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Previous studies have shown that amygdala lesions impair avoidance of an electrified probe. This finding has been
interpreted as indicating that amygdala lesions reduce fear. It is unclear, however, whether amygdala-lesioned rats
learn that the probe is associated with shock. If the lesions prevent the formation of this association, then pretraining
reversible inactivation of the amygdala should impair both acquisition and retention performance. To test this
hypothesis, the amygdala was inactivated (tetrodotoxin; TTX; 1 ng/side) before a shock-probe acquisition session, and
retention was tested 4 d later. The data indicated that, compared with rats infused with vehicle, rats infused with
TTX received more shocks during the acquisition session, but more importantly, were not impaired on the retention
test. In Experiment 2, we assessed whether the spared memory on the retention test was caused by overtraining
during acquisition. We used the same procedure as in Experiment 1, with the exception that the number of shocks
the rats received during the acquisition session was limited to four. Again the data indicated that amygdala
inactivation did not impair performance on the retention test. These results indicate that amygdala inactivation does
not prevent the formation of an association between the shock and the probe and that shock-probe deficits during

acquisition likely reflect the amygdala’s involvement in other processes.

The ability to learn and remember the relationships between
aversive events and the stimuli that predict them is an adaptive
capacity essential to the survival of animals. Fear conditioning, a
paradigm in which the subject learns that an initially neutral
stimulus is associated with a fear-eliciting stimulus or event, is
typically used to study the neural mechanisms of learned fear.
Extensive evidence indicates that the amygdala is involved in the
learning and memory of conditioned fear. For instance, amyg-
dala lesions may induce anterograde and retrograde amnesia for
instrumental and Pavlovian fear conditioning (Liang et al. 1982;
Dunn and Everitt 1988; Phillips and LeDoux 1992; Sananes and
Davis 1992; Kim and Davis 1993; Parent et al. 1995a; LaBar and
LeDoux 1996; Lee et al. 1996; Maren et al. 1996; Bermudez-Rat-
toni et al. 1997; Muller et al. 1997; Maren 1998, 1999; Poremba
and Gabriel 1999; Wilensky et al. 1999; Antoniadis and McDon-
ald 2001).

In contrast, other evidence indicates that the amygdala is
involved in, but not necessary for the retention of conditioned
fear (Vanderwolf et al. 1988; Sutherland and McDonald 1990;
Helmstetter 1992; Parent et al. 1992, 1994, 1995b; Helmstetter
and Bellgowan 1994; Killcross et al. 1997; Cahill et al. 2000;
Lehmann et al. 2000). For example, we recently demonstrated
that the amygdala does not appear to be necessary for retrograde
memory for cued fear conditioning (Lehmann et al. 2000). The
findings showed that rats given amygdala lesions 4 d after being
exposed to an electrified probe did not show any deficits when
memory was tested after the induction of the lesions. Specifi-
cally, avoidance of the probe on the retention test did not differ
between lesioned and control rats. Furthermore, retention was
better in shock-experienced lesioned rats than in lesioned rats
that had been exposed to a nonelectrified probe during training
(i.e., shock-naive).
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Although shock-probe avoidance on the retention test was
not affected in shock-experienced rats, it was impaired in shock-
naive lesioned rats. On the retention test, amygdala-lesioned,
shock-naive rats received more shocks and approached the probe
more quickly than did control shock-naive rats. This replicates
the findings of several studies showing that pretraining amygdala
lesions impair shock-probe avoidance (Kopchia et al. 1992; Treit
et al. 1993; Treit and Menard 1997). The retention test in shock-
naive rats was essentially equivalent to examining the effects of
pretraining amygdala lesions in this group because the retention
test was the first time the shock-naive lesioned rats received
shock.

One limitation encountered with lesions that induce per-
manent cell damage (i.e., neurotoxic or electrolytic) is that it is
difficult to determine whether the behavioral deficits observed
are caused by an impairment in learning, retention, and/or per-
formance. Shock-probe avoidance deficits caused by pretraining
permanent amygdala lesions may reflect an inability to form an
association between the shock and the probe or may indicate a
deficit in some other process, such as unconditioned fear. We
hypothesized that if the lesions prevent the formation of this
association, then pretraining reversible inactivation of the amyg-
dala should impair both acquisition and retention performance.
In the present study, the amygdala was inactivated immediately
before a first shock-probe session (acquisition) and memory was
assessed 4 d later in a second shock-probe session (retention).

Reversible lesions were used to avoid any lasting effects of
the lesions on the retention test. We used the sodium channel
blocker tetrodotoxin (TTX) to induce the reversible lesions be-
cause many studies investigating the neural correlates of learning
and memory have shown that TTX is an effective method for
temporarily inactivating a targeted structure (Bucherelli et al.
1992; Tassoni et al. 1992, 1999, 2000; Roldan and Bures 1994;
Bielavska and Roldan 1996; Sacchetti et al. 1999, 2002; Bast et al.
2001). More importantly, several studies have shown that inac-
tivating the amygdala with TTX disrupts conditioned fear.
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(Bucherelli et al. 1992; Tassoni et al. 1992; Sacchetti et al. 1999).
Moreover, a recent study showed that reversible inactivation
with TTX produces more deficits in conditioned fear than does
reversible inactivation induced by the GABA-A agonist muscimol
(Bast et al. 2001).

MATERIALS AND METHODS

Experiment |

The purpose of the present experiment was to determine whether
the shock-probe avoidance deficit observed with pretraining
amygdala lesions reflects an inability to form an association be-
tween the shock and the probe. We hypothesized that if the
amygdala is involved in shock-probe avoidance learning, then
reversibly inactivating the amygdala with TTX immediately prior
to exposure to an electrified probe should impair both acquisi-
tion and retention performance. Alternatively, if the amygdala is
not critical for learning the association, but is involved in some
other process that influences performance, then lesioned rats
should not be impaired on the retention test when the effects of
the lesions have dissipated.

Methods

All procedures were approved by the University of Alberta Bio-
sciences Animal Policy and Welfare Committee and carried out
in accordance with the guidelines of the Canadian Council on
Animal Care (CCAC).

Subjects

Male Sprague Dawley rats (Ellerslie Laboratories; 250-300 g) were
housed individually, kept on a 12:12 h light-dark cycle (lights on
at 07:00 h), provided with food and water ad libitum, and al-
lowed to acclimate to vivarium conditions for 1 wk prior to the
surgery.

Surgical Procedures

Rats were given the analgesic acetaminophen (1.5 cc, 100 mg/
mL) orally. Approximately 1 h later they were given atropine
sulfate (0.2 cc, 0.5 mg/mL, i.p.; Ormond Veterinary Supply Ltd.)
and anesthetized with sodium pentobarbital (50 mg/kg, i.p.; Ab-
bott Laboratories Ltd.). Supplemental doses of sodium pentobar-
bital (25 mg/kg, i.p.; Abbott Laboratories Ltd.) were given as
needed to maintain anesthesia. Once anesthetized, the rats were
hydrated with 0.9% saline (3.0 cc, s.c.) and administered antibi-
otics (0.05 cc, i.m.; Penicillin G Procaine 300,000 i.u/mL; Rhéne
Mérieux Canada Inc.). The rats were then placed in a stereotaxic
frame (Kopf Instruments), and a midline scalp incision was made
to expose the top of the skull. Permanent stainless steel guide
cannulae (23 gauge, 11 mm) were implanted bilaterally with the
tips aimed at the dorsal surface of the right and left amygdala
(anterior-posterior —2.3 mm from bregma, medial-lateral + 5.0
mm from midline, dorsal-ventral —5.8 mm from dura, with the
nose bar at — 3.2 mm from the interaural line; Paxinos and Wat-
son 1997). The guide cannulae were affixed to the skull using
four screws and dental acrylic. A stylet was inserted into the guide
cannulae to keep them free from debris. The rats were allowed 1
wk to recover before behavioral testing commenced.

Drugs and Infusion Procedure

Five minutes before the shock-probe acquisition session, phos-
phate-buffered saline (VEHICLE; pH 7.4) or TTX (1 ng) was in-
fused into the guide cannulae through injection needles (30
gauge; 12.5 mm) attached to 10-uL Hamilton syringes via poly-
ethylene tubing (PE-50). The infusions (0.5 pL) were delivered to
both cannulae simultaneously over 60 sec using a microinfusion
pump (Harvard Apparatus). The injection needles were left in
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place for one additional minute following the infusions to maxi-
mize diffusion.

Behavioral Procedure

For the acquisition session, each rat was placed into the shock-
probe apparatus for 15 min. The apparatus consisted of a Plexi-
glas chamber (40 cm long X 30 cm wide X 40 cm high) with a
wire-wrapped Plexiglas probe (6.0 X 0.5 X 0.5 cm) protruding
from the center of one of the walls, 2 cm above the floor (Treit et
al. 1993). For half the rats infused with VEHICLE or TTX, the
probe was constantly electrified (2 mA; SHOCK-EXPERIENCED),
and for the other half, it was not (SHOCK-NAIVE). The total
number of contact-induced shocks was measured in each rat ex-
posed to the electrified probe and used as a measure of acquisi-
tion. Latency to the first contact-induced shock and the amount
of time the rats spent immobile (resting, staying still) served as
measures of general activity. In addition, the rats’ behavioral re-
action to each shock was scored according to a 4-point scale that
ranges from a score of 1 for a flinch involving head or forepaw to
a score of 4 for a whole body flinch and jump (all four feet in the
air), followed by running to the opposite end of the chamber
(Treit et al. 1993).

Four days later, retention performance was assessed in a sec-
ond 15-min shock-probe session. The procedure was the same as
for the acquisition session, with the exception that the rats were
not infused with drug and the probe was electrified for all rats.
The behavior of each rat was videotaped for both the acquisition
and retention sessions. Furthermore, an observer unaware of the
rat’s prior drug and shock history scored the retention session.

Histology

Upon completion of behavioral testing, each rat was killed (chlo-
ral hydrate; 1 cc, 800 mg/mL, i.p.) and perfused intracardially
with 0.9% saline followed by 10% formalin. The brains were
stored in 10% formalin for at least 48 h and then sectioned (60
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Figure 1 |lllustrations of the infusion locations observed bilaterally
through the rostral and caudal extent of the amygdala for the rats tested
in Experiment 1. Atlas plates adapted from Paxinos and Watson (1997).



Amygdala Inactivation and Shock-Probe Learning

Figure 2 Photomicrograph of a coronal section of the temporal lobe
showing a representative cannula placement (—2.8 mm relative to
bregma; Paxinos and Watson 1997). Scale bar, 1.0 mm.

pm), mounted on gelatin-coated slides, and stained with thionin.
Each brain was analyzed for cannulae placement by an observer
that was blind to the behavioral results and drug treatments.
Cannula placements were considered acceptable if they were
found within or immediately adjacent to the central or basolat-
eral region of the amygdala. The behavioral results of rats with
cannula placements that did not meet these criteria were ex-
cluded from the statistical analyses.

Statistical Analysis

Homogeneity of variance and normality of the distribution were
violated for the latencies to first contact the probe during the
acquisition session and the retention test. Consequently, these
data were analyzed with the nonparametric Kruskal Wallis test
and Mann-Whitney U-tests for post hoc comparisons where ap-
propriate.

We also analyzed the other behavioral measures with the
nonparametric Kruskal Wallis test and Mann-Whitney U-tests.
Although the other behavioral measures typically did not violate
any of the assumptions required for parametric analyses, the pat-
tern of results did not change using either parametric or non-
parametric tests. Hence, for ease of communication, nonpara-
metric analyses were used in all instances.

RESULTS

Histology

The results of the histological analysis indicated that 49 rats met
injection site placement criteria (Fig. 1). Figure 2 shows a photo-
micrograph of a representative cannula placement.

Acquisition

Inactivation of the amygdala impaired shock-probe avoidance in
rats that were exposed to the electrified probe during the acqui-
sition session (Fig. 3). Specifically, TTX-SHOCK-EXPERIENCED
rats received significantly more contact-induced shocks than did
VEHICLE-SHOCK-EXPERIENCED rats, U= 12.0, p <0.001. This
difference does not appear to be caused by differences in shock

sensitivity, because there was no significant difference in shock
reactivity between VEHICLE- and TTX-SHOCK-EXPERIENCED
rats, U=71.50, p = 0.341. Also, regardless of drug and shock ma-
nipulation, the general activity levels of the four groups were
comparable because neither the latencies to first contact the
probe, X?(3) =5.981, p=0.113, nor the amount of time spent
immobile differed between the groups, X*(3) = 2.355, p = 0.502.

Retention

Figure 4 shows the results of the drug and shock manipulations
on the shock-probe retention test. Inactivation of the amygdala
during the acquisition session did not impair avoidance of the
probe on the retention test, indicating that pretraining inactiva-
tion of the amygdala did not prevent the formation of an asso-
ciation between the shock and the probe. A significant difference
was found between the groups, X*(3) = 17.989, p < 0.001, but re-
gardless of whether the amygdala was inactivated or not, the
shock-probe avoidance of rats that were previously experienced
with the electrified probe (SHOCK-EXPERIENCED) was signifi-
cantly better than that of rats exposed to the nonelectrified probe
(SHOCK-NAIVE), p < 0.001. More specifically, VEHICLE-SHOCK-
EXPERIENCED rats had fewer contact-induced shocks (p < 0.005)
than did VEHICLE-SHOCK-NAIVE rats. Similarly, compared with
TTX-SHOCK-NAIVE rats, TTX-SHOCK-EXPERIENCED rats re-
ceived significantly fewer contact-induced shocks (p < 0.005). In
addition, the avoidance of TTX-SHOCK-EXPERIENCED rats did
not differ from that of VEHICLE-SHOCK-EXPERIENCED rats
(p=0.243).

Amygdala-inactivated rats also successfully avoided the
probe on the retention test when latencies to contact the probe
were used as an index of memory. Again a significant difference
between the groups was found, X?(3)=13.775, p<0.005.
Whether the amygdala was inactivated or not, the shock-probe
avoidance of SHOCK-EXPERIENCED rats was significantly better

20 +
" *
£
Q
]
& 15+
(Yo
o
3
€
é 10 +
=
wi
%)
c 5T
(5]
[}
=

o 4

VEHICLE TTX
SHOCK-EXPERIENCED

Figure 3 Mean (+SEM) number of contact-induced shocks received
during the acquisition session by rats immediately pretreated with either
VEHICLE or TTX into the amygdala. (*) p < 0.001 versus VEHICLE; n = 13-
14 per group.
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Figure 4 Mean (= SEM) (A) number of contact-induced shocks and (B)
latency to the first contact-induced shock (retention latency) observed in
rats that received pretraining intra-amygdala infusions of VEHICLE or TTX
and were previously exposed to the electrified probe (SHOCK-EXPERI-
ENCED) or not (SHOCK-NAIVE). (*) p<0.01 versus VEHICLE-SHOCK-
NAIVE; (M) p < 0.01 versus TTX-SHOCK-NAIVE; n = 11-14 per group.

than that of SHOCK-NAIVE rats, p < 0.001. More specifically, VE-
HICLE-SHOCK-EXPERIENCED rats had longer latencies than VE-
HICLE-SHOCK-NAIVE rats (p < 0.005), and TTX-SHOCK-EXPERI-
ENCED rats tended to have significantly longer retention laten-
cies than TTX-SHOCK-NAIVE rats (p =0.063). Moreover, the
retention latencies of VEHICLE- and TTX-SHOCK-EXPERIENCED
rats did not significantly differ (p = 0.145), indicating that amyg-
dala-lesioned rats avoided the electrified-probe as well as control
rats.

The effects of manipulating shock experience and intra-
amygdala drug infusions on acquisition did not affect shock re-
activity or general activity on the retention test. Neither shock
reactivity, X*(3) = 3.044, p = 0.385, nor the amount of time spent
immobile, X?(3) = 4.187, p = 0.242, differed between the groups.

DISCUSSION

Reversibly inactivating the amygdala immediately prior to a
shock-probe acquisition session did not induce anterograde am-
nesia. On the retention test, the number of contact-induced
shocks and the retention latencies did not differ between control
and amygdala-lesioned rats. In addition, amygdala-lesioned rats
received significantly less contact-induced shocks and tended to
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have longer retention latencies than did lesioned naive rats. Al-
though performance was not impaired in amygdala-lesioned rats
on the retention test, their performance was impaired during the
acquisition session. Compared with control rats, amygdala-le-
sioned rats received more contact-induced shocks during the
shock-probe acquisition session.

Taken together, these findings indicate that the shock-probe
avoidance deficits caused by pretraining amygdala lesions do not
reflect an inability to form an association between the shock and
the probe. If the lesions had prevented the formation of this
association, then the lesions should have impaired both acquisi-
tion and retention performance. Consequently, the deficits ob-
served during the acquisition session likely reflect the involve-
ment of the amygdala in some process other than learning that
influences performance. For example, the lesions may reduce
anxiety levels, which could account for the increase in the num-
ber of contact-induced shocks observed in amygdala-inactivated
rats during the acquisition session. This interpretation would be
consistent with other findings that have implicated the amyg-
dala in unconditioned fear and anxiety (Blanchard and Blan-
chard 1972; Dunn and Everitt 1988; Kemble et al. 1990; Kesner et
al. 1992; Pesold and Treit 1994; Burns et al. 1996; Vazdarjanova
et al. 2001).

MATERIALS AND METHODS

Experiment 2

Although the results of Experiment 1 indicate that the amygdala
is not critical for shock-probe avoidance learning, it remains pos-
sible that the spared memory observed in amygdala-lesioned rats
was caused by overtraining. During the acquisition session of
Experiment 1, amygdala-lesioned rats received four times as
many shocks as did control rats. This increase in the number of
contact-induced shocks may have engaged other neural struc-
tures, and these structures may be responsible for the spared re-
tention that was observed in the amygdala-lesioned rats. Several
studies have found that overtraining rats in conditioned fear
paradigms reduces the memory deficits caused by amygdala le-
sions (Parent et al. 1992, 1994, 1995b; Kim and Davis 1993; Lee
et al. 1996; Maren 1998, 1999).

To determine whether overtraining during the acquisition
session accounted for the spared memory on the retention test,
we examined the effects of limiting the number of contact-in-
duced shocks rats received during acquisition. Specifically, in Ex-
periment 2 we repeated the procedure used in Experiment 1, with
the exception that both Vehicle and TTX rats were limited to four
shocks during the acquisition session. This is the number of
shocks that vehicle-infused rats received during the acquisition
session in Experiment 1.

We hypothesized that if the amygdala is involved in shock-
probe avoidance learning, then pretraining intra-amygdala infu-
sions of TTX should impair shock-probe performance on the re-
tention test. Alternatively, if the amygdala is not critical for
shock-probe avoidance learning, then the retention performance
of rats infused with either Vehicle or TTX prior to training should
not differ on the retention test. Such a finding would indicate
that overtraining did not account for the spared shock-probe
learning observed in amygdala-lesioned rats in Experiment 1.

Methods

Procedures

The same procedures as Experiment 1 were used, with the excep-
tion that for the acquisition session, each rat was placed in the
shock-probe apparatus for a maximum of four contacts with the
probe (whether electrified or not) or a maximum of 15 min,
whichever came first.
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RESULTS

Histology

The results of the histological analysis indicated that 46 rats met
infusion site criteria (Fig. 5). The histological criteria were the
same as in Experiment 1.

Acquisition

All of the rats exposed to the electrified probe received a total of
four shocks, with the exception of one VEHICLE-SHOCK-EXPE-
RIENCED rat that received two shocks. However, the mean num-
ber of contact-induced shocks did not vary significantly between
the VEHICLE-SHOCK-EXPERIENCED (M = 3.714) and the TTX-
SHOCK-EXPERIENCED rats (M =4.0), U=42.0, p=0.157. Also,
shock reactivity in TTX-SHOCK-EXPERIENCED rats (M = 1.809)
was significantly lower than that of VEHICLE-SHOCK-EXPERI-
ENCED rats (M = 2.143), U = 10.500, p < 0.005.

None of the groups differed in the initial latency to come in
contact with the probe X?(3) = 5.069, p = 0.167. However, the
overall amount of time spent in the apparatus differed between
the groups, X*(3) = 10.684, p < 0.05. VEHICLE-SHOCK-EXPERI-
ENCED rats remained in the apparatus for a greater amount of
time than any other group (ps < 0.05), whereas the other groups
did not differ from each other (all ps > 0.05). The amount of time
spent immobile also differed between the groups X?(3) = 23.816,
p <0.001. This was because of the finding that the VEHICLE-
SHOCK-EXPERIENCED rats spent more time immobile than any
other group (ps < 0.01), but the other groups did not significantly
differ from each other (all ps > 0.05).

Retention
Figure 6 shows the results of the drug and shock manipulations
on the shock-probe retention test. Inactivation of the amygdala

Bregma -2.30 mm

Bregma -2.80 mm

Bregma -3.30 mm

® VEHICLE-SHOCK-NAIVE B TTX-SHOCK-NAIVE

©® VEHICLE-SHOCK-EXPERIENCED B TTX-SHOCK-EXPERIENCED

Figure 5 |lllustrations of the infusion locations observed bilaterally
through the rostral and caudal extent of the amygdala for the rats tested
in Experiment 2. Atlas plates adapted from Paxinos and Watson (1997).

during the shock-probe acquisition session did not impair avoid-
ance of the probe on the retention test, indicating that pretrain-
ing inactivation of the amygdala did not prevent the formation
of an association between the shock and the probe. A significant
difference was found between the groups for the number of con-
tact-induced shocks, X?(3) = 14.800, p < 0.005, but this differ-
ence was not caused by the effect of the amygdala inactivation.
Even though the rats were limited to a maximum of four contacts
with the probe during the acquisition session, SHOCK-EXPERI-
ENCED rats received fewer contact-induced shocks than did
SHOCK-NAIVE rats on the retention test (p <0.001). VEHICLE
SHOCK-EXPERIENCED rats received fewer contact-induced
shocks than VEHICLE-SHOCK-NAIVE rats (p < 0.01). Likewise,
TTX-SHOCK-EXPERIENCED rats received significantly fewer
shocks than did TTX-SHOCK-NAIVE rats (p < 0.05). In addition,
the shock avoidance of TTX-SHOCK-EXPERIENCED rats was as
good as that of VEHICLE SHOCK-EXPERIENCED rats because the
number of contact-induced shocks did not differ between these
two groups (p = 0.312).

A similar avoidance pattern was found when considering
the retention latencies. The latencies to contact the probe on the
retention test differed between the groups, X*(3)=11.981,
p < 0.01. SHOCK-EXPERIENCED rats took longer to contact the
probe than did SHOCK-NAIVE rats (p < 0.005). More specifically,
VEHICLE SHOCK-EXPERIENCED rats had longer latencies than
VEHICLE-SHOCK-NAIVE rats (p < 0.05), and TTX-SHOCK-EXPE-
RIENCED rats had significantly longer retention latencies than
TTX-SHOCK-NAIVE rats (p < 0.05). Moreover, the retention la-
tencies of VEHICLE- and TTX-SHOCK-EXPERIENCED rats did
not significantly differ (p = 0.191), indicating that amygdala-le-
sioned rats avoided the electrified probe as well as control rats.

The drug and shock manipulation did not affect shock sen-
sitivity or activity levels on the retention test. There were no
significant differences between the groups for shock reactivity,
X?(3) = 0.435, p = 0.933, or the amount of time spent immobile,
X?(3) = 1.009, p = 0.799, on the retention test.

DISCUSSION

The findings of the present experiments demonstrate that revers-
ibly inactivating the amygdala immediately before a shock-probe
acquisition session does not cause anterograde amnesia for the
association between the probe and the shock. Experiment 1 dem-
onstrated that reversibly lesioning the amygdala before rats were
trained in the shock-probe paradigm did not impair avoidance of
the probe on a retention test given 4 d later. Specifically, the
retention performance of amygdala-lesioned rats was comparable
to that of control rats and better than that of lesioned shock-
naive rats. The results of Experiment 2 demonstrated that the
spared shock-probe retention was not caused by overtraining.
When lesioned rats were limited to four shocks during acquisi-
tion (i.e., control levels), they also did not show any deficits on
the retention test.

Although inactivation of the amygdala did not impair re-
tention performance, it did have a profound effect on behavior
during the acquisition session. The results of Experiment 1
showed that inactivation of the amygdala immediately before a
first shock-probe session dramatically increased the number of
shocks rats received during that session. This replicates the find-
ings of several studies showing that pretraining lesions of the
amygdala impair shock-probe avoidance (Kopchia et al. 1992;
Treit et al. 1993; Treit and Menard 1997; Lehmann et al. 2000).

Combined, these findings indicate that pretraining amyg-
dala lesions do not prevent the formation of an association be-
tween the shock and the probe. If the amygdala were involved in
the formation of this association, then the amygdala lesions
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Figure 6 Mean (= SEM) (A) number of contact-induced shocks and (B),
latency to the first contact-induced shock (retention latency) observed in
rats that received pretraining intra-amygdala infusions of VEHICLE or TTX
and were previously limited to four contacts with the electrified probe
(SHOCK-EXPERIENCED) or the nonelectrified probe (SHOCK-NAIVE) dur-
ing the acquisition session. (*) p < 0.05 versus VEHICLE-SHOCK-NAIVE;
(M) p < 0.05 versus TTX-SHOCK-NAIVE; n = 7-15 per group.

should have impaired both acquisition and retention perfor-
mance. These findings are similar to those of other studies inves-
tigating the role of the amygdala in fear conditioning. For in-
stance, Vazdarjanova and McGaugh (1998) found that pretrain-
ing lesions of the basolateral complex in rats did not block
avoidance learning in a contextual fear-conditioning task.
Sutherland and McDonald (1990) as well as Vanderwolf et al.
(1988) have also shown that the amygdala is not necessary for
the acquisition of contextual fear conditioning when the mean
amount of defecation is used as an index of learning and
memory. In addition, two studies that examined the effects of
reversible amygdala lesions also revealed that the amygdala
might not be necessary for the acquisition of conditioned fear as
indexed by freezing (Helmstetter 1992; Helmstetter and Bell-
gowan 1994). However, the authors of these latter two studies
raise the possibility that acquisition may not have been impaired
in these studies owing to the pharmacological characteristics of
the lidocaine and muscimol that were used to inactivate the
amygdala.

The finding that amygdala-lesioned rats demonstrated
memory on the retention test in the present study automatically
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implies that associative encoding was not blocked by inactiva-
tion of the amygdala during the acquisition session. The finding
by others that amygdala-lesioned rats bury the electrified probe
during shock-probe training also indicates that they are able to
learn in the shock-probe paradigm (Roozendaal et al. 1991; Kop-
chia et al. 1992; Treit et al. 1993; Treit and Menard 1997). Similar
findings have been observed in contextual fear conditioning (An-
toniadis and McDonald 2001; Holahan and White 2002). For
instance, Antoniadis and McDonald (2001) found that pretrain-
ing amygdala lesions did not block the freezing response during
contextual fear conditioning, although performance was im-
paired on the retention test.

This successful associative encoding in the amygdala-le-
sioned rats indicates that the impaired avoidance observed dur-
ing the acquisition session likely reflects the involvement of the
amygdala in a nonmnemonic process that influences perfor-
mance. For example, extensive evidence indicates that the amyg-
dala is involved in unconditioned fear and anxiety (Blanchard
and Blanchard 1972; Dunn and Everitt 1988; Kemble et al. 1990;
Kesner et al. 1992; Pesold and Treit 1994; Burns et al. 1996;
Vazdarjanova et al. 2001). The possibility that the avoidance defi-
cit observed during the acquisition session reflects the amygda-
la’s involvement in the unconditioned fear necessary for probe
avoidance is supported further by the finding that amygdala le-
sions also do not affect the expression of conditioned shock
avoidance. Specifically, Lehmann et al. (2000) found that rats
given permanent neurotoxic amygdala lesions following shock-
probe training were able to avoid the probe when they were
re-exposed to it. Avoidance deficits were only observed in le-
sioned rats whose first exposure to the electrified probe occurred
after the induction of the lesion. This result is analogous to the
findings of File et al. (1993). These researchers found that diaz-
epam does not reduce anxiety in the elevated plus-maze in rats
that have had prior experience in the apparatus, whereas diaz-
epam has robust anxiolytic effects when rats are naive to the
maze. They interpreted their findings as indicating that the plus-
maze can elicit two types of fear: an unconditioned or innate fear
and a learned fear. Similarly, in the shock-probe paradigm, amyg-
dala lesions may have impaired an innate fear to the electrified
probe, as seen by the increased number of shocks during the first
exposure, but may not have affected learned fear as indicated by
avoidance of the probe upon re-exposure to it.

Although pretraining amygdala lesions impair initial shock-
probe avoidance, several studies have reported that amygdala
lesions do not impair burying of the electrified probe. Amygdala-
lesioned rats bury the electrified probe as much and in some
instances more than control rats (Roozendaal et al. 1991; Kop-
chia et al. 1992; Treit et al. 1993; Treit and Menard 1997). Also,
lesioned rats display normal increases in heart rate upon experi-
ence with the electrified probe (Roozendaal et al. 1991). These
findings indicate that the lesioned rats are capable of forming an
association between the shock and the probe, but that the ex-
pression of this association is response-specific. Furthermore,
these findings support the possibility that fear may not be a uni-
fied construct, but, rather, that there are different types of fear
responses, which may be controlled by different brain structures
(Pesold and Treit 1994).

It is possible that the infusions of TTX into the amygdala
during the acquisition sessions did not induce anterograde am-
nesia because the TTX did not completely block amygdala func-
tion. However, there are numerous lines of evidence that indicate
that this possibility is unlikely. TTX is a sodium channel blocker
that has been shown to be very efficient for reversibly inactivat-
ing neural structures (see Ambrogi Lorenzini et al. 1997). Several
studies have shown that similar infusions of TTX into the amyg-
dala produce robust behavioral effects (Bucherelli et al. 1992;



Amygdala Inactivation and Shock-Probe Learning

Tassoni et al. 1992; Roldan and Bures 1994; Bielavska and Roldan
1996). Others have shown that a concentration of TTX that is
lower than that used in the present study is sufficient to induce
amnesia (Roldan and Bures 1994). In the present study, the TTX
was delivered in a volume of 0.5 pL, which has been shown
previously to spread through most of the amygdala (Izquierdo et
al. 1997). Furthermore, studies that have used this volume to
target the amygdala with other drugs have shown mnemonic
enhancement or impairments (Packard et al. 1994; Izquierdo et
al. 1997; Packard and Teather 1998). As Figure 1 shows, our can-
nulae were directed primarily toward the basolateral complex of
the amygdala, which is the region of the amygdala that is con-
sidered to be critical for fear conditioning (see Fanselow and
LeDoux 1999). Given the cannula placement, the injection vol-
ume, and the concentration of TTX, it is highly probable that the
TTX produced complete inactivation of the basolateral region of
the amygdala. Finally, the present results showed that the injec-
tions of TTX into the amygdala had a marked effect on the num-
ber of shocks received during the acquisition session of Experi-
ment 1, which supports our contention that the infusions were
effective.

It is also important to note that the absence of amnesia
following amygdala inactivation was not caused by a decrease in
activity levels, because there were no differences in time spent
immobile in any of the retention conditions. The spared memory
was also not caused by a lesion-induced increase in shock sensi-
tivity. In neither experiment did amygdala-lesioned rats react
more than control rats to the shocks. In Experiment 2, however,
amygdala-inactivated rats did react less to the shock during the
acquisition session. This latter finding is unusual given that, to
our knowledge, amygdala lesions have never significantly de-
creased shock-probe reactivity (Treit et al 1993; Treit and Menard
1997; Lehmann et al. 2000). This inconsistent finding may be
due to chance or may indicate that amygdala lesions decrease
pain thresholds for the first contact-induced shocks. Regardless,
this reduction in shock reactivity in amygdala-inactivated rats
would have decreased, rather than increased the likelihood of
learning the association between the shock and the probe.

Similarly, the spared memory in Experiment 2 was not due
to differences in the temporal distribution of the shocks between
control and lesioned rats. In Experiment 2, control rats exposed
to the electrified probe remained in the apparatus longer than
did amygdala-inactivated rats exposed to the electrified probe.
Given that both groups were limited to four shocks, this indicates
that amygdala-lesioned rats massed their shocks compared with
control rats. However, this massed training could not account for
the spared memory, because extensive evidence indicates that
massed learning is not as efficient as distributed learning
(Fanselow and Tighe 1988; Williams et al. 1991; Fanselow et al.
1993; Yin et al. 1994).

Although inactivation of the amygdala during the acquisi-
tion session did not affect the number of shocks the TTX rats
received on the retention test, it did tend to reduce their reten-
tion latencies. Specifically, in both Experiments 1 and 2, the la-
tencies to contact the probe on the retention test tended to be
shorter for the amygdala-lesioned rats than for the control rats. It
is possible that this tendency for reduced latencies is indicative of
a mild amnesic effect of TTX that reflects the involvement of the
amygdala in learning the association between the probe and the
shock. Alternatively, it may have resulted from the loss of amyg-
dala modulatory signals during the consolidation phase. Given
the time course of TTX effects (Zhuravin and Bures 1991; Am-
brogi Lorenzini et al. 1997), the functional block produced by the
pretraining infusions of TTX likely persisted during the post-
learning period and extensive evidence indicates that the amyg-
dala regulates memory storage processes during this consolida-

tion phase (McGaugh 2002). For example, several studies have
shown that reversible inactivation of the amygdala immediately
after training impairs performance in conditioned fear tasks
(Jerusalinsky et al. 1994; Parent and McGaugh 1994; Izquierdo et
al. 1997; Sacchetti et al. 1999; Vazdarjanova and McGaugh 1999).
Similarly, immediate posttraining intraamygdala injections of a
variety of agents acting at different neurotransmitter systems
modulate memory in shock-motivated tasks (Brioni et al. 1989;
Izquierdo et al. 1992; Introini-Collison et al. 1996; Roozendaal
and McGaugh 1997; Vazdarjanova and McGaugh 1999; Wilen-
sky et al. 2000).

There are many processes that likely contribute to successful
shock-probe avoidance. Although avoidance of the probe is an
instrumental response, successful probe avoidance likely in-
volves both Pavlovian and instrumental conditioning. To effec-
tively avoid the probe, the rat must first form a Pavlovian asso-
ciation between the probe and the sensation of the shock. This
would then be followed by the formation of an instrumental
association between the probe and the avoidance response. It is
possible that effective avoidance of the probe may occur through
the formation of associations that ultimately do not involve fear.
On the other hand, it has been suggested that knowing that a
stimulus is aversive in the absence of experiencing emotion is not
sufficient for successful avoidance (Bechara et al. 1999).

In summary, the present findings demonstrate that pretrain-
ing reversible inactivation of the amygdala does not produce re-
tention deficits in a shock-probe avoidance task. Combined with
the finding that the lesions do impair performance during shock-
probe training, these findings indicate that the amygdala is not
necessary for the acquisition of the association between the
shock and the cue, but is involved in some other process that
influences performance.
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