
C

A
S
K

O
n
r
t
o
d
t
b
t
u
p
I
(
i
(
B
a
f
p
s

c
a
a
o
a
l
h
r
r
o
a
r
t
o
o
t
p
i
C

r
f
f
p
r

F

A

R

0
d

OMMENTARY

mygdala Activity, Fear, and Anxiety: Modulation by
tress
erry J. Ressler
ver the past approximately 30 years, the neuroscience commu-
ity has made terrific strides in its understanding of the small
egion in the temporal lobe named for its peculiar almond shape,
he amygdala. This area now provides among the best examples
f how neural circuits control specific behaviors. In terms of our
epth of understanding of its afferent and efferent connections,
he role of incoming signals in modulating emotion-related
ehavior, and the functional and anatomic results of its projec-
ion patterns, the detailed understanding of the amygdala is
nsurpassed. Examination of these functions has allowed great
rogress in dissecting the neural circuitry of emotion regulation.
t is involved in many processes, including appetitive behavior
such as affiliation, sex, and drug abuse), but its role as an
ntegral part of the fear circuitry may be the most fully described
1–3). Recent work described in two articles in this issue of
iological Psychiatry (Lazaro-Munoz et al. [4] and Rosenkrantz et
l. [5]) add to our understanding of the breadth of amygdala
unction. In particular, how does chronic stress affect amygdala
rocessing, and conversely, how do amygdala-mediated defen-
ive behaviors help protect against stress?

The amygdala comprises at least 13 subnuclei, the most
learly defined of which are the central (CeA), the basal (BA),
nd lateral (LA) nuclei (Figure 1). The CeA regulates many
spects of the fear response, including regulation of the release
f cortisol through the paraventricular nucleus of the hypothal-
mus, increase in startle response via the midbrain, and modu-
ation of the autonomic nervous system through the lateral
ypothalamus (2). Lesions of the CeA eliminate fear conditioned
esponses, such as fear-potentiated startle and freezing (1) in
odents. Thus, the CeA can be thought of as the primary output
r effector region. The LA and BA are involved in the learning or
ssociative processing within the amygdala. In particular, the LA
eceives projections from auditory and visual areas and is
hought to be a principal locus for associations between previ-
usly neutral conditioned stimuli (CS) and aversive (e.g., shock
r trauma) unconditioned stimuli (US), resulting in the acquisi-
ion of conditioned fear. The BA receives some direct CS and US
athways but is also a target area for further processing of

nformation from the LA before sending CS–US information to the
eA.

Studies have also found that the amygdala modulates the fear
esponse in humans. Fearful stimuli including fearful faces,
ear-inducing images, and fear conditioned cues, have been
ound to activate amygdala in several brain imaging studies using
ositron emission tomography (PET) and functional magnetic
esonance imaging (3,6,7). In a recent review of 55 imaging
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studies of the functional neuroanatomy of emotion, 25 studies
found amygdala activation to fearful stimuli, and 4 studies found
activation to positive stimuli (7). To complement the imaging
work, it has been demonstrated that temporal lobectomy patients
with resulting amygdala loss have impaired fear-conditioned
startle (8). Together, these findings indicate that the amygdala
plays an extensive role in regulating the fear response in humans
as well as animals.

Posttraumatic stress disorder (PTSD) appears to combine
aspects of both severe stress responsiveness and either enhanced
conditioned fear or an inability to extinguish, or inhibit, condi-
tioned fear. Notably, many neuroimaging studies have demon-
strated that patients with PTSD have greater amygdala activation
compared with control subjects (9). PET studies using combat
scripts (10) and images (11,12) as well as single proton emission
tomography studies comparing combat sounds to white noise
(13) have all found greater levels of amygdala activation in
subjects with PTSD. Similarly, recent functional magnetic reso-
nance imaging studies have found that even the presentation of
trauma-relevant words increase amygdala activation in PTSD
cohorts (14). Notably, this increased fear response extends
beyond trauma-specific imagery, with fearful faces activating the
amygdala in subjects with PTSD more than in control subjects
(15,16). These and other clinical data examining the neural
substrates of PTSD suggest that it is a disorder of enhanced stress
responsiveness combined with dysregulation of fear and its
inhibition.

Many rodent models of PTSD combine either chronic or acute
stress with fear conditioning (17–19). However, there is not yet a
consensus on the relative validity and specificity of some of the
various model systems. An ongoing and critically important
question for the field is how stress, both acute and chronic,
regulates fear conditioning. Notably, chronic stress, and anxiety-
related behaviors from chronic, unpredictable stress, are thought
to be more related to functioning within the bed nucleus of the
stria terminalis (BNST) than the amygdala (20). The BNST shares
many projection targets with the nuclei of the amygdala and has
reciprocal connections with the amygdala. It is out of the scope
of this commentary to review BNST function and projections, but
see a recent review (21). Although not examined within the current
studies, the role of the BNST in the stress-related phenotypes is
surely an area of active interest for future examination.

The new work by Rosenkranz and colleagues, “Chronic Stress
and Amygdala Neuronal Dysfunction,” (5) directly addresses
how chronic stress may interact with amygdala function and
amygdala-related behaviors. They first demonstrate that chronic
stress increases fear, measured with conditioned freezing—a
robust, and easy-to-quantify readout of amygdala-mediated fear.
Using electrophysiologic examination of acute amygdala slice
preparation, they then demonstrate that this same chronic stress
procedure enhances neural excitability within LA circuits. After
demonstrating the association between chronic stress and amyg-
dala activity, they examine possible molecular mechanisms that
may underlie this effect, finding that chronic stress reduces a
specific potassium (K�) channel-dependent regulation of action

potential firing. Because K� channels are normally inhibitory
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w

nd serve to hyperpolarize the neuronal membrane following an
ction potential, a decrease in K� channel inhibition effectively
acilitates LA excitability. Together these interesting findings
uggest that chronic stress increases emotional responding in-
luding fear and anxiety responses, in part through the local
ffects on amygdala neuron excitability mediated by K� channel
unction. These local effects within the amygdala are likely to
ead to an overactive fear- and anxiety-related circuit and to
ecrease the ability of other areas involved in fear inhibition
e.g., hippocampus and medial prefrontal cortex) to dampen
mygdala output.

Another question of great importance is how separate amyg-
ala regions may differentially mediate separate fear-related
ehavioral outputs. For example, Pavlovian conditioned fear
esponses support a range of defensive behaviors, such as
reezing, fear-potentiated startle, aggression, and avoidance.
ctive avoidance, although sometimes detrimental (in that avoid-
nce can impede extinction of fear), may also be protective.
hese questions are examined in the study by Lazaro-Munoz and
olleagues, “Sidman Instrumental Avoidance Initially Depends
n Lateral and Basal Amygdala-Mediated Pavlovian Processes.”
4). They note that the LA and BA are critical for the acquisition
f instrumental avoidance learning, but the CeA is not. After a
umber of repetitions, well-trained active avoidance responses
ecome LA- and BA-independent, while continuing to be CeA-
ndependent. Lesions of CeA abolished freezing and rescued
voidance behaviors. This suggests that an intact CeA actually
onstrains avoidance behaviors, possibly by inducing Pavlovian
esponses, such as freezing, that compete with the performance
f active avoidance. Together, their findings reinforce prior

igure 1. Amygdala circuitry and the fear response. Input, intra-amygdala,
nd output projections are shown schematically. Input pathways: these

nclude connections with areas that mediate conditioned stimuli (CS) and
nconditioned stimuli (US) pathways such as sensory cortical and thalamic
reas, as well as areas that modulate stress-dependent effects on amygdala
ctivation (e.g., bed nucleus of the stria terminalis [BNST] and prelimbic
refrontal cortex). Other areas may be involved in inhibiting amygdala
ctivity and extinction of fear responses (e.g., infralimbic prefrontal cortex
nd hippocampus). Intra-amygdala pathways: these include the projections
rom lateral subnuclei of the amygdala (LA) and from the LA and basolateral
mygdala (BA) to the central subnuclei (CeA). The LA and BA regions are

nvolved in associative CS–US pairings as well as outputs to the CeA and
ther extra-amygdala areas that control avoidance and other behaviors.
utput pathways: these include projections to the brainstem, hypotha-

amic, and cortical areas mediating fear and other emotional responses.
bservations that fear activates multiple possible behavioral

ww.sobp.org/journal
outcomes. They propose that active avoidance in particular may
lead to less long-term negative stress effects and thus in some
cases serve as an active and productive coping style by minimiz-
ing reexposure to fear- and stress-inducing stimuli, compared
with reactive and passive defensive behaviors, such as freezing.
Although it is premature to know how parallel this is in humans,
one wonders whether the psychological sense of being “frozen”
with fear and anxiety is a similarly passive and chronic stress-
inducing process as physical freezing is in rodents. If so, engag-
ing alternative coping approaches, such as active avoidance and
other active strategies, likely through cortical and other areas
interacting with the amygdala, are likely to lead to decreased
stress activation and improved psychological function.

In summary, there have now been decades of work examin-
ing mechanisms of amygdala function and how these functions,
coupled with known output pathways, may mediate emotion
related behavior. This area of neuroscience has advanced rapidly
and carries with it significant translational insight because the
mammalian amygdala and many of its connections are highly
conserved across species. Thus, the new studies outlined here,
which combine neural circuitry, neurophysiology, molecular
biology, and behavior, are particularly compelling. We are in
exciting times, and it is hoped that continued functional dissec-
tion of amygdala-relevant pathways, across preclinical and clin-
ical studies, will facilitate increasingly detailed clarification of
how neural circuits create and modulate behavior. Through such
work, novel and robust prevention and treatment strategies may
be closer at hand to help those with debilitating fear- and
stress-related psychopathology.
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