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Rats were trained by shocking them in a closed compartment. When subsequently tested in the same closed
compartment with no shock, normal rats showed an increased tendency to freeze. They also showed an increased
tendency to actively avoid the compartment when given access to an adjacent neutral compartment for the first
time. Amygdala inactivation with bilateral muscimol injections before training attenuated freezing and eliminated
avoidance during the test. Rats trained in a normal state and given intra-amygdala muscimol injections before the
test did not freeze or avoid the shock-paired compartment. This pattern of effects suggests that amygdala
inactivation during training impaired acquisition of a conditioned response (CR) due either to inactivation of a
neural substrate essential for its storage or to elimination of a memory modulation effect that facilitates its storage in
some other brain region(s). The elimination of both freezing and active avoidance by amygdala inactivation during
testing suggests that neither of these behaviors is the CR. The possibility that the CR is a set of internal responses
that produces both freezing and avoidance as well as other behavioral effects is discussed.

In aversive conditioning procedures, neutral cues such as those
that comprise an experimental context (conditioned stimuli; CS)
are paired with an aversive event such as footshock (uncondi-
tioned stimulus; US). Usually only a few CS-US pairings are re-
quired to produce a variety of changes in behavior upon subse-
quent exposure to the CS alone (Fanselow 1984; Davis 1997,
2000; LeDoux 1998, 2000a; Fendt and Fanselow 1999). The pres-
ent study compared two such behaviors elicited by cues that
make up the context in which an aversive US (footshock) has
occurred; reductions in activity (including a measure of freezing)
and active avoidance of the context, or place where the US was
experienced. The function of the amygdala in producing these
behaviors was studied.

Freezing, defined as a cessation of motor activity including
whisker and nose movements (Bolles and Collier 1976) or sitting
rigidly motionless (Bindra and Anchel 1963) except for move-
ment necessitated by respiration (Fanselow 1980), is elevated
during exposure to an aversive contextual CS (Brown et al. 1951;
Blanchard and Blanchard 1969; McAllister and McAllister 1971;
Bolles and Riley 1973; Bouton and Bolles 1980; Fanselow 1984;
LeDoux 1996, 2000b).

Pretraining electrolytic lesions of the amygdala complex at-
tenuate elevated freezing during exposure to a shock-paired com-
partment (Phillips and LeDoux 1992), as do lesions restricted to
the medial (MeA; Blanchard and Blanchard 1972; Holahan and
White 2002), the central (CeA), or basolateral (BLA) amygdala
regions (Kim et al. 1993; Amorapanth et al. 2000; Nader et al.
2001; Holahan and White 2002). Pretraining (Maren, 1998, 1999;
Vazdarjanova and McGaugh, 1998; Cahill et al. 2000) or post-
training (Lee et al. 1996; Maren et al. 1996a; Maren 1998) NMDA
lesions of the BLA as well as pretraining NMDA lesions of the
lateral amygdala (LA) or CeA (Goosens and Maren 2001) also
block freezing during exposure to a contextual CS.
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Freezing elicited by exposure to shock-paired cues is also
attenuated by pretraining (Fanselow and Kim 1994) or pretesting
(Maren et al. 1996b; Fendt 2001; Lee et al. 2001) intra-amygdala
injections of the NMDA antagonist APS. Lidocaine injected into
the amygdala (Helmstetter 1992) completely eliminated freezing
when given before testing but was less effective when adminis-
tered prior to training. The GABA, agonist muscimol disrupted
freezing when injected into the BLA region before training or
testing (Helmstetter and Bellgowan 1994; Muller et al. 1997;
Wilensky et al. 1999). Studies that have reversibly interfered with
intracellular mechanisms in the amygdala (Bailey et al. 1999;
Schafe and LeDoux, 2000; Schafe et al. 2000; Bauer et al. 2002;
Lamprecht et al. 2002) have also reported blockade of freezing.

Two general hypotheses have been proposed to explain the
deficits in freezing produced by impaired amygdala function.
One suggests that the amygdala is part of a neural system that
stores information required for aversive CSs to potentiate freez-
ing (Fanselow and LeDoux 1999; Fendt and Fanselow 1999;
Maren 1999, 2001; LeDoux 2000a; Fanselow and Gale 2003). The
other argues that the elimination of freezing with amygdala le-
sions or inactivation is due to an inability to express the behavior
rather than an effect on learning (Cahill et al. 1999, 2000;
Vazdarjanova et al. 2001) and animals may be able to express the
learned information in other ways.

Place avoidance can also be produced during exposure to an
aversive contextual CS (Mowrer and Lamoreaux 1946; Mowrer
1947; Miller 1948). In this case, rats that have been shocked
while confined in a compartment and subsequently allowed to
move freely (with no shock) between that compartment and a
neutral one, spend less time in the shocked than in the neutral
compartment (Miller 1948; Goldstein 1960; Campbell and
Campbell 1962; McAllister and McAllister 1962; Blanchard and
Blanchard 1968, 1970a,b; Kumar 1970; Selden et al. 1991;
Vazdarjanova and McGaugh 1998; Antoniadis and McDonald
1999; Holahan and White 2002).

Avoidance of a shock-conditioned context is impaired by
both electrolytic (Gaston and Freed 1969) and neurotoxic
(Jellestad and Cabrera 1986; Antoniadis and McDonald 2000)
lesions of the amygdala complex. Lesions restricted to specific
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amygdala regions have produced less consistent results. Lesions
of the LA or BLA blocked active avoidance of a tone-paired shock
(Killcross, et al. 1997, Amorapanth et al. 2000) while neither
electrolytic (Holahan and White 2002), quinolinic (Selden et al.
1991), ibotenic (Jellestad and Cabrera 1986; Ambrogi Lorenzini
et al. 1991), nor NMDA (Vazdarjanova and McGaugh 1998) le-
sions of the BLA disrupted place avoidance. Electrolytic lesions of
the CeA impaired active avoidance of shock-conditioned cues in
some reports (Poremba and Gabriel 1997; Smith et al. 2001; Hola-
han and White 2002) but not others (Killcross et al. 1997;
Amorapanth et al. 2000).

Freezing involves the suppression of activity while place
avoidance requires the initiation of activity in order to move
from one place to another. It is obvious that the two behaviors
cannot occur at the same time, and it has been shown that el-
evations in freezing interfere with expression of active avoidance
(Anisman and Waller 1972, 1973; Anisman 1973). Although they
represent opposing behavioral tendencies, freezing and place
avoidance are both elicited by aversive contextual CSs. This raises
questions about whether either of these observable behaviors can
be a conditioned response (CR) that is directly elicited by expo-
sure to an aversive CS, or whether they are elicited indirectly by
the CS as the result of some internal CR often referred to as “fear”
(Fanselow 1984; Davis 1992, 1997; LeDoux 2000a; Maren 2001)
or as a “conditioned affective state” (Mowrer 1947; Miller 1948;
Brown and Jacobs 1949; White and McDonald 2002) that affects
them both. The fact that both freezing and place avoidance are
affected by impaired amygdala function raises additional ques-
tions about the relationship of the normal function of the amyg-
dala to the hypothesized internal CRs and the observable behaviors.

In the present experiment rats were shocked in a closed
compartment then tested without shock in the same closed com-
partment. An automated measure of freezing (Inactivity/
Freezing, or IF) that correlates highly with observed freezing (see
Materials and Methods for details) was made in these conditions.
The rats were also tested with the door to an adjacent neutral
compartment open for the first time. Avoidance of the shock
compartment and movement between the two compartments
(crossovers) were measured. The effects of intra-amygdala mus-
cimol injections given before training or before testing on the
expression of these behaviors were examined. The experiment
permitted a direct comparison of the effects of amygdala inacti-
vation on two competing behavioral tendencies—suppression of
activity (freezing) and initiation of activity (place avoidance).
Together with the crossover measure, the findings constrain hy-
potheses concerning (1) the function of the amygdala in aversive
conditioning and (2) the nature of the conditioned response in
aversive conditioning.

RESULTS

Muscimol Injections

Permanently implanted guide cannulae were aimed bilaterally at
the amygdala complex. Figure 1 shows representative brain sec-
tions from rats that received pretraining or pretesting saline or
muscimol injections using injection cannulas inserted into the
brain through the guides. The injector tips were located slightly
dorsal to or within the CeA. No substantial damage to any part of
the amygdala was produced by the injectors and there were no
systematic differences among the groups in the injection sites,
which ranged from 1.8-3.1 mm posterior to bregma.

C-Fos Assessment

Muscimol suppresses neural activity by activating inhibitory
GABA receptors located on the cell bodies of neurons (Steele and
Mauk 1999; Edeline et al. 2002). To estimate the extent of amyg-

Pretrain

Pretest

Muscimol

Figure 1 Representative sections with cannula tracks. Sections were
randomly taken from rats injected with saline or muscimol before con-
text-shock pairings (pretrain) or before testing (pretest). Injector tips
were within the central amygdala nucleus or immediately dorsal to it.

dala inactivation produced by the muscimol injections in the
present experiment, four rats that received saline and four that
received muscimol injections before the closed-door test in the
shock-paired compartment were sacrificed 90 min after the test
and their brains were processed for c-Fos protein immunohisto-
chemistry.

An adjacent brain section caudal to the injection site in each
rat, ranging from 2.1-2.7 mm posterior to bregma, was selected
for analysis. Representative sections are shown in Figure 2. The
section from the rat injected with muscimol has a zone of c-Fos
suppression that included all amygdala regions (LA/BLA, CeA,
and MeA) and the adjacent cortex ventral to the amygdala. It was
not possible to determine whether the muscimol spread dorsally
because, as previously reported (Wang and Redgrave 1997), im-
plantation of guide cannulas and either muscimol and saline
injections produce dense c-Fos labeling around the guide and
injector tracks. Some of the injectors were located within the
boundaries of the CeA in both saline and muscimol injected rats.
Consequently, high levels of c-Fos labeling were found, possibly
due to an expression artifact produced by the injector tip.

Right Left

Muscimol

Saline

Figure 2 Sections of the amygdala complex stained for c-Fos protein
expression. Right and left hemispheres are shown from rats injected with
muscimol or saline before the closed-door test. c-Fos expression is visible
around the injector tip in both rats and throughout the amygdala in the
saline-injected rat, but decreases rapidly with distance from the tip in the
muscimol-injected rat. LA/BLA, lateral/basolateral amygdala; CeA, central
amygdala; MeA, medial amygdala. Bar, T mm.
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C-Fos labeled cells within the left and right LA/BLA, CeA,
MeA and in the cortex ventral to the amygdala were counted in
all eight rats. Taking each of the four regions of interest in each
hemisphere separately, the count for each of the four rats that
received muscimol and each of the four that received saline was
expressed as a percentage of the mean of the counts for the four
rats that received saline. The means of these percentage scores are
shown in Figure 3. Intra-amygdala muscimol injections reduced
c-Fos labeling in both the left and right LA/BLA and MeA, and in
the adjacent cortex ventral to the amygdala. There was a less
pronounced reduction in the CeA, possibly due to the artifact
produced by the injector (Wang and Redgrave 1997). These data
were analyzed with a three-way ANOVA (Group X Amygdala
Region X Hemisphere) with repeated measures on the last two
factors. There was a significant main effect of group
(F(1,6) = 11.40, P <0.02) but no significant effects of region
(F(1,6) < 1.0) or hemisphere (F(1,6) =3.69, P=0.1) and no sig-
nificant interactions. This analysis suggests that neural activity in
most of the amygdala was affected by the muscimol injections
and that the injections may have also affected neurons in the
adjacent cortex and possibly other brain regions that were not
examined. These findings preclude attributing the behavioral ef-
fects of the muscimol injections to any specific amygdala subre-
gion.

In a previous report (Wang and Redgrave 1997), 0.5 ul of a
50 ng dose of muscimol injected into the superior colliculus in-
activated neurons within a radius of ~0.5 mm from the injection
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Figure 3 Quantitative analysis of c-Fos data. Data are expressed as
mean + SEM. (A) Left hemisphere. (B) Right hemisphere. C-Fos expres-
sion was reduced in all regions examined (LA/BLA, lateral/basolateral
amygdala; CeA, central amygdala; MeA, medial amygdala; Cortical, cor-
tical amygdala and piriform cortex). The relatively small difference be-
tween the saline and muscimol injected rats in the CeA is most likely due
to the elevation in c-Fos expression produced by the injector tip.
*P < 0.05 main effect of group (saline vs. muscimol).

438 Learning & Memory

www.learnmem.org

A 20 Pretraining
_’_'_
o, 15 -
a
=
- =@ = con-sal
T —a&— tram-mus
5 ¥ ) 1
PreSh Sh Test
B 20 Pretesting
g 18
g
=
10 —— test-sal
- -® - con-sal
. ——fir— test-mus
PreSh Sh Test

Figure 4 Data collected during the 2-min preshock phase (PreSh) and
4-min shock phase (Sh) on the training day and during the 6-min closed-
door test (Test). (A). Pretraining: rats were injected with saline (train-sal)
or muscimol (train-mus) and shocked or saline (con-sal) and not shocked.
**P < 0.01 vs. con-sal and train-mus during Sh phase. ++P < 0.01 vs.
con-sal during Test. +P < 0.05 vs. train-sal and con-sal during Test. (B).
Pretesting: rats were shocked and injected with saline (test-sal) or mus-
cimol (test-mus) or not shocked and injected with saline (con-sal) before
testing. **P < 0.01 vs. test-sal and test-mus during Sh phase. ++P < 0.01
vs. test-sal during Test. Arrows indicate when the injections were given.

site. Martin (1991) reported that 1000 ng of radioactively labeled
muscimol injected in a volume of 1.0 pl spread 1.8 mm from the
injection site. In the present study, 50 ng of muscimol injected in
a volume of 1.0 pl reduced c-Fos activation within a radius of at
least 2.0 mm and possibly more. These results lead to three con-
clusions: (1) The diffusion pattern of the drug may depend on the
brain region into which it is injected; (2) brain regions may differ
in their sensitivity to muscimol; (3) the area in which radioac-
tivity can be detected may differ from the area in which the
effects of muscimol are detected by the c-Fos method.

Training and Closed-Door Test

Data for the rats given intra-amygdala muscimol injections be-
fore shock training are shown in Figure 4A. The data were ana-
lyzed with a two-way ANOVA with groups as a between factor
and phase as a repeated measure, followed by Fisher’s LSD tests to
localize significant effects. For the pretraining groups, there were
significant main effects of group (F(2,17) = 6.42, P <0.01) and
phase (F(2,4) =55.94, P <0.0001) and a significant interaction
(F(4,34) =10.39, P<0.0001). There were no significant differ-
ences among the groups during the 2 min prior to shock appli-
cation. During the shock phase, group train-sal (injected with
saline and shocked) had a higher I/F score than group con-sal
(injected with saline and not shocked; t(12) =4.97, P <0.001),
indicating that shock contributed to elevated freezing during the
session. The I/F score for group train-mus (injected with musci-
mol and shocked) was significantly lower than that of group
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train-sal (t(11) = 5.73, P < 0.001) and did not differ from that of
group con-sal (t[12] = 1.16, P = 0.22). Thus, muscimol eliminated
the increased I/F produced by shock during the training session.

During the test, when these rats received neither injections
nor shock, group train-sal had a higher mean I/F score than
group con-sal (t[12] =4.71, P < 0.01), suggesting the occurrence
of conditioned freezing. The I/F score for group train-mus was
significantly lower than that for group train sal (t[12] =2.43,
P < 0.05) but significantly higher than the score for group con-sal
(t[12] = 2.27, P < 0.05). Group train-mus also showed a signifi-
cant increase in I/F from the shock phase to the test phase
(t[12] =4.20, P < 0.01). Thus, pretraining muscimol attenuated
conditioned freezing when the rats were tested without shock or
muscimol.

For the rats injected before testing (Fig. 4B), there were sig-
nificant main effects of group (F[2,14] =12.10, P <0.001) and
phase (F[2,4] =39.90, P<0.0001) and a significant interaction
(F[4,28] =12.67, P <0.0001). There were no significant differ-
ences among the groups during the 2 min prior to shock appli-
cation. During the shock phase when no injections were given,
I/F was elevated in groups test-sal (shocked; t[10] = 3.79, P < 0.01)
and test-mus (shocked; t[9] = 4.43, P < 0.01) compared to group
con-sal (not shocked). During the test phase, I/F in group test-
mus (injected with muscimol) was significantly lower than I/F in
group test-sal (injected with saline; t[9] = 5.90, P < 0.001), and
did not differ significantly from I/F in group con-sal (injected
with saline; t[9] = 1.44, P = 0.18). For group test-mus, mean I/F
during the test was not significantly different from its value dur-
ing the preshock period (t[8] = 0.10, P = 0.94) and decreased sig-
nificantly from its value during the shock phase (t[8] = 5.60,
P <0.01). Thus, pretesting muscimol eliminated (conditioned)
freezing observed in shocked control rats.

Intra-amygdala muscimol injections normalized I/F during
training and testing when given prior to either of these sessions.
Previous studies (Helmstetter and Bellgowan 1994; Muller et al.
1997; Wilensky et al. 1999, 2000) have reported similar effects
of amygdala inactivation on freezing. These findings are consis-
tent with the hypothesis that impairments of amygdala function
produce a deficit in the ability to freeze (Cahill et al. 2000;
Vazdarjanova et al. 2001). However, the basis for this deficit is
unclear.

I/F was attenuated but not eliminated during a drug-free test
in rats that were shocked 40 min after receiving muscimol injec-
tions (train-mus). Electrophysiological and autoradiographic
measures show that spontaneous neural activity in the area
surrounding the injection site is reduced by 80% 2 min after
an injection of 1 pg/ul of muscimol (Edeline et al. 2002). Maxi-
mum suppression is attained 10 (Martin 1991) to 25 (Edeline
et al. 2002) min after injection and lasts for about 2 h (Martin
1991; Edeline et al. 2002) and possibly longer. These findings
suggest that in the present study the drug was probably at maxi-
mum effectiveness in the pretraining group. This makes it un-
likely that the partial attenuation of I/F during testing in this
group was due to incomplete blockade of amygdala function dur-
ing training. The data also suggest that muscimol was highly
effective in the pretesting group when it was injected 15 min
before testing.

Because the rats injected before training were in a normal
state during the test, the attenuation of I/F cannot be attributed
to an impaired ability to freeze. The presence of freezing in the
shocked groups that did not receive muscimol injections (train-
sal and test-sal) implies that some kind of information about the
environment in which the shock was experienced, possibly
about the relationship between the US and the CS (LeDoux
2000a; Fanselow and Gale 2003; Maren 2003), is normally stored
somewhere in the brain. The attenuation of freezing by musci-

mol injected prior to training (train-mus) suggests that this stor-
age process was at least partially impaired in some way. Possible
reasons for this impairment will be considered in the Discussion
section.

Open-Door Test

On the day following the closed-door test, rats in the pretraining
group were placed into the compartment in which they had been
shocked with the door to an adjacent neutral compartment open
for the first time. Another group of rats that were trained in a
normal state received this test 48 h after shock training. These
rats received intra-amygdala muscimol or saline injections before
the open-door test. Time spent in the shock-paired and neutral
compartments (place avoidance) and movement between the
two compartments (crossovers) were measured for the period
starting after the rat crossed into the neutral compartment for
the first time (see Materials and Methods for details).

Crossovers

As shown in Figure 5A, the crossover rates for shocked rats in-
jected with muscimol before training (train-mus) were higher
than those for shocked rats injected with saline (train-sal) and
comparable to the rates for nonshocked rats injected with saline
(con-sal). There was a significant group effect (F[2,18] =4.89,
P < 0.05) and significant differences between groups train-sal and
con-sal (t[12] = 3.48, P < 0.01) and between groups train-sal and
train-mus (t[12] = 2.08, P < 0.05). The crossover rates for groups
con-sal and train-mus were not significantly different
(t[12] =0.76, P =0.46). For the groups injected with muscimol
before open door testing (Fig. 5B) there was a significant group
effect (F[2,17] =21.97, P <0.001) and significant differences be-
tween groups test-sal and con-sal (t[11] = 2.82, P < 0.01) and be-
tween groups test-sal and test-mus (t[12] = 6.55, P < 0.01). The
crossover rates for groups con-sal and test-mus were also signifi-
cantly different (t[11] = 3.47, P < 0.01).
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Figure 5 Open-door test. Crossover rates are the number of times a rat
moved between the two compartments minus one divided by the total
session time minus the time of the first bout in the paired compartment.
Abbreviations as in Figure 4. (A). Pretraining. **P < 0.01 vs. train-sal. (B).
Pretesting. **P < 0.01 vs. test-sal, ##P < 0.01 vs. con-sal.
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The reduced crossover rates in the rats that were shocked
and injected with saline during the training (train-sal) or testing
(test-sal) sessions, compared with the rats that were not shocked
and injected with saline (con-sal), are consistent with previous
evidence that exposure to both unconditioned and conditioned
aversive cues reduces activity levels (Blanchard and Blanchard
1969; Brener and Goesling 1970; Kumar 1970). Both pretraining
(train-mus) and pretesting (test-mus) muscimol injections re-
versed these reductions, a finding that is consistent with the
suggestion that amygdala inactivation may affect the ability to
suppress movement, impairing the ability to freeze.

The suppressed crossover rates in group train-sal, compared
to those in group con-sal, suggest the existence of conditioned
suppression of movement. The elimination of this suppression
by pretraining muscimol in group train-mus cannot be attributed
to an inability to suppress movement because the rats in these
groups were tested in a normal state. Accordingly, this effect of
muscimol may be best attributed to an effect on acquisition of
the memory that produced the conditioned suppression. The na-
ture of this effect will be addressed in the Discussion.

During the open-door test, crossovers were elevated in the
test-mus group compared to the con-sal group suggesting the
possibility that intra-amygdala muscimol injections elevated ac-
tivity to a supernormal level. Such an effect could interfere with
the ability to perform specific behaviors such as freezing, distort-
ing the inference of an underlying process from changes in those
behaviors (McAllister and McAllister 1971). However, there are
several reasons to doubt that the increased crossovers in the pres-
ent experiment were an instance of a general effect of amygdala
inactivation. First, the fact that there was no difference in I/F
between groups test-mus and con-sal during the closed-door test
is inconsistent with the existence of such an effect. Second, we
have previously reported (Holahan and White 2001) that non-
shocked rats injected with muscimol or saline have similar activ-
ity levels (muscimol: 2.99 = 0.30 crossovers/sec; saline:
2.49 + 0.33; t[8] = 1.0, P=0.35) and latencies to exit their
“paired” compartment (muscimol 3.65 = 0.83 sec; saline:
5.73 £ 1.51; t[8] = 1.5, P=0.26) in the same apparatus as was
used in the present experiments. Third, others have reported that
amygdala lesions do not produce elevations in activity levels dur-
ing exposure to aversive cues (Goldstein 1968; Decker et al. 1995;
Maren 1998; Fanselow and Gale 2003).

Place Avoidance

As shown in Figure 6, both pretraining and pretesting muscimol
injections eliminated the place avoidance exhibited by the
shocked, saline-injected groups. For the pretraining groups (Fig.
6A), there was a significant group effect (F[2,18] = 15.14,
P <0.001) and significant differences between groups train-sal
and con-sal (t[12] = 5.16, P < 0.01) and between groups train-sal
and train-mus (t[12] = 4.23, P < 0.01). The avoidance ratios for
groups con-sal and train-mus were not significantly different
(t[12] =0.93, P = 0.38]. For the pretesting groups (Fig. 6B), there
was a significant group effect (F[2,17] = 13.64, P < 0.001) and sig-
nificant differences between groups test-sal and con-sal
(t[11] = 5.03, P < 0.01) and between groups test-sal and test-mus
(t[12] = 3.66, P < 0.01). The avoidance ratios for groups con-sal
and test-mus [t(11) = 1.51, P = 0.14] were not significantly differ-
ent.

The rats in the pretraining groups were exposed to the con-
ditioned cues with the door closed before the open door test,
raising the possibility that elimination of the place avoidance
behavior was due to some form of extinction. However, the
avoidance ratio for the test-sal subgroup that was given only the
open door test was 0.57, while the ratio for the train-sal group on
its second exposure to the conditioned cues was 0.62. If extinc-
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Figure 6 Open-door test. Avoidance ratios were calculated as the time
spent in the unpaired compartment minus the time spent in the paired
compartment divided by the total time. Abbreviations as in Figure 4. (A).
Pretraining. **P < 0.01 vs. train-sal. (B). Pretesting. **P < 0.01 vs. test-sal.
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tion had occurred, the train-sal group’s ratio would have been
lower than the test-sal group’s ratio.

The rats that were trained in a normal state and tested after
injections of muscimol failed to avoid the shock-paired compart-
ment. Although their crossover rates were higher than those for
the saline control rats, there is no conclusive evidence that ac-
tivity levels affect conditioned avoidance (Holahan and White
2003) and clear evidence that activity levels do not affect the
expression of conditioned preferences (Hiroi and White 1991;
White and McDonald 1993).

The rats injected prior to closed-door training exhibited
avoidance ratios comparable to non-shocked rats and failed to
avoid the paired compartment even though their amygdalas
were normal during the test. Accordingly, these behaviors cannot
be attributed to any immediate effect of impaired amygdala func-
tion. Rather, such effects must have been due to a failure to
acquire some form of information about the paired compart-
ment. This could not have included any information about the
avoidance behavior, since there had been no previous opportu-
nity to perform that behavior or to learn about the escape route
to the neutral compartment.

There are at least two previous reports that lesions of the
amygdala had no effect on avoidance. Selden et al. (1991) mea-
sured avoidance in a preference apparatus similar to the one used
in the present experiments. During the test, shocked rats spent
approximately 160 and 180 sec (depending on the training pa-
rameters) of a 300-sec test in the safe compartment (Selden et al.
1991, Fig. 4, p. 343). Applying the avoidance ratio calculation
used in the present experiment to these values gives ratios of 0.08
and 0.20. These contrast with values in the range of 0.5-0.6 in
the present experiment and suggest that the lesions in Selden et
al. may have failed to eliminate avoidance because there was
little or no avoidance to eliminate in control animals. This may
have been because the rats in Selden et al. were given relatively
mild footshock and exposed to the apparatus with no shock after
training, which may have partially extinguished the aversive CR.
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It is also possible that the difference between the two experi-
ments is due to the fact that Selden et al. made permanent lesions
with quinolinic acid while the effects in the present experiment
were produced by temporary inactivation with muscimol.

Vazdarjanova and McGaugh (1998) shocked rats in one arm
of a Y-Maze and subsequently placed the rats into one of the
no-shock arms and observed their behavior for 8 min with all
arms open in the absence of shock. Sham-lesioned, shocked rats
spent almost no time in the shocked arm; basolateral lesioned,
shocked rats entered the shock arm after about half the session
but still exhibited strong avoidance compared to a lesioned, no-
shock control group. There are two major differences in proce-
dure between this study and the present one. First, Vazdarjanova
and McGaugh used longer duration footshocks than were used in
the present experiment. Second, Vazdarjanova and McGaugh
placed their rats in a no-shock arm at the start of the testing
session, whereas the rats in the present experiment were started
in the shock compartment. This might have allowed more ex-
tinction in the present study. Both of these factors could account
for the partial elimination of avoidance reported by Vazdar-
janova and McGaugh compared to the complete elimination of
this behavior in the present study. It should also be noted that
Vazdarjanova and McGaugh made neurotoxic lesions of the
amygdala whereas temporary inactivation with muscimol was
used in the present experiment.

DISCUSSION

Intra-amygdala muscimol injections completely eliminated I/F
(equivalent to freezing) observed in normal rats during shock
training. Compared to saline-injected rats, rats injected with
muscimol during training subsequently froze less and failed to
avoid the shock-paired cues when tested without shock. Rats that
were given intra-amygdala muscimol injections before open- and
closed-door testing also froze less and failed to avoid the shock-
paired cues. These findings have implications for understanding
the function of the amygdala, and for identifying the condi-
tioned response in aversive conditioning situations.

Amygdala: Memory and Modulation

The effects of amygdala inactivation during training on all three
of the conditioned aversive behaviors measured in this experi-
ment suggest that their occurrence in normal rats is due to a
mnemonic process of some kind.

Freezing

Increased I/F during training and closed-door testing was elimi-
nated when muscimol was given immediately before these ses-
sions. Previous reports (Helmstetter and Bellgowan 1994; Muller
et al. 1997) have also found that pretraining or pretesting intra-
amygdala muscimol injections blocked freezing in the presence
of an aversive CS. These effects could be due to a performance
deficit (Cahill et al. 1999, 2000, 2001) or to an effect on an un-
derlying mnemonic process (Fanselow and LeDoux 1999; Schafe
et al. 2001; Fanselow and Gale 2003; Maren 2003).

As already discussed, the reduced freezing observed in rats
trained with inactivated amygdalas and tested in a normal state
cannot be attributed to a performance deficit but is consistent
with the hypothesis that amygdala inactivation during training
prevented the acquisition of a Pavlovian conditioned response.

During the training session the elimination of freezing by
amygdala inactivation could have been caused by a performance
deficit but there is also evidence that supports the alternative
interpretation. There are a number of demonstrations that little
or no freezing occurs after a shock-training session if the condi-
tioned cues are eliminated (Blanchard and Blanchard 1969;

Bolles and Collier 1976; Fanselow 1980; Holahan and White
2004b). These findings have led to the suggestion that freezing
during a training session is elicited by the conditioned cues, as it
is during a test session when no shocks are delivered (Bolles and
Collier 1976; Fanselow 1980). If this is the case, the elimination
of increased I/F by inactivation of the amygdala during training
could be explained as a failure to acquire (and retrieve) an aver-
sive Pavlovian association.

The finding that pretesting injections of muscimol attenu-
ated conditioned freezing during the closed-door test is consis-
tent with both the performance deficit hypothesis and the pos-
sibility that it resulted in a failure to retrieve an aversive Pavlov-
ian association.

Crossovers

Intra-amygdala muscimol injected during either the training or
testing trials also eliminated the suppression of activity measured
by crossovers during the open door test. The effect of pretesting
muscimol could have been due to a failure to suppress activity.
However, the normalization of the crossover rates by pretraining
muscimol could not have been due to such a process because the
amygdala was in a normal state when the rats were tested. There-
fore, this effect is best explained as a failure to acquire a Pavlovian
association during training or to retrieve it during testing with an
inactivated amygdala. According to this hypothesis, the aversive
CR produced by this association in normal rats suppresses activity.

Avoidance

Rats that received intra-amygdala muscimol before either train-
ing or testing failed to exhibit place avoidance. These effects of
amygdala inactivation cannot be attributed to a failure to inhibit
movement because they occurred in the presence of both re-
duced and elevated activity levels (compare Figs. 5 and 6), or to
a failure to acquire any specific behavior because there was no
opportunity to learn the avoidance response. The effects can be
attributed to the failure of acquisition (pretraining muscimol) or
expression (pretesting muscimol) of some form of learned infor-
mation, possibly an aversive Pavlovian association that produced
the avoidance behavior.

Mnemonic Function

The present findings lead to the conclusion that some mnemonic
process was affected by amygdala inactivation. At least two hy-
potheses concerning this process are possible. First, the amygdala
may be part of a neural system required for storage of Pavlovian
associations that produce conditioned aversive responses
(Fanselow and LeDoux 1999, LeDoux 2000a; Maren 2001, 2003;
Fanselow and Gale 2003). This hypothesis explains the effects of
amygdala inactivation during training as a failure to acquire such
an association and the effects of inactivation during testing as a
failure to express it, in both cases due to impaired function of the
neural substrate that stores the information required to produce
the conditioned responses.

Second, there is considerable evidence that the amygdala
mediates a memory modulation response that facilitates storage
of representations in other parts of the brain (Ammassari-Teule et
al. 1991; Cahill and McGaugh 1991; Packard et al. 1994;
Roozendaal and McGaugh 1996; Packard and Teather 1998; Ca-
hill et al. 1999, 2001; Packard and Cahill 2001; Holahan and
White 2002). There is also evidence implicating brain areas other
than the amygdala in aversive conditioning, including dorsal
striatum (Viaud and White 1989; White and Salinas 2003) and
cerebellum (Sacchetti et al. 2002). In the present study, impairing
amygdala function during training would have eliminated or at-
tenuated this modulation response, preventing or weakening

Learning & Memory 441

www.learnmem.org



Holahan and White

storage of associations that normally produce observed aversive
behaviors. This hypothesis implies that the amygdala is not part
of the neural substrate that stores the associations.

On its own, this hypothesis does not explain the observa-
tion that amygdala inactivation on the test trials prevented ex-
pression of all behaviors measured. Because the modulation hy-
pothesis implies that the amygdala is not part of a memory stor-
age circuit, the data mean that an intact amygdala is required for
retrieval and or expression of aversive associations stored else-
where. This would require postulating a facilitatory signal of
some kind that originates in the amygdala, or that the output of
extra-amygdala storage system(s) is routed through the amyg-
dala, which controls its behavioral output. The present data nei-
ther support nor eliminate these possibilities.

In summary, the modulation hypothesis explains the effects
of inactivation during training as a failure of modulation and the
effects of inactivation during testing as a failure to produce the
behaviors. Both parts of this explanation must be true to explain
all of the findings.

Identification of the UR/CR

The present findings and others discussed show that manipula-
tions of the amygdala alter rats’ responses to the presence of
unconditioned and conditioned aversive stimuli. One way to ap-
proach the question of how the amygdala produces these
changes is to ask about the output of the amygdala, about the
nature of the URs and CRs it produces.

One description of these responses is suggested by the ob-
servation that lesions to specific parts of the amygdala affect
specific behaviors. It has been reported that lesions of the BLA
but not CeA block active avoidance of shock-paired cues but not
conditioned freezing (or suppression; Killcross et al. 1997;
Amorapanth et al. 2000). This has lead to the suggestion that
parallel systems in the amygdala might control different fear-
related CRs. However, others have found that lesions restricted to
the BLA (Jellestad and Cabrera 1986; Vazdarjanova and McGaugh
1998; Ambrogi Lorenzini et al. 1991; Selden et al. 1991; Holahan
and White 2002) do not disrupt active forms of avoidance while
lesions restricted to the CeA impair active avoidance (Poremba
and Gabriel 1997; Smith et al. 2001; Holahan and White 2002).
While the lack of consistency of these effects does not eliminate
the possibility that several different CRs could be mediated in
different parts of the amygdala, it may suggest that the reported
differences are due to experimental variables rather than ana-
tomical-behavioral differences.

Another approach to understanding the mechanism by
which the amygdala influences behavior is to postulate a single
CR with a general effect. During the open door test, the normal
rats that had been shocked during training moved between the
compartments several times but spent most of their time in the
neutral one. This behavior has been explained by an extension of
the Pavlovian model, sometimes called two-factor theory (Mow-
rer 1947; Miller 1948; Rescorla and Solomon 1967; McAllister
and McAllister 1995). The theory assumes that a conditioned
response (CR) of some kind is acquired during training. This CR
cannot be the avoidance behavior itself because there was no
opportunity to perform that behavior during training when the
door was closed. Therefore, the theory postulates the existence of
an aversive conditioned internal response (CIR) that promotes
avoidance of the conditioned cues as an instrumental behavior
(Mowrer and Lamoreaux 1946; Mowrer 1947; Miller 1948). The
CIR’s existence as an aversive state is inferred from the instru-
mental behaviors it promotes (Mowrer 1947; Miller 1948; Brown
and Jacobs 1949; Rescorla and Solomon 1967; Fanselow 1984;
McAllister and McAllister 1995; Davis 1997; LeDoux 2000a).
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The measure of avoidance used in the present study was
time spent in the no-shock compartment. An increase in this
time would involve escape from the shock compartment and a
form of passive or inhibitory avoidance that prevents the rat
from leaving the no-shock compartment. These two behaviors
could be reinforced by the absence of the aversive conditioned
cues in the shock compartment. Amygdala inactivation blocked
the place avoidance observed in normal rats. The fact that this
occurred in the presence of normal activity levels makes it un-
likely that the effect was due to an inability to initiate or perform
either of these behaviors. This constraint leads to the conclusion
that amygdala inactivation blocked the hypothesized CIR that
reinforces these behaviors, producing the avoidance response.

In addition to eliminating the avoidance response, amyg-
dala inactivation also blocked freezing. Place avoidance requires
the initiation of movement; freezing involves suppression of
movement. Elevated freezing interferes with the ability of rats to
initiate active (place) avoidance (Sidman 1962a,b; Anisman
1973; Anisman and Waller 1973; Holahan and White 2001). The
elimination of both of these incompatible behaviors by amyg-
dala inactivation is further evidence that its effects were due to
elimination or attenuation of a CIR rather than impaired the
ability to perform either of the observed behaviors. If amygdala
inactivation impaired the ability to freeze, avoidance would not
have been eliminated; if it impaired the ability to avoid, freezing
would not have been affected. The alternative is that both be-
haviors were the result of the postulated CIR, which was elimi-
nated by inactivation of the amygdala. Another manifestation of
the CIR that is eliminated by amygdala lesions (Holahan and
White 2002) and inactivation (Holahan and White 2004a) is con-
ditioned memory modulation, an unobservable response that im-
proves retention when activated during the posttraining period.

In the present experiment exposure to aversive uncondi-
tioned or conditioned stimuli tended to decrease movement (in-
creased freezing, decreased crossovers) and amygdala inactiva-
tion reversed these effects, decreasing freezing and increasing
crossovers. These findings are consistent with a long history of
observations on the effects of amygdala manipulations on behav-
ior. The first report of intracranial electrical stimulation in an
awake animal (Hess 1957) described an “arrest” response with
electrodes located in the amygdala. Kaada (1972) summarized
subsequent investigations of this phenomenon and its obverse
produced by amygdala lesions. In rats, it has been shown that
amygdala lesions increase locomotion in an exploratory situa-
tion (White and Weingarten 1976) while amygdala stimulation
decreases locomotion and increases freezing (Weingarten and
White 1978). These findings suggest that one component of an
amygdala-mediated aversive CIR could be the suppression of mo-
tor output.

CIRs are assumed to have specific physiological instantia-
tions. Consistent with this idea, amygdala lesions are known to
block the increase in a number of physiological responses ob-
served following aversive conditioning (LeDoux et al. 1988;
Roozendaal et al. 1991; Antoniadis and McDonald 2000; Borszcz
and Leaton 2003). Likewise, chemical or electrical stimulation of
the amygdala (Kapp et al. 1982; Iwata et al. 1987; Sanders and
Shekhar 1991) elevates heart rate and blood pressure. Sanders
and Shekhar (1991) found that intra-amygdala injections of a
GABA, antagonist (bicuculline) elevated heart rate and blood
pressure, and similar injections produced conditioned place
avoidance (Thielen and Shekhar 2002). Activation of the amyg-
dala GABA system, as in the present study, would block produc-
tion of such internal responses reducing the occurrence of freez-
ing and place avoidance. Future investigation may establish more
direct relationships between such physiological conditioned re-
sponses and the observable behaviors they influence.
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MATERIALS AND METHODS

Subjects

Male, Long-Evans rats (Charles River; n = 58) weighed 250-300 g
at the beginning of the experiment. They were singly housed in
hanging wire cages with water freely available in a temperature
(21°C £ 2°) and light (on 700 hr: off 1900) controlled room. The
rats were treated in accordance with guidelines of the Canadian
Council on Animal Care and protocols approved by the McGill
University Animal Care and Use Committee.

Surgery

Rats deprived of food for 24 h were anaesthetized with an intra-
peritoneal injection of 65 mg/kg sodium pentobarbital and given
5 mg/kg atropine sulphate subcutaneously prior to standard ste-
reotaxic surgery with the tooth bar set at — 3.5 mm (Paxinos and
Watson 1998). Guide cannulas (26 ga, 11 mm length) were im-
planted at coordinates AP —2.5, ML + 4.2, DV —6.0 in mm from
bregma and the skull surface. Each rat was then given an intra-
muscular injection of penicillin (300,000 units/ml) and placed
into a heated holding cage. When recovery from anesthesia be-
gan, each rat was given 0.01 ml Dipyrone (subcutaneous) to re-
lieve post-surgical discomfort.

Apparatus

The shuttle-box consisted of two adjacent stainless steel compart-
ments (29 X 28 X 24 cm) resting on two stainless steel catch
pans 6 cm below the floor. The front walls were clear Plexiglas,
the walls of one compartment were gray and the walls of the
other were checkered black and white squares. There was a con-
necting vertical sliding door in the center of the common wall.
The floors of each compartment consisted of 0.5 cm diameter
stainless steel rods spaced 1.5 cm apart connected to shock gen-
erators. It was previously reported (Holahan and White 2002)
that rats do not show any spontaneous unconditioned side pref-
erences in this apparatus.

A passive infrared motion detector (Radio Shack, 49-550)
modified to be optimally sensitive to the infrared wavelength
emitted by rodents (R.E. Brown, pers. comm.) was mounted over
a 6-cm diameter hole in the top of each compartment. The de-
tector responded to whole body movements, but not to small
movements confined to the head or tail or to sniffing. The output
of the detector was sampled 20 times per sec by a computer. If a
movement was in progress at the time a sample was taken, a
count was recorded. The counts were accumulated in 20-sec bins;
the maximum count for each bin was 400. An inactivity/freezing
(I/F) score was calculated for each 20-sec bin by subtracting the
number of counts accumulated in the bin from 400. The scores
were expressed as I/F per sec so that they could be compared
across sessions of different durations.

The I/F score reflects a combination of the standard freezing
measure (Bolles and Collier 1976; Fanselow 1980) and a certain
amount of whole body inactivity that might not be included by
strict application of the definition used by others. However, I/F
and freezing measured by an observer are highly correlated over
the entire range of freezing values (Holahan and White 2002;
White and Salinas 2003). This was reconfirmed in the present
experiment. During the test trials for the saline-injected rats an
experimenter recorded freezing (absence of all body movements
including sniffing, except for those produced by normal respira-
tion) while the infrared detector recorded I/F. Each bout of freez-
ing was timed and the total was used to calculate freezing as a
percentage of the total session time (360 sec). The correlation
between observed freezing and the automatically recorded I/F
was 0.97 (F[1,4] = 65.20, P < 0.001) providing further validation
that the I/F measure is highly similar to observed freezing.

The detectors were also used to determine the amount of
time the rats spent in each compartment and the number of
times they moved between the compartments (crossovers) dur-
ing open door testing.

A third box (Box C; 29 X 28 X 24 cm) was also used. This

box was in the same room as the shuttle-box but was not at-
tached to it. The frame of Box C was constructed from wood, the
walls and ceiling were 1.0-cm wire mesh, and the floor was a
metal sheet.

Handling

The rats were allowed to recover from surgery for one week, dur-
ing which they were handled on four consecutive days in the
animal housing room. Eight to ten rats were placed into a large
plastic tub with wood chips covering the floor for 2 h. Each rat
was held by the experimenter for 5 min per day. On the third
handling day, each rat was given an intra-amygdala injection of
saline. The stylets were removed and replaced with 32-ga injector
cannulas connected via plastic tubing to a minipump. The injec-
tors extended 1.5 mm beyond the guide cannulas. The experi-
menter held the rat while 1.0 pl of saline was injected over 3 min.
After the injection, the stylets were replaced and the rats were put
back into their home cages.

Food (30-35 g of standard pellets) was placed into each rat’s
cage approximately 4 h after the end of each day’s procedures
throughout the experiment.

Pre-Exposure

On each of the two days following handling, each rat was con-
fined in Box C for 15 min. On the following day, each rat was
randomly assigned to paired and unpaired compartments in the
shuttle-box. When a compartment was paired, the rod floor was
exposed; when it was unpaired, the rods were covered with a 0.5
cm wire mesh. The designation of the two compartments as
paired and unpaired was counterbalanced within each experi-
mental group. Each rat was confined in its paired compartment
for 6 min and then immediately moved by the experimenter to
its unpaired compartment for 6 min. During pre-exposure, the
connecting door between the compartments was closed and no
shocks were given.

Pretraining Injections

Twenty-four h after pre-exposure to the shuttle-box, 21 rats were
given intra-amygdala saline or muscimol injections using the
procedure described under the Handling section. Seven rats were
injected with muscimol hydrobromide (Sigma; 0.44 nmol free
base weight/1.0 ul; 1 pl per side over 3 min) and 14 rats were
injected with the same volume of 0.9% saline. The injectors were
left in place for 2 min following each injection.

Forty min after the injections, seven muscimol (train-mus)
and seven saline (train-sal) rats were placed into their paired
compartments. After 2 min (preshock phase) they were given
four 0.5-s, 1.0 mA footshocks (shock phase) with a 1 min inter-
shock interval. The seven remaining saline-injected rats (con-sal)
were placed into their paired compartments but were not given
any shocks. The next day, all rats were placed into their unpaired
compartments for 6 min with no injections and no shocks.

Twenty-four h after exposure to their unpaired compart-
ments, each rat was placed into the shock-paired compartment
with the connecting door between the compartments closed (test
phase). The rats remained there for 6 min and the detector re-
corded I/F.

Twenty-four h after the closed-door test, all rats were placed
into the shock-paired compartment with the connecting door
between the compartments open. During the 12-min test, time
in each compartment and the number of times the rats moved
into and out of the paired compartment (crossovers) were re-
corded automatically by the detectors.

Pretesting Injections

Twenty-five rats were individually placed into their paired com-
partments and shocked as described for the pretraining groups.
The remaining 12 rats were placed into their paired compart-
ments but were not given any shocks. The next day, all rats were
placed into their unpaired compartments for 6 min with no
shocks.
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Twenty-four h after exposure to their unpaired compart-
ments, the shocked rats were injected with muscimol (test-mus;
n = 12) or saline (test-sal; n = 13). The 12 non-shocked rats (con-
sal) were injected with saline.

Fifteen min following the injections, five rats in group test-
mus and six rats each in groups test-sal and con-sal were placed
into their shock-paired compartments for 6 min with the con-
necting door between the compartments closed. I/F was recorded
using the detectors.

The remaining seven rats in groups test-mus and test-sal and
six rats in group con-sal were placed into the shock-paired com-
partment with the connecting door between the compartments
open. Time in each compartment and crossovers between the com-
partments were recorded automatically during the 12-min test.

Data Analysis

I/F during the preshock and shock phases was measured during
the shock-training session. I/F during the 120 sec (6, 20-sec bins)
before rats received shock in their paired compartments was la-
beled the “preshock” phase. I/F during the 240 sec (12, 20-sec
bins) when the rats received the four shocks was the “shock
phase.” The total I/F for each phase was divided by the duration
of the phase to obtain an I/F per sec score. Similarly, total I/F for
the 18 bins that comprised the 6 min closed-door test phase was
summed and divided by 360. The I/F per sec scores for the three
phases were analyzed with two-way repeated measures ANOVAs
(group by phase) and Fisher’s least significant difference (LSD)
post hoc tests (Maxwell and Delaney 1990).

The place avoidance test was the first time the rats were
exposed to the open door configuration. In most normal, un-
treated rats, exposure to a novel environment elicits exploration
(Barnett 1963). In the present case this led to discovery of the
open door and escape from the shock-paired context. In some
shocked rats injected with saline, freezing, and other forms of
inactivity observed only during the first bout in the paired com-
partment impeded this behavior (Sidman 1962a; Baron 1964;
Brener and Goesling 1970; Kumar 1970; Anisman 1973; Anisman
and Waller 1973). This increased the duration of the first bout in
the paired compartment for these rats, distorting the place avoid-
ance measure. To obtain an uncontaminated measure of place
avoidance, the data for this bout were removed from the total
time in the paired compartment for all rats. Avoidance ratios
were calculated as the total amount of time spent in the unpaired
compartment minus the amount of time in the paired compart-
ment (without the first paired bout) divided by the sum of these
two times ([unpaired — paired] / [unpaired + paired]). The avoid-
ance ratios were analyzed with a randomized one-way ANOVA
and Fisher’s LSD post hoc tests.

Movement between the two compartments was expressed as
a crossover rate, defined as the total number of times a rat moved
between the paired and unpaired compartments divided by the
session time (sec) remaining after subtraction of the duration of
the first bout in the paired compartment. In these calculations,
the number of crossovers was reduced by one to correct for elimi-
nation of the first bout, which was ended by the first crossover.
Crossover rates were analyzed with a randomized one-way
ANOVA and Fisher’s LSD post hoc tests.

Histology

Upon completion of the behavioral procedures, rats were over-
dosed with an intraperitoneal injection of 60 mg/kg chloral hy-
drate and perfused transcardially with saline followed by 10%
formal-saline. Brains were post-fixed for approximately one week
in formal-saline before being frozen and sectioned at 30 pm
through the implant tracks. Brain slices were mounted on gela-
tin-coated slides, allowed to air dry for 2 d, and stained with
thionin (Donovick 1974). Whole brain slices were digitally cap-
tured using Scion Image (Scion Corporation) and processed with
CorelDraw.

Assessment of c-Fos Expression

To examine the area of inactivation produced by the intra-
amygdala muscimol injections, a subset of the rats given pretest-
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ing saline or muscimol injections (n = four test-sal and four test-
mus) were sacrificed 90 min after the end of the closed-door test
and their brains were processed for c-Fos protein immunohisto-
chemistry using a procedure similar to that supplied by Onco-
gene Research Products (Protocol 1: Staining fos-induced forma-
lin-fixed, floating rat brain sections with c-fos (Ab-5); courtesy of
J. Elmquist and C.B. Saper). The primary antibody (polyclonal
c-Fos Ab-5; 1: 50,000; lot #D09803) was from Calbiochem. The
secondary antibody (biotinylated anti-rabbit made in goat) and
the avidin-biotin complex (ABC Elite Kit) were from Vector.

Every second brain section through the cannulae tracks
from each rat was saved for thionin staining. This stain produced
visible differentiation of the lateral/basolateral amygdala (LA/
BLA), the central amygdala (CeA), and the medial amygdala
(MeA). The cells in the piriform cortex and the cortical amygdala
were also visible. An image of a brain section just caudal to the
injector track was captured and enlarged 4 X using a microscope
and imaging software. The region of interest was outlined on
these images and transferred to the adjacent section, which had
been processed for c-Fos. Labeled cells within these regions were
counted by an experimenter without knowledge of the experi-
mental group to which the brain sections belonged.

For each rat in the test-sal and test-mus groups, the c-Fos
positive cells for the four regions in the left and right hemi-
spheres were calculated as percentages of the mean counts for the
test-sal group. This gave a mean of 100% for each region in the
test-sal group and a variance around that mean. It also gave
means and variances for each region in the test-mus group that
could be compared to the means of the test-sal group using a
three-way ANOVA with group (muscimol or saline) as the be-
tween factor and hemisphere (left or right) and region of interest
(LA/BLA, CeA, MeA, cortical area) as repeated measures.
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