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Stress exposure, depending on its intensity and duration, affects cognition and learning in an adaptive or maladaptive manner.
Studies addressing the effects of stress on cognitive processes have mainly focused on conditioned fear, since it is suggested that fear-
motivated learning lies at the root of affective and anxiety disorders. Inhibition of fear-motivated response can be accomplished
by experimental extinction of the fearful response to the fear-inducing stimulus. Converging evidence indicates that extinction of
fear memory requires plasticity in both the medial prefrontal cortex and the amygdala. These brain areas are also deeply involved
in mediating the effects of exposure to stress on memory. Moreover, extensive evidence indicates that gamma-aminobutyric acid
(GABA) transmission plays a primary role in the modulation of behavioral sequelae resulting from a stressful experience, and
may also partially mediate inhibitory learning during extinction. In this review, we present evidence that exposure to a stressful
experience may impair fear extinction and the possible involvement of the GABA system. Impairment of fear extinction learning
is particularly important as it may predispose some individuals to the development of posttraumatic stress disorder. We further
discuss a possible dysfunction in the medial prefrontal cortex-amygdala circuit following a stressful experience that may explain
the impaired extinction caused by exposure to a stressor.

Copyright © 2007 I. Akirav and M. Maroun. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

1. INTRODUCTION

Pavlovian fear conditioning is an extensively studied model
for stress and anxiety-like disorders [1]. In this form of learn-
ing, an animal is exposed to pairings of a neutral conditioned
stimulus (CS) such as a light or tone, with a fear-inducing
unconditioned stimulus (US), such as a mild foot shock, and
comes to exhibit a conditioned fear response (CR) to the
CS. The CR includes freezing, increased startle reflexes, auto-
nomic changes, analgesia, and behavioral response suppres-
sion. Experimental extinction is a behavioral technique lead-
ing to suppression of the acquired fear, that is, a decrease in
the amplitude and frequency of a CR as a function of non-
reinforced CS presentations. Experimental extinction is as-
sumed to reflect an active learning process that is distinct
from acquisition of fear and requires additional training to
develop [2–5].

While clearly of importance to survival, the expression of
emotional associations may become disadvantageous when

the conditioned cue ceases to predict the appearance of dan-
ger. In that respect, the ability to extinguish emotional re-
sponses in the face of a no-longer relevant conditioned cue is
an essential part of a healthy emotional memory system, par-
ticularly with respect to phobias, panic disorders, and post-
traumatic stress disorder [PTSD; [4, 6–8]]. Thus, the sup-
pression of the fear response (i.e., extinction) receives in-
creasing attention, since it could become an effective inter-
vention for the treatment of fear-related disorders.

Extinction suppresses, rather than erases, the original
CS-US association. For example, even the completely extin-
guished fear can be recovered spontaneously after the passage
of time [9, 10], or be “reinstated” by presentations of the US
alone [11, 12], or be renewed by placing the animal in a con-
text different from the one in which it was extinguished [13].
This is congruent with the notion that extinction is a form of
relearning (of a CS-no US or “inhibitory” association) rather
than unlearning (of the CS-US association) [14]. Accord-
ingly, one suggestion put forward that extinction suppresses
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the expression of an intact underlying fear response, and ex-
tinction memory is labile and weak compared with the fear
conditioning itself. Hence, understanding the factors that fa-
cilitate or impair extinction may aid in accelerating behavior
therapy for the treatment of anxiety disorders.

Despite the efficacy of behavior therapy for human anxi-
ety disorders, extinction-like treatments require repeated cue
exposures and are vulnerable to reversal by a number of en-
vironmental factors, particularly stress.

The effects of stressful experiences on cognition are man-
ifested through the activation of multiple mechanisms and
operating over different time courses and have been linked
to the onset of a variety of affective disorders. Stress can pro-
duce deleterious effects on the brain and behavior, and it
contributes towards impaired health and an increased sus-
ceptibility to disease and mental disorders [15, 16]. Investi-
gations into the interaction between stressful experiences and
memory haves focused mainly on the behavioral and neu-
ral mechanisms of memory acquisition (i.e., fear condition-
ing), but not on memory extinction, even though extinction
is used for the treatment of psychiatric conditions based on
learned fear, such as phobias, panic, generalized anxiety, as
well as PTSD.

Extensive evidence indicates that the amygdala and the
prefrontal cortex are key structures in the response to stress
and its effects on learning and memory. Importantly, it has
been shown that extinction of fear memory requires plas-
ticity in both the medial prefrontal cortex (mPFC) and the
basolateral amygdala [BLA; [17–19]]. In this review, we will
discuss the relevance of the prefrontal cortex-amygdala cir-
cuit as a key mechanism for understanding stress-induced
alterations occurring during the extinction of fear.

2. STRESS AND EXTINCTION

There are intricate relationships between stress and cognitive
processes [20]. On the one hand, cognitive processes are nec-
essary to cope adequately with a stressor, both actively and
passively, in that a subject has to be aware that there is a stres-
sor and at the same time it has to learn that the stressor can be
controlled by an appropriate response. Adaptation to stress
occurs when the acquired response is successful in reducing
the impact of the stressor. If not, maladaptation may occur.
On the other hand, there is strong evidence that stress and
stress hormones play an important role in the modulation of
cognitive processes. It should be noted that in the fear condi-
tioning paradigm, stress plays a role during conditioning and
at least during the first stages of extinction training. Thus, we
differentiate here between the aversive situation in the learn-
ing paradigm itself, for example, exposure to a foot shock,
and the effects of additional exposure to an out-of-context
stressor on fear extinction.

When examining the effects of exposure to an out-of-
context stressor on fear extinction, we found that the stres-
sor increased resistance to extinction (H. Reizel, I. Akirav,
and M. Maroun, unpublished observation; Figure 1). Specif-
ically, after contextual fear conditioning (using a US of 3 foot
shocks of 0.5 mA each), control rats gradually extinguished

0

20

40

60

80

100

�

�

P
er

ce
n

ta
ge

o
f

fr
ee

zi
n

g

2 3 4 5

Ext 1 (min)

2 3 4 5

Ext 2 (min)

2 3 4 5

Ext 3 (min)

Control, n = 8

Stress, n = 9

Figure 1: Stress impairs extinction of contextual fear conditioning.
Rats were given 3 mild foot shocks in the conditioning chamber. On
the next day, the rats were placed in the extinction (Ext) chamber for
5 minutes and no shock was administered (Ext 1; the last 4 minutes
are presented since all animals showed high levels of freezing in the
first minute). Immediately afterwards, the animals were returned
to their home cage (control) or placed on an elevated platform for
30 minutes (stress). Animals were exposed to additional 5 minutes
in the extinction chamber, without shocks, on days 3 (Ext 2) and
4 (Ext 3). The stressed animals showed significantly higher levels of
freezing compared with the control group during the second minute
of Ext 2 (∗; P < .05) and the fifth minute of Ext 3 (∗; P < .05).
Arrow denotes time of exposure to stress.

their freezing (CR) when placed in the extinction box (CS)
for 3 consecutive days, for 5 minutes each time. By contrast,
the experimental rats were exposed to the out-of-context
stressor on being placed on an elevated platform for 30 min-
utes immediately after the first extinction session. Animals
placed on the platform exhibited behavioral “freezing,” that
is, immobility for up to 10 minutes, defecation, and urina-
tion [21, 22]. This stressor was found to increase plasma cor-
ticosterone levels by 38% as compared with naı̈ve rats [23]
and we have recently found that it impairs long-term poten-
tiation in the CA1 area of the hippocampus and in the BLA-
medial prefrontal pathway [24]. In the contextual fear extinc-
tion experiment, the stressed rats showed increased levels of
freezing in the extinction box even 48 hours after a single ex-
posure to the elevated platform. This suggests that exposure
to the stressor had the long-term effect of impairing the ex-
tinction of fear.

We found that exposure to stress had a similar effect on
consolidation of the extinction of auditory fear conditioning
(see later, see below, or ahead). The impairing effects of the
elevated platform on auditory fear extinction also persisted
for 48 hours following exposure to the stressor. Consistent
with our results, Izquierdo et al. [25] reported that expo-
sure to three episodes of stress ending 24 hours before fear
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conditioning significantly attenuated the rate of cued fear ex-
tinction relative to nonstressed controls. Shumake et al. [26]
showed that rats that were selectively bred for increased sus-
ceptibility to learned helplessness show resistance to extinc-
tion of conditioned fear. Furthermore, Kellett and Kokkinidis
[27] showed that amygdala kindling, which enhances emo-
tionality, impaired the extinction of fear-potentiated startle,
and rats showed increased levels of fear. They also found that
electrical stimulation of the amygdala restored extinguished
fear responses and that the fear reinstatement was specific
to the extinction context. In a study with rainbow trout,
Moreira et al. [28] compared two lines of fish that exhibit
divergent endocrine responsiveness to stressors: the high-
responders (HR) and low-responders (LR; the “stressed”).
Postconditioning, the fish were tested by presentation of the
CS at weekly intervals for 4 weeks, with no further reinforce-
ment, and the extinction of the CR in the two lines was com-
pared. The number of individuals within each line whose
plasma cortisol levels indicated a stress response when ex-
posed to the CS was significantly greater among the LR than
HR fish at 14 and 21 days, with no HR fish falling into the
stress-response category at 21 days. Thus, the stressed fish
did not extinguish as well as the HR fish.

It is important to understand why exposure to stress im-
pairs extinction learning, and here we put forward four pos-
sible explanations. One possibility is that extinction mem-
ory is labile and weak compared with fear conditioning itself,
and thus exposure to a stressful experience interferes with the
process of extinction learning or with the retrieval of infor-
mation. Second, it has been shown that a stressful experience
following or preceding a threatening or fear-related learning
event enhances retention [29]. However, in extinction, the
animals need to learn to suppress their fear response that is
associated with the CS. Thus, the aversiveness of the stressful
experience may counteract the extinguished emotional re-
sponse. Further, it is possible that preexposure to the stressful
experience increases resistance to extinction through sensiti-
zation, leading to the occurrence of a conditioned fear re-
sponse even to a less intense “reminder” of the original US.
Thus, retrieval of the CS-US association (i.e., acquisition)
overcomes the CS-no US association (i.e., extinction) follow-
ing the sensitization effect, making extinction more difficult
to learn. However, this can hardly explain why exposure to
an unrelated stressful experience, such as an elevated plat-
form, should sensitize the animals to respond as if to the US
during extinction training. A fourth possibility is that resis-
tance to extinction is not related to sensitization or to the en-
hancement of an unspecific fear response. Accordingly, if the
enhanced fear memory is expressed only when stressed ani-
mals are exposed to the CS, it may indicate that this response
is sustained by associative learning, and thus the increased
freezing behavior of stressed animals could be attributable to
an attenuation of the extinction process, rather than to en-
hanced fear acquisition, although the latter remains a possi-
bility [4].

It is usually assumed that stressful life events interfere
with our ability to acquire new information. Yet, previous
exposure to both acute and chronic stressful events can posi-

tively affect classical conditioning tasks, including fear condi-
tioning [29–33]. Reports to date regarding the effects of stress
on fear extinction show that exposure to stress increases re-
sistance to extinction, that is, it impairs extinction acquisi-
tion and consolidation, which reduces the extent to which
extinction is able to offset a fear response. In contrast, stud-
ies addressing the relationship between stress and the acqui-
sition of new fear memories show that exposure to a stress-
ful experience facilitates fear learning, so further enhancing
the fear response. For example, previous exposure to a re-
straint session increased fear conditioning in a contextual
fear paradigm [33]. Similarly, Rau et al. [34] have shown
that preexposure to a stressor of repeated foot shocks en-
hanced conditional fear responses to a single context-shock
pairing. Cordero et al. [29] have shown that a single expo-
sure to an aversive stimulus is sufficient to facilitate context-
dependent fear conditioning, and suggested increased glu-
cocorticoid release at training in the mechanisms mediat-
ing the memory-facilitating effects induced by prior stress-
ful experiences. These studies corroborate others showing
that if an animal learns a stressful task, then the consoli-
dation of this task may be enhanced by stress and that its
end product, corticosterone, may be secreted during the task
[35–37]. This was found to be the case in a variety of emo-
tionally arousing tasks, such as inhibitory avoidance, spatial
learning, discrimination learning, and fear conditioning [38–
44].

3. THE NEURAL BASIS OF FEAR EXTINCTION

The basolateral amygdala (BLA) plays a pivotal role in the
consolidation of memories related to fear and emotions, and
in the initiation of responses to stressful events [37, 45–50].
Moreover, the BLA is significantly involved in both the for-
mation and extinction of fear memory [17, 51–54]. For ex-
ample, microinfusions of a protein synthesis inhibitor to the
amygdala prevented recall of extinction after 30 minutes, and
infusion of N-methyl-D-aspartate (NMDA) receptor antag-
onists or mitogen-activated protein kinase inhibitors to the
BLA prevented across-day extinction of fear-potentiated star-
tle [17, 54–56]. In another study [57], BLA lesions severely
attenuated expression of previously acquired fear memory.
Also, infusion of an NMDA agonist into the amygdala facili-
tated fear extinction [58, 59].

Another brain structure that is known to play an im-
portant role, not only in the regulation of emotion, but
also in the integration of affective states with appropriate
modulation of autonomic and neuroendocrine stress regu-
latory systems [60], is the medial prefrontal cortex (mPFC).
The mPFC provides an interface between limbic and corti-
cal structures [61] and regulates the stress-induced activity
of the hypothalamus-pituitary-adrenal (HPA) axis [62, 63].

The mPFC is important in long-term fear extinction
memory. Specifically, lesions or inhibition of protein synthe-
sis in the infralimbic part of the medial PFC impair recall of
extinction of conditioned fear [18, 19, 64, 65]. Furthermore,
mPFC stimulation that mimics extinction-induced tone re-
sponses reduces conditioned fear [66, 67], and stimulating
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the mediodorsal thalamic inputs to the mPFC is associated
with extinction maintenance [68, 69]. Moreover, functional
imaging studies in human subjects indicate that the mPFC is
engaged during extinction [70] and that subjects with PTSD
have reduced mPFC activity during trauma recall [71]. Fur-
thermore, Miracle et al. [72] have shown that one week of
restrained stress had the effect of impairing recall of extinc-
tion of conditioned fear, and suggested that this is due to
deficits in the mPFC caused by exposure to stress. Recently,
it has been reported that stress exposure that impairs fear ex-
tinction also caused retraction of terminal branches of apical
dendrites of infralimbic neurons [25].

4. THE ROLE OF GABA IN EXTINCTION OF FEAR

In addition to evidence indicating that extinction of fear
memory requires plasticity in both the mPFC and the BLA
[17–19], recent studies further point to a dysfunctional in-
teraction between the prefrontal cortex and the amygdala in
the failure to extinguish conditioned fear. These studies indi-
cate that the mPFC has a function in the inhibition of emo-
tions through its projections to the amygdala [73] and are in
line with Pavlov’s [74] view that extinction learning involves
inhibitory cortical circuits that reduce the CS-evoked condi-
tioned response.

The glutamatergic efferents from the mPFC synapse on
amygdala gamma-aminobutyric acid (GABA)ergic neurons
[75], and through this, may provide important inhibitory in-
put to the amygdala. Of particular interest is the projection
from the infralimbic region of the PFC (which, together with
the prelimbic cortex, comprises the ventromedial PFC) to
the capsular division of the central nucleus of the amygdala
[76]. The capsular division of the central nucleus contains
GABA-ergic intercalated cells that have been shown to ex-
ert powerful inhibitory control over central nucleus neurons
that project out of the amygdala [77–79]. Infralimbic input
to intercalated cells could be a pathway by which infralim-
bic tone responses inhibit the expression of conditioned fear
(e.g., reduce freezing) [80].

The anatomical data described for the interaction be-
tween these two structures pinpoint the crucial role the
neurotransmission of GABA may play in the extinction of
fear. Indeed, a substantial number of studies have demon-
strated that the BLA contains a powerful inhibitory circuit
that uses GABA as a neurotransmitter [81–83]. Moreover, the
BLA has larger amounts of benzodiazepine/GABAA recep-
tors than any other amygdala nucleus [84], explaining why
the infusion of benzodiazepines or GABAA agonists into the
BLA reduces fear conditioning and anxiety [85–88]. Coinci-
dently, local blockade of these receptors attenuates the anx-
iolytic influence of systemic benzodiazepines [89]. Recently,
Rodrı́guez Manzanares et al. [33] have shown that stress at-
tenuates inhibitory GABA-ergic control in the BLA, leading
to neuronal hyperexcitability and increased plasticity that fa-
cilitates fear learning. Based on these data, it can be con-
cluded that GABA-ergic mechanisms in the amygdala play
a major role in controlling the emotional consequences of
stress, and may thus affect extinction of fear.

Benzodiazepines have long been used to treat anxiety
and are particularly appropriate in short-term treatment
situations [8]. Direct modulation of GABA-ergic neurons,
through the benzodiazepine-binding site, down regulates
memory storage processes and specifically affects learned fear
responses. On the other hand, benzodiazepine release could
be modulated by the anxiety and/or stress associated with
different types of learning [90].

Much research is directed at exploring the involvement
of GABA in inhibiting learned fear responses. Although sev-
eral studies support the central role GABA neurotransmis-
sion plays in extinction, there are different reports regarding
whether this role is to facilitate or impair extinction [26, 91–
95]. Using direct modulation of GABA-ergic neurons, it has
been shown that the benzodiazepine inverse agonist FG7142,
which attenuates the effect of GABA at its receptor, retards
extinction of conditioned fear [91, 96]. Likewise, McCabe et
al. [97] have shown that benzodiazepine agonists adminis-
tered to mice following training significantly facilitated ex-
tinction during a food-reinforced lever-press procedure. Po-
tentiation of GABA by the benzodiazepine agonist chlor-
diazepoxide administered prior to extinction sessions facil-
itated extinction in a paradigm of operant responding for
food reinforcement [98]. By contrast, systemic administra-
tion of the GABAA antagonist picrotoxin, after the extinction
of inhibitory avoidance learning, enhanced extinction reten-
tion during testing [93], and the GABAA-positive allosteric
modulator diazepam impaired extinction retention when ad-
ministered before extinction in a shuttle avoidance task [95].

There are also a number of ways of modulating GABA-
ergic functions indirectly. For example, cannabinoid (CB1)
receptors and gastrin-releasing peptide receptors are both
located on GABA-containing interneurons. Endogenous
cannabinoids, acting at the CB1 receptor, facilitated the ex-
tinction of aversive memories [92], and blocking the action
of gastrin-releasing peptide, by genetically removing its re-
ceptor, retards extinction of learned fear responses [26]. Re-
cently, Azad et al. [99] have shown that CB1 receptors reduce
GABA-ergic synaptic transmission in the amygdale, and con-
sequently facilitate extinction of aversive memories. Chhat-
wal et al. [100] showed that gephyrin mRNA and protein
levels in the BLA significantly increased after fear extinction
training, suggesting that the modulation of gephyrin and
GABAA receptor expression in the BLA may play a role in
the experience-dependent plasticity underlying extinction.

Using a low dose of the GABAA agonist muscimol, we re-
cently found [51] that muscimol infused to the infralimbic
area before extinction training (see Figure 2(a)) resulted in
long-term facilitation of extinction. By contrast, where infu-
sion of muscimol to the infralimbic area followed extinction
training, no such effect was observed, regardless of the length
of the extinction training period (5 or 15 trials; data not
shown). However, infusion of muscimol to the BLA follow-
ing a short (5-trial) extinction session facilitated extinction
for at least 48 hours post-drug-infusion (see Figure 2(b)).
The differences between the temporal parameters of the ef-
fects of muscimol in the infralimbic cortex compared to
the BLA suggest differential involvement of these structures
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Figure 2: (a) A low volume of muscimol microinfused into the infralimbic cortex before extinction training facilitates extinction learning. Rats
received 7 pairings of a tone with a foot shock in the conditioning chamber. After 1 hour, three tones were delivered in the absence of
foot shock (1-hour Ret). On the next day, the animals were microinfused with a total of 0.3 µl saline (Sal) or muscimol (0.3 Mus) to the
infralimbic cortex (IL) and were exposed to 15 tones without foot shocks (Ext 1; presented as 5 blocks of 3 trials). Animals were exposed to
additional 15 tones on days 4 (Ext 2) and 5 (Ext 3), without further administration of the drug. Muscimol IL animals showed significantly
lower levels of freezing compared with the saline group in Ext 1 (∗; P < .001), Ext 2 (∗; P < .01) and Ext 3 (∗; P < .05). This supports
a selective involvement of the IL in facilitating extinction of conditioned fear (see Akirav et al. [51]). Arrow denotes time of drug infusion.
The Pre cond data points indicate the amount of freezing exhibited by rats prior to commencement of fear conditioning. (b) A low volume of
muscimol microinfused to the basolateral amygdala following a short extinction training session facilitates extinction consolidation. Rats received
7 pairings of a tone with a foot shock in the conditioning chamber. After 1 hour, three tones were delivered in the absence of foot shock
(1-hour Ret). On the next day, the animals underwent a short extinction training session consisting of 5 tones (Ext 1; presented as 5 trials),
and were thereafter microinfused with a total volume of 0.5 µl saline (Sal) or muscimol (0.5 Mus) to the basolateral amygdala (BLA). On
days 4 and 5 (Ext 2 and Ext 3, resp.), the animals were exposed to 15 tones without foot shocks (presented as 5 blocks of 3 trials). The
BLA muscimol group showed significantly reduced levels of freezing compared with the other two groups during Ext 2 (∗; P < .001) and
Ext 3 (∗; P < .05). This supports the selective involvement of the BLA in facilitating consolidation of extinction of conditioned fear (see
Akirav et al. [51]). Arrow denotes time of drug infusion. The Pre cond data points indicate the amount of freezing exhibited by rats prior to
commencement of fear conditioning.

in long-term extinction of fear memory. We propose that
GABAA neurotransmission in the infralimbic cortex plays a
facilitatory role in triggering the onset of fear extinction and
its maintenance, whereas in the BLA, GABAA neurotransmis-
sion facilitates extinction consolidation.

Overall, the data suggest that manipulation of GABA
transmission may have very different effects depending on
whether it is administered pre- or postextinction training or
before a retention test, and depending also on the behavioral
paradigm used. Future studies are required to understand
these discrepancies.

While examining the involvement of GABA in the effects
of stress on fear extinction, we found that systemic adminis-
tration of the benzodiazepine agonist diazepam reversed the
resistance to extinction induced by exposure to an out-of-
context stressor (see Figure 3). After classical auditory fear
conditioning (3 CS-US pairings of a tone with a foot shock

of 0.5 mA), control rats that were exposed to the tone without
shock gradually extinguished their freezing (CR) in response
to the tone during extinction training. At the end of the third
extinction session, their freezing levels dropped to zero. Rats
that were exposed to an out-of-context stressor (i.e., animals
that were placed on an elevated platform for 30 minutes)
before the first extinction training session showed increased
levels of freezing in response to the tone even 48 hours after
the stressor (i.e., showed resistance to extinction). A single
injection of diazepam (2 mg/kg, IP) 20 minutes before ex-
posure to the out-of-context stressor significantly facilitated
extinction compared with the control and stress groups as
manifested by reduced freezing levels in the first extinction
session. On the second and third sessions of extinction train-
ing, the response of the diazepam-stress group was no differ-
ent to that of the control group, with the former group also
exhibiting significantly less freezing than the stressed rats that
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Figure 3: Diazepam overcomes stress-induced impairment of the ex-
tinction of auditory fear. Rats were exposed to 3 pairings of a tone
with a mild foot shock in the conditioning chamber. On the next
day, control animals remained in their home cages, “diazepam”
group animals were injected with diazepam (2 mg/kg, IP) 20 min-
utes before being placed on an elevated platform for 30 minutes,
while “stress” group animals were placed directly onto the elevated
platform for 30 minutes, without prior administration of the drug.
Immediately afterwards, animals were taken for extinction training
and were exposed to15 tones (Ext 1) with no shock. Animals were
exposed to an additional 15 tones on days 3 (Ext 2) and 4 (Ext 3)
with no drug or shock. There were significant differences between
the diazepam group and the other groups during Ext 1 (P < .001).
On Ext 2 and Ext 3, the stress group was significantly different from
the control (Ext 2: P < .05, Ext 3: P < .01) and the diazepam (Ext
2: P < .01, Ext 3: P < .001) groups. Arrow denotes time of drug
infusion. The Pre cond data points indicate the amount of freezing
exhibited by rats prior to commencement of fear conditioning.

had not first received diazepam. Hence, treatment with di-
azepam reversed the impairing effect of exposure to stress on
fear extinction. Further experiments to elucidate the possi-
ble role GABA plays in the BLA and the mPFC in preventing
stress-associated impairments of extinction are required.

A problem associated with the use of anxiolytic and anx-
iogenic compounds in studies of extinction, however, is the
possibility of state dependency as opposed to a true effect on
the suppression of the learning process [101]. That is, it is
possible that a drug administered before or immediately fol-
lowing extinction produces an internal state, or drug context,
that is discriminable to the animal [102]. However, in our
experiment, the effect was probably not due to state depen-
dence because the stressed animals that were treated with di-
azepam showed less freezing (i.e., more extinction) than the
stressed animals that were treated with saline, even 24 and 48
hours after a single injection.

To conclude, the present results demonstrate that pre-
treatment with the benzodiazepine tranquilizer diazepam re-

verses the CR-enhancing effects of the elevated platform ex-
perience. These findings suggest that benzodiazepines may
prevent the augmentation of the trauma-related symptoms
seen in phobia and PTSD patients that are caused by expo-
sure to a stressful experience.

5. EXTINCTION OF FEAR: INTERPLAY FOR
DOMINANCE BETWEEN THE AMYGDALA
AND THE PREFRONTAL CORTEX

Recent observations provide direct physiological support
that the mPFC reduces fear responses by reducing amygdala
output [66, 103, 104]. For example, Milad and Quirk [66]
found that stimulation of the mPFC decreases the respon-
siveness of central amygdala neurons that regularly fire in
response to the CS only when animals are recalling extinc-
tion of a fear task learned using that CS. Additionally, Mor-
gan et al. [64] reported that rats with mPFC lesions had an
increased resistance to extinction. They proposed that con-
nections between the mPFC and amygdala normally allow
the organism to adjust its emotional behavior when envi-
ronmental circumstances change, and that some alteration
in this circuitry, causing a loss of prefrontal control of the
amygdala, might underlie the inability of persons with anxi-
ety disorders to regulate their emotions.

If the mPFC normally inhibits the amygdala as an active
component of extinction of fear conditioning, then when the
mPFC is inhibited or suppressed, emotional associations me-
diated by the amygdala may be not inhibited during nonrein-
forcement. As a result, conditioned responding may be pro-
longed over time [64].

A combination of changes throughout this circuit is im-
portant in generating stress-induced changes in emotional-
ity. The mPFC may have a regulatory role in stress-induced
fear and anxiety-like behaviors through inhibitory effects on
amygdala output and processing [105]. Indeed, extensive ev-
idence supports the notion that the BLA is a site of plastic-
ity for fear conditioning [104, 106], and that the BLA is ex-
tensively connected with the central nucleus of the amygdala
[107, 108]. In turn, the central nucleus projects to the par-
aventricular nucleus of the hypothalamus [109], thereby pro-
viding the most likely route for any BLA-dependent effects on
stress-induced HPA output.

We would like to take this a step further, and suggest a
possible mode of action for the mPFC-amygdala circuit in
fear extinction under stressful conditions. Accordingly, un-
der normal conditions of fear suppression, the mPFC is acti-
vated and inhibits amygdala output. This dominance of the
mPFC results in normal suppression of fear, and in con-
sequence promotes extinction of fear. However, exposure
to a stressful experience may reduce medial PFC inhibition
of the amygdala, and as a result the amygdala takes con-
trol to assure defensive behaviors and becomes dominant.
The expected consequence is interference in the suppression
of the fear response, that is, impaired extinction learning.
Therefore, exposure to a stressful experience would result
in reduced mPFC activity leading to resistance to extinction
and inappropriate and exaggerated fear responses, as seen in
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AmygdalaAmygdala

mPFC mPFC

CS

Less freezing, that is,

decreased fear

More freezing, that is,

increased fear

Extinction of fear: Stress:

Figure 4: A possible mode of action for the medial prefrontal cortex-amygdala circuit in fear extinction under normal and stressful conditions.
Under normal conditions of fear suppression, the medial prefrontal cortex (mPFC) is activated and inhibits amygdala output (filled arrow).
This dominance of the mPFC results in less freezing in response to a conditioned stimulus (CS; i.e., extinction). However, under stressful
conditions, the inhibitory action of the mPFC on the amygdala is reduced (empty arrow), the amygdala dominates (indicated by the bold
circle around the amygdala) and the result is more freezing in response to a CS (i.e., impaired extinction).

PTSD patients. Indeed, abnormally low PFC activity together
with abnormally high amygdala activity were found in PTSD
patients, when reexposed to traumatic reminders [110]. Ac-
cordingly, deficits in extinction of conditioned fear as a result
of exposure to a stressful experience are proposed to con-
tribute to the sustained anxiety responses seen in PTSD.

Figure 4 schematically summarizes this idea and shows
that during extinction of fear, the mPFC is activated and acts
to inhibit the amygdala in order to reduce fear, resulting in
less freezing (i.e., extinction). However, exposure to stress at
a critical time with respect to extinction learning activates
the amygdala to increase fear and the result is more freezing
(i.e., resistance to extinction). Therefore, according to our
proposed model, the stressor shifts the dominance from the
mPFC to the amygdala and, as a consequence, extinction of
fear is impaired.

Our model is consistent with the data shown in Figure 1,
which demonstrate that exposure to a stressful experience re-
sults in resistance to extinction in the stressed group com-
pared with the nonstressed group. Whether this effect is due
to a reduction in mPFC modulation of amygdala output, and
to the involvement of GABA-based mechanisms acting on
the PFC-amygdala circuit, still needs to be examined. Our
model is also consistent with the suggestion put forward by
Quirk and Gehlert [111] that deficient inhibitory tone in the
amygdala due to decreased inhibition from the prefrontal
cortex could lead to overexpression of conditioned responses,
producing pathological states such as anxiety disorders and
drug-seeking behavior.

6. PERSPECTIVES

Pathological fear and anxiety, such as that exhibited by PTSD
sufferers, may be the manifestation of abnormal modulations

in the activity of the amygdala and the mPFC, and in their
interaction. PTSD is defined as symptoms of reexperiencing
the trauma, avoidance of associated stimuli and hyperarousal
symptoms, suggesting a heightened fear response, and it has
been proposed that PTSD symptoms reflect amygdala hyper-
responsivity to fear-related stimuli, with a concomitant lack
of “top-down” prefrontal inhibition. This proposal is sup-
ported by neuroimaging studies of PTSD patients, which ob-
served abnormal reductions in mPFC activity [71, 112, 113],
as well as enhanced and distinctive amygdala engagement
[114, 115], particularly for combat PTSD veterans [113]. In
line with this, fMRI and PET data have shown significant
inverse correlations between the functional activity of the
mPFC and the amygdala [116, 117]. Collectively, these data
provide strong support for the hypothesis that PTSD is char-
acterized by a failure of the mPFC to sufficiently inhibit the
amygdala.

There is clinical interest in the effects of stress on fear ex-
tinction learning as a model for the mechanisms operating
in PTSD, as well as interest in means to improve therapeu-
tic outcomes following fear-extinction-based strategies. Fu-
ture therapies aimed at increasing the inhibitory tone in the
amygdala, either locally or via the prefrontal cortex, may ac-
celerate extinction and may help in the treatment of anxiety
disorders.

ACKNOWLEDGMENTS

We thank Professor Joram Feldon from Laboratory of Behav-
ioral Biology, Zurich, Switzerland, for his generous help with
the digitized freezing box. We thank Noam Hikind and Hagit
Raizel for their technical help. This research is supported by
a grant from the Ebelin and Gerd Bucerius ZEIT Foundation
to the second author.



8 Neural Plasticity

REFERENCES

[1] D. S. Charney, “Psychobiological mechanism of resilience
and vulnerability: implications for successful adaptation to
extreme stress,” American Journal of Psychiatry, vol. 161,
no. 2, pp. 195–216, 2004.

[2] D. E. Berman and Y. Dudai, “Memory extinction, learning
anew, and learning the new: dissociations in the molecular
machinery of learning in cortex,” Science, vol. 291, no. 5512,
pp. 2417–2419, 2001.

[3] M. E. Bouton and J. B. Nelson, “Context-specificity of tar-
get versus feature inhibition in a feature-negative discrimi-
nation,” Journal of Experimental Psychology: Animal Behavior
Processes, vol. 20, no. 1, pp. 51–65, 1994.

[4] K. M. Myers and M. Davis, “Behavioral and neural analysis
of extinction,” Neuron, vol. 36, no. 4, pp. 567–584, 2002.

[5] R. A. Rescorla, “Preservation of pavlovian associations
through extinction,” Quarterly Journal of Experimental Psy-
chology Section B: Comparative and Physiological Psychology,
vol. 49, no. 3, pp. 245–258, 1996.

[6] D. S. Charney, A. Y. Deutch, J. H. Krystal, S. M. Southwick,
and M. Davis, “Psychobiologic mechanisms of posttraumatic
stress disorder,” Archives of General Psychiatry, vol. 50, no. 4,
pp. 295–305, 1993.

[7] A. J. Fyer, “Current approaches to etiology and pathophysiol-
ogy of specific phobia,” Biological Psychiatry, vol. 44, no. 12,
pp. 1295–1304, 1998.

[8] J. M. Gorman, “Treating generalized anxiety disorder,” Jour-
nal of Clinical Psychiatry, vol. 64, supplement 2, pp. 24–29,
2003.

[9] R. A. Rescorla, “Experimental extinction,” in Handbook of
Contemporary Learning Theories, R. R. Mowrer and S. Klein,
Eds., pp. 119–154, Erlbaum, Mahwah, NJ, USA, 2001.

[10] G. J. Quirk, “Memory for extinction of conditioned fear is
long-lasting and persists following spontaneous recovery,”
Learning and Memory, vol. 9, no. 6, pp. 402–407, 2002.

[11] R. A. Rescorla and C. D. Heth, “Reinstatement of fear to an
extinguished conditioned stimulus,” Journal of Experimental
Psychology: Animal Behavior Processes, vol. 1, no. 1, pp. 88–
96, 1975.

[12] M. E. Bouton and R. C. Bolles, “Role of conditioned con-
textual stimuli in reinstatement of extinguished fear,” Journal
of Experimental Psychology: Animal Behavior Processes, vol. 5,
no. 4, pp. 368–378, 1979.

[13] M. E. Bouton and D. A. King, “Contextual control of the ex-
tinction of conditioned fear: tests for the associative value of
the context,” Journal of Experimental Psychology: Animal Be-
havior Processes, vol. 9, no. 3, pp. 248–265, 1983.

[14] M. Eisenberg, T. Kobilo, D. E. Berman, and Y. Dudai, “Stabil-
ity of retrieved memory: inverse correlation with trace dom-
inance,” Science, vol. 301, no. 5636, pp. 1102–1104, 2003.

[15] B. S. McEwen, “The brain is an important target of adrenal
steroid actions: a comparison of synthetic and natural
steroids,” Annals of the New York Academy of Sciences,
vol. 823, pp. 201–213, 1997.

[16] A. Baum and D. M. Posluszny, “Health psychology: mapping
biobehavioral contributions to health and illness,” Annual
Review of Psychology, vol. 50, pp. 137–163, 1999.

[17] W. A. Falls, M. J. D. Miserendino, and M. Davis, “Extinction
of fear-potentiated startle: blockade by infusion of an NMDA
antagonist into the amygdala,” The Journal of Neuroscience,
vol. 12, no. 3, pp. 854–863, 1992.

[18] M. A. Morgan and J. E. LeDoux, “Differential contribution
of dorsal and ventral medial prefrontal cortex to the acqui-
sition and extinction of conditioned fear in rats,” Behavioral
Neuroscience, vol. 109, no. 4, pp. 681–688, 1995.

[19] G. J. Quirk, G. K. Russo, J. L. Barron, and K. Lebron, “The
role of ventromedial prefrontal cortex in the recovery of ex-
tinguished fear,” The Journal of Neuroscience, vol. 20, no. 16,
pp. 6225–6231, 2000.

[20] J. Prickaerts and T. Steckler, “Effects of glucocorticoids on
emotion and cognitive processes in animals,” in Handbook
of Stress and the Brain, T. S. Steckler, N. H. Kalin, and J.
M. H. M. Ruel, Eds., pp. 359–385, Elsevier, Amsterdam, The
Netherlands, 2005.

[21] L. Xu, R. Anwyl, and M. J. Rowan, “Behavioural stress facili-
tates the induction of long-term depression in the hippocam-
pus,” Nature, vol. 387, no. 6632, pp. 497–500, 1997.

[22] L. Xu, R. Anwyl, and M. J. Rowan, “Spatial exploration in-
duces a persistent reversal of long-term potentiation in rat
hippocampus,” Nature, vol. 394, no. 6696, pp. 891–894, 1998.

[23] A. Kavushansky and G. Richter-Levin, “Effects of stress and
corticosterone on activity and plasticity in the amygdala,”
Journal of Neuroscience Research, vol. 84, no. 7, pp. 1580–
1587, 2006.

[24] M. Maroun and G. Richter-Levin, “Exposure to acute
stress blocks the induction of long-term potentiation of the
amygdala-prefrontal cortex pathway in vivo,” The Journal of
Neuroscience, vol. 23, no. 11, pp. 4406–4409, 2003.

[25] A. Izquierdo, C. L. Wellman, and A. Holmes, “Brief uncon-
trollable stress causes dendritic retraction in infralimbic cor-
tex and resistance to fear extinction in mice,” The Journal of
Neuroscience, vol. 26, no. 21, pp. 5733–5738, 2006.

[26] J. Shumake, D. Barrett, and F. Gonzalez-Lima, “Behavioral
characteristics of rats predisposed to learned helplessness: re-
duced reward sensitivity, increased novelty seeking, and per-
sistent fear memories,” Behavioural Brain Research, vol. 164,
no. 2, pp. 222–230, 2005.

[27] J. Kellett and L. Kokkinidis, “Extinction deficit and fear re-
instatement after electrical stimulation of the amygdala: im-
plications for kindling-associated fear and anxiety,” Neuro-
science, vol. 127, no. 2, pp. 277–287, 2004.

[28] P. S. A. Moreira, K. G. T. Pulman, and T. G. Pottinger, “Ex-
tinction of a conditioned response in rainbow trout selected
for high or low responsiveness to stress,” Hormones and Be-
havior, vol. 46, no. 4, pp. 450–457, 2004.

[29] M. I. Cordero, C. Venero, N. D. Kruyt, and C. Sandi, “Prior
exposure to a single stress session facilitates subsequent con-
textual fear conditioning in rats: evidence for a role of corti-
costerone,” Hormones and Behavior, vol. 44, no. 4, pp. 338–
345, 2003.

[30] T. J. Shors, C. Weiss, and R. F. Thompson, “Stress-induced
facilitation of classical conditioning,” Science, vol. 257, no.
5069, pp. 537–539, 1992.

[31] A. V. Beylin and T. J. Shors, “Stress enhances excitatory trace
eyeblink conditioning and opposes acquisition of inhibitory
conditioning,” Behavioral Neuroscience, vol. 112, no. 6, pp.
1327–1338, 1998.

[32] T. J. Shors, “Acute stress rapidly and persistently enhances
memory formation in the male rat,” Neurobiology of Learn-
ing and Memory, vol. 75, no. 1, pp. 10–29, 2001.

[33] P. A. Rodrı́guez Manzanares, N. A. Isoardi, H. F. Carrer, and
V. A. Molina, “Previous stress facilitates fear memory, atten-
uates GABAergic inhibition, and increases synaptic plasticity



I. Akirav and M. Maroun 9

in the rat basolateral amygdala,” The Journal of Neuroscience,
vol. 25, no. 38, pp. 8725–8734, 2005.

[34] V. Rau, J. P. DeCola, and M. S. Fanselow, “Stress-induced en-
hancement of fear learning: an animal model of posttrau-
matic stress disorder,” Neuroscience and Biobehavioral Re-
views, vol. 29, no. 8, pp. 1207–1223, 2005.

[35] E. R. De Kloet, E. Vreugdenhil, M. S. Oitzl, and M. Joëls,
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