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The present study investigated how oxytocin (OT) signaling in the central (CeA) and basolateral (BLA) amygdala affects

acquisition, expression, and extinction of context-conditioned fear (freezing) in rats. In the first set of experiments, acqui-

sition of fear to a shocked context was impaired by a preconditioning infusion of synthetic OT into the CeA (Experiment 1)

or BLA (Experiment 2). In the second set of experiments, expression of context fear was enhanced by a pre- or post-extinc-

tion CeA infusion of synthetic OT (Experiments 3–6) or a selective OT receptor agonist, TGOT (Experiment 4). This en-

hancement of fear was blocked by coadministration of an OT receptor antagonist, OTA (Experiment 5) and context fear

was suppressed by administration of the antagonist alone (Experiment 6). In the third set of experiments, expression of

context fear was suppressed, not enhanced, by a preextinction BLA infusion of synthetic OT or a selective OT receptor

agonist, TGOT (Experiments 7 and 8). This suppression of fear was blocked by coadministration of the OT receptor an-

tagonist, OTA (Experiment 8). Taken together, these findings show that the involvement of the CeA and BLA in expression

and extinction of context-conditioned fear is dissociable, and imply a critical role for oxytocin signaling in amygdala-based

regulation of aversive learning.

The amygdala is an anatomically and functionally heterogeneous
structure. Two of its nuclei, the basolateral amygdala (BLA) and
central amygdala (CeA), play dissociable roles in fear conditioning
in rats (Sah et al. 2008; Pape and Pare 2010; Lee et al. 2013). The
BLA is a site of convergence for sensory inputs conveying in-
formation about danger and its stimulus antecedents. This con-
vergence leads to associative formation, instantiated via a series
of extra- and intracellular processes that lead to changes in syn-
aptic efficiency (e.g., long-term potentiation of monosynaptic
thalamic inputs). In this manner, stimuli predictive of danger ac-
tivate intrinsic pathways from BLA to CeA. Once activated, neu-
rons in the CeA coordinate various components of defensive or
fear responses (e.g., autonomic, endocrine, behavioral) via their
projections to distinct midbrain structures (e.g., hypothalamus,
brainstem, and periaqueductal gray; LeDoux 2007; see also Cioc-
chi et al. 2010; Haubensak et al. 2010).

Several studies have shown that fear conditioning is regulat-
ed by g-aminobutyric acid (GABA) transmission in BLA and CeA.
Infusion of the GABAA agonist, muscimol, into either region im-
pairs acquisition and expression of fear responses to both discrete
(Muller et al. 1997; Wilensky et al. 2006) and context-conditioned
stimuli (Huff et al. 2005). Other evidence suggests that GABA
transmission in the amygdala is regulated by the neuropeptide,
oxytocin (OT). An infusion of OT into the CeA increases GABA
activity in this region (Huber et al. 2005). Furthermore, increases
in CeA OT reduce expression of fear: conditioned freezing is
suppressed following infusion of a selective OT agonist (Viviani

et al. 2011) or optogenetic stimulation of hypothalamic neu-
rons, which has the effect of increasing CeA OT (Knobloch et al.
2012).

Increases in central OT signaling do not uniformly reduce ex-
pression of conditioned fear: conditioned freezing is increased,
not suppressed, following intracerebroventricular (i.c.v.) OT ad-
ministration (Toth et al. 2012). The contrasting effects of central
OT infusion on context-conditioned freezing may relate to the
fact, when administered i.c.v., OT either does not act on oxytocin
receptors in the CeA, or that the effect of OT on the CeA is offset
by its effects on other brain regions, e.g., the BLA (Kremarik et al.
1993; Huber et al. 2005; Terenzi and Ingram 2005).

At present, the selective effects of OT administered into the
CeA or BLA on acquisition of context-conditioned fear are not
clear (see Lahoud and Maroun 2013). It is also unknown how
OT administered into either the CeA or BLA affects the inhibition
of fear responses that usually occurs during exposure to the con-
text alone (i.e., in the absence of shock): that is, across extinction
of conditioned fear responses. Accordingly, the present study had
three aims: First, to examine the effect of a CeA or BLA OT infusion
on acquisition of conditioned fear in rats; second, to examine the
effect of a CeA or BLA OT infusion on expression and extinction of
conditioned fear; third, to determine the receptor-specificity of
any observed differences.
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Results

The effect of OT infused into CeA or BLA

on acquisition of context-conditioned fear

Experiment 1: CeA infusion of OT impairs acquisition

of context-conditioned fear

A recent study reported that acquisition of context-conditioned
fear was spared by a presession infusion of synthetic OT into the
CeA, but impaired by a presession CeA infusion of a selective OT
receptor (OTr) agonist, WAY-267474 or TGOT (Lahoud and
Maroun 2013). The absence of a synthetic OT effect may have
been due to the very low concentration of synthetic OT used in
the study (6 ng/0.3 mL). Accordingly, this present experiment ex-
amined the effect of a CeA infusion of synthetic OT on acquisition
of context-conditioned fear using a much larger dose of the drug
relative to that used previously (75 ng/0.3mL). This concentration
was selected based on pilot studies conducted in the laboratory.
Rats were implanted with bilateral cannulae targeting the CeA.
Rats received a CeA infusion of saline (Group SAL) or OT (Group
OT) 10 min prior to context–shock pairings (two shocks) on
Day 1, and were tested for fear of the context on Day 2 (Fig. 2A;
Table 1). Figure 1 (left) shows the location of CeA cannula tips
for rats in Experiment 1 and Experiments 3–6. The plotted points
represent the ventral point of the cannula track.

Freezing increased linearly across the conditioning session,
F(1,17) ¼ 73.32; P , 0.05. The main effect of group and the group ×
trend interaction were not significant, larger F(1,17) ¼ 2.73; P .

0.05, showing that there was no significant difference in the rate
at which freezing increased in Groups SAL and OT, and averaged
across all trials, no overall difference in freezing between Groups
SAL and OT.

Figure 2B (right) shows the levels of freezing to the context
across the test session on Day 2. All rats exhibited substantial
levels of freezing when reexposed to the context, however these
levels significantly decreased across the test session, F(1,17) ¼

30.43; P , 0.05, indicating extinction of context-conditioned
fear. The trend × group interaction was not significant, Fs(1,17) ,

1.20; P . 0.05, but there was a significant main effect of group,

F(1,17) ¼ 5.88; P , 0.05, showing that rats infused with OT before
the conditioning session froze significantly less on test than rats
infused with saline.

In summary, while there were no differences in freezing lev-
els across the conditioning session, rats that received a CeA OT in-
fusion before conditioning froze significantly less at test, implying
weaker encoding of the context–shock association.

Experiment 2: BLA infusion of OT impairs acquisition

of context-conditioned fear

OT receptors are densely distributed in the lateral region of the
CeA. As such, this nucleus has been the focus of most research ex-
amining the role of amygdala OT signaling on acquisition or ex-
pression of context-conditioned fear. However, OT receptors are
also present in the most rostral extent of the BLA, and increases
in OT signaling in this region (via direct infusion of synthetic
OT or selective OTr agonists) have been shown to enhance acqui-
sition of context-conditioned fear (Lahoud and Maroun 2013).
The present experiment constituted a further examination of
the effect of BLA OT signaling on acquisition of context-condi-
tioned fear. It used the same protocol and parameters as Experi-
ment 1. Rats were implanted with bilateral cannulae targeting
the BLA. All rats received an intra-BLA infusion of either saline
(Group SAL) or OT (Group OT) 10 min prior to context–shock
pairings (two shocks) on Day 1, and were then tested under extinc-
tion conditions for acquisition of context-conditioned fear on
Day 2 (Fig. 2A). Figure 1 (right) shows the location of BLA cannula
tips for rats in Experiment 2 and Experiments 7–8. The plotted
points represent the ventral point of the cannula track.

All rats froze after the shock on Day 1. Levels of freezing in-
creased linearly across the conditioning session, F(1,16) ¼ 34.04;
P , 0.05. The trend × group interaction was not significant,
F(1,16) , 4.20; P . 0.05, and there was no significant difference
in freezing between Groups SAL or OT, F , 1.

Figure 2C (right) shows the levels of freezing to the context
across test on Day 2. All rats exhibited substantial levels of freezing
when reexposed to the context. Levels of freezing significantly de-
creased across the test session, demonstrating extinction, F(1,16) ¼

41.35; P , 0.05. The main effect of group, F(1,16) ¼ 9.16; P , 0.05,
and the trend × group interaction, F(1,16) ¼ 9.18; P , 0.05, were
both significant, demonstrating that Group OT showed lower
overall levels of freezing and extinguished faster than Group SAL.

In summary, the pattern of results in this experiment was
identical to that obtained in Experiment 1. There were no differ-
ences in freezing levels across the conditioning session; however,
rats that received a BLA infusion of OT before conditioning froze
significantly less at test, implying weaker encoding of the con-
text–shock association.

The effect of an OTr agonist or antagonist on short-

and long-term inhibition of fear responses when

infused into the CeA

Experiment 3: CeA infusion of OT impairs short- and long-term

inhibition of fear responses

Previous studies have shown that a CeA infusion of a selective OT
agonist (TGOT) or increases in OT via optogenetic stimulation of
hypothalamic neurons decreased fear responses across the extinc-
tion session (Viviani et al. 2011; Knobloch et al. 2012). However,
these studies did not assess the effects of the drug on the long-
term inhibition of fear responses produced by that extinction ses-
sion. In the present experiment, all rats were implanted with bilat-
eral cannulae targeting the CeA. Rats were shocked in the context
on Days 1 and 3, reexposed to the context under extinction on

Figure 1. Cannula placements for the 145 subjects in experiments tar-
geting the CeA (left) and 124 subjects in experiments targeting the BLA
(right). The filled circles represent the location of the cannula tips at five
different rostral-caudal planes. The numbers represent the posterior coor-
dinates (millimeters) from bregma.
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Day 4, and tested, again under extinction, on Day 5. Rats received
an infusion of saline (Group SAL) or various doses of OT (0.6, 3,
15, and 75 ng) 10 min prior to the extinction session on Day 4
and all rats were tested drug free on Day 5 (Fig. 3A). The aims
were to determine whether OT exerted a dose-dependent effect
on freezing across the extinction session and on the long-term
learning produced by that extinction session.

Figure 3B shows levels of freezing to the context in the last
minute of the second conditioning session on Day 3 (left), the
20 min extinction session on Day 4 (middle), and the 10 min re-
tention test on Day 5 (right). Conditioning was successful: all
rats froze after the shock on Day 1, and both before and after
the shock on Day 3. There were no statistically significant dif-
ferences in freezing between the various groups (left panel; all
Fs(1,42) , 2; P . 0.05). All rats froze when reexposed to the context
on Day 4. There were clear differences between the groups in
overall levels of freezing: those treated with different doses of
OT (all groups collapsed) froze more than saline-treated controls,
F(1,42) ¼ 10.53; P , 0.05, but did not differ from each other,
Fs(1,42) , 2; P . 0.05. The levels of freezing declined across the
nonshocked exposure, F(1,42) ¼ 74.10; P , 0.05, and there were
no statistically significant group × linear trend interactions,
Fs(1,42) , 1.2; P . 0.05.

The freezing that was depressed by the end of the extinction
session on Day 4 recovered when rats were returned to the context
for testing on Day 5 (Fig. 3B right panel). The levels of freezing
again declined across the test session, confirmed by the statisti-
cally significant linear trend, F(1,41) ¼ 119.60; P , 0.05. There
were no statistically significant group × linear interactions,
Fs(1,42) , 2.22; P . 0.05, but there were differences between the
groups in overall levels of freezing. Specifically, rats infused with
OT before the extinction session froze significantly more on test
than rats extinguished under vehicle, F(1,42) ¼ 9.13; P , 0.05.
There were no statistically significant differences among the rats
infused with the different doses of OT, Fs(1,42) , 1.13; P . 0.05.

In summary, an infusion of OT into the CeA not only in-
creased expression of conditioned freezing responses and/or
impaired within-session extinction, but also impaired the learn-
ing that underlies long-term inhibition of freezing responses.
Additionally, the effects of OT in the CeA on freezing responses
did not vary as a function of doses ranging from 0.6 to 75 ng.

Experiment 4: CeA infusion of OT or a selective

OT agonist impairs short- and long-term

inhibition of fear responses

In the previous experiment, rats infused
with synthetic OT into the CeA froze
more than control rats when reexposed
to the conditioned context, whereas Viv-
iani et al. (2011) reported that rats in-
fused with a selective OT agonist (7 ng
TGOT) into the CeA froze less than con-
trol rats when reexposed to a condi-
tioned context. These differing results
may be due to the fact that synthetic
OT can have nonselective effects on
other receptors in the CeA, including
vasopressin, which may influence the
expression of context-conditioned fear.
Accordingly, the present experiment
examined the effect of a CeA TGOT infu-
sion on expression of context-condi-
tioned fear using the same protocol and
parameters as the previous experiment.

Rats were implanted with bilateral
cannulae targeting the CeA. All rats re-

ceived context conditioning on Days 1 and 3. On Day 4, rats re-
ceived an intra-CeA infusion of either saline (Group SAL), OT
(15 ng; Group OT), or TGOT (7 ng; Group TGOT) 10 min prior
to a 20-min extinction session in the context. On Day 5, rats
were tested under extinction for fear of the context (Fig. 3A).
These doses were chosen based on their effectiveness to respec-
tively increase freezing in Experiment 3 (OT) and reduce freezing
in a previous report (TGOT) Viviani et al. 2011).

Figure 3C shows the levels of conditioned freezing in the
final minute of the context conditioning session on Day 2, the
20-min extinction session on Day 3 and the 10 min test under
extinction on Day 4. All groups showed substantial and equiva-
lent levels of freezing across context conditioning on Day 3, all
Fs(1,23) , 1; P . 0.05, and a linear decline in freezing across the
extinction session on Day 4, F(1,23) ¼ 131.14; P , 0.05. However,
there were clear differences between the groups in overall levels
of freezing: Groups OT and TGOT froze significantly more than
Group SAL, F(1,23) ¼ 17.91; P , 0.05, but did not differ from
each other, F(1,23) , 1; P . 0.05. The group × linear trend interac-
tions were not significant, F(1,23) , 1; P . 0.05, showing that the
differences between the levels of freezing among the groups per-
sisted across extinction session.

The freezing that had been depressed at the end of the ex-
tinction session recovered when rats were returned to the con-
text for testing. The levels of this freezing declined across the
test, F(1,30) ¼ 42.31; P , 0.05, and the rate of this decline was sim-
ilar among the groups as there were no statistically significant
group × linear trend interactions, Fs(1,23) , 3.72; P . 0.05. How-
ever, there were differences among the groups in overall levels
of freezing: rats that had been extinguished under a drug (Groups
OT and TGOT) froze significantly more than those in Group SAL,
F(1,23) ¼ 9.83; P , 0.05, and rats in Group OT froze significantly
more than those in Group TGOT, F(1,23) ¼ 7.54; P , 0.05. The final
comparisons confirmed that rats extinguished under OT froze sig-
nificantly more on test than those in Group Saline, F(1,23) ¼ 17.53;
P , 0.05, whereas rats extinguished under TGOT did not, F(1,23) ¼

1.87; P . 0.05.
In summary, when infused into the CeA, both OT and TGOT

enhanced freezing and/or impaired inhibition of freezing across
extinction. However, the drugs had different effects on long-term
inhibition of freezing: OT infused into the CeA impaired long-
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Figure 2. The effects of intra-amygdala infusions of OT on acquisition of context-conditioned fear. (A)
Timeline of the experimental procedure; Cx+ and Cx2 represent context–shock and context extinction
sessions, respectively. (B) Mean (+SEM) percent freezing to the context across the acquisition (left) and
test session (right) after intra-CeA infusions of saline (SAL) or OT in Experiment 1. The data from five rats
were excluded from the analysis because of incorrect cannula placement yielding the following group
sizes: Groups SAL, n ¼ 9 and OT, n ¼ 10. (∗) P , 0.05, main effect of group. (C) Mean (+SEM) percent
freezing to the context across the acquisition (left) and test session (right) after intra-BLA infusions of
saline (SAL) or OT in Experiment 2. The data from six rats were excluded from the analysis of this exper-
iment because of incorrect cannula placement yielding the following group sizes: Groups SAL, n ¼ 10
and OT, n ¼ 8. (#) P , 0.05, main effect of group and trend × group interaction.
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term inhibition but TGOT did not. This result might imply that
the effect of CeA OT infusion was due to nonselective OT binding
to CeA vasopressin receptors. In contrast to OT, elevated vasopres-
sin has been linked to stress, aggression, and anxiety-related
behaviors (Frank and Landgraf 2008), and thus, activation of vaso-
pressin receptors may have an opposing influence on fear condi-
tioning relative to activation of OTr. This possibility is addressed
in the next experiment through the use of OT in combination
with a selective OTr antagonist.

Experiment 5: The effects of CeA OT are specific to the OT receptor

This experiment had two aims. The first was to replicate the short-
and long-term effects when rats are infused with OT into the CeA
before extinction of context-conditioned fear. The second aim

was to examine whether these impairments were blocked by
co-infusion of OT and the selective OT antagonist desGly-NH2-
d(CH2)5[D-Tyr2,Thr4]OVT, OTA. Rats were implanted with bilat-
eral cannula targeting the CeA. All rats received context condi-
tioning on Days 1 and 3. Rats received an intra-CeA infusion of
saline (Group SAL), OT (15 ng), OTA (15 ng) or a combination
of OT (15 ng) and OTA (75 ng; Group OT + OTA) 10 min prior
to the extinction session on Day 4. A comparable 15 ng dose of
OTA was infused alone whereas OTand OTA was combined in a ra-
tio 3:1 for the OT + OTA combination (M Manning, pers.
comm.). Rats were tested drug-free under extinction for fear of
the context on Day 5 (Fig. 3A).

Figure 3D shows the levels of conditioned freezing in the fi-
nal minute of the conditioning session on Day 2, across the 20
min extinction session on Day 3 and the 10-min test session under
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Figure 3. The effects of intra-CeA infusions on extinction of context-conditioned fear. Mean (+SEM) percent freezing to the context in the final minute
of the second context-conditioning session (left panel), across the extinction (center panel) and test (right panel) sessions. (A) Timeline of the experimental
procedure; Cx+ and Cx2 represent context–shock and context extinction sessions, respectively. (B) Experiment 3, the effect of preextinction infusions of
OT at various doses. The data from 12 rats were excluded from Experiment 3 because of incorrect cannula placement yielding the following group sizes:
Groups SAL, n ¼ 12, OT 0.6 ng, n ¼ 9, OT 3 ng, n ¼ 10, OT 15 ng, n ¼ 8, and OT 75 ng, n ¼ 8. (∗) P , 0.05, main effect contrast testing SAL versus all OT
groups. (C) Experiment 4, the effect of preextinction infusions of OT and the selective OT agonist (TGOT). The data for 10 rats were excluded from the
analysis because of incorrect cannula placement yielding the following group sizes: Group SAL, n ¼ 8, Group OT 15 ng, n ¼ 10, Group TGOT 7 ng, n ¼ 8.
In extinction: (∗) P , 0.05, main effect contrast testing SAL versus (OT and TGOT) groups. At test: (†) P , 0.05, comparison SAL versus OT. (D) Experiment
5, the effect of the selective OT antagonist alone (OTA) and in conjunction with OT (OT + OTA). The data from 12 rats were excluded from the analysis
because of incorrect cannula placement yielding the following group sizes: Group SAL, n ¼ 10, Group OT, n ¼ 9, Group OTA, n ¼ 9 and Group OT +
OTA, n ¼ 8. In extinction: (∗) P , 0.05, main effect of group and group × trend contrast testing OT 15 ng versus remaining groups. (†) P , 0.05, contrast
OTA 15 ng versus (SAL and OT + OTA) groups across the first 10 min of the extinction session. At test: (∗) P , 0.05, main effect of group and group ×
trend contrast testing OT 15 ng versus remaining groups. (†) P , 0.05, contrast OTA 15 ng versus (SAL and OT + OTA) groups.
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extinction on Day 4. Conditioning was effective; all rats froze after
the shock on Day 1 and both before and after the shock on Day
3. There were no differences among the groups in the levels of
freezing, all Fs(1,32) , 1.13; P . 0.05. On Day 4, freezing responses
declined in all groups across the extinction session, F(1,32) ¼

99.36; P , 0.05. OT enhanced freezing and/or impaired its sup-
pression across extinction: rats in Group OT froze significantly
more than those in the remaining groups, F(1,32) ¼ 27.85; P ,

0.05. There were no statistically significant differences in the lev-
els of freezing among the remaining groups, all Fs(1,32) , 1.07; P .

0.05. There was a statistically significant trend × group interac-
tion which, from inspection of Figure 3D, was due to a slower
decline in freezing by rats in Group OT than by those infused
with vehicle (Group SAL) and with the combination of OT and
the antagonist OTA (Group OT + OTA), F(1,32) ¼ 7.81; P , 0.05.
Inspection of Figure 3D also suggests that infusion of the antago-
nist, OTA, reduced freezing responses across extinction. Indeed,
across the first 10 min of the extinction session, rats in Group
OTA froze significantly less than rats in Groups SAL and OT +
OTA, F(1,32) ¼ 8.31; P , 0.05. The antagonist also blocked the ef-
fect of OT on within-session extinction, evidenced by the fact
that the level of freezing in Group OT + OTA was equivalent to
that in Group SAL, F(1,32) ¼ 1.27; P . 0.05.

The levels of freezing across test (right panel) were similar to
those observed across extinction. Freezing declined linearly across
the test, F(1,32) ¼ 110.55; P , 0.05. Rats that had been extin-
guished under OT (Group OT) froze significantly more than those
in the remaining groups, F(1,32) ¼ 16.62; P , 0.05, confirming that
the drug had impaired long-term suppression of freezing. The lev-
els of freezing did not differ among the remaining groups (Groups
SAL, OTA, and OT + OTA), Fs(1,32) , 3.40; P . 0.05. However,
there was a statistically significant group × linear trend interac-
tion which, from inspection of Figure 3D, was due to difference
between the groups across the early but not the later stages of
the test session, F(1,32) ¼ 9.68; P , 0.05. Comparisons of freezing
in the first 5 min of testing confirmed that rats in Group OTA froze
significantly less than rats in Groups SAL and OT + OTA, F(1,32) ¼

6.33; P , 0.05, showing that the antagonist had facilitated long-
term suppression of freezing. There were no statistically signifi-
cant differences between the levels of freezing across the first 5
min of testing by rats in Groups SAL and OT + OTA, F(1,32) , 1;
P . 0.05, showing that the antagonist had blocked the effect of
OT on long-term suppression of freezing.

In summary, when infused into the CeA: (1) OTenhanced ex-
pression of conditioned freezing and/or impaired the inhibition
of this freezing across extinction; (2) these effects were blocked
by coadministration of a highly selective OTr antagonist, OTA;
and (3) infusion of OTA alone suppressed expression of condi-
tioned freezing and/or facilitated the inhibition of this freezing
across extinction.

The effect of an OTr agonist, antagonist, or

their combination on consolidation of extinction

learning when infused into the CeA

Experiment 6: Infusion of OT into the CeA before or after the extinction

session impairs long-term reduction of fear responses

The previous experiments demonstrated that an OT infusion into
the CeA before extinction impaired the long-term suppression of
freezing responses. This experiment examined whether the long-
term impairment was due to an effect of OT on extinction learn-
ing or its consolidation. Rats were implanted with bilateral can-
nulae targeting the CeA. All rats received context conditioning
on Days 1 and 3. On Day 4: rats in Group PRE OT received an
intra-CeA infusion of OT (3 ng) 10 min before the extinction ses-
sion and a saline infusion immediately after that session; those in
Group POST OTreceived an intra-CeA infusion of saline before the
extinction session and an OT infusion immediately after that ses-
sion; finally, those in Group Saline received a saline infusion be-
fore and after the extinction session. On Day 5, rats were tested
for 10 min in the context under extinction (Fig. 4A).

Figure 4B shows the levels of freezing to the context in the fi-
nal minute of context conditioning on Day 1, across the 20-min
extinction session on Day 3 and across the 10-min test under
extinction on Day 4. Conditioning was successful: all rats froze af-
ter the shock on Day 1 and both before and after the shock on
Day 3. There were no between-group differences in the levels of
freezing, F(1,24) , 1; P . 0.05. On Day 4, freezing declined linearly
across the extinction session, F(1,24) ¼ 124.53; P , 0.05. There
were no statistically significant trend × group interactions, F ,

2. However, rats extinguished under OT (Group PRE OT) froze sig-
nificantly more than rats extinguished under saline (Groups SAL
and POST OT), F(1,24) ¼ 16.63; P , 0.05, replicating the effects ob-
served previously. Rats in the latter groups did not differ in their
levels of freezing, F , 1.

On Day 5, freezing declined linearly across the test session,
F(1,26) ¼ 79.87; P , 0.05. Rats that had been infused with OT
into the CeA either before (Group PRE OT) or after (Group POST

Table 1. Designs of Experiments 1–8

Group Day 1 Day 2 Day 3 Day 4 Day 5

Experiment 1 (intra-CeA)
SAL ∗Cx+ Cx2

OT 75 ng ∗Cx+ Cx2

Experiment 2 (intra-BLA)
SAL ∗Cx+ Cx2

OT 75 ng ∗Cx+ Cx2

Experiment 3 (intra-CeA)
SAL Cx+ handle Cx+ ∗Cx2 Cx2

OT 0.6 ng Cx+ handle Cx+ ∗Cx2 Cx2

OT 3 ng Cx+ handle Cx+ ∗Cx2 Cx2

OT 15 ng Cx+ handle Cx+ ∗Cx2 Cx2

OT 75 ng Cx+ handle Cx+ ∗Cx2 Cx2

Experiment 4 (intra-CeA)
SAL Cx+ handle Cx+ ∗Cx2 Cx2

OT 15 ng Cx+ handle Cx+ ∗Cx2 Cx2

TGOT 7 ng Cx+ handle Cx+ ∗Cx2 Cx2

TGOT 45 ng Cx+ handle Cx+ ∗Cx2 Cx2

Experiment 5 (intra-CeA)
SAL Cx+ handle Cx+ ∗Cx2 Cx2

OT 15 ng Cx+ handle Cx+ ∗Cx2 Cx2

OTA 15 ng Cx+ handle Cx+ ∗Cx2 Cx2

OT 15 ng and OTA 75 ng Cx+ handle Cx+ ∗Cx2 Cx2

Experiment 6 (intra-CeA)
SAL Cx+ handle Cx+ ∗Cx2 Cx2

PRE OT 3 ng Cx+ handle Cx+ ∗Cx2 Cx2

POST OT 3 ng Cx+ handle Cx+ Cx2∗ Cx2

Experiment 7 (intra-BLA)
SAL Cx+ handle Cx+ ∗Cx2 Cx2

OT 0.6 ng Cx+ handle Cx+ ∗Cx2 Cx2

OT 3 ng Cx+ handle Cx+ ∗Cx2 Cx2

OT 15 ng Cx+ handle Cx+ ∗Cx2 Cx2

OT 75 ng Cx+ handle Cx+ ∗Cx2 Cx2

Experiment 8 (intra-BLA)
SAL Cx+ handle Cx+ ∗Cx2 Cx2

PRE OT 3 ng Cx+ handle Cx+ ∗Cx2 Cx2

POST OT 3 ng Cx+ handle Cx+ Cx2∗ Cx2

OTA 3 ng Cx+ handle Cx+ ∗Cx2 Cx2

OT 3 ng and OTA 15 ng Cx+ handle Cx+ ∗Cx2 Cx2

In each experiment, rats were exposed to pairings of a novel context (Cx)

and shock (+). Context-conditioned fear was then extinguished (Cx2)

under drug or vehicle, and finally, rats were tested for retention of extinction

when drug-free (i.e., 24 h after extinction). Time of drug or vehicle infusion

is represented by an asterisk (∗) before or after a Cx session.
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OT) the extinction session froze significantly more than rats that
had been extinguished under saline (Groups SAL), F(1,24) ¼ 6.97;
P , 0.05. There was no significant difference in freezing between
Groups PRE OTand POST OT, F , 1, and no statistically significant
trend × group interactions, Fs , 3.

In summary, this experiment again confirmed that an infu-
sion of OT into the CeA enhanced the expression of conditioned
freezing responses and/or impaired the suppression of these re-
sponses across extinction. Furthermore, it confirmed that a CeA
OT infusion impaired the long-term suppression of freezing (as ev-
idenced by the results from the drug-free retention test) and
showed that this impairment was due to a disruption of extinction
consolidation. Taken together, these findings suggest that OT in
the CeA impairs both within-session extinction, and consolida-
tion of the learning produced by extinction.

The effect of an OTr agonist or antagonist on extinction

learning and consolidation when infused into the BLA

Experiment 7: BLA infusion of OT facilitates short- and long-term

reduction of fear

The next set of experiments examined the effects of OT when in-
fused into the BLA on the expression of context-conditioned
freezing, its suppression across the extinction session, and the
retention of this suppression on the subsequent drug-free test.
The present experiment involved five groups: rats infused with
saline into the BLA before extinction and those infused with a
0.6, 3, 15, or 75 ng dose of OT before extinction. Rats were im-
planted with bilateral cannulas targeting the BLA. All rats were
subjected to context conditioning on Days 1 and 3. Rats received
an intra-BLA infusion of either saline or one of the four doses
of OT 10 min prior to the extinction session on Day 4. All rats
were tested drug-free in the conditioned context for 10 min under
extinction on Day 6 (Fig. 5A).

Figure 5B shows the levels of conditioned freezing on the fi-
nal minute of context conditioning on Day 2, across the 20-min
extinction session on Day 3, and the 10-min test under extinction
on Day 4. Conditioning was successful; all rats froze after the
shock on Day 1 and both before and after the shock on Day
3. There were no significant differences between the groups in
the levels of freezing, Fs(1,36) , 2.12; P . 0.05. Freezing declined
across the extinction session on Day 4, F(1,36) ¼ 136.12; P ,

0.05. There was a statistically significant group × trend interac-

tion, F(1,36) ¼ 14.60; P , 0.05, which,
from inspection of Figure 5B, was due
the greater level of initial freezing and
the more rapid change in that level across
the session among rats infused with sa-
line (Group SAL) than those infused
with the drug. Overall, and in contrast
to the effect of a CeA OT infusion, rats
that received an infusion of OT in the
BLA before the extinction session
(Groups OT 0.6 ng, OT 3 ng, OT 15 ng,
and OT 75 ng) froze significantly less
than rats infused with saline (Group
SAL), F(1,36) ¼ 11.52; P , 0.05, but did
not differ from each other, Fs(1,36) ,

1.61; P . 0.05.
During the test session on Day 5,

freezing again declined linearly across
the test session, F(1,36) ¼ 123.90; P ,

0.05. Rats that had been extinguished un-
der saline froze significantly more than
rats that had been extinguished under

OT, F(1,36) ¼ 7.29; P , 0.05, showing better retention of extinction
among the drug-treated rats. There was also a dose effect such that
rats extinguished under higher doses of OT (Groups OT3 ng, OT15
ng, and OT75 ng) froze significantly less than those extinguished
under the lowest dose (Group OT0.6 ng), F(1,36) ¼ 6.95; P , 0.05. A
statistically significant group × trend interaction showed that this
difference in retention among the drug groups was more pro-
nounced during the early stage of the test session, F(1,36) ¼

19.82; P , 0.05. No other main effects or interactions were signifi-
cant, Fs , 4.3.

In contrast to its effects on the CeA, an infusion of OT into
the BLA not only suppressed expression of conditioned freezing
responses and/or facilitated within-session extinction, but also fa-
cilitated the learning that underlies long-term inhibition of freez-
ing responses. The acute effects of BLA OT on freezing responses
did not vary as a function of doses ranging from 0.6 to 75 ng.
However, the drug-free retention test provided some evidence
that the effects of BLA OT varied with dose, as rats extinguished
under the higher doses of OT froze less than rats extinguished un-
der the lowest dose.

Experiment 8: The effects of BLA OT are specific to the OT receptor

The present experiment had two aims. The first was to determine
whether the facilitation of long-term extinction produced by
higher doses of BLA OT is due to enhanced acquisition and/or
consolidation of extinction learning. The second aim was to assess
whether BLA OT facilitates within-session and long-term extinc-
tion by acting on OT receptors. This was assessed by co-infusion
of OT with the selective antagonist desGly-NH2-d(CH2)5[D-
Tyr2,Thr4]OVT (OTA). Rats were implanted with bilateral cannu-
las targeting the BLA and subjected to context conditioning on
Days 1 and 3. Rats in four groups received an intra-BLA infusion
of either saline, OT (3 ng), OTA (3 ng), or a combination of
OT (3 ng) and OTA (15 ng) 10 min before the extinction session
on Day 4. Rats in the final group received an infusion of OT imme-
diately following the extinction session. The 3 ng dose was select-
ed based on the results from the previous experiment. As in the
CeA experiments, a comparable 3 ng dose of OTA was infused
alone whereas OT and OTA was combined in a ratio 3:1 for the
OT + OTA combination (M Manning, pers. comm.). Rats were
tested drug-free for 10 min under extinction on Day 5 (Fig. 5C).

Figure 5D shows the levels of freezing across the final minute
of the conditioning session on Day 2, across the 20 min extinction
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session on Day 3, and the 10 min test on Day 4. Conditioning was
successful: all rats froze after the shock on Day 1 and both before
and after the shock on Day 3. There were no significant differences
in the levels of freezing among the groups, all Fs(1,41) , 1.5; P .

0.05. Freezing declined linearly across the extinction session,
F(1,41) ¼ 235.35; P , 0.05 and there were no statistically signifi-
cant group × trend interactions, all Fs(1,41) , 1.82; P . 0.05.
However, rats extinguished under OT (Group PRE OT) froze signif-
icantly less than those in the remaining groups, F(1,41) ¼ 18.67;
P , 0.05, which did not differ, Fs(1,41) , 1.13; P . 0.05. The final
comparisons showed that rats extinguished under OT froze signif-
icantly less than those extinguished under saline (Group SAL) or a
combined infusion of OT and the antagonist (Group OT + OTA),
F(1,41) ¼ 18.73; P , 0.05. There were no significant differences be-
tween the latter groups F(1,41) , 1.13; P . 0.05.

The freezing that had been depressed at the end of the extinc-
tion session on Day 4 recovered on the test session on Day 5. This
freezing again declined linearly across the test session, F(1,41) ¼

268.06; P , 0.05. Rats that had been extinguished under OT
(Group OT) froze significantly less than rats in the remaining
groups, F(1,41) ¼ 23.91; P , 0.05. A significant group × linear

trend interaction showed that this difference between Group OT
and the remaining groups was most pronounced across the early
stages of the test session, F(1,41) ¼ 13.29; P , 0.05. There were no
other significant differences or interactions involving the remain-
ing groups, Fs(1,41) , 3.01; P . 0.05.

In summary, this experiment again showed that an infusion
of OT into the BLA suppressed conditioned freezing and facili-
tated the long-term suppression of this response. These effects
of BLA OT on conditioned freezing were due to activation of OT
receptors, as they were blocked by coadministration of a highly
selective OTr antagonist, which had no effect on conditioned
freezing when administered on its own. Finally, a post-session in-
fusion of OT into the BLA had no effect on consolidation of ex-
tinction learning.

Discussion

Oxytocin (OT) has been implicated in a variety of social behaviors,
e.g., pair mating, social affiliation, social memory, and maternal
aggression (for review, see Lee et al. 2009). It has been suggested
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Figure 5. The effects of intra-BLA infusions on extinction of context-conditioned fear. Mean (+SEM) percent freezing to the context in the final minute
of the second context-conditioning session (left panel), across the extinction (center panel) and test (right panel) sessions. (A,C) Timeline of the exper-
imental procedures; Cx+ and Cx2 represent context–shock and context–extinction sessions respectively. (B) Experiment 7, the effect of preextinction
infusions of OT at various doses. The data from 18 rats were excluded from this experiment because of incorrect cannula placement yielding the following
group sizes: group SAL, n ¼ 8, group OT 0.6 ng, n ¼ 9, group OT 3 ng, n ¼ 8, group OT 15 ng, n ¼ 8, group OT 75 ng, n ¼ 9. In extinction: (∗) P , 0.05,
main effect contrast testing SAL versus (PRE OT and POST OT) groups. At test: (∗) P , 0.05, main effect contrast testing SAL versus (0.6, 3, 15, and 75 ng
OT) groups. (†) P , 0.05, main effect of group and group × trend contrast testing 0.6 ng OT versus (3, 15, and 75 ng OT) groups. (D) Experiment 8, the
effect of pre- and post-extinction OT infusions, and the effect of the selective OT antagonist alone (OTA) and in conjunction with OT (OT + OTA). The data
from 11 rats were excluded from the analysis because of incorrect cannula placement yielding the following group sizes: Group SAL, n ¼ 10, Group PRE
OT, n ¼ 9, Group OT + OTA, n ¼ 8, Group OTA, n ¼ 9, Group POST OT, n ¼ 10. In extinction: (∗) P , 0.05, main effect contrast testing PRE OT versus
(SAL, POST OT, OT + OTA, and OTA) groups. At test: (∗) P , 0.05, main effect of group and group × trend contrast testing PRE OT versus (SAL, POST OT,
OT + OTA, and OTA) groups.
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that OT facilitates these behaviors by reducing anxiety (e.g.,
McCarthy et al. 1996; Bale et al. 2001; Kirsch et al. 2005; Domes
et al. 2007; Petrovic et al. 2008; Zoicas et al. 2014; for review, see
Neumann 2008; Insel 2010; Neumann and Landgraf 2012). In
the present study, we examined how manipulation of central
OT signaling influences various aspects of clinical anxiety using
a laboratory model. Consistent with other studies, we showed
that central infusion of OT influences the acquisition, expression,
and extinction of conditioned fear in rats (e.g., Toth et al. 2012).
However, we have additionally shown that manipulation of OT
signaling in discrete nuclei of the amygdala, the BLA or CeA,
has contrasting effects on these phenomena.

In the CeA, OT impaired acquisition of context-conditioned
fear when infused before context–shock pairings, evident in low-
er levels of freezing (relative to controls) when rats were reexposed
to the context (Experiment 1); and enhanced expression of con-
text conditioned fear when infused before context reexposure
(i.e., the extinction session; Experiment 3). Enhanced fear expres-
sion was also observed following a presession infusion of the
selective OTr agonist, TGOT (Experiment 4). This enhanced ex-
pression of conditioned fear by TGOT was blocked by coadminis-
tration of the highly selective OTr antagonist, OTA (Experiment
5), which on its own had the opposite effect to TGOT: OTA sup-
pressed conditioned fear responses (Experiment 5). These results
have two implications. The first is that the observed effects of
CeA OT on acquisition and expression of context-conditioned
fear were due to its activation of OTr, rather than to activation
of vasopressin and/or other receptors. This conclusion is consis-
tent with a recent report that a CeA infusion of a selective OTr ag-
onist impaired acquisition of context-conditioned freezing
(Lahoud and Maroun 2013). The second implication of these re-
sults is that changes in CeA OT signaling exert bidirectional ef-
fects on expression of context-conditioned fear: it is enhanced
by increases in CeA OT signaling, but suppressed by decreases in
CeA OT signaling. Finally, an infusion of OT into the CeA either
before or after an extinction training session resulted in high
levels of freezing on the subsequent drug-free retention test
(Experiment 6). This result shows that OT signaling in the CeA in-
fluences not just the expression of fear, but additionally, processes
that are critical for retaining inhibition of fear between extinc-
tion training and test, e.g., consolidation of extinguished fear
responses.

In the BLA, OT also impaired acquisition of context-condi-
tioned fear when infused before context–shock pairings (Experi-
ment 2). The fact that OT had the same effect when infused into
the CeA before context–shock pairings implies that any increase
in amygdala OT signaling impair acquisition of conditioned
fear. OT not only impaired acquisition of conditioned fear, it
also suppressed fear expression when infused in the BLA before ex-
tinction training at doses ranging from 0.6 ng/0.3 mL to 75 ng/0.3
mL (Experiment 7). This result is in direct contrast to that obtained
when OT was infused into the CeA; that infusion enhanced ex-
pression of context-conditioned fear and/or impaired its extinc-
tion. OT infused into the BLA also resulted in better long-term
extinction, evidenced by the fact that freezing remained sup-
pressed when rats were tested drug-free. Critically, the short and
long-term facilitation of extinction by a BLA infusion of OT
were blocked by coadministration of the OTr antagonist, demon-
strating that the facilitation was due to activation of OTr in the
BLA. Finally, it is worth noting that the contrasting effects of OT
when infused into either the CeA or BLA allay any potential con-
cerns relating to diffusion of the drug from the targeted nuclei
into the other. These contrasting effects imply that, if anything,
diffusion of OT from one amygdala nucleus into the other would
have opposed the facilitative (CeA) or suppressive (BLA) effects of
OT on conditioned freezing.

Some of the present results appear to conflict with other re-
cent findings. First, in contrast to the impairment of conditioned
fear observed in Experiment 2, Lahoud and Maroun (2013) report-
ed that a BLA infusion of OT or a selective OTr agonist (WAY-
267474 or TGOT) enhanced acquisition of context-conditioned
fear. Second, in contrast to the increased expression of condi-
tioned fear and/or the impairment in short-term extinction ob-
served in Experiment 4, Viviani et al. 2011 reported that a CeA
infusion of TGOT massively suppressed the expression of context-
conditioned fear. One way in which the present study differed
from the Viviani et al. and Lahoud and Maroun studies is in the
levels of fear produced by the context–shock pairings. In both
of the earlier studies, there was very little evidence for any decline
in freezing across the first extinction session, and hence, the aver-
age level of freezing across this session was .70%. In the present
study, rats entered the first (and only) extinction session freezing
at �60%–70%, but freezing rapidly declined to low levels by the
end of the session, implying a lower level of conditioning. This
difference in levels of context fear conditioning between studies
suggests that the effects of intra-amygdala OT on acquisition, ex-
pression, and extinction of context-conditioned fear vary depend-
ing on both the level of fear and the specific nucleus into which
OT is infused. Consistent with this possibility, there is evidence
that therapeutic effects of OT vary depending on baseline anxiety
levels in certain clinical populations (Bartz et al. 2010; for review,
see Bartz et al. 2011).

What are the mechanisms by which OT acts in the CeA and
BLA to influence acquisition, expression, and extinction of condi-
tioned fear? It has been previously shown that increasing OT
signaling in the CeA differentially influences expression of behav-
ioral and autonomic fear responses (Viviani et al. 2011). Based on
these findings, it has been suggested that OTacts in the CeA to reg-
ulate selection of active versus passive fear responses (e.g., vigi-
lance versus freezing). The focus in this respect has been on OT
effects in the lateral region of the CeA (CeL). Here, GABAergic in-
terneurons (Type 1 cells) tonically inhibit CeL projection neurons,
which express OTr (Type 2 cells) (Gozzi et al. 2010; Viviani et al.
2011; Knobloch et al. 2012; Stoop 2012). There are two types of
CeL projections. One is to the ventral forebrain cholinergic sys-
tem, which has been implicated in coordination of active fear re-
sponses via its effects on cortical arousal (Gozzi et al. 2010). The
other projection is to the medial region of the CeA (CeM), which
coordinates passive fear responses via its effects on downstream
targets in the midbrain and hypothalamus (Carrive et al. 2000;
Ehrlich et al. 2009; Haubensak et al. 2010; see also Penzo et al.
2014). These circuitries suggest that, under conditions of low or
moderate fear, OT in the CeA maintains passive fear responses
by decreasing activation of CeL projection neurons. This would
simultaneously increase the excitatory influence of CeM over its
midbrain targets (hence more passive fear) and decrease choliner-
gic innervation of neocortex (hence less active fear). Conversely,
under conditions of high fear, OT in the CeA may trigger a shift
from passive to active fear responses by increasing activation of
CeL projection neurons, thereby reducing the excitatory influ-
ence of CeM over its midbrain targets (hence less passive fear)
and increasing cholinergic activation of cortical circuits (hence
more active fear).

However, the present findings show that OT in the CeA is not
just involved in coordination of fear responses. Acquisition of
context-conditioned fear was impaired when OT was infused
into the CeA immediately before context–shock pairings; and ex-
tinction of context-conditioned fear was disrupted when OT was
infused into the CeA immediately after the extinction training
session. Thus, in addition to any role in coordination of fear re-
sponses, OT appears to regulate plastic changes in CeA that code
for both acquisition and extinction of context-conditioned fear.
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OT may regulate these changes through its effects on GABA sig-
naling in CeL (Huber et al. 2005). Both the acquisition and extinc-
tion of conditioned fear have been shown to be impaired by
increases in CeA GABA signaling via infusion of the GABA-A ago-
nist, muscimol (Wilensky et al. 2006; Ciocchi et al. 2010).

In the BLA, there are two potential mechanisms by which OT
signaling might influence fear-related behavior. These mecha-
nisms correspond to distinct populations of BLA neurons that
have been implicated in expression and inhibition of conditioned
fear, respectively (Herry et al. 2008). Specifically, increases in BLA
OT may suppress fear expression and facilitate fear extinction by
reducing activation of fear neurons, increasing activation of ex-
tinction neurons, or through a combination of these effects;
thereby, reducing the capacity of the conditioned stimulus to ac-
tivate intrinsic amygdala pathways that usually respond to danger
(Likhtik et al. 2008; Amir et al. 2011). However, at present, these
putative mechanisms are necessarily speculative, as it remains to
determine whether fear neurons and/or extinction neurons ex-
press OTr, the electrophysiological consequences of their activa-
tion, and why these consequences might vary with the strength
of conditioning (c.f., Lahoud and Maroun 2013).

In summary, the present study has shown that the effects of
centrally administered OT on fear-related behavior vary depend-
ing on where it is administered in the brain (e.g., Toth et al.
2012; Lahoud and Maroun 2013), and specifically, the amygdala.
Increasing OT signaling in the CeA impaired acquisition of
context-conditioned fear, but enhanced expression of this fear
and impaired its extinction. In contrast, increasing OT signaling
in the BLA impaired acquisition of context-conditioned fear, sup-
pressed expression of this fear and facilitated its extinction. We
suggest that the levels of conditioned fear may interact with OT
signaling in specific amygdala nuclei to determine the effects on
the acquisition and expression of fear as well as those on short-
and long-term fear inhibition; effects which may be important
for the therapeutic use of OT (Bartz et al. 2010).

Materials and Methods

Subjects
Subjects were experimentally naı̈ve, male, outbred Wistar rats
(268–413 g) obtained from a commercial supplier (Animal
Resources Centre). They were housed in plastic boxes (67 cm
length × 40 cm width × 22 cm height) with food and water con-
tinuously available. There were eight rats per box. The boxes
were located in a climate controlled colony room (lights on at
7:00 a.m.). All experimental procedures were approved by the
Animal Care and Ethics Committee at the University of New
South Wales and in accordance with the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals, revised
1996.

Surgery
Rats were anesthetized with 100 mg/mL of ketamine (Ketapex;
Apex Laboratories), administered at a dose of 1.0 mL/kg intraper-
itoneal (i.p.), in combination with a muscle relaxant, xylazine (20
mg/mL) at a dosage of 0.3 mL/kg (Rompun; Bayer). Anesthetized
rats were positioned on a stereotaxic apparatus (Kopf Instruments,
and two guide cannula (26 gauge, 11 mm in length, Plastics One)
were implanted through holes drilled in both hemispheres of the
skull. The tips of the guide cannulas were aimed bilaterally at the
BLA or CeA using the following coordinates: BLA: 2.6 mm poste-
rior to bregma, 4.8–5 mm lateral to the midline, and 7.7–7.9 ven-
tral to the skull; CeA: 2.6 mm posterior to bregma, 4.0–4.2 mm
lateral to the midline, and 7.6 ventral to the skull. The guide can-
nulas were secured to the skull with three jeweler’s screws and
dental cement. A dummy cannula was kept in each guide at all
times other than during microinjections. Immediately after the

surgical procedure, rats received an i.p. injection of a prophylactic
(0.3 mL) dose of 300 mg/kg solution of procaine penicillin. Rats
were allowed 4 d to recover from surgery, during which time
they were handled and weighed daily.

Drug infusions
The neuropeptide oxytocin was obtained from Sigma and dis-
solved in nonpyrogenic saline (0.9% wt/vol. NaCl) to achieve fi-
nal concentrations of 0.6 ng/0.3 mL, 3 ng/0.3 mL, 15 ng/0.3 mL,
and 75 ng/0.3 mL. The OT solution or nonpyrogenic saline was in-
fused directly into the BLA or CeA across 3 min. The oxytocin
antagonist desGly-NH2-d(CH2)5[D-Tyr2,Thr4]OVT (OTA) was dis-
solved in nonpyrogenic saline to achieve final concentrations of
3 ng/0.3 mL, 15 ng/0.3 mL, 75 ng/0.3 mL. OT and OTA were com-
bined at concentrations 3 and 15 ng, respectively, for BLA exper-
iments and 15 and 75 ng, respectively, for CeA experiments.

Drug or saline was infused bilaterally into the BLA or CeA 10
min before or immediately following the extinction session by in-
serting a 33 gauge internal infusion cannulas into each guide can-
nula. The internal cannulas were connected to a 25 mL glass
syringe attached to an infusion pump (Harvard Apparatus) and
projected an additional 1 mm ventral to the tip of the guide can-
nula. A total volume of 0.3 mL was delivered in both sides at a rate
of 0.1 mL/min. The internal cannula was left in place for a further
minute after infusion. The cannula was then removed and re-
placed with the dummy cannula. All rats were preexposed to
this procedure one day before infusion by removing the dummy
cannula and running the infusion pump for 3 min. This was
done in order to familiarize the rats with the procedure and min-
imize any effects of its novelty.

Histology
After completing behavioral testing, rats were injected with a le-
thal dose of sodium pentobarbital, decapitated, and their brains
removed. The brains were sectioned coronally at 40 mm through
the CeA and BLA. Every third section was collected on a slide
and stained with cresyl violet. The location of cannula tips was de-
termined under a microscope by two trained observers using the
boundaries defined by Paxinos and Watson (1997). Each experi-
ment started with n ¼ 12 per group. Rats with inaccurate cannula
placements were excluded from the statistical analysis. In total, 57
rats were excluded from the five CeA experiments, and 44 rats
were excluded from the three BLA experiments.

Behavioral apparatus
Training and testing took place in four chambers (23.5 cm
depth × 20.5 cm width × 19.5 cm height). Their side walls were
constructed of clear Perspex, and their end walls and lids of alumi-
num. The floor was made of stainless steel rods, 2 mm in diameter,
spaced 13 mm apart, center to center. A tray below the floor
contained bedding material. Each chamber was enclosed in a
sound- and light-attenuating shell whose floor, ceiling, and walls
were painted black. The background noise level of the room was
50 dB measured by a digital sound level meter (Dick Smith
Electronics).

A custom-built constant-current shock generator, capable
of delivering unscrambled alternating current 50-Hz shock to
the floor of each chamber, was used for the presentation of a
1 sec duration shock at 0.8 mA intensity. The floor of each cham-
ber was cleaned with a solution of acetic acid (1%) to eliminate
any residue and provide a distinctive odor after removal of each
rat at the end of a session. Illumination for each chamber was pro-
vided by an infrared light source (940+25 nm). A camera mount-
ed on the back wall of each shell recorded the behavior of each rat.
Each camera was connected to a monitor and DVD recorded locat-
ed in another room of the laboratory. This room contained the
computer that controlled stimulus presentations via the appropri-
ate software (LabView, National Instruments).
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Procedures

Preexposure

Rats were exposed to the chambers for 2 min each day across four
days in order to reduce any neophobia and to increase context-
conditioned fear (Fanselow 1986; Kiernan and Westbrook 1993).

Acquisition experiments

Rats were exposed to a single session of context fear conditioning
on Day 1. Each rat was shocked twice (0.8 mA intensity × 1 sec
duration): the first shock occurred 1 min after placement in the
chamber, the second occurred 3 min after placement in the cham-
ber. Rats remained in the chamber for an additional 2 min
after the second shock, yielding a session of length 5 min. Six
hours later, in the colony room, rats that had received a drug infu-
sion into the CeA (Experiment 1) or BLA (Experiment 2) received a
saline infusion and rats that had received a saline infusion now
received a drug infusion into the CeA (Experiments 1) or BLA
(Experiment 2) in order to control for any effects of the drug per
se on subsequent test performance. Acquisition of context-
conditioned fear was then tested in a single session on Day
2. The session was conducted under conditions of extinction
and lasted 10 min.

Expression and extinction experiments

Rats received two sessions of context fear conditioning. On Day 1,
each rat was placed into a chamber and after 1 min a single foot-
shock (0.8 mA intensity × 1-sec duration) was delivered through
the grid floor. Rats remained in the chamber for a further 2 min
before being removed and returned to the colony room. On Day
3, 48 h later, all rats were returned to the chambers for a second
conditioning session identical to that on Day 1. On Day 4, 24 h
after the second conditioning session, rats were exposed to the
chambers for 20 min in the absence of footshock. Six hours later,
in the colony room, rats that had received a drug infusion into the
CeA (Experiments 3–6) or BLA (Experiments 7–8) received a sa-
line infusion and rats that had received a saline infusion now re-
ceived a drug infusion into the CeA (Experiments 3–6) or BLA
(Experiments 7–8) in order to control for any effects of the drug
per se on subsequent test performance. On Day 5, all rats were test-
ed in the context for 10 min in the absence of drug, saline, or
shock.

Data collection and analysis
Freezing was used to assess conditioned fear. It was defined as
the absence of all movement except those related to breathing
(Fanselow 1980). Each rat was observed every 2 sec and scored as
either “freezing” or “not freezing” by two observers, one of
whom was naı̈ve to group allocation. A percentage score was
calculated for the proportion of the total observations scored as
freezing for each rat. There was a high degree of agreement be-
tween the two observers, with a Pearson product moment correla-
tion .0.90. Any disagreement was resolved in favor of the score
by the naı̈ve observer. Data were analyzed with a planned contrast
testing procedure (Hays 1963). In cases where the set of contrasts
was orthogonal (Experiments 1, 2, 3, 6, and 7), the Per Contrast
Error Rate was maintained at a ¼ 0.05. In the cases where the set
of contrasts was nonorthogonal (Experiments 4, 5, and 8), a
Bonferroni correction was used to control the Per Family Error
Rate coherently at a ¼ 0.05 (Betz and Gabriel 1978; Betz and
Levin 1982; Bird 2004).
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