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Brief Communication

Nuclear disconnection within the amygdala reveals
a direct pathway to fear
Stephanie A. Jimenez1 and Stephen Maren1,2,3

1Neuroscience Program, University of Michigan, Ann Arbor, Michigan 48109-1043, USA; 2Department of Psychology, University of

Michigan, Ann Arbor, Michigan 48109-1043, USA

It is widely believed that a descending serial circuit consisting of neural projections from the basolateral complex (BLA)
to the central nucleus (CEA) of the amygdala mediates fear expression. Here we directly test this hypothesis and show
that disconnecting the BLA and CEA with asymmetric neurotoxic lesions after Pavlovian fear conditioning in rats
completely abolishes the expression of conditional freezing. These results demonstrate that neural projections from the
BLA to CEA are essential for the expression of learned fear responses.

[Supplemental material is available online at http://www.learnmem.org.]

Long-standing anatomical models of the brain circuitry underly-
ing learned fear posit serial flow of information through the
amygdala to engage the expression of fear responses (LeDoux
2000; Maren 2001). Specifically, conditioning-induced plasticity
in the lateral nucleus of the amygdala (LA) is thought to drive
learned fear through excitatory axonal projections to the basal
nuclei of the amygdala (BA; basolateral and basomedial nuclei),
which in turn send unidirectional and excitatory synaptic pro-
jections to the medial division of the central nucleus of the
amygdala (CEm). Neurons in the CEm project to brain structures
involved in the production of a variety of fear responses (Pitkänen
et al. 1997; Swanson and Petrovich 1998). Alternatively, neurons
in LA might excite neurons in CEm by limiting inhibitory input
from the intercalated cell masses (ITC) interposed between the
basolateral complex (BLA; lateral and basal nuclei) and the central
nucleus of the amygdala (CEA) (Paré et al. 2004). In either case, the
BLA is well positioned to drive learned fear responses via anatom-
ical connections with the CEA.

Although an extensive literature demonstrates the impor-
tance of both the BLA and CEA in the acquisition and expression
of fear (LeDoux et al. 1990; Lee et al. 1996; Amorapanth et al.
2000; Goosens and Maren 2001), it is not known whether
a functional connection between the two structures is essential
for the expression of learned fear. Indeed, the BLA and CEA make
independent contributions to aversivelymotivated learning under
some conditions (Killcross et al. 1997; Amorapanth et al. 2000).
Moreover, recent work in appetitive conditioning paradigms
challenges the necessity of serial circuits in the amygdala for as-
sociative learning processes (Holland and Gallagher 1999; Everitt
et al. 2003; Balleine and Killcross 2006). It is therefore essential to
determine whether serial connections between the BLA and CEA
are involved in the expression of fear memories as widely assumed
in the literature.

To address this issue, wemade asymmetric neurotoxic lesions
of the BLA and CEA after Pavlovian fear conditioning in rats. That
is, we placed BLA lesions in one hemisphere and CEA lesions in
the contralateral hemisphere, thereby producing a functional
disconnection of the two brain regions. Control animals received
neurotoxic BLA and CEA lesions in the same hemisphere, thereby

leaving both structures and their connections intact in one hemi-
sphere. This disconnection strategy (e.g., Olton et al. 1982)
capitalizes on the fact that projections from the BLA to CEA are
both ipsilateral and unidirectional (Pitkänen et al. 1997). It has
been used by several groups to assess the contribution of connec-
tions between brain areas to learning and memory processes,
including conditioned stimulus processing (Han et al. 1999) and
appetitive spatial learning (Ito et al. 2008), for example.

Fear conditioning was conducted in standard observation
chambers (see Supplemental Methods) and consisted of five
pairings of an auditory conditional stimulus (CS) (2 kHz, 10 sec,
80 dB) with a footshock unconditioned stimulus (US) (2 sec, 1
mA); the intertrial interval (ITI) was 1 min. Freezing behavior
served as the measure of conditional fear. Twenty-four hours after
fear conditioning, the rats were deeply anesthetized, and amyg-
dala lesions were made by infusing N-methyl-D-aspartate (NMDA;
20 mg/mL in 100 mM phosphate buffered saline with a pH 7.4;
Sigma) into the CEA and BLA through a 28-g injection cannula
attached to a Hamilton syringe via polyethylene tubing. Control
rats received unilateral lesions of the BLA and CEA in the same
hemisphere (IPSI, n = 13) or sham surgery (SHAM, n = 16), whereas
experimental rats received the unilateral BLA and CEA lesions in
opposite hemispheres (CONTRA, n = 11). Hence, functional
connectivity between the BLA and CEA was left intact in one
hemisphere among rats in the IPSI group, whereas the asymmetric
lesions in rats in the CONTRA group eliminated this connection.
Retention tests assessing fear to the conditioning context and tone
CS were conducted in separate sessions one week after recovery
from surgery. Histological examination of coronal brain sections
obtained from the subjects after the experiment revealed selective
CEA and BLA lesions in each group; representative lesions are
illustrated in Figure 1, A and B. The lesions spared fibers of passage
(Fig. 1C).

As shown in Figure 1D (left panel), all rats acquired similar
levels of conditional freezing (collapsed across the CS and ITI for
each trial) by the end of the presurgical fear conditioning session
(main effect of trial, F(5,185) = 42.1, P < 0.0001); there was neither
a main effect of group (F < 1) nor a group 3 trial interaction (F <
1.3). One week after recovery from surgery, conditional freezing to
the conditioning context and the auditory CS was assessed in
separate retention tests. Importantly, functional disconnection of
the BLA and the CEA after fear conditioning severely impaired the
expression of conditioned freezing to both the conditioning
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context and the auditory CS (Fig. 1D, right). Indeed, the expres-
sion of fear to the auditory CS was essentially abolished. Freezing
among rats in the CONTRA group was significantly lower than
that in both the SHAM and IPSI groups during both retention tests
(main effect of group, F(2,37) = 9.98, P < 0.001), and this difference
did not interact with the nature of the retention test (F < 1). Hence,
functional disconnection of the BLA and CEA produced an
impairment in the expression of conditional fear that was much
greater than that produced by comparable lesions that spared this
connection.

The logic of the disconnection procedure requires that focal
CEA and BLA lesions in each hemisphere do not damage the
adjacent BLA or CEA, respectively. For instance, if CEA lesions
produce retrograde degeneration in the neighboring BLA, rats in
the CONTRA group would effectively have bilateral lesions in the
BLA. Such an outcome would be expected to yield the massive
deficits in conditional freezing that we have observed. Inspection
of thionin-stained coronal sections suggested that, as in previous
studies (Goosens and Maren 2001), our lesions were indeed
selective for the targeted areas (Fig. 1B). However, to increase our
confidence that the BLA adjacent to a CEA lesion was in fact
functional, we performed c-fos immunohistochemistry on brain
sections obtained from a separate group of rats trained and tested
as previously described (SHAM, CONTRA, and IPSI groups; n = 8
per group). In addition to these rats, we included a group of rats
that were not conditioned (NO-SHOCK, n = 8) to quantify fear-
induced increases in c-fos expression. All rats were sacrificed 90
min after the retention test to the auditory CS. Amygdaloid c-fos
expression in the SHAM rats and the intact hemisphere of the IPSI
rats did not differ, and these groups were therefore collapsed into
a single SHAM group.

As shown in Figure 2, SHAM rats exhibited a greater density
of c-fos positive nuclei in both the CEA and BLA relative to
nonshocked controls. Quantification of these data confirmed this
observation and revealed significant differences in c-fos expres-
sion among the groups in both the CEA (Fig. 2, left; F(2,40) = 5.59,
P < 0.01) and the BLA (Fig. 2, right; F(2,40) = 5.07, P < 0.01).
Importantly, BLA c-fos expression adjacent to CEA lesions in
the CONTRA group was similar to that in intact SHAM rats,
and significantly greater than that in nonshocked controls
(Fig. 2B, right). This suggests that the failure of CONTRA rats to
express conditional fear responses was not due to a failure to
engage the intact BLA but rather to the functional disconnection
of BLA activity from CEA output. Indeed, the CEA adjacent to
a BLA lesion exhibited a marked reduction in c-fos expression
relative to SHAM controls (Fig. 2, left), indicating that BLA lesions
failed to drive ipsilateral CEA neurons important for the ex-
pression of learned fear. It is possible that the absence of c-fos
expression in the CEA, in this case, is due to encroachment of the
adjacent BLA lesion. However, thionin-stained sections revealed
that BLA lesions were selective. Moreover, we observed in-
tact BLA c-fos expression in rats with adjacent CEA lesions
suggesting that nearby lesions per se do not disrupt c-fos expres-
sion.

These results reveal that a functional connection between the
BLA and CEA is required for the expression of learned fear.
Considering that BLA projections to the CEA are largely unidirec-
tional, our data reveal that a serial circuit from the BLA to the CEA
mediates the expression of conditional fear responses. Consistent
with this view, there are numerous reports that permanent lesions
or reversible inactivation of either the BLA or CEA prevent the
expression of conditioned fear (Lee et al. 1996; Maren 1999;
Zimmerman et al. 2007). It is now apparent that the necessity
for both the BLA and CEA in fear expression arises from the
functional connectivity between them. Anatomically, this con-
nection might involve a direct excitatory projection from BA to

Figure 1. Disconnection of the BLA and CEA impairs the expression of
conditional fear. (A) Schematic representation of a typical BLA (shaded)
and CEA (black) lesions among rats with unilateral lesions placed in the
same hemisphere (IPSI) or in opposite hemispheres (CONTRA). (B)
Photomicrograph of a thionin-stained coronal section from a representative
rat in the CONTRA group. The image has been cropped to include only the
left and right amygdale. Broken lines encircle CEA and BLA lesions in the left
and right hemispheres, respectively. (C, left) Photomicrograph of a thionin-
stained coronal section from a representative rat in the IPSI group. The
image has been cropped to focus on the lesion in the right amygdala.
Broken lines encircle the CEA and BLA lesions. (C, right) Photomicrograph
of an AuCl-stained coronal section adjacent to that shown at left indicates
that NMDA infusions into the amygdala did not damagemyelinated axons
in the vicinity of the lesion. (D) Mean percentage of freezing (6 SEM)
during the conditioning session (collapsed across CSs and ITIs) and
retention tests in rats in each of the three groups. The expression of fear
to the conditioning context and tone CS was severely impaired by
disconnection of the BLA and CEA in the CONTRA group. *P < 0.05.
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CEm (Paré et al. 1999) or indirect projections from LA to ITC and
the lateral division of the central nucleus (CEl), both of which
project to CEm (Smith and Paré 1994; Paré et al. 2004). Recent data
reveal, however, that selective immunotoxic lesions of the ITC do
not impair the expression of conditioned freezing (Likhtik et al.
2008). Moreover, CEl projections to CEm are inhibitory, making it
unlikely that that an LA-CEl projection drives learned fear re-
sponses via CEm (Paré et al. 2004). Hence, it appears that the most
likely route by which fear CSs drive learned fear involves pro-
jections from BA to CEm. Consistent with this, selective BA lesions
disrupt the expression of conditioned freezing when made either
before (Goosens and Maren 2001) or after (Anglada-Figueroa and
Quirk 2005) fear conditioning.

The dependence of conditional fear on a serial circuit
between the BLA and CEA stands in contrast to the independent
roles these areas have been proposed to play in appetitive
conditioning paradigms (Holland and Gallagher 1999; Everitt
et al. 2003; Balleine and Killcross 2006). For example, CEA, but
not BLA, lesions have been reported to produce deficits in the
acquisition and expression of autoshaped conditioned responses
(CRs), indicating that the CEA has an independent contribu-
tion to CR expression for food-motivated responses (Parkinson
et al. 2000). Moreover, the BLA has a role in the attribution of
incentive salience to rewarding stimuli independent of the gen-
eration of CRs to those stimuli (Hatfield et al. 1996). However,
in aversive conditioning, it appears that the BLA may not encode
the motivational properties of the shock US (Rabinak and
Maren 2008), but rather CS–US associations that are essential
for organizing conditional fear responses by the CEA. Indeed,
there is an emerging body of data suggesting that these associa-
tions may be established not only in sensory afferents in the BLA
but also in the CEA (Wilensky et al. 2006; Zimmerman et al. 2007).
Synaptic plasticity in projections from BA to CEm may be the
essential substrate underlying the functional connectivity be-
tween these structures that is essential for the expression of fear
memory.
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Figure 2. Functional disconnection of the BLA and CEA revealed by
c-fos expression. Mean density (6 SEM) of c-fos positive nuclei in the CEA
(left) and BLA (right) in rats from each of the three groups. Disconnection
of the BLA and CEA eliminated fear-related increases in c-fos expression in
the CEA (left), but not the BLA (right). *P < 0.05.
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