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Although much has been learned about the role of the amygdala in Pavlovian fear conditioning, relatively little is
known about an involvement of this structure in more complex aversive learning, such as acquisition of an active
avoidance reaction. In the present study, rats with a pretraining injection of the N-methyl-D-aspartate (NMDA)
receptor antagonist, 2-amino-5-phosphonopentanoic acid (APV), into the basolateral amygdala (BLA) were found to
be impaired in two-way active avoidance learning. During multitrial training in a shuttle box, the APV-injected rats
were not different from the controls in sensitivity to shock or in acquisition of freezing to contextual cues. However,
APV injection led to impaired retention of contextual fear when tested 48 h later, along with an attenuation of c-Fos
expression in the amygdala. These results are consistent with the role of NMDA receptors of the BLA in long-term
memory of fear, previously documented in Pavlovian conditioning paradigms. The APV-induced impairment in the
active avoidance learning coincided with deficits in directionality of the escape reaction and in attention to
conditioned stimuli. These data indicate that normal functioning of NMDA receptors in the basolateral amygdala is
required during acquisition of adaptive instrumental responses in a shuttle box but is not necessary for acquisition of
short-term contextual fear in this situation.

Pavlovian fear conditioning has become a widely used model
system to study neural substrates underlying aversive learning
(LeDoux 1998; Fanselow and LeDoux 1999). Using this ap-
proach, a considerable body of data has been accumulated that
indicates the essential role of the nuclei of the amygdala, espe-
cially the lateral and basolateral nuclei, in associative changes
during fear conditioning (Quirk et al. 1995; Maren and Fanselow
1996; Maren et al. 1996a; Schafe et al. 2000). However, the data
based on inhibitory avoidance learning support the argument
that the amygdala mainly modulates the consolidation of fear
memories in other brain structures (McGaugh et al. 1995;
Roozendaal et al. 1997; Cahill and McGaugh 1998). One of the
possible resolutions of this dispute is that the amygdala may play
a dual role in these paradigms; namely, that in classical fear con-
ditioning, the amygdala serves as the site of plasticity underlying
fear learning, whereas in inhibitory avoidance learning, the
amygdala modulates the strength of aversive memory located
elsewhere (Wilensky et al. 2000).

Notably, both the fear conditioning and the inhibitory
avoidance paradigms consist of a very low number of trials, thus
limiting an opportunity to assess the role of the amygdala in a
complex relation between fear processing and an acquisition of
the instrumental reaction. One of the approaches to address this
question involves more complex models of aversive learning,
such as the active avoidance paradigm, which includes fear con-
ditioning and demands dozens of trials to learn the instrumental
response (for review, see Bolles 1979; Mineka 1979).

The process of learning the two-way active avoidance reac-
tion can be dissected into well-defined and separated stages,
starting from the initial execution of an inborn fleeing reaction
from shock, then through the stage of acquisition of the instru-
mental escape response, and finally to the performance of an
avoidance reaction (Savonenko and Zielinski 1998; Savonenko et
al. 1999b,c). Detailed analysis of overt behaviors during learning
revealed that acquisition of the active avoidance response was
accompanied by attention and preparatory responses to the con-
ditioned stimulus and was negatively correlated with freezing
behavior (Savonenko et al. 1999a).

Lesions located into the various nuclei of the amygdala had
been shown to impair the acquisition of the two-way active
avoidance reaction (Werka 1997; Werka and Zielinski 1998).
However, the study of plasticity-related neuronal activation in
the amygdala during the same kind of behavioral training, as
revealed by c-Fos immunocytochemistry, showed an apparent
discrepancy with the results of lesions (Savonenko et al. 1999a).
Namely, a pronounced activation of c-Fos expression in the ba-
solateral amygdala (BLA), whose lesions had deteriorating effects
on two-way avoidance learning, did not correlate with the acqui-
sition of an instrumental reaction, but only with intertrial reac-
tions that reflected the anticipatory anxiety of the animals. This
could indicate that plastic long-term changes occurring in the
BLA during instrumental aversive conditioning may reflect
memory for fear-related information but not the memory of the
instrumental reaction itself (for discussion, see Savonenko et al.
1999a). On the other hand, participation of the BLA in long-term
retention of fear does not preclude the possible role of this struc-
ture in working memory circuits during acquisition of an adap-
tive instrumental reaction.
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Blocking of N-methyl-D-aspartate (NMDA) receptors is an-
other approach to assess the role of the amygdala by a temporary
inactivation of these receptors during instrumental defensive
learning. Investigations into the cellular mechanisms of condi-
tioned stimulus (CS)–unconditioned stimulus (US) association
revealed that NMDA receptors in the BLA are necessary for ac-
quisition and expression of Pavlovian fear conditioning in rats
(Maren et al. 1996b; Lee and Kim 1998; Walker and Davis 2000). It
has been proposed that glutamate receptor-dependent long-term
potentiation (LTP) may underlie neural plasticity of fear circuitry
(McKernan and Shinnick-Gallagher 1997), and the effect of the
NMDA receptor antagonist, 2-amino-5-phosphonopentanoic
acid (APV), on fear conditioning appears to be mediated through
a blockade of LTP induction (Maren and Fanselow 1995). How-
ever, several studies had also shown effects of APV on normal
synaptic transmission (Chapman and Bellavance 1992; Li et al.
1998), indicating that APV effects on fear conditioning may be
mediated by attenuation of normal synaptic transmission of CS-
and/or US-related information (Lee et al. 2001; Rodrigues et al.
2001).

To get further insight into the involvement of the BLA
amygdala during instrumental defensive conditioning, we have
decided to use a pretraining intra-amygdala APV infusion as an
approach that had been shown to impair acquisition of fear in
classical Pavlovian paradigms. To dissociate the effects of APV
infusion on fear conditioning and instrumental learning, a de-
tailed behavioral analysis was applied with a continuous moni-
toring of freezing reaction during the CS and the intertrial inter-
val. The instrumental learning was characterized by acquisition
of a preparatory response as orientation of the body to the open-
ing, by directionality of the escape reaction, and by acquisition of
an avoidance reaction. The incidence of attention reaction to the

CS was also recorded during every trial. We have also used c-Fos
immunomapping of amygdalar nuclei to study neuronal activa-
tion related to the manipulations used.

RESULTS

Histological Verification of Infusion Sites
To verify the location of the injection cannulae and thus to as-
certain the proper injection sites, we have examined brain sec-
tions from all the animals under study. This analysis revealed
that all but one rat in the APV group received appropriate bilat-
eral placement of cannulae into BLA (see Fig. 1 for representative
placement). One rat from the vehicle group displayed an exten-
sive damage in the area of the left external capsule. The behav-
ioral data obtained for both of these animals were excluded from
the statistical analyses. Comparison of APV- and vehicle-infused
brains showed no difference in tissue structure around the infu-
sion sites.

Acquisition of the Avoidance Reaction
Three groups of rats were used in the study to discriminate be-
tween effects of APV treatment and vehicle injection: control,
vehicle, and APV groups. To assess the contribution of the NMDA
receptors to the processing of stimuli of different modality, we
used two conditioned stimuli, Noise and Darkness, presented in
a semirandom order.

The acquisition of avoidance reactions was observed in the
control and vehicle groups as a significant increase in the per-
centage of these reactions in the course of the session, whereas
there was no such increase in the APV group (Fig. 2; effect of
block, F(4,100) = 6.51, p < 0.001; and group � block interaction,

Figure 1 Cannula placements. (A) Photomicrograph of Nissl-stained section of left amygdala in rat injected with APV. (B) Schematic representation
of the same section. Inserted squares represent the areas shown on Figure 8 for examples of c-Fos immunostaining. Scale bar, 1 mm; (to) tractus opticus;
(ec) external capsule; (ast) amigdalostriatal area. (C) Cannula tip placements from rats infused with vehicle (open arrows) or 5 µg of APV (filled arrows).
Only rats with cannula tips at or within the boundaries of basolateral nuclei were included in the data analysis.
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F(8,100) = 2.09, p < 0.05). Consistent with the previous studies
(Zielinski et al. 1993; Werka and Zielinski 1998), auditory CS
(Noise) was more effective than visual CS (Darkness) in eliciting
avoidance (effect of CS modality F(1,25) = 35.28, p < 0.0001).

However, in contrast to the control and vehicle groups, the pre-
sentation of more “potent” auditory CSs did not facilitate learn-
ing in APV-injected rats (group � CS modality interaction
F(2,25) = 4.22, p < 0.03).

Escape Behavior During Two-Way Active
Avoidance Training
The deterioration in the acquisition of the avoidance reactions
observed in the APV group might result from an impairment of
one of the preceding stages of learning. The acquisition of an
appropriate directionality of escape reaction is necessary for suc-
cessful learning of the two-way avoidance reaction. As it can be
seen in Figure 2 (top panel), the acquisition of the avoidance
reaction in the control rats was detected in blocks of trials with a
robust decrease in frequency of nondirectional escape responses.
The nondirectional escape responses were observed as a jumping
between walls or to the ceiling before crossing to the opposite,
safe compartment. Another type of escape response, a directional
escape, consisted in movement to the safe compartment with the
shortest trajectory and resulted in very short escape latencies (Fig.
3A). The acquisition of the appropriate directionality in escaping
shock facilitated learning of the two-way avoidance reaction. A
similar pattern of changes was observed in the vehicle group (Fig.
2, middle panel). However, APV-injected rats showed signifi-
cantly more nondirectional escape responses than the two other
groups (effect of group, F(2,25) = 5.36, p < 0.01; Fig. 2, lower
panel). Moreover, in the APV group, there was no inhibition of
this reaction to the end of the session (effect of block,
F(4,100) = 9.56, p < 0.0001; and group � block interaction,
F(8,100) = 8.51, p < 0.0001). The latency of nondirectional re-
sponses in APV-injected rats was significantly longer than in
the two other groups (Fig. 3B; Kruskal-Wallis ANOVA,
H(2,636) = 182.53, p < 0.001) and increased in the course of the
session (H(4,296) = 10.02, p < 0.05). However, APV rats escaped
from shock as fast as the two other groups if the directionality of
escape was appropriate (Fig. 3A), indicating no significant effects
of APV injection on sensitivity to shock.

In all groups, including APV-injected rats, the modality of
the CS significantly affected escape behavior (F(1,25) = 59.26,
p < 0.0001). The acoustic CS, Noise, was more potent in eliciting
the escape response with an appropriate directionality than the
visual CS, Darkness. The fact that APV-injected rats were sensitive
to modality of the CS is consistent with a previous report that
lesion of the BLA does not disrupt the effects of CS modality in
the same learning paradigm (Werka and Zielinski 1998). More-
over, this fact indicates that inability of APV-injected rats to
show modality-specific facilitation in acquisition of the avoid-
ance reaction (see previous section of Results) was not caused by
the deficit in sensitivity to CS modality.

Overt Behaviors During the CS and Intertrial Intervals
Preparatory reaction observed as orientation of the body toward
the opposite compartment can facilitate avoidance or escape re-
sponses (Savonenko et al. 1999b). The APV group showed a sig-
nificant deficit in preparatory responses during the acoustic CS
(effects of group, F(2,26) = 7.64, p < 0.005; and group � modality
interaction, F(2,26) = 3.50, p < 0.05). The absence of between-
group differences during the visual CS was caused by a low level
of preparatory responses in all groups (effect of modality,
F(1,26) = 36.86, p < 0.0001; Fig. 4 A,B). The deficit of the APV
group in this type of behavior was also revealed during intertrial
intervals (effect of group, F(2,24) = 7.20, p < 0.005; Fig. 4C). These
data are consistent with results on APV-induced deficiency in
directionality of the escape because both, directional escape re-

Figure 2 An acquisition of the two-way active avoidance reaction in
control (top panel), vehicle (middle panel), and APV group (low panel).
Thick lines represent the number of avoidance reactions to acoustic
(Noise, N) or visual (Darkness, D) conditioned stimuli in consecutive
blocks of trials. Thin lines represent the number of nondirectional re-
sponses that were observed as a chaotic jumping between the walls or to
the ceiling of the shocked compartment before entering the opposite safe
compartment. A decrease in the number of nondirectional responses to
the end of the session (as it can be seen in controls but not in APV group)
indicates an acquisition of escape reaction with an appropriate direction-
ality and facilitates the learning of the avoidance reaction. Data are ex-
pressed as means and SEM.
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action and preparatory reaction, demand the correct discrimina-
tion of dangerous and safe compartments.

An even more dramatic effect of APV injection was observed
when an attention reaction to the onset of CS was considered
(Fig. 5). The attention reaction was defined as any change in
ongoing behavior during the first second of CS presentation (ini-
tiation of the preparatory reaction, movement of a head, tail up
reaction, or a break of any preceding movement). Because the
attention reaction consisted of the elements of several reactions,
it was not an independent behavioral variable. However, it was
the most sensitive measure to reflect a general reactivity to the CS
without taking into account what exact type of behavior will be
elicited by the CS. The deficit of APV-injected rats in attention
reactions was significant for both modalities (effect of group,
F(2,24) = 15.39, p < 0.0001) and increased gradually during the
training session (effect of block, F(4,96) = 6.72, p < 0.0001; and
group � block interaction, F(8,96) = 2.30, p < 0.05).

Freezing During the CS and Intertrial Intervals
Freezing was analyzed separately for intertrial intervals and CS
presentation. There were no between-group differences in freez-

ing during the intertrial interval (F(2,24) = 0.70,
p = 0.52; Fig. 6). APV-injected rats, similar to rats
from the control and vehicle groups, increased
time spent in freezing from the first to the second
block of 10 trials, and then the level of freezing re-
mained the same until the end of the session (effect
of block, F(4,96) = 9.78, p < 0.001). These data indi-
cate that APV injection into the BLA does not pre-
vent acquisition of freezing to contextual cues when
tested in the instrumental multitrial paradigm.

In contrast to the intertrial interval, freezing
during the CS when measured in the instrumental
paradigm can be disrupted by an avoidance reac-
tion. Thus, only trials that were not terminated by
an avoidance reaction were taken into analysis.
Similar to the results from the intertrial interval,
there was no between-group difference in freezing to
CS (effect of group, F(2,24) = 0.33, p = 0.72). A signifi-
cant effect of block of trials (F(4,96) = 6.67, p < 0.001)
consisted of an increase of time spent in freezing
from the first to the second block of trials without
further changes until the end of the session.

Because the CS was presented on the back-
ground of contextual cues, the increase in freezing
to the CS can be a result of fear to contextual cues.

Then, to estimate a relative impact of the CS on freezing behav-
ior, we compared the percentage of time spent freezing during
the intertrial interval and the CS (Fig. 7). In the control groups,
the visual CS did not significantly increase freezing, probably
because of a ceiling effect. The presentation of the acoustic CS
decreased the level of freezing as compared with the intertrial
interval (although not significantly, p < 0.08). This partial inhi-
bition of freezing during the acoustic CS is consistent with the
fact that in the control and vehicle groups, this stimulus was
more potent in eliciting the preparatory response and facilitating
the acquisition of the avoidance reaction. Importantly, in APV-
injected rats, the inhibition of freezing was observed in the first
block of trials but disappeared in the course of the session (Fig.
7C). Thus, to the end of the training, CS presentation in the APV
group did not exert any additional effects on freezing behavior as
compared with the intertrial interval.

Overt Behaviors After 48-h Delay
After 48 h of delay, the rats were placed in the same shuttle box
in which they were trained, and overt behaviors were observed

Figure 4 Effect of APV injection on the preparatory reaction during (A) Darkness or (B) Noise conditioned stimuli or during (C) the intertrial interval.
The reaction of orientation of the body or head to the opening was significantly suppressed in the rats of the APV group during presentation of the
acoustic CS as well as during the intertrial interval. Values represent the mean � SEM. (*) Significant differences from the APV group in separate blocks
of trials as a result of Newman-Keuls post hoc test, p < 0.05.

Figure 3 Effect of APV on the latency of (A) directional and (B) nondirectional escape
responses. In all groups of rats, the directional escape (defined as an escape from the
shocked compartment with the shortest trajectory) was characterized by significantly
shorter latencies than the nondirectional escape response (Kruskal-Wallis ANOVA,
H(1,1122) = 764.28, p < 0.0001). APV-injected rats were significantly different from the con-
trol groups only in the latency of nondirectional escape reactions (see text). Because there
was no significant effect of modality of CS on escape latency, data are expressed as mean
escape latencies for both conditioned stimuli.
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during a 26-sec interval (an equivalent of the longest intertrial
interval during the active avoidance training). All control ani-
mals oriented their heads and bodies to the opening between
compartments of the apparatus and then froze for the rest of the
observation period. Freezing to contextual stimuli in rats from
the vehicle group was not different from the controls. In con-
trast, time spent in freezing by APV-injected rats was significantly
less than in two previous groups (F(2,11) = 17.78, p < 0.001) and,
moreover, was not different from that observed before training
(see Fig. 6, before and after training).

Effect of APV on the Training-Induced c-Fos Activation
in the Amygdala
To investigate amygdala regions that are activated after a single
training session of the two-way active avoidance, we analyzed
c-Fos immunolabeling of this brain region. In the naive, un-
trained animals, there was a very low level of c-Fos expression
(Fig. 8). To assess the effects of handling and injection on c-Fos
activation, the animals from the handled group were injected
with vehicle only in the left amygdala. 3-way ANOVA of c-Fos
expression in naive and handled rats revealed a significant effect
of the side of injection (F(1,4) = 9.98, p < 0.05) and group � side
interaction (F(1,4) = 10.12, p < 0.05). The Newman-Keuls post hoc
test showed significant differences between the left and right
amygdala for basolateral (BLC) and central (CeA) nuclei of
handled rats (Fig. 9). This indicated that handling alone did not
alter c-Fos levels but vehicle injection in the handled animals
produced an increase of c-Fos expression in the nuclei adjacent to
the trace of cannulae.

To assess the effect of training and APV injection on c-Fos
activation in amygdala, the data from naive rats and handled rats
injected with vehicle (only from the left injected side) as well
as from trained animals injected with vehicle or APV were in-
cluded in 4 (groups) � 4 (nuclei) ANOVA. The analysis revealed
the significant effect of group (F(3,11) = 3.76; p < 0.05), nuclei
(F(3,33) = 4.95; p < 0.01), and interaction (F(9,33) = 2.47; p < 0.05).
In the injected animals, irrespective of whether they were trained
or not, there was a marked c-Fos expression observed close to the
injection site, that is, BLC and CeA nuclei (see Fig. 9 for the
results of post hoc tests). In the APV-injected animals, c-Fos ex-
pression in these nuclei was less robust (significantly in CeA). On
the other hand, in both groups of the trained rats (APV- and
vehicle-injected), an increase in c-Fos expression was observed in
the amygdala regions—such as the medial area—that were dis-
tant to the injection site. The training-induced increase in c-Fos

expression in the medial amygdala was markedly
diminished in the APV-treated animals, resulting
in significant differences between the APV and ve-
hicle groups (Figs. 8 and 9).

DISCUSSION
The results of the present study indicate that pre-
training infusion of the NMDA receptor antago-
nist APV into the BLA impairs the acquisition of
the two-way active avoidance reaction. APV-in-
jected rats failed to acquire the appropriate direc-
tionality of the escape reaction and showed addi-
tional deficits in attention to conditioned stimuli.
Importantly, APV did not prevent the acquisition
of freezing to contextual cues in the course of the
avoidance training; however, it dramatically dete-
riorated the retention of contextual fear when
tested 48 h after the training. This deficit in the
long-term retention of conditioned fear coincided
with a significant attenuation of c-Fos activation

in the amygdala, indicating that NMDA receptor activation and
Fos induction could be important for the retention of contextual
fear in the two-way active avoidance procedure.

As an instrumental defensive paradigm, the active avoid-
ance procedure includes the strong component of classical fear
conditioning (for review, see Bolles 1979; Mineka 1979). Because
APV injection into the BLA has been shown to ameliorate the
acquisition of conditioned fear tested in Pavlovian conditioning
(Maren et al. 1996b; Lee and Kim 1998), APV-induced impair-
ment in the two-way active avoidance learning may be due to a
detrimental effect on the fear processing during training. How-
ever, our APV-injected rats did acquire fear to contextual cues
measured by freezing reaction and were not different in this be-
havior from rats of control and vehicle groups. Considering that
the active avoidance training was a multitrial procedure, this fact
is consistent with observations on dynamics of postshock freez-

Figure 5 Attention reaction to (A) Darkness or (B) Noise conditioned stimuli was sup-
pressed after APV injection in the basolateral nucleus of the amygdala. The effect of APV was
observed for conditioned stimuli of both modalities and became more pronounced in the
course of the session.

Figure 6 Freezing to contextual cues measured before, during (1–5
blocks of trials), and 48 h after training. APV-injected rats showed a deficit
in freezing only when tested 48 h after the training.
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ing in a multitrial Pavlovian conditioning paradigm. Namely,
rats injected with APV into the BLA increased their level of post-
shock freezing across three (Maren et al. 1996b; Lee and Kim
1998) and 10 (Lee et al. 2001) training trials. Moreover, rats with
pretraining neurotoxic BLA lesions did show the immediate post-
shock freezing similar to sham operated controls if the training
consisted of 50 trials (Maren 2001). All these data support the
idea that an alternative neural system can be recruited to mediate
fear conditioning if the function of the BLA is impaired (Cahill et
al. 2000; Maren 2001).

Whatever extra- or intra-amygdalar neural system is respon-
sible for the acquisition of immediate fear reactions when NMDA
receptors in BLA are blocked, it cannot support a long-term fear
retention. In this study, APV infusion dramatically attenuated
the retention of contextual fear when tested after a 48-h delay.
This indicates that NMDA receptors in the BLA are required for
long-term memory of contextual fear in the complex defensive
instrumental task, as it was shown in the Pavlovian conditioning
paradigm (Kim et al. 1992; Fanselow and Kim 1994; Maren et al.
1996b; Lee and Kim 1998; Walker and Davis 2000).

The results on c-Fos activation in amygdalar neurons in re-
sponse to NMDA receptor blockade indicate that the effect of
APV on long-term retention of fear can be mediated by inhibi-
tion of an immediate early genes expression, namely, c-Fos. This
view is consistent with several studies showing an association
between NMDA activity and Fos regulation in different models of
synaptic plasticity (Cole et al. 1989; Herrera and Robertson 1990;
Aronin et al. 1991) as well as in long-term memory formation (for
reviews, see Kaczmarek and Chaudhuri 1997; Kaczmarek 2002).
Furthermore, previous studies indicated that during two-way ac-
tive avoidance training, c-Fos activation is associated with the
acquisition of new memories (Nikolaev et al. 1992; Savonenko et
al. 1999a; Radwanska et al. 2002). That is, expression of c-Fos in
the amygdala has been limited to a stage of initial acquisition but
not asymptotic performance of the two-way active avoidance
reaction (Nikolaev et al. 1992). Activation of c-Fos during this
acquisition period has coincided with induction of phosphory-
lated extracellular signal-regulated kinase (P-ERK) (Radwanska et
al. 2002), which has been linked to mechanisms of memory con-
solidation during Pavlovian fear conditioning (Schafe at al.
2000). Finally, c-Fos expression in the amygdala has correlated
with measures of emotional learning, but not sensory stimula-
tion (duration of footshock) or instrumental reactions (escape or
avoidance; Savonenko et al. 1999a).

In contrast to the previous studies (Nikolaev et al. 1992;
Savonenko et al. 1999a; Radwanska et al. 2002), a pattern of c-Fos

expression in the recent experiment has been additionally af-
fected by two factors: by a blockade of NMDA receptors and by an
infusion of a solution into the brain. An interference of these two
factors was most obvious in the nucleus closely adjacent to the
cannulae trace, BLA. Similar observations on an injection-related
c-Fos activation have been previously reported in rats and chicks
(Kaczmarek et al. 1988; Freeman and Rose 1995). In our experi-
ment, maximal concentrations of APV, which has been achieved
during infusion into the BLA, were insufficient to reduce the
injection-related c-Fos activation in this nucleus, implicating a
possible involvement of NMDA-independent mechanisms. In
the CeA, a nucleus that was more distant from the injection site
than BLA, an injection-related c-Fos activation has still been ob-
served; however, it was significantly reduced by APV. Consider-
ing that the CeA has rich afferent connections with the BLA
(Pitkanen et al. 1997), the effect of APV in lowering c-Fos expres-
sion in the CeA is likely to be mediated by changes in BLA output
neuron activity. Alternatively, one may suggest a direct effect of
APV in lowering c-Fos expression in the CeA caused by a possible
APV diffusion from the injection site. It is important to note that
c-Fos activation in the CeA was entirely a result of infusion in the
BLA because training in the two-way active avoidance paradigm
does not activate c-Fos expression in the CeA when tested with-
out infusion (Savonenko et al. 1999a). However, the injection-
induced c-Fos up-regulation in the BLA and CeA affected neither
the avoidance learning nor the retention of contextual fear in
vehicle-injected rats.

The effects of training and APV on c-Fos expression were
clearly revealed in the medial amygdala. In this nucleus, which
was most distant to the cannulae trace, there was no effect of
injection on c-Fos expression. The training-induced c-Fos activa-
tion in the MeA was previously reported after one-trial contex-
tual fear conditioning (Milanovic et al. 1998; Radulovic et al.
1998) as well as after one session of two-way active avoidance
learning (Savonenko et al. 1999a). Moreover, in the last para-
digm, a training-induced c-Fos activation in the MeA signifi-
cantly correlated with c-Fos expression in the BLA (Savonenko et
al. 1999a), indicating that these nuclei may function in concert
during the two-way active avoidance learning. In the present
experiment, APV infusion has ameliorated the training-induced
c-Fos activation in the MeA. Considering that the infusion site
was remote from the medial amygdala, the c-Fos lowering effect
of APV in this nucleus could be mediated by changes in intra-
amygdala circuits. The lateral nucleus is known to have the most
extensive intra-amygdaloid projections, including the MeA (Pit-
kanen and Kemppainen 2002), which provide a good anatomical

Figure 7 Freezing during Darkness or Noise conditioned stimuli in (A) control, (B) vehicle, and (C) APV groups. Freezing during the CS is expressed
relative to the level of freezing during the intertrial interval (taken as 100% in every block of trials). Only trials that were not terminated by avoidance
reaction were analyzed (see text).
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background for the observed effects. It is noteworthy that, be-
cause there was no injection-related c-Fos activation in the MeA,
vehicle infusion in the BLA appeared not to alter the intra-amyg-

dala circuits, which could be important for
a preserved avoidance and fear condition-
ing in the vehicle-injected rats.

Thus, in the two-way active avoidance
paradigm, a blockade of NMDA receptors in
the BLA altered the pattern of c-Fos expres-
sion in the amygdala and resulted in a defi-
cit of a long-term retention of contextual
fear, whereas the acquisition of short-term
contextual fear has been preserved. In mul-
titrial Pavlovian fear conditioning, short-
term contextual fear has also been pre-
served after the pretraining BLA lesion, but
a deficit in cue-related fear conditioning has
not been overcome even after extensive
overtraining (Maren 1999). This indicates
that during a multitrial training, deficits in
BLA function may have different outcomes
on contextual and cued fear conditioning.

It can be suggested that the blockade of
NMDA receptors in BLA during the two-way
active avoidance training disrupted a CS–US
association as was shown in the Pavlovian
conditioning paradigm. A poor CS–US asso-
ciation would result in an inability of APV-
injected rats to differentiate between a safe
and unsafe compartment, and delay a rate-
limiting step of learning, the acquisition of
an appropriate directionality of escape reac-
tion (Bignami et al. 1985). The results pre-
sented herein support this view. CS presen-
tation in the APV group did not exert any
additional effects on freezing behavior as
compared with the intertrial interval. More-
over, APV-injected rats were severely im-
paired in the acquisition of directional es-
cape reaction and showed significantly
more nondirectional escapes than other
groups. Importantly, the delay in acquisi-
tion of appropriate directionality of the es-
cape reaction increased the amount of un-
conditioned stimulation received by APV-
injected rats. This may further augment
contextual fear and result in behavior simi-
lar to inhibitory avoidance or place-avoid-
ance responses.

A dramatic deficit in the attention re-
action to the CS observed in APV-injected
rats could be one of the mechanisms of a
poor CS–US association. Attention to audi-
tory and visual CS has been shown to be
regulated by the amygdala, and especially
by the central nucleus, in the appetitive
conditioning paradigm (Holland and Galla-
gher 1993, 1999). However, the question re-
garding the differential impact of spatially
adjacent amygdalar nuclei on attentional
processes cannot be ascertained in the pre-
sent study because of possible APV diffu-
sion, and deserves further investigation.

Thus, in the setting of multitrial train-
ing, a differential effect of NMDA receptor
blockade in BLA on cued and contextual

fear conditioning may be a primary mechanism of impaired two-
way active avoidance learning. Studies on classical fear condi-
tioning have shown that pretraining effects of APV in the amyg-

Figure 8 Representative examples of c-Fos immunostaining in the lateral, central, and medial
nuclei of amygdala in control rats (naive, handled, and handled and injected with vehicle) and in
trained rats injected with vehicle or APV. For schematic location of areas shown, see Figure 1B. (to)
Tractus opticus; (ast) amygdalostriatal area; (ec) external capsule.
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dala could be attributable to a disruption of routine synaptic
transmission instead of, or in addition to, a disruption of plas-
ticity (Maren et al. 1996a; Lee and Kim 1998; Lee at al. 2001; see
also Rodrigues et al. 2001 for discussion). Impaired acquisition of
cued fear conditioning in our APV-treated rats indicated that
normal synaptic transmission in the BLA may also have been
disrupted as a result of APV infusion. In this case, the effects of
APV on plasticity-related c-Fos expression in the amygdala can be
interpreted as secondary to the effects on normal synaptic trans-
mission. Based on the present results, one may hypothesize that
the normal functioning of NMDA receptors in the BLA during
the two-way active avoidance training is required for an appro-
priate representation of CS–US information in a circuitry respon-
sible for acquisition of the instrumental responses. This view
does not necessarily require the participation of NMDA receptors
of the BLA in mechanisms of storage of “instrumental” memo-
ries, and is consistent with our previous data on the absence of
correlation between c-Fos activation in the amygdala and instru-
mental behavior (Savonenko et al. 1999a). Importantly, however,
the present results on the APV-induced specific deficit in long-
term retention but not acquisition of contextual fear support the
hypothesized role of the amygdala in long-term storage of “fear”
memories (LeDoux 1998; Fanselow and LeDoux 1999).

MATERIALS AND METHODS

Subjects
The experiment was conducted on 37 adult male Möll-Wistar rats
bred in the Nencki Institute, experimentally naive, and weighing
320–360 g. Subjects were kept in groups of four to five in home
cages (43 cm long, 25 cm wide, 18.5 cm high), containing food
and water available ad libitum. A natural light–dark cycle from
external illumination was maintained. All behavioral testing was
performed during the light phase of the cycle. The experiment
was performed in strict accordance with recommendations of the
European Union (86/609), disposition of the President of the
Polish Republic, and approved by the Ethical Committee on Ani-
mals Research of the Nencki Institute. All efforts were made to
minimize animal suffering and reduce the number of animals
used.

Surgery and Drug Administration
Animals were anesthetized with chlorohydrate (360 mg/kg) and
placed in a Kopf stereotaxic apparatus. The guide cannulae were

made from 23-gauge stainless steel tubing. They
were 14.0 mm long and beveled at the distal end
to minimize tissue damage during implantation.
Cannulae were held in place by a carrier attached
to the stereotaxic arm and then cemented with
dental acrylic. Skull screws provided an extra bind-
ing surface for the acrylic. Following implanta-
tion, cannulae were closed with removable wire
stylets. The stereotaxic coordinates for implanta-
tion of the guide cannulae were as follows:
Bregma, �1.0; lateral, �4.8; from dura, �7.2,
with the incisor bar set at +5.0 mm from the hori-
zontal plane passing through the interaural line.
Injection cannulae were cut from 30-gauge steel
tubing and designed to protrude 2.0 mm beyond
the tip of the guide cannulae to reach the basolat-
eral amygdala (BLA). 2-Amino-5-phosphonopen-
tanoic acid (DL-APV; Sigma Chemical Co.) was
dissolved into an artificial CSF. This buffer solu-
tion was also used for vehicle infusion. Injection
cannulae were connected by polyurethane tubing
to a 10-µL Hamilton microsyringe mounted on a
microinfusion hand-driven pump. The drug and
vehicle were infused in a volume of 0.7 µL over 5
min and allowed to diffuse for a further minute.
The infusions on the left and the right amygdala

were administered consecutively.

Group Treatment
Before initiation of experimental procedures, 30 rats were ran-
domly assigned to three groups: a control group (n = 10) and two
groups for infusions (10 animals each). All rats were handled
daily (5–6 min per rat) for 7 d before behavioral testing. The
experimental groups received an intra-amygdala infusion of APV
at the dose of 5 µg (group APV, n = 10) or vehicle (group Veh,
n = 10). The rat was gently held, and the injection needle was
inserted into the cannula with the stylet removed. Behavior
training began 5 min after the stylets were replaced. After the
training session, one-half of the rats from the APV and Veh
groups were randomly assigned for the c-Fos immunomapping
and the rest of the rats were used for behavioral testing in the
same shuttle-box apparatus after 48 h of delay.

An additional two groups of rats were used to control for a
basal level of c-Fos immunoreactivity in naive animals (n = 4)
and for effects of handling and vehicle injection without behav-
ioral training (n = 3). The last group was handled and underwent
surgery in the same way as the APV and Veh groups, but received
intra-amygdala infusion of vehicle only in one hemisphere.

Behavioral Apparatus
The shuttle-box apparatus was 62 cm long, 18 cm wide, and 29
cm high, with walls of opaque, white acrylic. The box was di-
vided in half by a wall with a rectangular (7 cm wide, 10 cm high)
opening situated on the grid-floor level permitting passage from
one side of the shuttle box to the other. Each compartment was
covered with a movable transparent acrylic ceiling and illumi-
nated by a 5-W lamp mounted centrally just below the ceiling.
The response of crossing through the opening was recorded by
photocells mounted 4 cm to either side of the central partition, 5
cm above the floor level. The floor in each compartment was
made of 16 stainless steel bars, 0.4 cm in diameter, located par-
allel to the central partition, 1.5 cm apart from each other. The
shuttle-box apparatus was placed in a soundproof, dim lighted
room. A low-light television camera (Panasonic) was mounted 50
cm above the shuttle box so it could include both compartments
in its field of view. The sensitivity of the camera was high enough
to create a clear image of the rat sitting in an unilluminated
compartment when the main source of light was the lamp in the
opposite compartment. The subjects’ behavior was watched on a
TV monitor in an adjoining room, where equipment for auto-
matic programming of the experiment and recording of data was
located.

Figure 9 c-Fos expression in basolateral complex (BLC), central (CeA), cortical (CoA), and
medial (MeA) amygdalar nuclei in control and experimental groups of rats. The data rep-
resent the average number of c-Fos immunostained cells of left and right nuclei except the
handled group, where the data from right (Handled) and left (Handled_Vehicle) nuclei were
presented separately. (*) Significant differences between right and left (vehicle-injected)
sides in group of handled rats; (#) significant differences from naive rats; (+) significant
differences from Trained-Vehicle group, p < 0.05 in each case (Newman-Keuls post hoc
tests; see text for results of ANOVAs).
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Two-Way Active Avoidance Training
Each rat was first preliminarily habituated to the situational cues
of the apparatus for 10 min on two consecutive days. A single
training session started the day after the second habituation ses-
sion and consisted of 50 trials. At the beginning of the session,
the rat was placed in the left compartment of the shuttle box,
close to and facing the end wall. After 20 sec, a trial started with
conditioned stimulus (CS) onset and, 5 sec later, the scrambled
shock of 1.6 mA nominal intensity activated the grid floor (un-
conditioned stimulus, US). Running to the opposite compart-
ment within the 5-sec CS–US interval precluded the footshock,
immediately terminated the CS, and was scored as an avoidance
response. A similar response, but after the US onset, immediately
coterminated the CS and US and was scored as an escape re-
sponse. The intertrial intervals lasted 14, 20, or 26 sec (mean = 20
sec) and varied in a semirandom order. During intertrial inter-
vals, subjects were permitted to move in any direction, so they
could cross away from or back into the compartment in which
they had been previously. The next trial always started in the
compartment where the subject was located at the end of the ITI.
The maximal shock duration was 30 sec.

Two conditioned stimuli of different modality were used in
a semirandom order. The visual conditioned stimulus, Darkness
(D), was provided by termination of the ceiling light in the com-
partment occupied by the rat while the illumination in the op-
posite compartment remained on. Just after a rat left the shock
compartment, it was again lighted; both compartments were il-
luminated during intertrial intervals. The acoustic conditioned
stimulus, Noise (70 dB), was provided by a white noise generator
and delivered in the compartment occupied by the rat.

To analyze the long-term fear conditioning after the two-
way active avoidance training, one-half of the animals from each
group were placed in the same shuttle-box apparatus after 48 h of
delay. Freezing and other overt behaviors were assessed for 26
sec. The duration of the period of observation was chosen based
on the duration of the intertrial interval during the avoidance
training. Freezing during CS presentation was not analyzed be-
cause after the active avoidance training, the CS acquires a prop-
erty of eliciting the instrumental reaction.

Coding of Freezing Reactions
Freezing behavior, defined as the lack of any movement except
that related to respiration, was scored continuously with a stop-
watch by reviewing videotapes. Two observers who were unin-
formed about subject’s treatment rated the behavior of every rat
twice: first, only during CS presentation, and second, only during
intertrial intervals. The periods when freezing was not scored
were used to record data. Agreement between two observers (cal-
culated as the Pearson correlation of duration of freezing) was
highly significant (r = 0.93–0.97, ps < 0.001). The percentage of
time spent in freezing was calculated for the intertrial interval
and CS separately. Only trials that were not terminated by avoid-
ance response were used to analyze the freezing during CS pre-
sentation.

Coding of Other Behavioral Reactions
All behavioral reactions have been described in detail previously
(Savonenko et al. 1999a,b,c). The behavior of each rat was ob-
served, coded sequentially, and noted by an experimenter
blinded to the type of treatment. After 3 wk, video records from
eight rats were selected randomly for code checking by the same
observer. Code agreement (calculated by dividing [total agree-
ments] by [total agreements added to total disagreements]) aver-
aged 0.94 � 0.01 (mean � SEM). Reliability for each of the indi-
vidual categories of behavior is presented below in square brack-
ets.

The following behaviors were coded during CS presentation:

1. Avoidance response [checked automatically]—crossing the
opening to the opposite compartment within the 5 sec of the
CS–US interval.

2. Preparatory response during CS presentation [0.97]—turning

of the body and orienting of the head toward the opening
during CS presentation. The orientation of the body and head
has to be maintained for at least 1 sec for the preparatory
response to be coded except for the cases when preparatory
response was followed by the avoidance response. If after the
preparatory response has been coded, a movement of the
body occurred that demolishes the orientation toward the
opening, the dissipation of the preparatory response was re-
corded.

3. Attention reaction to the CS [0.95]—any change in ongoing
behavior, which was observed during the first second of CS
presentation, as initiation of the preparatory reaction, dissi-
pation of freezing, or break of any previous activity. Because
the reaction to CS onset included the elements of other be-
haviors, it was not considered as an independent category.
However, this reaction was scored separately to ensure the
possibility to analyze whether the CS onset generated any
change in overt behavior.

The overt behavior during US presentation was discriminated
into two types of escape responses:

1. A directional escape response [0.92]—an escape from the
shocked compartment by one of the shortest trajectories. If
before a shock presentation the body of the rat was oriented
toward the opening, the directional escape response was re-
corded if the rat ran straight to the opening. If there was no
preparatory response before a shock presentation, the direc-
tional escape response was coded if the trajectory included the
turning of the body toward the opening followed by running
into the opening.

2. A nondirectional escape response [0.91]—an escape response,
observed as a jumping between walls or to the ceiling of the
occupied compartment before running to the opposite safe
compartment. The cases when the rat failed to escape to the
opposite compartment were very rare (0.2% in the control
group and 2.3% in the APV group). These reactions were in-
cluded in the category of the nondirectional escape responses
and were not analyzed separately.

Considering that the escape latency in the shuttle box is affected
by the modality of the CS (Zielinski et al. 1993; Werka and Zie-
linski 1998), no ad hoc arbitrary criterion of latency was used to
discriminate the directional and nondirectional escape responses
during coding. The latencies of two types of escape responses
were analyzed after coding (see Results).

During the intertrial interval, the incidences of preparatory
responses [0.95] were recorded. Operational definition of this
response was the same as for that observed during CS presenta-
tion (see above). The other behaviors that were scored but are not
reported here included grooming, sniffing, and biting the steel
bars.

Behavioral Measures
Freezing behavior was expressed as a percentage of time during
the CS or intertrial interval and averaged for every block of 10
trials. The avoidance and escape responses were characterized by
a frequency of the appropriate responses in consecutive blocks of
10 trials. Because avoidance response and directional and non-
directional escape responses give together 100% of crossings,
only data of the avoidance and nondirectional escape responses
were presented. The escape responses were also characterized by
latencies averaged separately for the CS of different modality.
The preparatory behavior during CS was characterized by the
number of preparatory responses counted separately for each CS
in consecutive blocks of 10 trials. Because the incidences of dis-
sipation of the preparatory response were practically not ob-
served during CS presentation (3 cases per 1396 observations),
the index of the preparatory response during the CS was ex-
pressed as a percentage of trials with this behavior. During the
intertrial interval, there was a possibility to observe more than
one preparatory response. Only preparatory responses that did
not disappear at the end of the intertrial interval and, conse-
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quently, could directly affect the behavior during CS and US
presentation, were analyzed. This overt behavior was also ex-
pressed as a percentage of trials in consecutive blocks.

Histology
After the end of the experiment, all rats were anaesthetized with
chloride hydrate overdose and perfused intracardially with saline
followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH
7.4). The brains were removed and stored in the same fixative at
4°C for 24 h and then in 30% sucrose with 0.02% sodium azide
at 4°C until needed. The appropriate parts of the brain were
slowly and gradually frozen in a heptane/dry ice bath and sec-
tioned at 45 µm on a cryostat. Histological verification of can-
nulae location was performed by using Nissl-stained sections
(Bures et al. 1983).

c-Fos Immunocytochemistry
The expression of c-Fos was assessed essentially as described be-
fore (Kaminska et al. 1996). The rats that were used for immu-
nocytochemistry were anaesthetized and sacrificed 2 h after the
beginning of the training session. The brain sections were
washed three times in PBS (pH 7.4), incubated 10 min in 0.3%
H2O2 in PBS, washed twice in PBS, then incubated with a poly-
clonal antibody (anti-c-Fos, 1:1000, Santa Cruz #sc-52) at 4°C for
48 h in PBS with azide (0.01%) and normal goat serum (3%).
After that, the sections were washed three times in PBS with
Triton X-100 (0.3%; Sigma), incubated with goat anti-rabbit bio-
tinylated secondary antibody (1:1000; Vector) in PBS/Triton and
normal goat serum (3%) for 2 h, washed three times in PBS/
Triton, incubated with avidin–biotin complex (1:1000, 1:1000;
Vector, in PBS/Triton) for 1 h, and washed three times in PBS.
The immunostaining reaction was developed using the glucose
oxidase–DAB–nickel method. The sections were incubated in PBS
with DAB (0.05%), glucose (0.2%), ammonium chloride (0.04%),
and ammonium nickel sulfate (0.1%; all from Sigma) for 5 min,
then 10% (v/v) glucose oxidase (10 U/mL in H2O; Sigma) was
added. The staining reaction was stopped by two to three washes
with PBS. The sections were mounted on gelatin-covered slides,
air-dried, dehydrated in ethanol solutions and xylene, and em-
bedded in entellan (Merck).

The immunoreactivity in medial (MeA), central (CeA), and
cortical (CoA) nuclei and basolateral complex (BLC, lateral and
basolateral nuclei together) of amygdala were investigated. The
image analysis was done with the aid of the image analysis sys-
tem (MCID, IMAGING Research Inc.). c-Fos immunoreactivity
was automatically scored as a number of c-Fos immunopositive
cell nuclei per arbitrary unit. This measure was obtained by di-
viding the number of c-Fos grains in a particular region of amyg-
dala by the area occupied by this region. Three parallel brain
sections were analyzed. Because there was no significant effect of
brain sections on c-Fos counts (repeated measures ANOVA), av-
erage c-Fos densities were used in further statistical analyses.

Four groups of animals were used for the assessment of the
c-Fos activation in the amygdala: naive control (without any
treatment, n = 4), handling and vehicle injection control (only
left amygdala was injected, n = 3), vehicle-injected trained rats
(n = 4) and APV-injected trained rats (n = 5).

Data Analysis
All data are represented as means and standard error of the means
(SEM). The minimal level of significance was p < 0.05. The data of
the behavioral testing were submitted to 2- or 3-way analysis of
variance (ANOVA) with a between-subject factor of group (3 lev-
els: Control, Veh, APV) and repeated measures factors of CS mo-
dality (2 levels: Darkness, Noise) and block of 10 trials (5 levels).
The data of overt behaviors expressed as a percentage of reactions
in block of trials were submitted to a square root transformation
before applying ANOVA. Group differences for the latency of
escape reactions were analyzed using nonparametrical statistical
tests because the group data violated the assumption of normal
distribution (i.e., failed the Kolmogorov-Smirnov test for normal-
ity, ps < 0.01). A Kruskall-Wallis nonparametric ANOVA was fol-

lowed by individual Mann-Whitney tests with significance de-
fined as p < 0.01 to compensate for multiple comparisons.

To assess the effect of handling and vehicle injection on
c-Fos expression, the data of immunoreactivity were used in
3-way ANOVA (group: naive, handled) � side of the brain (in-
jected, intact) � nuclei of amygdala (4 levels). To assess the effect
of APV or Veh injection in the trained rats, the data of c-Fos
expression were used in 2-way ANOVA (group: naive, handled-
Veh, trained-Veh or trained-APV) � nuclei of amygdala (4 lev-
els). The post hoc Newman-Keuls multiple comparison test fol-
lowed the ANOVAs and applied to the significant main effects or
its interactions. All statistical calculations were made using the
package STATISTICA 5.0 for Windows.
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