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We explored how stimulation of GABA, receptors at different times during conditioned taste aversion (CTA)
acquisition or extinction influenced extinction. In Experiment 1, rats acquired a CTA to 0.3% saccharin-
flavored water (SAC) when it followed an injection of lithium chloride (LiCl; 81.0 mg/kg, i.p.). Following
conditioning, rats received extinction training in which the GABA, agonist muscimol (1.0 mg/kg, i.p.), or
control (saline) injections, were administered either before or after each extinction trial. Muscimol hindered
extinction when administered after extinction trials. Muscimol's inhibitory effects may have impeded
extinction learning by disrupting synaptic mechanisms required to consolidate information experienced
during extinction training. In Experiment 2, we studied the effects of muscimol on CTA acquisition and
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Extinction subsequent extinction. Rats received muscimol (1.0 mg/kg, i.p.) either before or after CTA conditioning trials.
Conditioned taste aversion Following CTA acquisition, all rats were given CTA extinction training without muscimol administration. All
Muscimol groups developed CTA, but the group that received muscimol before CTA conditioning trials extinguished
Learning rapidly in comparison to other treatment groups. Differences between muscimol's effects on CTA

conditioning and CTA extinction indicate that fear conditioning and extinction involve, to some degree,

different neuronal mechanisms.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Conditioned taste aversion (CTA) is the result of classical
conditioning in which a novel taste (conditioned stimulus; CS)
becomes associated with malaise or illness (unconditioned stimulus;
US), resulting in subsequent avoidance of the taste (conditioned
response; CR) (Garcia et al., 1955; Pavlov, 1927). Once a CTA is learned,
repeated CS exposure without subsequent malaise reduces the
occurrence of the CR; this process is known as extinction, and results
in reacceptance of the once-aversive taste. CTA has provided a model
for researchers to study both learning and extinction. Extinction
research may be of particular practical benefit as investigating its
neurological underpinnings holds promise for the development of
new treatments for phobias, anxiety disorders, and post-traumatic
stress disorder (PTSD) (Barad, 2005).

Several behavioral phenomena, including renewal (Bouton et al.,
2006), reinstatement (Rescorla and Heth, 1975), and spontaneous
recovery (Rosas and Bouton, 1996) give strong support to the theory
that extinction is a form of new learning that interferes with, or
overrides, the original CS US association. Such learning generates an
inhibitory response that is present simultaneously with the original
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CR (Rescorla, 1969). Biological evidence also supports the theory of
extinction as new learning. Both CTA acquisition and extinction are
blocked when anisomycin, a protein inhibitor, is injected into the
insular cortex after conditioning or extinction trials, respectively
(Bermtidez-Rattoni, 2004). Furthermore, Mickley et al. (2004)
reported that c-Fos expression in the gustatory neocortex, a brain
area that has been implicated in taste memory consolidation, does not
return to its original state following CTA extinction, but to a new state
that reflects the newly acquired information about the CS. Although
extinction appears to be a form of new learning, the neural under-
pinnings of extinction and learning (i.e., original acquisition) may
differ (for example, see Bahar et al., 2003; Lee et al., 2008).

A growing literature suggests that the brain neurotransmitter
gamma-aminobutyric acid (GABA) and its receptors play a role in
learning and extinction of conditioned fears (Davis and Myers, 2002).
Muscimol, an analog of GABA, is a GABA4 receptor agonist found in the
caps of the psychoactive mushroom Amanita muscaria (Michelot and
Melendez-Howell, 2003). In experimental contexts, systemic musci-
mol administration has been used to produce changes in learning
retention. For example, Castellano and McGaugh (1990) showed that a
single systemic post-training injection of muscimol disrupted reten-
tion of an inhibitory avoidance task. They also reported that the timing
of the injection was critical, as injection prior to learning had no effect
on consolidation.

The purpose of the current study was to extend this work to CTA
by: (1) determining the effects of muscimol on both acquisition and
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extinction, and (2) further exploring how timing of the drug
administration (i.e., before/after presentation of a CS/US) affects
extinction. We employed a robust form of conditioning (CTA) that is
normally resistant to extinction. In Experiment 1, CTA-conditioned
animals received injections of muscimol either before or after
extinction trials. In Experiment 2, animals received muscimol
injections either before or after CTA conditioning trials and subse-
quent extinction behavior was observed. Our data suggest that the
timing of the administration of the GABA, receptor agonist played a
significant role in predicting the dynamics of CTA extinction.

2. Method
2.1. Experiment 1

2.1.1. Subjects

A total of 51 naive male Sprague-Dawley rats (mean weight+
SEM=274.90+14.58 g), supplied by Zivic Laboratories (Zelienople, PA)
were used in this experiment. Animals were housed in individual
plastic cages (44.45 cm longx21.59 cm widex20.32 cm deep) with
corncob bedding (Bed o'cobbs, The Andersons Industrial Products,
Maumee, OH). A 12-h light-dark cycle (lights on at 0600 h) was
maintained, and temperature was kept within 23-26 °C. Rats also had
free access to Purina Rat Chow (No. 5001, PMI Nutrition International,
Brentwood, MO) for the duration of the study.

Procedures were approved by the Baldwin-Wallace College
Institutional Animal Care and Use Committee. Animals were procured
and cared for according to the recommendations in the Guide for the
Care and Use of Laboratory Animals (National Research Council, 1996)
and in compliance with the Animal Welfare Act.

2.1.2. Group nomenclature

The names of the experimental groups used in this study are based
on a coding system. All groups were exposed to a CTA (conditioning)
phase followed by an EXT (extinction) phase from which the name
CTA+EXT is formed. The placement of Mus either before/after the CTA
and/or EXT abbreviation denotes that a muscimol injection was given
either before or after SAC exposures during the given experimental
phase. For example, the name (Mus)CTA+EXT denotes the injection of
muscimol before SAC exposure during the CTA phase of the
experiment.

There were three additional control groups used in the first
experiment that are denoted by the following names. The first group
controlled for animals receiving explicitly unpaired presentations of
the CS and US in lieu of the standard CTA training procedure and is

named NoCTA. The second group controlled for any possible US effects
of muscimol and is named MusCtrl. The third group, designated (Mus)
SAC, was used to determine the extent of hypodipsia when muscimol
was administered 30 min before SAC presentation (see Table 1 for a
summary of group nomenclature).

2.1.3. Materials

All drugs and chemicals were purchased from the Sigma-Aldrich
Chemical Company (St. Louis, MO). Muscimol powder was dissolved
in a physiological saline vehicle to a final concentration of 1 mg/ml
and was administered at a dose of 1 mg/kg (i.p.). This dose of
muscimol was selected based on the previous literature which
suggests that, in rodent models, 1 mg/kg, i.p. can alter retention of an
inhibitory avoidance task without producing state-dependent effects
(Castellano and McGaugh, 1990) or significant motor effects (e.g.,
catatonia; Metha and Ticku, 1987). Lithium chloride (LiCl) was
dissolved in physiological saline to produce a final concentration of
81 mg/ml and was administered at a dose of 81 mg/kg (i.p.). Saccharin
salt was dissolved in deionized water to create a final 0.3% solution
(SAC). SAC and LiCl concentrations/doses were selected based on
previous experience with this regimen indicating that these para-
meters create a strong CTA that is resistant to rapid extinction
(Mickley et al., 2007).

2.1.4. Conditioning procedure

Animals were habituated to a 23 h water deprivation schedule
beginning two days prior to the first conditioning trial. Fluid
consumption was recorded daily to the nearest tenth of a gram. On
the first conditioning day, the water-deprived rats were given 30 min
access to SAC. Following SAC exposure, the drinking bottle was
removed, and animals assigned to the CTA groups received an
injection of LiCl within 15 min of the bottle removal. Fifteen minutes
after SAC bottles were removed, animals were given 30 min access to
tap water to prevent dehydration. CTA animals received the CS-US
pairings on 3 conditioning days (experimental days 1, 3, and 5).
Interim days 2, 4, and 6 served as rest days on which the CTA animals
received two 30 min presentations of water separated by a 15 min
interval (replacing the LiCl injection period experienced on days 1, 3,
and 5). Malaise due to LiCl injection may attenuate water consumption
during the 30 min period following injection. Meachum and Bernstein
(1990) reported that LiCl administration induced specific behavioral
changes associated with malaise in rats within 5 to 10 min following
an i.p. injection, but that these changes in behavior only lasted for
about 1 h. However, rest days allowed for rats to rehydrate and negate
any dehydration caused by this attenuation. To account for possible

Table 1

Experiment 1: Summary of group names, numbers, and treatments

Group Number of Conditioning Extinction
designation subjects Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 phase
CTA+EXT 12 SAC' +LiCI? Water SAC+LICl Water SAC+LiCl Water SAC
CTA+EXT(Mus>)* 9 SAC+LiCl Water SAC+LiCl Water SAC+LICl Water SAC(Mus)”
CTA +(Mus)EXT® 7 SAC+LiCl Water SAC+LICl Water SAC+LICl Water (Mus)SAC?
MusCtrl 8 SAC+Mus Water SAC+Mus Water SAC+Mus Water N/A®
NoCTA® 10 SAC Water +LiCl SAC Water+LiCl SAC Water +LiCl N/A
(Mus)SAC 5 (Mus)SAC Water (Mus)SAC Water (Mus)SAC Water (Mus)SAC

1SAC=0.3% saccharin salt solution.

2LiCl=lithium chloride solution (81 mg/ml) prepared in physiological saline; administered at a dose of 81 mg/kg, i.p.
3Mus=muscimol injection (1 mg/ml) prepared in physiological saline; administered at a dose of 1 mg/kg, i.p.
4EXT(Mus)=muscimol was administered 45 min after SAC exposure throughout extinction.
5(Mus)EXT=muscimol was administered 30 min before SAC exposure throughout extinction.

6 NoCTA=refers to explicitly unpaired (EU) treatment group.
’SAC(Mus)=muscimol was administered 45 min after SAC exposure.
8(Mus)SAC=muscimol was administered 30 min before SAC exposure.
9N/A=the extinction phase was not necessary since rats never acquired a CTA.
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unconditioned stimulus properties of muscimol, rats in the MusCtrl
group were given the same treatment as CTA animals, but a muscimol
injection (1 mg/kg, i.p.) was administered in lieu of the LiCl injection.

The NoCTA group received only SAC on days 1, 3, and 5 of
conditioning and were injected with LiCl on the alternate days 2, 4,
and 6. This explicitly unpaired procedure allowed the NoCTA animals
to receive both the CS and US throughout conditioning without
forming an association or subsequent aversion to SAC (Mickley et al.,
2004, 2007); this group was designed to allow us to estimate the
residual effects of the SAC or LiCl exposures alone.

An additional group was used to determine the effects of muscimol
exposure on SAC consumption over an extended time course (22
muscimol and SAC exposures over the course of 25 days). Following
two days of 23 h water deprivation, this group, designated as (Mus)
SAC, received muscimol injections (1 mg/kg; i.p.) 30 min prior to SAC
exposure on days 1, 3, and 5. They received two 30 min presentations
of water on days 2, 4, and 6 of the study, preceded by no injection. This
group did not receive LiCl injections at any point in the study.

2.1.5. Extinction procedure

After day 6 of the conditioning phase, the extinction phase of the
study began. Animals received 30-min daily exposure to SAC. Fifteen
minutes after SAC exposure, the animals received 30 min access to
water to prevent dehydration.

During the extinction phase, rats were injected with muscimol
(1 mg/kg; i.p.). The time of administration was determined by each
group assignment. CTA+(Mus)EXT animals received muscimol (1 mg/
kg; i.p.) 30 min prior to the presentation of SAC; CTA+EXT(Mus)
animals received muscimol 45 min after SAC presentation had ended.
CTA+EXT animals, which were controls and received physiological
saline in lieu of muscimol, were randomly divided into two subgroups,
one that received saline injections 30 min before and the other 45 min
after SAC was removed from cages, i.e., in a manner that directly
paralleled the timing of the muscimol injections.

For CTA+(Mus)EXT animals, a muscimol administration time-point
of 30 min before SAC exposure was chosen to take into account the
relatively short half-life of muscimol (Michelot and Melendez-Howell,
2003) and ensure that muscimol was still in the system at the time of
SAC exposure but that any lethargy induced by the drug would not
take effect during the bottle testing. When injected intravenously,
muscimol exerts maximal effects on the brain between 30 and 60 min
(Baraldi et al., 1979). Hypodipsia can occur within the first 30 min after
systemic muscimol administration (1 mg/kg) (Houston et al., 2002),
which is another reason administration occurred 30 min before SAC
was made available. An administration time of 45 min after SAC
presentation was chosen for CTA+EXT(Mus) animals to parallel the
injection period experienced by the CTA+(Mus)EXT group, while
taking into account that the daily bottle testing procedure did not end
until 45 min after SAC exposure. This procedure prevented disruption
of the 30 min allotted for hydration.

After day 19 of extinction, muscimol injections were terminated to
determine the effects of drug cessation. The time of drug cessation was
chosen based on our previous data indicating that non-drug-treated
rats extinguished CTAs in 17.11 £3.01 (mean+ SEM) days (Mickley et al.,
2004).

The (Mus)SAC animals received muscimol injections (1 mg/kg; i.p.)
every day 30 min prior to SAC exposure. Since they had acquired no
CTA, they were drinking asymptotic amounts of SAC throughout the
extinction phase. However, to parallel the number of exposures in the
CTA+EXT(Mus) group, the data collection from these animals was also
terminated after 19 consecutive muscimol and CS exposures.

2.1.6. Statistical analysis

Extinction of CTA was defined as SAC consumption greater than or
equal to 90% of the baseline (Mickley et al., 2004). Since pre-exposure
to SAC would impede future CTA training by inducing latent

inhibition, we could not record baseline SAC consumption in the
actual experimental animals. Therefore, baseline SAC consumption
was determined by averaging the amount of SAC consumption on the
first day of asymptotic consumption (which was the third day of SAC
exposure overall) from a separate group (N=10) of similarly-sized rats
not used in the current study (mean+SEM=17.57+1.29 ml).

To analyze extinction data, we separated the time course of
extinction into three phases, as originally established by Nolan et al.
(1997): static, dynamic, and asymptotic (extinction). We compared
SAC consumption between groups at each of these phases. The three
phases correspond to different ranges of SAC consumption relative to
baseline. SAC consumption less than 10% of baseline corresponds to
the static phase; 10%-80% of baseline consumption corresponds to the
dynamic phase; 80%-100% baseline consumption corresponds to the
asymptotic phase (see Mickley et al. (2004) for an example of a CTA
extinction curve). In the current experiment, extinction training
ended when animals reached 90% of baseline SAC consumption, which
operationally defined the specific asymptotic extinction criterion.

SPSS software (Chicago, IL) was used for all analyses. A repeated
measures one-way analysis of variance (ANOVA) and subsequent Tukey
Honestly Significant Difference (HSD) post-hoc tests were performed to
analyze SAC consumption within and between groups during CTA
conditioning (Kirk, 1982). A one-way ANOVA and Tukey HSD post-hoc
tests were also used to analyze between-group differences in the total
days to asymptotic extinction as well as the duration of the static and
dynamic phases. Statistical significance was evaluated using an a=0.05.
Similar analyses were used for Experiment 2.

2.1.7. Results

As shown in Fig. 1, SAC drinking rates of the CTA groups rapidly
decreased over the three conditioning days and first day of extinction;
this was in stark contrast to the increased drinking observed in the
NoCTA animals. Also shown in the figure is a fairly steady daily con-
sumption level (5-10 ml) in the MusCtrl group. A repeated-measures
ANOVA revealed a significant drug treatmentxtreatment day inter-
action (drug treatment [CTA+(Mus)EXT, CTA+EXT(Mus), CTA+EXT,

25
—8— CTA+EXT #
= —O— CTA+ EXT(Mus)
E —¥— CTA+ [Mus) EXT
= 20 | =& nNoCTA
o —— MusCtrl
ﬁ
E
n 154
c
o
o
Q
=y
» 10
=
w
w
+
€ 51
[
=
0 T T v »
A A
Q‘b‘! oﬁ‘!‘s o‘a‘l" o‘a‘l
c«"‘oo
&

Treatment Day

Fig. 1. Experiment 1 SAC consumption data illustrating (depending on the treatment
group) the development of a CTA, acceptance of SAC, or neither a significant rise nor
decline in consumption over the three CS exposure days of conditioning and the first day
of extinction, See Table 1 for group nomenclature. * = Significantly less than the NoCTA
group and significantly greater than the CTA+EXT, CTA+EXT(Mus), and CTA+(Mus)EXT
groups. # = Significantly greater than MusCtrl, CTA+EXT, CTA+(Mus)EXT, and CTA+EXT
(Mus). a=0.05. Variance indicators are SEM.
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NoCTA, MusCtrl]xtreatment day [Conditioning days 1, 3, 5, or
Extinction day 1]) (F [12, 93]=29.422, p<0.001). Tukey HSD post-hoc
comparisons were performed and significant differences were
revealed in SAC consumption on the final CTA conditioning trial
between the three groups designated as CTA, the MusCtrl, and the
NOCTA animals (p<0.05).

SAC consumption of CTA groups vs. the NoCTA and MusCtrl groups
continued to diverge throughout conditioning. Analysis of SAC con-
sumption on the second day of conditioning showed significantly higher
drinking levels in MusCtrl animals compared to the three CTA groups as
well as significantly higher drinking levels in the NoCTA group
compared to MusCtrl and the three CTA groups (F [4, 41]=32.587,
p<0.001; Tukey p<0.01). Furthermore, a Tukey's post hoc evaluation
failed to reveal a significant difference among the three CTA groups' SAC
consumption on the second or third conditioning trials (day 3 and day 5).
SAC consumption of MusCtrl animals on the third conditioning trial was
significantly lower than the NoCTA group (p<0.001), but significantly
higher than the three CTA groups (F [4, 41]=47.628, p<0.001, all Tukey
post hoc tests p<0.001).

Similarly, comparisons revealed significantly higher drinking levels
on day 1 of extinction (the first CS-only exposure) in NoCTA rats as
compared to MusCtrl and the three CTA groups. Likewise, there were
significantly higher SAC drinking levels in the MusCtrl rats as compared
to the three CTA groups (F [4, 41]=49.566, p<0.001, all Tukey post hoc
tests p<0.001). Muscimol, therefore, did not create an aversion to the
SAC as an unconditioned stimulus, nor did it allow neophobia to subside
asin the NoCTA animals (see Discussion for an alternative explanation to
this finding). SAC consumption of the (Mus)SAC control group
resembled the NoCTA group, ruling out that muscimol has a hypodipsic
effect at the 30 min interval used in the current study.

We used paired-samples t-tests to compare the MusCtrl group's
water consumption between the 30 min hydration period following
muscimol injection and the water consumed during 30 min on the
following rest day. The MusCtrl group consumed significantly less
water on conditioning trial days 1 and 3 [£(7)=6.45, p<.001, and ¢(7)=
4.70, p=.002, respectively]. Muscimol treatment produced significant
hypodipsia in MusCtrl rats during their hydration period.

All rats that acquired a CTA continued to exhibit the aversion
entering the extinction phase and then slowly began to reaccept SAC.
However, CTA+EXT(Mus) animals, which received muscimol after the
extinction trials, took significantly longer to reach asymptotic extinction
compared to the CTA+EXTand CTA +(Mus)EXT animals (F[3,32]=17.651,
p<0.001, all Tukey post hoc tests p<0.001). Giving muscimol before SAC
presentation made no significant difference in total days to asymptotic
extinction when compared to the control CTA+EXT animals.

The number of days to reach static, dynamic, and asymptotic
phases of extinction was analyzed (see Fig. 2). We previously reported
that the duration of the static phase (but not the dynamic or
asymptotic phases) varies significantly between treatment groups
and accounts for the majority of the total days to asymptotic
extinction. This experiment was no exception to that finding (refer
to Mickley et al., 2007). The CTA+EXT(Mus) group spent significantly
more time in the static phase of extinction compared to both the CTA+
EXT group and the CTA+(Mus)EXT group (F[2, 25]=7.928, p<0.001, all
Tukey post hoc tests p<0.002). No group differences were revealed in
the duration of the dynamic phase. Also, to see if the rate of extinction
changed after cessation of muscimol on extinction day 19, we
compared duration of the dynamic phase of extinction between
animals that reached asymptotic extinction prior to day 20 with
animals that extinguished their CTA after day 20. Comparisons
between the CTA+EXT and CTA+EXT(Mus) groups (2-tailed t-test, a
priori) revealed no significant differences between these groups.

The NoCTA and the MusCtrl groups displayed in Fig. 1 were omitted
from extinction analyses because SAC consumption never fell to the
level of the control CTA+EXT group; these two groups never
developed a CTA to be extinguished.

In summary, animals in Experiment 1 that received CTA condition-
ing demonstrated an aversion to SAC by the end of conditioning.
Subsequently, only post-extinction trial injections of muscimol
hindered extinction of a CTA. This effect was not due to inhibition of
behavioral expression or muscimol acting as a US, but may instead be
attributed to a disruption of extinction learning. Additionally,
muscimol administered within 15 min following SAC exposure did
not cause MusCtrl animals to develop CTA or reduce neophobia. Of
equal importance, the (Mus)SAC group did not exhibit decreased SAC
consumption when injected with muscimol 30 min before SAC
presentation, ruling out hypodipsia as a possible explanation of our
results.

3. Method
3.1. Experiment 2

The findings from Experiment 1 indicated that muscimol did
indeed affect extinction learning depending on when (before or after
CS presentation) the drug was administered. However, it remained
unclear if retrograde amnesia or state-dependency could explain the
observed patterns in SAC consumption and reacceptance we observed
in the first study (Overton, 1984). We expected that if retrograde
amnesia was an underlying explanation for our Experiment 1
observations, then animals given muscimol after CS exposure during
CTA training would not acquire the CTA. Likewise, if state-dependency
was an underlying explanation, then animals receiving muscimol
injections during both the CTA and extinction training phases would
exhibit a significant retardation in CTA extinction — provided they
learned the original CTA.

Both acquisition and extinction of a CTA involve new learning
(Bahar et al., 2003). Therefore, we wished to determine the general-
izability of the effects of muscimol on CTA acquisition in addition to
those demonstrated on CTA extinction in Experiment 1. In Experiment
2, we administered muscimol (1 mg/kg, i.p.) either before or after CTA
conditioning trials. Following conditioning, rats were allowed to
extinguish their aversion to SAC. No muscimol was administered
during extinction training in Experiment 2, with the exception of one
group, which received muscimol before conditioning and extinction
trials to test for state dependency.
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Fig. 2. Experiment 1 extinction data showing the mean days of extinction training
required to reach criterion for each phase of extinction. See Table 1 for group
nomenclature* = Significantly more daily SAC exposures required to reach criterion for
extinction compared to the CTA+(Mus)EXT and CTA+(EXT) groups. # = Significantly more
daily SAC exposures during the static phase of extinction compared to the static phases
of the CTA+(Mus)EXT and CTA+(EXT) groups. a=0.05. Variance indicators are SEM.
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Table 2

Experiment 2: Summary of group names, numbers, and treatments

Group designation Number of Conditioning Extinction
subjects Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 phase

CTA+EXT 4 SAC?+LiCIP Water SAC+LiCl Water SAC+LiCl Water SAC

(Mus)CTA®+EXT 4 (Mus®)SAC+LiCl Water (Mus)SAC+LiCl Water (Mus)SAC+LiCl Water SAC

CTA(Mus)® +EXT 5 SAC(Mus)+LiCl Water SAC(Mus)+LiCl Water SAC(Mus)+LiCl Water SAC

(Mus)CTA+(Mus)EXT' 6 (Mus)SAC+LiCl Water (Mus)SAC+LiCl Water (Mus)SAC+LiCl Water (Mus)SAC

SAC=0.3% saccharin salt solution.

a
b
c
d

LiCl=lithium chloride solution (81 mg/ml) prepared in physiological saline; administered at a dose of 81 mg/kg, i.p.
(Mus)CTA=muscimol was administered 30 min before SAC exposure throughout conditioning.
Mus=muscimol injection (1 mg/ml) prepared in physiological saline; administered a dose of 1 mg/kg, i.p.

€ CTA(Mus)=muscimol was administered 45 min after SAC exposure throughout conditioning.
' (Mus)CTA (Mus)EXT=muscimol was administered before SAC exposure throughout conditioning and extinction.

3.1.1. Subjects

A total of 19 naive male Sprague-Dawley rats (mean weight+
SEM=309.52+3.32 g) supplied by Zivic Laboratories (Zelienople, PA)
were used in this experiment. See Experiment 1 for animal housing
and maintenance information.

Procedures were approved by the Baldwin-Wallace College
Institutional Animal Care and Use Committee. Animals were procured
and cared for according to the recommendations in the Guide for the
Care and Use of Laboratory Animals (National Research Council, 1996)
and in compliance with the Animal Welfare Act.

3.1.2. Nomenclature

The group nomenclature system is similar to that used for Experiment
1. The placement of (Mus) within the base name CTA+EXT denotes the
time point of muscimol administration throughout the experiment
(before or after CS; during CTA and/or EXT training). To reiterate an
example, (Mus)CTA+EXT signifies that animals received a muscimol
injection prior to SAC exposures during CTA training only (see Table 2 for a
summary of the group nomenclature and treatments).

3.1.3. Materials
Refer to Experiment 1 for chemical/drug supplier and preparation
information for muscimol, LiCl, and SAC solutions.

3.1.4. Conditioning procedure

Animals were habituated to a 23 h water deprivation schedule and
CTA training was administered as described in Experiment 1. However,
various groups received muscimol injections either before or after CS
exposure on CTA training days 1, 3, and 5. Rats in the (Mus)CTA+EXT
group received a muscimol injection (1 mg/kg; 1 mg/ml; i.p.) 30 min
before SAC exposure during the conditioning phase of the study. The
(Mus)CTA +(Mus)EXT group received muscimol 30 min prior to SAC
exposure during both the conditioning and extinction phases. Rats in
the CTA(Mus)+EXT group received a muscimol injection 45 min
following SAC exposure during the conditioning phase only. To control
for handling and injection procedures, rats in the CTA+EXT group were
randomly divided into two subgroups that received a saline injection
either 30 min prior to SAC exposure or 45 min after SAC exposure.

3.1.5. Extinction procedure

Animals received daily 30 min exposure to SAC until the extinction
criterion was met (i.e., SAC reacceptance to 90% of baseline), followed
by a 15 min interval (during which no liquid was available) and then
30 min access to water. The (Mus)CTA +(Mus)EXT groups also received
muscimol injections 30 min prior to SAC presentation every day
throughout extinction to control for any chance of muscimol state-
dependency in which the drug-induced state would act as a context
cue (Nakagawa et al., 1995). Animals that had previously received
saline injections before CS exposure during conditioning were further
divided at this point of the experiment and half were randomly
selected to receive saline injections prior to each extinction trial as a

control for the state-dependent group that received daily muscimol
injections. The (Mus)CTA+EXT, CTA(Mus)+EXT, and CTA+EXT groups
received no muscimol injections during the extinction phase of the
study.

3.1.6. Results

In Experiment 2, all animals acquired a CTA as characterized by the
rapid and successive decline in SAC consumption over the three
conditioning trials and first extinction trial (see Fig. 3). A repeated
measures ANOVA (drug treatment [(Mus)CTA+EXT, CTA(Mus)+EXT,
CTA+EXT, (Mus)CTA+(Mus)EXT]xtreatment day [Conditioning days
1, 2, 3, or Extinction day 1]) showed a significant drug treatmentx -
treatment day interaction across the three days of conditioning and
first day of extinction (F [9, 45]=5.986, p<0.007). No significant
differences in SAC consumption was observed among any groups on
the second conditioning day (day 3), final conditioning day (day 5),
and the first day of extinction. Furthermore, after three conditioning
trials, SAC consumption for all groups was reduced to zero, indicating
that all groups acquired a CTA.

A one-way ANOVA revealed significant differences in SAC
consumption on the first day of conditioning between groups
receiving muscimol prior to CS exposure and groups receiving either
no muscimol or muscimol after CS exposure (F[3,15]=9.366, p<0.001).
The (Mus)CTA+EXT and (Mus)CTA+(Mus)EXT groups both drank
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Fig. 3. Experiment 2 SAC consumption data illustrating the development of a CTA over the
three CS exposure days of conditioning and the first day of extinction. All treatment groups
acquired a CTA. See Table 2 for group nomenclature. * = (Mus)CTA+EXT and (Mus)CTA+
(Mus)EXT groups are significantly less than the CTA+EXT. # = (Mus)CTA +(Mus)EXT group
is significantly less than the CTA(Mus)+EXT group. The CTA+EXT and CTA(Mus)+EXT
groups appear to be significantly different on the first conditioning day due to the lack of
overlapping error bars, but the difference is not statistically significant (F[3, 15]=9.336,
p=0.446). =0.05. Variance indicators are SEM.



324 A. DiSorbo et al. / Pharmacology, Biochemistry and Behavior 92 (2009) 319-326

significantly less SAC on the first day of conditioning compared to the
CTA+EXT control group, but only the (Mus)CTA+(Mus)EXT group
drank significantly less SAC than the CTA(Mus)+EXT group according
to Tukey post hoc tests (all Tukey post hoc tests p<0.001) (see Fig. 3).

Variability in the duration of extinction and phases of extinction,
shown in Fig. 4, were similar to those seen in Experiment 1 (compare
to Fig. 2). Analysis of the treatment-induced changes in duration of
extinction and its phases revealed a significant difference in the
duration of the static phase between treatment groups (F [3, 15]=
9.054, p<0.001). Both the (Mus)CTA+EXT and (Mus)CTA+(Mus)EXT
groups spent significantly less time in the static phase compared to
the CTA+EXT group (Tukey p<0.01 and p<0.04, respectively) and the
CTA(Mus)+EXT group (Tukey p<0.003 and p<0.013, respectively).
Subsequently, a significant decrease was found via a one-way ANOVA
and subsequent Tukey post hoc tests in the number of days required to
reach asymptotic extinction in both groups that received muscimol
before SAC presentation on conditioning days [(Mus)CTA+EXT and
(Mus)CTA +(Mus)EXT]| compared to the CTA+EXT group and com-
pared to the CTA(Mus)+EXT (F [3, 15]=9.514, p<0.001, all Tukey post
hoc tests p<0.001).

There was no significant difference in the number of days to
asymptotic extinction between animals not receiving muscimol and
those receiving muscimol after SAC presentation on conditioning
days. Furthermore, comparisons between the (Mus)CTA+EXT and the
state dependent extinction (Mus)CTA+(Mus)EXT group revealed no
significant difference in total days to reach asymptotic extinction,
reducing the possibility that muscimol was exerting state dependent
effects.

4. Discussion

The data from Experiment 1 revealed that a series of systemic
muscimol injections following CTA extinction trials disrupt extinction
learning. Rats that received post-extinction trial muscimol injections
exhibited impeded extinction, specifically during the static phase.
Once animals began to sample the SAC again (i.e., enter the dynamic
phase), they extinguished their CTA at a rate similar to the other
treatment groups. Moreover, cessation of post-extinction trial musci-
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Fig. 4. Experiment 2 extinction data showing the mean days of extinction training required
to reach criterion for each phase of extinction. * = Significantly less SAC exposures required
by both the (Mus)CTA+EXTand (Mus)CTA +(Mus)EXT groups to reach criterion for extinction
compared to the CTA+EXT and CTA(Mus)+EXT. # = Significiantly less daily SAC exposures
during the static phase of extinction compared to the static phases of the CTA+EXT and CTA
(Mus)+EXT groups. The differences between (Mus)CTA +EXT and (Mus)CTA +(Mus)EXT were
not significantly different. «=0.05. Variance indicators are SEM.

mol injections did not correspond with a rapid reacceptance of the
once-aversive taste. Such findings suggest that muscimol was not
inhibiting expression of extinction behavior, but impeding extinction
learning itself.

These data are consistent with previous research reporting the
ability of a single post-trial muscimol injection to block memory
retention, while a single muscimol pre-trial injection had no effect on
retention (Castellano and McGaugh, 1990). The current study provides
additional data regarding chronic (i.e., successive) muscimol treat-
ments on CTA extinction. Muscimol may only block extinction
learning initially, as animals that received post-trial muscimol in the
current study eventually extinguished, albeit slower than controls.

The slowed extinction observed in Experiment 1 may have been
due to repeated retrograde amnesic effects (Rossato et al., 2004).
Salinas and Mcgaugh (1995) produced such retrograde amnesic effects
with muscimol in a reward shift paradigm, although the effect was
seen for only one day (their methodology only used a single injection
of muscimol during the experiment as opposed to repeated, daily
administrations). Because of repeated retrograde amnesia, each
extinction trial in the current study may have been perceived as a
novel experience with unknown consequences, which prevented
consolidation of the (SAC - no illness) association that normally
develops during extinction.

Chronic muscimol treatment may have produced tolerance
(leading to the abatement of its effects on consolidation), considering
GABAergic drugs decrease post-synaptic sensitivity to GABA and its
analogs (Biggio et al., 2003). However, the present study did not focus
on tolerance factors (receptor regulation, binding changes, etc.) and
correlating such changes to the interaction between muscimol
administration and CTA extinction is worthy of future investigation.
At this time, there is a dearth of literature on the effects of chronic
muscimol treatment on animal models.

The impeded extinction observed in Experiment 1 was not due to
malaise caused by muscimol, which would have essentially recondi-
tioned rats to develop a CTA towards SAC. MusCtrl rats did not develop
a CTA, providing further evidence that the effects of muscimol
observed are acting upon extinction processes. These data are also
consistent with Houston et al. (2002), who reported that systemic
muscimol administration does not produce CTA. Apart from not
developing a CTA from muscimol, the MusCtrl rats in Experiment 1
also did not show a reduction of neophobia over the course of the
conditioning phase. Neophobia is the hesitation to consume novel
substances, a behavior commonly observed in rats (Domjan and
Gillan, 1977). Our data suggest that post-SAC consumption adminis-
tration of muscimol also disrupts the consolidation of taste memory
that is required for neophobia reduction (i.e., the development of a
“safe taste” memory). In a manner consistent with our interpretation
of the Experiment 1 extinction data, persistent neophobia may have
occurred because every subsequent SAC exposure was perceived as a
novel experience with unknown consequences.

An alternative explanation for the MusCtrl findings is that
muscimol exhibited weak US properties, thereby causing consump-
tion rates to neither decrease nor increase over the course of this stage
of the experiment. However, if a food is indeed toxic and causes CTA to
develop, it would be evolutionarily unsound for an organism to
continue ingesting the same amount of the particular food. One would
predict that consumption rates would decrease. Such behavior is seen
in the CTA literature and is consistent across different types of USs,
such as LiCl (Mickley et al., 2004), radiation (Garcia et al., 1955), and
hypertonic saline (Agiiero et al., 1997).

MusCtrl rats exhibited hypodipsia during the conditioning stage of
the experiment. They received water access within 15 min of
muscimol injection, and subsequently, their consumption rates were
significantly lower than when they received water but no muscimol.
One may argue that muscimol-induced hypodipsia might influence
drinking behavior on subsequent days because rats would be extra
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dehydrated. However, our procedure interleaved rest days, in which
only water was given, with conditioning days to prevent dehydration
from becoming a confounding variable for both MusCtrl rats and LiCl-
treated rats. Importantly, this control group experienced hypodipsia
due to the short latency between muscimol administration and water
presentation; water presentation commenced within 15 min after
muscimol injection. No hypodipsic effects were observed when the
muscimol was administered 30 min before fluid presentation (based
on the (Mus)SAC group's drinking behavior).

Muscimol did not have the same effect on CTA acquisition as it did
on CTA extinction. Rats that received muscimol after conditioning
trials still developed a CTA, which required the same amount of
extinction training as the CTA+EXT group for them to reach
asymptotic extinction. On the contrary, muscimol treatment before
CTA conditioning trials did reduce the number of SAC exposures
required to reach asymptotic extinction, causing animals to extinguish
rapidly in comparison to the other treatment groups. Receiving
muscimol prior to both CTA conditioning trials and extinction trials,
rats in the (Mus)CTA+(Mus)EXT treatment group extinguished at the
same rate as rats in the (Mus)CTA+EXT group, suggesting that the
effect was not due to state dependency. Additionally, our conditioning
data suggest that muscimol does not cause the loss of taste sensation
because (Mus)CTA+EXT and (Mus)CTA +(Mus)EXT rats perceived SAC
on conditioning days 3 and 5 and avoided the aversive taste. Both of
these treatment groups also exhibited similar avoidance on the first
day of extinction training, ruling out that pre-trial muscimol injection
blocked expression of regular drinking behavior (i.e., data are
indicative of CTA learning).

It may be likely that post-conditioning muscimol treatment does
block CTA consolidation, but the timing used in the current
experiment missed the critical period of time when consolidation
occurred. This would suggest that CTA acquisition is consolidated
rapidly, and the critical period that is vulnerable to muscimol's effects
subsides sometime within the first 45 min after the CS US pairing. The
effects seen in the (Mus)CTA+EXT and (Mus)CTA+(Mus)EXT groups
may actually be due to muscimol still exerting effects from the pre-
trial injection after US presentation. The effects would be weaker
compared to post-trial injections due to the drug's metabolism (see
Baraldi et al., 1979) over 1 h (30 min between muscimol injection and
CS presentation plus 30 min between CS onset and US onset). Myers et
al. (2006) have shown that commencing extinction within 10 min of
fear-conditioning causes erasure of the fear memory (although it
could also be interpreted as a prevention of consolidation), while a 24-
h latency between acquisition and extinction leads to behavior
indicative of new learning overriding the original association.
Consolidation windows may vary between forms of learning, but all
forms, including extinction, may have an initial window in which
consolidation is vulnerable.

Extinction almost certainly represents new learning and involves
protein synthesis (Bahar et al, 2003). However, the differences
between muscimol's effects on CTA conditioning and CTA extinction
reported here indicate that fear conditioning and extinction involve, to
some degree, different neuronal mechanisms as well. Similarly, recent
data indicate that protein degradation is involved in the reorganization
of retrieved memory and updated memory is reconsolidated by
protein synthesis (Lee et al., 2008). Memory retrieval during the
extinction process likely evokes a dynamic process that serves to
incorporate new information into preexisting memories.

CTA acquisition may consolidate quickly due to the survival
functions such learning provides. Organisms, including rats used in
the current study, are predisposed to develop CTA, readily forming
associations between taste and illness after one CSUS pairing
(Gemberling and Domjan, 1982). Moreover, CTA acquisition can
occur even with relatively long intervals between the CS and the US
(Smith and Roll, 1967). CTA extinction trial outcomes may consolidate
more slowly because it is evolutionarily conservative in terms of

survival. An animal that extinguishes a CTA hastily may do so
inaccurately with detrimental consequences. For example, an animal
that has a CTA towards a particular poisonous food source may test the
food again, in essence attempting to extinguish the CTA. If CTA
extinction were to occur and consolidate rapidly, the animal may then
consume large quantities of the food. If the food's ill-effects (the US)
were slow-acting, then the animal would die of poisoning due to the
inaccurate extinction. Therefore, it may be the case that extinction
trials consolidate more slowly to account for less contiguous USs as an
evolved safety mechanism. This would also allow for a longer period of
time in which extinction can be disrupted by muscimol. The current
study only employed two time points (30 min before and 45 min after
trials); future investigation is needed to further map muscimol's time-
dependent effects.

Muscimol before CSUS exposure did not block CTA formation.
Behaviorally, these rats consumed very low SAC amounts similar to
other CTA conditioned animals, but the intensity of CTA at a neural
level is unknown. A floor effect may mask the detection of differing
CTA intensities among groups by the end of conditioning. Moreover, it
is hard to assess CTA strength by observing the rate of extinction alone
because the extinction rate may also be a factor of extinction learning
itself (Reilly and Bornovalova, 2005).

Rats in the (Mus)CTA+EXT and (Mus)CTA+(Mus)EXT treatment
groups consumed less SAC than the other treatment groups on the
first conditioning trial. Did this contribute to weaker conditioning?
Previous research has shown that CTA conditioning strength is more
dependent on the duration of CS exposure, not the quantity consumed
(Barnfield and Clifton, 1989). Additionally, muscimol at the dose used
in the current study did not cause hypodipsia when injected 30 min
before fluid presentation. The (Mus)SAC control group in Experiment
1, which received muscimol 30 min before SAC exposure, consumed
similar amounts of SAC compared to the NoCTA group, which did not
receive muscimol injections at all. In other labs, this hypodipsia was
seen only during the first 30 min after a subcutaneous injection of
muscimol (Houston et al., 2002). Subcutaneous injections yield slower
drug effects than intraperitoneal injections used in the current study
(Wellman, 1994), further supporting that 30 min was an ample period
of time to allow any possible hypodipsia to subside. Lastly, CTA+(Mus)
EXT rats in Experiment 1 did not exhibit hypodipsia under the
influence of muscimol once they extinguished their CTA. Ultimately,
the amount of SAC consumed on the first day of conditioning was not a
potent predictor of the level of SAC consumed at the end of the
conditioning procedure days later since all rats in the study were
consuming near-zero amounts.

Some caution may be warranted in the interpretation of Experiment
2 where two of our groups contained relatively low Ns. In particular,
groups CTA+EXT and (Mus)CTA+EXT each employed N=4. However, it
should also be noted that the effects of primary interest in this study
were detectable despite the low Ns in these groups. Specifically, as Fig. 4
indicates, the “days of extinction” of the experimental groups that
contained the fewest number of rats (CTA+EXT and (Mus)CTA+EXT)
were significantly different from one another. When non-significant
effects were found (e.g., comparing CTA+EXT vs. CTA(Mus)+EXT or
(Mus)CTA+EXT vs. (Mus)CTA +(Mus)EXT) the group “days of extinc-
tion” means were so similar that running of additional animals would
not likely have produced significant differences and would have been a
waste of animal resources.

The current study further implicates GABAergic mechanisms in the
extinction of CTA. The data provided in the current study, as well as
other research, suggest that GABA is involved in extinction, perhaps as
a modulator of other neural mechanisms (e.g., Marsicano et al., 2002).
Systemic muscimol administration decreases norepinephrine (NE)
release in the basolateral amygdala (BLA), and this decrease is
associated with reduced memory retention (for example, see Miranda
and McGaugh, 2004). The BLA has been implicated in CTA extinction
(Bahar et al., 2004), in particular, during the static phase of extinction
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in which the BLA exhibits increased activity (Mickley et al., 2004). In
the current study, it is during the static phase that we observed
muscimol's effect on extinction. This further suggests that BLA has a
critical role during the early stages of CTA extinction. Direct infusion of
muscimol along with NE into the BLA does not produce the same
consolidation decrement when muscimol is infused alone (Berlau and
McGaugh, 2005), suggesting that noradrenergic influence supersedes
GABAergic influence in the amygdala.

Uncovering GABA's exact role in extinction could lead to the
development of new pharmaceutical treatments for treating phobias,
PTSD, and anxiety disorders; disorders in which pervasive anxiety/
fear responses are resistant to extinction (Barad, 2005). Our data are
confined to CTA — a particular defensive reaction to a learned fear.
Further research will be needed to fully elucidate the extent of
GABAergic influence on CTA, the acquisition and extinction of other
fears, and more generally, learning.
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