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Abstract

Conditioned taste aversion (CTA) is a form of associative learning in which the pairing of a taste with a toxin causes an animal to avoid the taste.
NMDA receptor mediated neurotransmission has been implicated in CTA, but the role of the NMDA receptor glycine-binding site has not been
examined. To examine the effects on CTA of the glycinergic NMDA receptor agonist D-cycloserine, rats received D-cycloserine (15 mg/kg, i.p.) or
vehicle 15 min before 10-min access to 0.125% saccharin, followed by a low dose of LiCl (19 mg/kg, i.p.). CTAwas measured with 24-h, 2-bottle
preference tests between water and saccharin. Vehicle-treated rats formed a mild CTA that rapidly extinguished, while D-cycloserine-treated rats
formed a stronger CTA that extinguished slowly. The effect of D-cycloserine was specific to the NMDA receptor glycine-binding site, because
pretreatment with HA-966 (6mg/kg), a partial glycinergic agonist, blocked enhancement by D-cycloserine. Three follow-up experiments suggest that
the enhancement of CTAwas not due to an aversive effect of D-cycloserine. First, saccharin paired with D-cycloserine (15mg/kg) alone did not induce
a CTA, although a higher dose (30 mg/kg) did significantly lower saccharin preference. Second, pretreatment with D-cycloserine did not increase the
duration of “lying-on-belly” behavior induced by LiCl. Third, pretreatment with D-cycloserine did not increase c-Fos induction by either LiCl or
vehicle injection in central visceral relays (the nucleus of the solitary tract, the parabrachial nucleus, the central nucleus of the amygdala, the
supraoptic nucleus, and the paraventricular nucleus). These results confirm the participation of NMDA receptor, and specifically the glycine-binding
site of NMDA receptor, in CTA learning.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Conditioned taste aversion (CTA) is a form of associative
learning in which animals avoid the taste or flavor of a food (e.g.
the sweet taste of saccharin) that has been paired with a toxic or
aversive postingestive consequence (e.g. a systemic injection of
LiCl). As in many other forms of learning and memory in
rodents, ionotropic glutamate receptors of the N-methyl-D-as-
partate NMDA subtype have been implicated in CTA learning.
Antagonists at the NMDA receptor have been shown to block or
attenuate CTA learning. In particular, competitive antagonists
(e.g. APV or CPP) block CTA learning when injected into the
gustatory cortex before or around the time of CTA acquisition
(Berman et al., 2000; Escobar et al., 2002; Escobar et al., 1998;
Ferreira et al., 2002; Gutierrez et al., 1999; Rosenblum et al.,
1997). In addition, the 2B subunit of the NMDA receptor in the
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gustatory cortex undergoes tyrosine phosphorylation when rats
drink a novel taste solution (Rosenblum et al., 1997), suggesting
that posttranslational modification of NMDA receptor may also
be important during the association of a novel taste and a toxic
effect. Although the amygdala is also a critical site for CTA
function, blockade of NMDA receptor in the amygdala does not
attenuate CTA learning as consistently as blockade in the gus-
tatory cortex (Ferry and Di Scala, 2000; Hatfield and Gallagher,
1995; Tucci et al., 1998; Yasoshima et al., 2000).

The NMDA receptor is activated by the presence of endo-
genous glutamate, postsynaptic depolarization that removes the
Mg++ block, and occupancy of the NMDA receptor glycine-
binding site (Johnson and Ascher, 1987). Although it was once
thought that endogenous levels of glycine were sufficient to
saturate the NMDA receptor glycine-binding site under most
conditions (Johnson and Ascher, 1987), evidence has accu-
mulated that low levels of a ligand may constrain NMDA
receptor neurotransmission at many synapses (Danysz and
Parsons, 1998). Thus, activity at the glycine-binding site can be
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negatively regulated by the removal of glycine by synaptic
transporters (Chen et al., 2002), or positively regulated by the
production of endogenous ligands, such as D-serine which is
synthesized and released by perisynaptic astrocytes (Schell
et al., 1995; Wolosker et al., 1999).

A consequence of limited endogenous activity at the NMDA
receptor glycine-binding site is that exogenous glycine agonists
may increase submaximal NMDA receptor neurotransmission
and thus enhance NMDA receptor-dependent processes, includ-
ing learning. D-cycloserine is a high-affinity NMDA receptor
glycine-binding site agonist that is rapidly transported into the
central nervous system after systemic injection (Baran et al.,
1995). Systemic administration of D-cycloserine has been
shown to enhance learning in several animal models, including
trace eye-blink conditioning (Thompson et al., 1992), spatial
learning in the water-maze (Temple and Hamm, 1996), inhi-
bitory avoidance (Land and Riccio, 1999), and extinction of fear
conditioning as measured with freezing (Richardson et al.,
2004) or with fear-potentiated startle (Walker et al., 2002). More
recently, D-cycloserine has been shown to accelerate extinction
of phobias in humans when administered prior to desensitiza-
tion exposure sessions (Ressler et al., 2004).

Here we demonstrate that 1. D-cycloserine enhances CTA
induced by pairing intake of saccharin with a low dose of LiCl. 2.
D-cycloserine enhancement is blocked by pretreatment with
HA-966, a partial agonist at the NMDA receptor glycine-binding
site and 3. The enhancement of CTA is not due to an aversive
effect of D-cycloserine alone, because low doses of D-cycloser-
ine itself did not induce a CTA, nor did D-cycloserine enhance
LiCl-induced “lying-on-belly” behavior or central c-Fos expres-
sion. These results suggest that D-cycloserine is acting speci-
fically at the NMDA receptor to enhance CTA learning.

2. Materials and methods

2.1. Subjects

Male Sprague–Dawley rats (200–350 g; Charles River) were
housed individually in polycarbonate cages in a temperature-
controlled colony room at the Biomedical Research Facility at
the Florida State University. The light/dark cycle was 12:12
with lights on at 0700 h. All conditioning trials were conducted
during the light cycle. The rats had free access to pelleted Purina
Rat Chow 5001 and water ad libitum from one of the two
available spouts except when specified otherwise. The experi-
ments and all procedures were approved by the Florida State
University Institutional Animal Use and Care Committee.

2.2. Conditioning procedure

Seven days before the conditioning day, rats were placed on
a water restriction schedule under which they received daily
water access in one drinking session. The initial session was 3 h
in length and the session times were diminished each day so that
the day before conditioning the rats received their daily water
access in a single 10-minute session. Rats were weighed on the
day before conditioning.
On conditioning day, the rats received intraperitoneal in-
jections (i.p.) of D-cycloserine (Sigma RBI, St. Louis MO),
HA-966 ([+/−]-3-amino-1-hydroxy-2-pyrrolidone; Sigma RBI,
St. Louis MO), or vehicle (0.15 M NaCl or water, respectively)
as a pretreatment before taste aversion conditioning as described
in the individual experiments below. To induce CTA, the rats
were allowed 10-min access to 0.125% sodium saccharin
(saccharin) as the conditioned stimulus (CS). Twenty minutes
after the end of saccharin access, a relatively low dose of LiCl
(38 mM, 12 ml/kg, i.p., made isotonic with NaCl) was admin-
istered as the unconditioned stimulus (US). This dose of LiCl
was chosen because it induces a significant but submaximal
CTA, thus allowing a D-cycloserine-induced increase to be seen
(Nachman and Ashe, 1973). Control rats received NaCl (0.15M,
12 ml/kg, i.p.) as a non-aversive US. Three hours after LiCl
injection, rats were given ad libitum water access overnight.

2.3. Preference tests

In order to test for an increase in CTAmagnitude or resistance
to extinction, a series of 24-h 2-bottle preference tests were
initiated on the day after conditioning. Rats were given access to
two bottles, one containing the saccharin and one containing
water. The left–right position of the two bottles was reversed
every day in order to observe side preferences. Fluid consump-
tion wasmeasured every 24 h byweighing the drinking bottles to
the nearest 0.1 g. A preference score was calculated as a ratio of
saccharin and total fluid consumption in the following manner:

saccharin consumptionð Þ=
saccharin consumptionþ water consumptionð Þ

The preference tests were continued for 4–13 post-condi-
tioning days. Because saccharin access during the preference
tests was not paired with any aversive stimulus, the preference
tests constituted extinction trials. A CTAwas considered extin-
guished when the average saccharin preference of LiCl rats was
not significantly different (pN0.05) from the average preference
of control rats receiving 0.15 M NaCl as a US.

2.4. Statistics

The first day of 2-bottle preference testswas taken as ameasure
of the initial magnitude of CTA. Four to 13 days of consecutive
2-bottle preference test days were taken as ameasure of extinction
rate. Significant effects were detected by 1- or 2-way ANOVA
(with test day as a repeated measure); post-hoc comparisons were
made with the Newman–Keuls multiple comparison test.

2.5. Experiment 1

A total of 24 rats were housed and placed on a water
restriction as described above. After 7 days of diminished water
access, the rats were divided into 3 groups (n=6 per group):

1. A “DCS/vehicle” group, that was injected with D-cycloserine
(15 mg/kg, i.p.), and 15 min later given 10 min access to
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saccharin, and 20 min after the end of saccharin access, was
injected with NaCl (0.15 M, 12 ml/kg). This group served
as a control group that was not expected to acquire a CTA,
and thus showed a high preference for saccharin during
subsequent 2-bottle preference tests.

2. A “vehicle/LiCl” group, that was injected with NaCl (0.15M,
1 ml/kg, i.p.), 15 min prior to 10-min access to saccharin, and
20 min after the end of saccharin access, was injected with
LiCl (38 mM, 12 ml/kg, i.p.). Because this group consumed
saccharin paired with a low dose of LiCl, the rats were
expected to form a moderate but significant CTA.

3. A “DCS/LiCl” group, that was injected with D-cycloserine
(15 mg/kg, i.p.), 15 min prior to 10-min access to saccharin,
and 20 min after the end of saccharin access, was injected
with LiCl (38 mM, 12 ml/kg, i.p.). This group was designed
to test the effect of D-cycloserine pretreatment on a LiCl-
induced CTA.

Three hours after conditioning, rats received ad libitum ac-
cess to water overnight. The next day 24-h, 2-bottle preference
tests were started and continued for 9 days.

2.6. Experiment 2

D-cycloserine increases neurotransmission at the NMDA
receptor by acting as a high-affinity agonist of the glycine-
binding site on the NR1 receptor subunit (Danysz and Parsons,
1998). Thus, blockade of the glycine-binding site can serve as a
test of the specificity of D-cycloserine in enhancing CTAvia the
NMDA receptor: if a glycine antagonist counteracts the effects
of D-cycloserine, the facilitation is likely mediated via the
NMDA receptor. Conversely, if a glycine antagonist fails to
block its effects, then D-cycloserine may have a non-specific
effect. Therefore, we tested the role of the glycine-binding site
by administering HA-966, a partial agonist at the glycine-
binding site, prior to D-cycloserine injection and CTA acqui-
sition. As a partial agonist, HA-966 effectively blocks D-cyclo-
serine agonist activity (Moraes Ferreira and Morato, 1997;
Myhrer, 1994; Walker et al., 2002).

A total of 36 rats were individually housed and placed on a
water restriction schedule as described above. On conditioning
day, all rats received 3 injections (2 before and 1 after 10-min
access to saccharin): the first injection was given 30 min before
saccharin access, the second injection 15 min before saccharin
access, and the third injection 20 min after the end of saccharin
access. The rats were divided into 5 groups:

1. A “vehicle control” group (n=6) that was first injected with
water (1 ml/kg, i.p.), then 15 min later injected with NaCl
(0.15 M, 1 ml/kg), then injected again 20 min after saccharin
access with NaCl (0.15 M, 12 ml/kg). This group served as a
control for repeated injection, but was not expected to
acquire a CTA against saccharin.

2. A “vehicle/LiCl control” group (n=12) that was first injected
with water (1 ml/kg, i.p.), then 15 min later injected with
NaCl (0.15 M, 1 ml/kg), then injected 20 min after saccharin
access with LiCl (38 mM, 12 ml/kg). Because this group
received saccharin paired with a low dose of LiCl, it was
expected to acquire a moderate CTA.

3. A “HA-966/LiCl” group (n=6) that was first injected with
HA-966 (6 mg/kg, i.p.), then 15 min later injected with NaCl
(0.15 M, 1 ml/kg), then injected 20 min after saccharin
access with LiCl (38 mM, 12 ml/kg). This group was de-
signed to determine the effect of HA-966 pretreatment
on LiCl-induced CTA, and in particular to establish that
HA-966 by itself did not diminish LiCl-induced CTA.

4. A “DCS/LiCl” group (n=6) that was first injected with water
(1 ml/kg, i.p.), then 15 min later injected with D-cycloserine
(15 mg/kg, i.p.), then injected 20 min after saccharin access
with LiCl (38 mM, 12 ml/kg, i.p.). This group was designed
to replicate the enhancement by D-cycloserine of LiCl-
induced CTA, as seen in Experiment 1.

5. A “HA-966/DCS/LiCl” group (n=6) that was first injected
with HA-966 (6 mg/kg, i.p.), then 15 min later injected with
D-cycloserine (15 mg/kg, i.p.), then injected 20 min after
saccharin accesswith LiCl (38mM, 12ml/kg, i.p.). This group
was designed to determine the effect of HA-966 pretreatment
on the enhancement of LiCl-induced CTA by D-cycloserine.

Three hours later, rats received ad libitum access to water
overnight. The next day 24-h, 2-bottle preference tests were
started and continued for 13 days.

2.7. Experiment 3

If a drug has toxic or non-specific aversive effects in rats,
then enhancement of a CTA by the drug might be the trivial
result of the summation of the drug's aversive effects and LiCl's
aversive effects. Therefore, Experiment 3 was designed to de-
termine if D-cycloserine alone was sufficient to induce a CTA.
In order to parallel the pretreatment in Experiments 1 and 2,
D-cycloserine as the US was administered prior to CS access
(i.e. backwards conditioning).

A total of 24 rats were placed on a water restriction schedule
as above. After 7 days of diminished water access, rats were
injected with one of the 4 doses of D-cycloserine (0, 7.5, 15, or
30 mg/kg, i.p.; n=6 per group). Fifteen minutes after D-cyclo-
serine administration, rats were given 10-min access to sac-
charin. Three hours later, rats received ad libitum access to water
overnight. The next day 24-h, 2-bottle preference tests were
started and continued for 4 days.

2.8. Experiment 4

The effect of D-cycloserine pretreatment on LiCl-induced
malaise was also assessed by observing the frequency and
duration of “lying-on-belly” behavior. Within the first hour after
systemic injection of high doses of LiCl, rats will spontaneously
lie practically motionless with their abdomens pressed against
the floor of their cages (Meachum and Bernstein, 1990). This
“lying-on-belly” posture is very distinct from their normal rest-
ing or sleeping posture. Quantification of “lying-on-belly” has
been used to assess the aversive effects of LiCl (Bernstein et al.,
1992; Meachum and Bernstein, 1992; Navarro and Cubero,
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2003; Stafstrom-Davis et al., 2001). If D-cycloserine was en-
hancing the presumed malaise induced by LiCl, then it might
also increase the incidence of “lying-on-belly” induced by a low
dose of LiCl.

Rats (n=8) were injected with D-cycloserine (15 mg/kg, i.p.)
or vehicle (0.15 M NaCl, 1 ml/kg, i.p.) and individually placed
for observation in a large polypropylene cage (37 cm wide by
47 cm long by 20 cm high) with woodchip bedding. Fifteen
minutes after D-cycloserine or vehicle injection, all rats were
injected with LiCl (38 mM, made isotonic with NaCl, 12 ml/
kg, i.p.). Rats were observed for 30 min after the LiCl injection;
the onset and duration of “lying-on-belly” was recorded for
each rat. As a positive control, rats were also observed for
30 min after receiving an injection of a higher dose of LiCl
(0.15 M, 12 ml/kg, i.p.). All rats received all three treatments,
with a minimum of 72 h between treatments.

2.9. Experiment 5

As a third measure of enhancement by D-cycloserine of LiCl-
induced malaise, c-Fos induction was examined. It is well-
Fig. 1. Pretreatment with D-cycloserine increased the initial magnitude of saccharin
expression across 9 extinction days of 2-bottle preference tests (B). Rats receiving D

showed a high saccharin preference on all days. Rats receiving saccharin paired with L
preferences than DCS/vehicle rats on all 9 test days. Compared vehicle/LiCl, the c
expression on all 9 days (DCS/LiCl group). ⁎pb0.05 vs. DCS/vehicle; †pb0.05 vs.
established that systemic injection of LiCl induces c-Fos in
visceral and neuroendocrine relays of the rat brain (Houpt et al.,
1994; Koehnle and Rinaman, 2007; Lamprecht andDudai, 1995;
Spencer and Houpt, 2001; Swank and Bernstein, 1994; Yama-
moto et al., 1992), such as the nucleus of the solitary tract (NTS),
the lateral parabrachial nucleus (PBN), the central nucleus of the
amygdala (CeA), and the hypothalamic supraoptic (SON) and
paraventricular nuclei (PVN). If D-cycloserine enhanced the
central response to LiCl per se, then it might also increase levels
of neuronal activation observed as c-Fos expression.

Rats (n=24) were injected with either D-cycloserine (15 mg/
kg, i.p.) or vehicle (0.15 M NaCl, 1 ml/kg, i.p.). Fifteen
minutes after D-cycloserine or vehicle injection, half of the rats
in each pretreatment group were injected with either LiCl
(38 mM, made isotonic with NaCl, 12 ml/kg, i.p.) or NaCl
(0.15 M, 12 ml/kg, i.p.). Thus there were four groups (n=6/
group): NaCl/NaCl, NaCl/LiCl, DCS/NaCl, and DCS/LiCl.
One hour after the second injection, rats were overdosed with
sodium pentobarbital and transcardially perfused with saline
followed by phosphate-buffered 4% formaldehyde as previ-
ously described (Houpt et al., 1994). The brains were removed
preference as seen after one 24-h, 2-bottle preference test (A) and prolonged
-cycloserine (15 mg/kg) before saccharin-vehicle pairing (DCS/vehicle group)
iCl alone (vehicle/LiCl group) showed a moderate CTAwith significantly lower
ombination of D-cycloserine (15 mg/kg) and LiCl significantly enhanced CTA
vehicle/LiCl.
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and cryoprotected in 30% sucrose. Forty micron coronal sec-
tions were cut on a freezing, sliding microtome. Alternate
sections were collected from the medulla at the level of the
NTS (bregma −13.24 mm to −14.08 mm) and the pons at the
level of the PBN (bregma −9.16 mm to −9.68 mm). Every
fourth section was collected from the forebrain through the
hypothalamus and amygdala (bregma −1.8 mm to −3.3 mm).
Coordinates were based on Paxinos and Watson's atlas (Paxi-
nos and Watson, 1986).

Sections were immediately processed for c-Fos-like immu-
noreactivity. Free-floating tissue sections were washed twice for
15 min in 0.1 M phosphate-buffered saline (PBS) and then
incubated for 30 min in 0.2% Triton/1% bovine serum albumin
(BSA)/PBS. After two washes in PBS/BSA for 15 min each,
sections were incubated overnight with a rabbit anti-c-Fos anti-
serum (Ab-5, OncogeneResearch) at a dilution of 1:20,000. After
two 15minwashes in PBS/BSA, sectionswere then incubated for
1 h with a biotinylated goat anti-rabbit antibody (Vector Labo-
ratories) at a dilution of 1:200. Antibody complexes were ampli-
fied using the Elite Vectastain ABC kit (Vector Laboratories), and
Fig. 2. Pretreatment with HA-966 blocked the effect of D-cycloserine on the initial
extinction across 13 days of 2-bottle preference tests (B). All groups that received sa
rats for at least the first 8 days of extinction. Rats in the DCS/LiCl group showed an
almost all days. HA-966 did not alter the magnitude of the saccharin-LiCl CTA, but d
not different from LiCl control on any day). ⁎pb0.05 vs. LiCl control; †pb0.05 vs.
visualized by a 5-min reaction in 0.05% 3,3-diaminobenzidine
tetrahydrochloride (DAB). Sectionswere stored in 0.1MPBuntil
mounted onto gelatin-coated glass slides, counterstained with
methyl green, and coverslipped using Permount.

Cells expressing darkly-positive, nuclear c-FLI were quan-
tified using a custom software program (MindsEye, T. Houpt).
Regions were digitally-captured at 40× magnification. Counting
was restricted to the regions of interest delineated by a hand-
drawn outline. Bilateral cell counts were averaged for 3 sections
of each brain region for each rat. The individual mean counts for
each region were then averaged across rats within experimental
groups.

3. Results

3.1. Experiment 1: D-cycloserine and LiCl-induced conditioned
taste aversion

On the first day of 2-bottle preference testing, ANOVA
revealed a significant effect of treatment [F(2,21)=10.2,
magnitude of CTA as seen after one 24-h, 2-bottle preference test (A) and on
ccharin paired with LiCl showed a significant CTA compared to vehicle control
enhanced CTA, with significantly lower preferences than LiCl control rats on

id block the enhancement by D-cycloserine (HA-966/DCS/LiCl preferences were
DCS/LiCl.



Fig. 3. D-cycloserine induced CTA only at a high dose. Following pretreatment
with D-cycloserine (0, 7 or 15 mg/kg), a high preference for saccharin was seen
on the first day (A) and all 4 days of 24-h, 2-bottle preference testing (B). After
pretreatment with D-cycloserine (30 mg/kg), rats showed a significantly
decreased preference on all 4 test days as compared to vehicle-treated rats.
⁎pb0.05 vs. vehicle-treated rats.
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pb0.001]. All LiCl-treated rats showed a decreased preference
compared to DCS/vehicle rats. The preference of DCS/LiCl rats
that had been pretreated with 15 mg/kg D-cycloserine was not
significantly lower (p=0.08) than the preference of vehicle/LiCl
rats on the first day (see Fig. 1A).

Across 9 days of 2-bottle preference tests, 2-way ANOVA
revealed an effect of treatment [F(2,21)=13.9, pb0.0005]
and day [F(8,168)=5.6, pb0.0001] but no interaction (see
Fig. 1B). Post-hoc comparisons showed significant differ-
ences among the 3 groups. DCS/vehicle control rats main-
tained a high intake of saccharin to the near exclusion of
water intake. Compared to the controls, vehicle/LiCl rats
showed a significantly decreased preference for saccharin
that persisted for 8 of 9 days. Rats pretreated with 15 mg/kg
D-cycloserine prior to the pairing of saccharin and LiCl
showed a CTA that was significantly greater than that of
vehicle/LiCl rats across 7 of the 9 days of 2-bottle preference
testing, without extinguishing.

3.2. Experiment 2: effect of HA-966 pretreatment on
D-cycloserine and CTA

On the first day of 2-bottle testing, ANOVA showed a
significant effect of treatment [F(4,35)=5.46, pb0.005; see
Fig. 2A]. All LiCl-treated groups showed a significantly de-
creased preference for saccharin compared to the vehicle control
group. The preference of the HA-966/LiCl group was not
different from the vehicle/LiCl group. Of the two D-cycloserine-
treated groups, DCS/LiCl rats had a significantly greater CTA
compared to vehicle/LiCl rats; the first-day magnitude of CTA
in HA-966/DCS/LiCl rats was not different from vehicle/LiCl
rats, however.

A 2-way ANOVA comparing the HA-966/LiCl and veh/
LiCl groups across extinction days showed no significant
effect of treatment, and so these two groups were combined
into a single “LiCl control” group (n=18) for subsequent
analysis. A 2-way ANOVA comparing treatment groups
(vehicle control, LiCl control, DCS/LiCl, and HA-966/DCS/
LiCl) across 13 days of 2-bottle preference testing showed a
significant effect of treatment [F(3,32)=7.2, pb0.001] and
extinction days [F(12,384)=8.1, pb0.001], but no interac-
tion (see Fig. 2B). While the vehicle control rats maintained
a high preference for saccharin, all LiCl-treated groups
showed decreased preferences for saccharin that slowly in-
creased across days. Preference scores of the LiCl control
group were significantly lower than the vehicle control group
on days 1–8. Likewise, preference scores for the DCS/LiCl
group and the HA-966/DCS/LiCl group were significantly
lower than the vehicle control group across all 13 days. Pre-
treatment with D-cycloserine alone (DCS/LiCl group) signif-
icantly lowered the preference scores of LiCl-injected rats on
all days except day 12. However, pretreatment with HA-966
prior to D-cycloserine reversed this effect: the preference
scores of the HA-966/DCS/LiCl group were not significantly
different from LiCl control group on any day, and were sig-
nificantly higher than the DCS/LiCl group on days 1, 2, 3, 6
and 7.
3.3. Experiment 3: D-cycloserine and saccharin alone

On the first day of 2-bottle testing, ANOVA showed a
significant effect of treatment [F(3,20)=7.16, pb0.005]. Com-
pared to vehicle-treated rats, only rats treated with 30 mg/kg
D-cycloserine showed a significantly reduced saccharin pref-
erence (see Fig. 3A). By 2-way ANOVA, the effect of treat-
ment persisted across 4 days of 2-bottle preference testing
[F(3,20)=3.63, pb0.05]; there was no effect of days, and no
interaction (see Fig. 3B).

3.4. Experiment 4: D-cycloserine and LiCl-induced
“lying-on-belly”

The low dose of LiCl (38 mM, 12 ml/kg) induced low levels
of “lying-on-belly” behavior after vehicle or D-cycloserine
pretreatment. By paired t-test, there was no significant dif-
ference between the average time of onset (vehicle, 28.3±
1.1 min vs D-cycloserine, 24.3±2.3, pN0.05) or duration
(vehicle: 0.9±0.7 min, D-cycloserine: 2.6±1.1 min, pN0.05).
In contrast, when the higher dose of LiCl (0.15 M, 12 ml/kg)
was compared to the two other treatments by one-way ANOVA,
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there was a significant effect of treatment on both onset
(F[2,22] =35.1, pb0.0001) and duration (F[2,22] =33.3,
pb0.0001). The higher dose of LiCl induced “lying-on-
belly” with a significantly shorter time to onset (11.4±0.9 min)
and significantly longer duration (11.9±1.3 min) than the
other two treatments (pb0.0001 by Newman–Keuls post-hoc
comparison).

3.5. Experiment 5: D-cycloserine and LiCl-induced c-Fos
expression

Two-way ANOVAs with pretreatment (vehicle or D-cyclo-
serine) and LiCl condition (LiCl or NaCl) as factors revealed a
significant effect of LiCl injection, but not pretreatment, for the
NTS [F(1,23)=9.1, pb0.01], PBN [F(1,23)=9.2, pb0.01], and
CeA [F(1,23)=11.6, pb0.005]. There was no significant effect
Fig. 4. D-cycloserine pretreatment did not increase LiCl-induced c-Fos. Rats were pr
hour after injection of NaCl (0.15 M, 12 ml/kg; left bars) or LiCl (38 mM, 12 ml/k
significantly more c-Fos-positive cells in the NTS, PBN, CeA, and SON (but not PVN
either NaCl or LiCl injection in any brain region.
of either factor for the SON and PVN. Because there was no
significant effect of D-cycloserine pretreatment, D-cycloserine-
and vehicle-pretreated groups were combined and all LiCl-
injected rats were compared to all NaCl-injected rats by t-test,
which revealed significantly more c-Fos-positive cells in the
NTS, PBN, CeA, and SON (but not the PVN) of LiCl-injected
rats (see Fig. 4).

4. Discussion

Systemic administration of D-cycloserine 15 min before
the pairing of saccharin intake with LiCl injection caused
an enhancement of CTA learning as measured in subsequent
2-bottle preference tests. D-cycloserine induced a greater
and more persistent CTA that did not extinguish within the
9–13 test days examined here. Pretreatment with the partial
etreated with D-cycloserine (15 mg/kg, black bars) or vehicle (white bars). One
g; right bars), brains were processed for c-Fos immunoreactivity. LiCl-induced
). There was no effect of D-cycloserine pretreatment on c-Fos-positive cells after
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glycine agonist HA-966 blocked the effect of D-cycloserine on
CTA learning, suggesting that D-cycloserine was acting spe-
cifically at the glycine-binding site of the NMDA receptor.

Because CTA learning is mediated by aversive, toxic, or
malaise-inducing properties of a US such as LiCl, it is pos-
sible that the increased CTA observed with the combination
of D-cycloserine and LiCl was due to aversive properties of
D-cycloserine, or an enhancement by D-cycloserine of LiCl's
aversive effects. Experiments 3, 4 and 5 were designed to
determine if D-cycloserine was aversive or enhanced the
aversive properties of LiCl. In Experiment 3, pretreatment
with D-cycloserine by itself at 15 mg/kg and below was not
sufficient to induce a CTA to saccharin. A higher dose of
D-cycloserine (30 mg/kg) was sufficient to induce a CTA;
given the widespread distribution of NMDA receptors both
centrally and peripherally, it is perhaps not surprising that
D-cycloserine should ultimately have an aversive effect. This
is a common property of a wide variety of drugs (Gamzu,
1977).

In addition, Experiment 4 found that at the same doses at
which D-cycloserine enhanced LiCl-induced CTA, D-cycloser-
ine did not increase the incidence of LiCl-induced “lying-on-
belly”. Quantification of “lying-on-belly” has been used to
assess the aversive effects of LiCl (Bernstein et al., 1992;
Meachum and Bernstein, 1992; Navarro and Cubero, 2003;
Stafstrom-Davis et al., 2001).

In experiment 5, rats were treated with D-cycloserine and
LiCl and the induction of the c-Fos immediate early gene was
assessed in visceral relays of the rat brain (the NTS, PBN, CeA,
SON, and PVN.) Compared to NaCl injections, the low dose of
LiCl induced significantly more c-Fos-positive cells in the NTS,
PBN, CeA, and SON. Pretreatment with D-cycloserine, how-
ever, had no effect on levels of c-Fos induction.

These two experiments demonstrate that D-cycloserine does
not cause a simple summation of aversive visceral responses, as
measured using a behavioral test and a marker of neuronal
activation. While it is difficult to completely rule out an effect of
D-cycloserine on transduction of the US, these results support
the hypothesis that D-cycloserine is affecting the associative
process more than the unconditioned response. Furthermore, we
have reported elsewhere that D-cycloserine was able to enhance
conditioned flavor-taste preference learning, which also sug-
gests that D-cycloserine does not have a major aversive com-
ponent (Golden and Houpt, 2005).

The ability of D-cycloserine to enhance CTA learning
parallels the results of others for fear conditioning (Richardson
et al., 2004), spatial learning (Temple and Hamm, 1996), the
extinction of phobias (Ressler et al., 2004), and other models of
learning. Importantly, D-cycloserine acted specifically at the
glycine-binding site of the NMDA receptor to enhance CTA
learning because HA-966, a partial glycine agonist, was able to
block the enhancement of CTA by D-cycloserine. HA-966 has
been used to demonstrate the specificity of D-cycloserine in
other protocols, e.g. extinction of fear-potentiated startle (Walker
et al., 2002). The enhancement of CTA by D-cycloserine also
confirms a role for the NMDA receptor in CTA learning. Central
NMDA receptors are required for full CTA learning, as
demonstrated using NMDA receptor antagonists. For example,
APV (a competitive antagonist) or CPP (a noncompetitive anta-
gonist) administered into the gustatory cortex prior to or im-
mediately after the pairing of saccharin and LiCl attenuates CTA
acquisition (Berman et al., 2000; Escobar et al., 2002; Escobar
et al., 1998; Ferreira et al., 2002; Gutierrez et al., 1999; Rosen-
blum et al., 1997).

NMDA receptor activation requires agonist binding to both
the glycine- and glutamate-binding sites (Johnson and Ascher,
1987). The ability of D-cycloserine to enhance CTA learning
suggests that sufficient glutamate is present, but that low levels of
endogenous D-serine or glycine constrain NMDA receptor neu-
rotransmission during taste and toxin association. Glycine, once
thought to be widely distributed in the brain and present in
synapses in high concentrations at most times, is now thought to
be tightly regulated over time in restricted brain regions (Wo-
losker et al., 1999). Furthermore, D-serine has recently been
proposed to be a wide-spread neuromodulator in the rat fore-
brain, where it is synthesized and released from glial cells into the
synapse in response to neuronal stimulation (Schell et al., 1995).
Because it is synthesized rather than released from presynaptic
vesicles, synaptic concentrations of D-serine may lag behind
glutamate levels and limit NMDA receptor neurotransmission.

Endogenous agonists at the glycine-binding site may also be
necessary for normal CTA learning. The evidence collected
with glutamatergic antagonists at the NMDA receptor such as
APV demonstrates a necessary role for glutamate in CTA and
thus implies a necessary co-agonist at the glycine-binding site.
In other models of learning, glycinergic NMDA receptor anta-
gonists have retarded learning (Bannerman et al., 1997; Biala
and Kotlinska, 1999; Campbell et al., 1999; Kotlinska and
Biala, 1999; Matsuoka and Aigner, 1996; Mead and Stephens,
1999; Ohno et al., 1994; Steele and Stewart, 1993; Watanabe
et al., 1992). In this study, pretreatment with the partial glycine
agonist HA-966 alone did not cause any degradation of CTA
learning, even though it blocked D-cycloserine-induced en-
hancement and can act as an antagonist when endogenous
glycinergic tone is high (Henderson et al., 1990). While the
affinity of systemically-administered HA-966 is sufficiently
high and its potency sufficiently low to block exogenous
treatments (Moraes Ferreira and Morato, 1997; Myhrer, 1994;
Walker et al., 2002), more potent antagonists at the glycine-
binding site (e.g. kynurenic acid) might be required to block low
levels of endogenous glycinergic ligands (Henderson et al.,
1990).

The sites at which D-cycloserine increased CTA learning
cannot be determined from the current results, which used
systemic injections. Among central sites, the gustatory cortex
and amygdala are strong candidates. However, NMDA recep-
tors are widely distributed throughout the hindbrain (e.g.
nucleus of the solitary tract and parabrachial nucleus (Berthoud
et al., 2001; Guthmann and Herbert, 1999)) and forebrain
(Monyer et al., 1994). NMDA receptors are also expressed in
the gut (Burns et al., 1994), which might contribute to visceral
signals during CTA learning. While Experiment 5 shows that
D-cycloserine does not increase LiCl-induced c-Fos in some
brain regions, these results do not rule out the possibility that
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D-cycloserine enhances central neural activity induced by gus-
tatory input, the toxic effects of LiCl, or the associative process
itself that are not revealed by c-Fos expression. Future expe-
riments could utilize site-specific injections of antagonists and
visualize other markers of neural activity (e.g. MAP kinase) to
localize the critical sites of glycinergic NMDA receptor neuro-
transmission in CTA learning.
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