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The role of the amygdala in regulat-
ing emotional neural processing has been
well-acknowledged by both animal and
clinical studies (LeDoux, 2007; Sehlmeyer
et al., 2009; Morrison and Salzman, 2010),
particularly those relating to aversive stim-
uli that characterize fear behavior. Anxiety
and fear disorders (American Psychiatric
Association, 2000) constitute a subset of
mental disorders characterized by feelings
of uneasiness and apprehension, rumi-
nation, and excessive worrying about
real or imaginary threats. The clinical
spectrum ranges from generalized anx-
iety disorder to specific phobias. While
sharing many behavioral features these
disorders are distinguishable by the speci-
ficity of the cues that elicit symptoms
(American Psychiatric Association, 2000).
Much of the knowledge that we have
about fear and anxiety stems from several
animal models using fear-conditioning
paradigms (Shekhar et al., 2001; Mechiel
Korte and De Boer, 2003). Typically an
unconditioned and clearly aversive stim-
ulus (e.g., footshock) is associated to a
conditioned neutral stimulus (e.g., light
or sound) until and association is estab-
lished (Johansen et al., 2011). Later,
the memory of that fearful event is
tested by presenting the conditioned stim-
ulus and observing similar behavioral
responses to those presented during the

learning phase. While these models are
useful and robustly reproducible they
fall short of resemblance to the human
expression of anxiety disorders. In fact,
most patients fail to establish a direct
association between a specific cue or
moment and the development of symp-
toms (American Psychiatric Association,
2000).

In an interesting article “The role
of the lateral amygdala in the retrieval
and maintenance of fear-memories formed
by probabilistic reinforcement” published
in Frontiers in Behavioral Neuroscience,
Erlich and colleagues (2012) provide the
first evidence for the role of the amyg-
dala in the establishment and mainte-
nance of fearful memories in response
to aversive stimuli that are presented
in a probabilistic pattern instead of
the classical pavlovian deterministic way.
Specifically, these authors used a partial
reinforcement paradigm where a condi-
tioned stimulus probabilistically predicts
the unconditioned stimulus in rats’ that
where pharmacologically manipulated to
alter the activity of the lateral nucleus of
the amygdala and reported very interest-
ing results. First, using the lick suppression
ratio in response to CS the authors estab-
lished a model in which both increases
and decreases in fear response could be
assessed. Secondly, by surgically implant-
ing cannulas in the lateral nucleus of
the amygdala they were able to alter
fear-conditioning expression using mus-
cimol, a GABA-A receptor agonist, and
pentagastrin, a CCK2 receptor antago-
nist. While muscimol was able to almost
completely abolish the lick suppression
ratio induced by the CS, pentagastrin
did not alter this behavior. This result
is in accordance with previous reports

using classical fear-conditioning mod-
els (Johansen et al., 2011) and clinical
evidence from the use of therapeutic
agents acting on GABA receptors like
benzodiazepines (Reinhold et al., 2011).
However, stimulation of lateral amygdala
by pentagastrin induced an “all or noth-
ing” effect, where some trials induced a
“high fear” expression and others had
no effect at all; importantly, in the
trials that showed a positive effect, a
long-lasting suppression of licking was
observed.

The main outcome of this study is
the demonstration that lateral amygdala
activity is essential to the expression of
fear-behavior in probabilistic paradigms
and that CCK2 receptor activation may
lead to impaired recovery from fearful
memories. This is the first demonstra-
tion of this role and sheds light on new
therapeutic targets in the modulation of
the fear response in a post-encounter
approach.

Yet, the most remarkable finding
reported by Erlich and colleagues is the
role of lateral amygdala in the encoding of
uncertain information using a probabilis-
tic presentation of the aversive stimulus. It
has been well-characterized that the lateral
amygdala has a paramount role and is the
neuroanatomical substrate (Phelps and
LeDoux, 2005; Johansen et al., 2011) for
the encoding of the association of aversive-
neutral stimuli that characterize fear
paradigms. Although these approaches
are useful for experimental purposes it is
less clear if the outcomes stemming from
such reports can be extrapolated to the
clinical setting. The development of anxi-
ety disorders is commonly indolent in its
presentation and seldom is established fol-
lowing the presentation of overtly aversive
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stimuli (American Psychiatric Association,
2000). Importantly, the unpredictability
of the aversive event may in fact result
in stronger and longer lasting associa-
tions (Hubbard et al., 2011). Although
it has been postulated that other brain
regions are associated to anxiety disorders
while amygdala functions were ascribed
to fear behavior (Walker et al., 2003), this
report clearly establishes a role for the
amygdala in anxiety disorders. It is likely
that it acts by establishing the emotional
value of the stimulus while modulating
downstream circuitries, namely the bed
nucleus of the stria terminalis (Pêgo et al.,
2006).

In conclusion, the findings reported by
Erlich and colleagues represent an appeal-
ing topic of investigation from both behav-
ioral and pharmaceutical points of view
in that it provides a rationale of devel-
oping in the future chemical compounds
that, by manipulating lateral amygdala
function in particular through the mod-
ulation of CCK2 receptors, may ame-
liorate negative and aversive emotional
states.

REFERENCES
American Psychiatric Association. (2000). Diagnostic

and Statistical Manual of Mental Disorders DSM-
IV-TR. 4th Edn. (Text Revision). Washington, DC:
Author.

Erlich, J. C., Bush, D. E., and LeDoux, J. E. (2012).
The role of the lateral amygdala in the retrieval
and maintenance of fear-memories formed by
repeated probabilistic reinforcement. Front. Behav.
Neurosci. 6:16. doi: 10.3389/fnbeh.2012.00016

Hubbard, C. S., Ornitz, E., Gaspar, J. X., Smith, S.,
Amin, J., Labus, J. S., et al. (2011). Modulation
of nociceptive and acoustic startle responses to an
unpredictable threat in men and women. Pain 152,
1632–1640.

Johansen, J., Cain, C., Ostroff, L., and LeDoux, J.
(2011). Molecular mechanisms of fear learning
and memory. Cell 147, 509–524.

LeDoux, J. (2007). The amygdala. Curr. Biol. 17,
R868–R874.

Mechiel Korte, S., and De Boer, S. F. (2003). A robust
animal model of state anxiety: fear-potentiated
behaviour in the elevated plus-maze. Eur. J.
Pharmacol. 463, 163–175.

Morrison, S. E., and Salzman, C. D. (2010). Re-valuing
the amygdala. Curr. Opin. Neurobiol. 20, 221–230.

Pêgo, J., Morgado, P., Cerqueira, J., Almeida, O., and
Sousa, N. (2006). Mismatch between anxiety sta-
tus and morphometric parameters in the amygdala
and bed nucleus of the stria terminalis. Behav.
Brain Res. 173, 320–325.

Phelps, E. A., and LeDoux, J. E. (2005). Contributions
of the amygdala to emotion processing: from

animal models to human behavior. Neuron 48,
175–187.

Reinhold, J. A., Mandos, L. A., Rickels, K., and
Lohoff, F. W. (2011). Pharmacological treatment
of generalized anxiety disorder. Expert Opin.
Pharmacother. 12, 2457–2467.

Sehlmeyer, C., Schöning, S., Zwitserlood, P.,
Pfleiderer, B., Kircher, T., Arolt, V., et al. (2009).
Human fear conditioning and extinction in
neuroimaging: a systematic review. PLoS ONE
4:e5865. doi: 10.1371/journal.pone.0005865

Shekhar, A., McCann, U. D., Meaney, M. J., Blanchard,
D. C., Davis, M., Frey, K. A., et al. (2001). Summary
of a National Institute of Mental Health workshop:
developing animal models of anxiety disorders.
Psychopharmacology 157, 327–339.

Walker, D. L., Toufexis, D. J., and Davis, M. (2003).
Role of the bed nucleus of the stria terminalis
versus the amygdala in fear, stress, and anxiety.
Eur. J. Pharmacol. 463, 199–216.

Received: 24 January 2013; accepted: 03 February 2013;
published online: 21 February 2013.
Citation: Pêgo JM and Sousa N (2013) How repeated
and unpredictable experiences turn into fear-memories.
Front. Neurosci. 7:17. doi: 10.3389/fnins.2013.00017
Copyright © 2013 Pêgo and Sousa. This is an open-
access article distributed under the terms of the Creative
Commons Attribution License, which permits use, dis-
tribution and reproduction in other forums, provided
the original authors and source are credited and sub-
ject to any copyright notices concerning any third-party
graphics etc.

Frontiers in Neuroscience www.frontiersin.org February 2013 | Volume 7 | Article 17 | 2

http://dx.doi.org/10.3389/fnins.2013.00017
http://dx.doi.org/10.3389/fnins.2013.00017
http://dx.doi.org/10.3389/fnins.2013.00017
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

	How repeated and unpredictable experiences turn into fear-memories
	References


