥90% reacceptance of baseline saccharin consumption. Animals that underwent EU extinction
[EU (DCS) group, EU (saline; SAL) group] extinguished significantly faster than animals that experienced the CSO extinction. (B) Mean days spent in each phase of extinction (first
defined by Nolan et al. [52]). Rats that underwent the EU extinction procedure spent significantly fewer days in the static phase than the animals that experienced CSO extinction.
However, all groups spent a comparable number of days in both the dynamic and asymptotic phases. * indicates significantly (pb0.05) different compared to the CSO (saline) group.
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9.368, pb0.05]. Post hoc analyses revealed that the CSO (saline) ani-
mals drank significantly less saccharin on the day of the spontaneous
recovery test, than on the day of extinction, thus indicating that CSO
saline control animals exhibited a spontaneous recovery of the previ-
ously extinguished CTA (see Fig. 5). Similarly the CSO (DCS) and EU
(DCS) animals showed a significant spontaneous recovery by drink-
ing significantly less saccharin on the day of the spontaneous recov-
ery test, than on the day they met the criterion for asymptotic
extinction. However, the EU (saline) animals drank equivalent
amounts of saccharin on the day of the spontaneous recovery test as
they did at asymptotic extinction. These data are consistent with a
previous report [48] and indicate that when saline control rats expe-
rience the EU extinction procedure there is a significant attenuation
of spontaneous recovery. However, when animals were treated with
DCS, the DCS treatment eliminated the EU-induced attenuation of
the spontaneous recovery. CSO animals, whether treated with saline

or DCS, showed a strong spontaneous recovery when presented
with saccharin after a 30-day latency. This indicates the DCS (given
during either extinction method) did not accelerate extinction learn-
ing nor did it attenuate spontaneous recovery of the CTA.

3.5. Spontaneous recovery of the CTA—acute DCS treatment

The final aspect of this study aimed to determine if the timing of
acute DCS would have an effect on the spontaneous recovery of the
CTA. A two-way analysis of variance [Extinction Method (EU or
CSO)×DCS Group (2–5%, 8–16%, or 20–40%)] with repeated measures
[Test Day (extinction or spontaneous recovery)] evaluated the influ-
ence of these factors on saccharin consumption. This test revealed a
significant main effect for Extinction Method [F(1,39)=7.036,
pb0.02] and a significant interaction effect between Extinction Meth-
od and DCS Group [F(2,39)=5.542, pb0.01]. In addition, we found a
significant main effect of Test Day [F(1,39)=31.608, pb0.001] and a
significant interaction effect between Test Day, Extinction, and DCS
Group [F(2,39)=5.368, pb0.01]. Post-hoc analyses revealed that the
CSO (2–5%), CSO (8–16%), and EU (20–40%) rats drank significantly
less saccharin on the day of the spontaneous recovery test than on
the day of asymptotic extinction, indicating that these rats had a
spontaneous recovery of the CTA (Fig. 6). However, CSO (20–40%),
EU (2–5%), and EU (8–16%) rats drank equivalent amounts of saccha-
rin on the day of the spontaneous recovery test as they did at asymp-
totic extinction, indicating that there was not a spontaneous recovery
of the CTA. These data indicate that acute DCS given later to rats in the
CSO paradigm may be beneficial in reducing the spontaneous recov-
ery of a CTA. Like saline-treated rats, animals that were treated with
DCS acutely as they went through the early stages of EU-EXT did
not exhibit a spontaneous recovery of the CTA. However, DCS given
later in EU-EXT produced a spontaneous recovery of the CTA. See a
general overview of these findings in Table 2.

4. Discussion

Consistent with a previous report [48], our data indicate that ani-
mals in the EU-EXT training groups extinguished more quickly than
animals in the CSO-EXT groups. Spontaneous recovery of the CTA
was also significantly reduced in the saline-treated rats that went
through the EU extinction procedure. Chronic DCS treatments did
not significantly decrease the time to reach asymptotic extinction in
either the CSO-EXT or EU-EXT groups. Furthermore, the spontaneous
recovery test showed that levels of saccharin consumed by animals
in the CSO and EU groups treated with DCS throughout extinction
were significantly lower than animals receiving saline. This indicates
that rats treated with DCS chronically during extinction demonstrated
a significant memory of the CTA during the spontaneous recovery test,
regardless of extinction method employed. Further, our data suggest
that chronic DCS treatments prevent the attenuation of spontaneous
recovery of a CTA in animals that experienced the EU extinction
procedure.

On the other hand, acute (4-day) DCS administration was general-
ly effective in reducing the time to extinguish the CTA in rats that
went through either the EU or CSO procedures. The timing of the 4
DCS injections during the course of extinction was not an important
factor in producing a reduction in the days to reach asymptotic ex-
tinction. However, the spontaneous recovery test demonstrated that
the timing of acute DCS exposure and the method of extinction
employed interact to affect spontaneous recovery of a CTA. Acute
DCS treatments that were given later in the extinction process to
rats in the CSO paradigm were beneficial in reducing the spontaneous
recovery of a CTA. However, acute DCS given late in the EU-EXT pro-
cess produced a spontaneous recovery of the CTA. See Table 2 for a
general overview of the major findings from this study.

Fig. 3. Overall, acute exposure to DCS significantly decreased the time to reach asymp-
totic extinction compared to both chronic DCS exposure, as well as saline control ani-
mals. * indicates significantly less than the Chronic DCS group and saline Control
group (pb0.05).

Fig. 4. The EU-EXT (EU) procedure reduced the time to CTA extinction in rats that re-
ceived acute 4-day exposure to DCS. Additionally, rats in the CSO (2–5%) group extin-
guished significantly faster than rats in the CSO (20–40%) group. * indicates
significantly less than the corresponding CSO extinction groups (pb0.01). + indicates
significantly less than CSO (20–40%) group (pb0.02).
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These data are consistent with other findings suggesting that
acute DCS treatments can generally facilitate learning [43,44,58].
More specifically, the current study builds on the work of other labs
that have demonstrated that acute DCS exposure can rescue an ex-
tinction deficit in CTA memory experienced by mice with a BDNF
polymorphism [46]. Similarly, acute administration of DCS can reverse
an impairment in CTA extinction caused by microinfusion of the

gamma-Aminobutyric acid-A (GABAA) agonist muscimol into the
amygdala [59]. Together these findings are building a case that acute
(but not chronic) DCS exposure can facilitate extinction of a CTA.

The effects of DCS on spontaneous recovery, renewal, relapse, and
reinstatement are more complex [for review see 32]. Within condi-
tioned fear paradigms DCS has been reported to protect the extinction
memory from spontaneous recovery [23,24,60] and reinstatement

Fig. 5. Mean (±SEM) volume of saccharin (SAC) consumed by rats in the chronic DCS study on the day of asymptotic extinction and on the subsequent spontaneous recovery (SR)
test day. Animals that underwent the CSO [both CSO (saline: SAL) and CSO (DCS)] extinction procedure drank significantly more saccharin on the last day of extinction than on the
day of the SR test, indicating a spontaneous recovery of the CTA. The EU (SAL) group did not show a significant spontaneous recovery but the EU (DCS) animals did exhibit spon-
taneous recovery of the CTA. * indicates a significant (pb0.05) difference between saccharin consumption on the day of extinction and the day of the spontaneous recovery test.

Fig. 6. Spontaneous recovery of the CTA occurred in rats that received acute DCS treatments early during CSO extinction (when rats reached 2–5% or 8–16% of baseline saccharin
drinking) and later (when rats reached 20–40% of baseline saccharin drinking) during EU extinction. However, administration of DCS later in CSO extinction eliminated spontane-
ous recovery of the CTA.* = Significant spontaneous recovery of a CTA, i.e., saccharin consumed at the spontaneous recovery test is significantly less than saccharin consumed at
asymptotic extinction (pb0.01).
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[31] but not renewal [61] or relapse [49]. Within the context of the
CTA paradigm, our data suggest that the effects of DCS on spontaneous
recovery depend on the duration of the drug administration, the ex-
tinction method employed, and the timing during extinction when
the drug is administered.

Inconsistent reports in the literature regarding the effectiveness of
DCS treatments may be due to varying effectiveness between chronic
and acute treatment procedures, an idea first proposed by Quarter-
main et al. [37; also, for review see reference 25]. For example, Parnas
et al. [36] explored the effects of one DCS injection in comparison to
five in the context of a light-shock paradigm. Subjects that received
five DCS pre-treatments failed to demonstrate significant differences
in extinction of conditioned fears in comparison to saline-treated an-
imals. However, the animals that were administered one DCS injec-
tion demonstrated significant enhancements in extinction learning.
These early data suggest that the number of DCS treatments influ-
ences the potency of the fear extinction method and lead to our
exploration of this issue in the context of a different learning
paradigm—the CTA.

As suggested by Groblewski et al. [62], there is a benefit in the
study of multiple behavioral indicators of learning as we assess the
pharmacological effects of DCS on extinction. This group investigated
the effects of DCS on the extinction of alcohol-mediated conditioned
place preference in mice and they reported paradoxical effects. DCS
did not affect the rate of extinction but it interfered with subsequent
reconditioning of the place preference—suggesting that DCS did en-
hance some aspects of the extinction process. Similar to our findings,
Groblewski et al. also report differences in the benefits of acute and
chronic DCS treatments. Thus, going beyond classic conditional emo-
tional responses may reveal some common features of how DCS af-
fects learning more generally. The CTA has been described as a
defensive reaction to a learned fear [63] but the extent to which
fear mediates the aversion is not settled [47]. Still, it is a form of aver-
sive learning that is biologically meaningful and has distinct charac-
teristics (e.g., rapid acquisition and resistance to extinction) that
may make it a useful model as we seek therapies for anxiety disorders
such as phobias and PTSD.

The neural mechanisms that underlie these behavioral differences
evoked by acute and chronic DCS exposure almost certainly involve
glutamate NMDA receptors. In order to activate the NMDA receptor
complex, the presence of glutamate and a co-agonist (glycine or D-
serine) is required [64–67]. DCS has been shown to have partial ago-
nist action on the strychnine-insensitive glycine-recognition site of
the NMDA receptor complex [19]. However, when endogenous levels
of glycine are high, DCS has been shown to behave as a partial antag-
onist and has also been associated with a significant decrease in the
synthesis of D-serine through alterations in enzymatic action [66].
Thus, the potential for DCS to enhance learning and/or the induction
of long-term potentiation (LTP) is affected by glycine levels [68]. If
the glycine receptor is already saturated, then no exogenous activity
would increase the chance of LTP occurring and it may decrease the
probability of NMDA receptor-associated channel activation. It may
be that, through prolonged use, DCS causes alterations in the levels
of endogenous ligands that are saturating the glycine receptor com-
plex. This could cause decreased receptor effectiveness since DCS
acts with less strength than the endogenous ligands, and/or by ren-
dering the complex unaffected by exogenous chemical activity [68].
Lanthorn [68] discusses how the chronic use of DCS may inadvertent-
ly cause the inhibition or alteration of several secondary messenger
pathways, including the nitric oxide pathway. Thus, chronic DCS
may cause the drug to act as an antagonist of the NMDA glycine bind-
ing site or antagonize populations of NMDA receptors under certain
stressful conditions [69]. This inhibition may lead to changes in the
induction of LTP and the ineffectiveness of DCS after chronic use.

Although the duration of exposure to DCS, either chronic or acute,
elicited changes in average time to extinction, the timing of the 4
acute DCS exposure during the course of extinction did not impact
the rate of extinction. Rather, the timing of the 4 DCS exposures im-
pacted spontaneous recovery of the CTA. Of the EU groups, only rats
injected with DCS when they reached 20–40% of baseline saccharin
consumption (i.e., late in the extinction process) exhibited spontane-
ous recovery. However, animals that went through the CSO extinction
procedure and were exposed to DCS early in extinction (having
reached 2–5% of saccharin consumption baseline) demonstrated a
spontaneous recovery of a CTA. Why might this difference have
occurred?

The CTAs in our studies represent associations between saccharin
and LiCl. During extinction, these associations may be weakened by
presenting the CS without the US (the traditional CSO procedure). Al-
ternatively, if the US is given without the CS, the bond between the 2
stimuli may be undermined as well. We have noticed that during the
static stage of CTA extinction rats sample little or no saccharin [48]
(See also Fig. 2B). Effectively, they are experiencing the US alone,
which would weaken the CS+US bond established during CTA acqui-
sition. (See also recent data suggesting that this same principle ap-
plies to conditioned fear paradigms.) [57]. Perhaps this is why acute
exposure to DCS early in the EU-EXT process is most effective in re-
ducing spontaneous recovery of the CTA. On the other hand, rats un-
dergoing the CSO procedure will not begin to learn that the previous
CS+US contingency is no longer valid until they begin tasting the
saccharin and fail to experience the LiCl-induced malaise. Since CSO
rats take more days to begin sampling the saccharin, the learning
that the CS no longer predicts the US takes place later in the extinc-
tion process. Perhaps this is why the DCS inhibits the spontaneous re-
covery of a CTA if it is given later.

5. Conclusions

The main findings of these experiments may be summarized as
follows. Chronic DCS exposures throughout CTA extinction failed to
speed up this process whereas acute (N=4) DCS exposures generally
accelerated extinction. Chronic DCS exposure during extinction failed
to inhibit spontaneous recovery of a CTA in rats that went through the

Table 2
Summary of experimental findings.

Drug treatment
and timinga

Relative rate
of extinctionb

[Sub-groups
combined for
acute DCS
treatments]

Behavioral treatments and testsa

CS-Only Extinction
(CSO)

Explicitly Unpaired
Extinction (EU)

Relative rate
of extinctionb

SR
testc

Relative rate
of extinctionb

SR
Testc

Saline controls +d +e SRf +++e No SRf

Chronic DCS +d +e SRf +++e SRf

Acute DCS
(static: 2–5%)

+++d ++g SRh +++g No SRh

Acute DCS
(early dynamic:
8–16%)

+g SRh +++g No SRh

Acute DCS
(late dynamic:
20–40%)

+g No SRh +++g SRh

a See Table 1 for group nomenclature and procedures.
b Days to achieve asymptotic CTA extinction. Rates are relative to other groups in the

same column. += Slow rate of extinction; ++=Medium rate of extinction; +++=
Fast rate of extinction.

c Comparison of saccharin drunk at asymptotic CTA extinction vs. saccharin drunk at
the spontaneous recovery (SR) test 30 days later. SR indicates a suppression of SAC
drinking relative to the amount consumed at the end of CTA extinction.

d See Fig. 3.
e See Fig. 2A.
f See Fig. 5.
g See Fig. 4.
h See Fig. 6.
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CSO extinction procedure. Further, it produced a spontaneous recov-
ery in EU-extinguished rats that normally do not show re-emergence
of the CTA. The ability of acute DCS treatments to inhibit spontaneous
recovery of the CTA was dependent on the timing of the drug admin-
istration and extinction method employed. Rats in the EU and CSO ex-
tinction procedures exhibited a different pattern of CS reacceptance
that may help explain why acute DCS treatments are most effective
in suppressing spontaneous recovery of a CTA depending on when
the drug is given. Our pilot studies and published literature [43,44] in-
dicate that these effects were not attributable to DCS-induced
changes in gustatory sensation of saccharin nor did DCS act as a US
or significantly change LiCl-induced malaise.

The exact neural alterations that are produced by acute vs. chronic
DCS treatments remain to be fully elucidated but the effects of chron-
ic administration of DCS may cause a variety of changes at the neuro-
nal level that may be consistent with glutamate antagonism [68]. Our
data may help guide the methods used to explore these brain changes
as DCS treatment parameters are refined in the clinic.
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