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Stress can significantly impact brain function and increase the risk for developing
various psychiatric disorders. Many of the brain regions that are implicated in psychiatric
disorders and are vulnerable to the effects of stress are also involved in mediating
emotional learning. Emotional learning has been a subject of intense investigation
for the past 30 years, with the vast majority of studies focusing on the amygdala
and its role in associative fear learning. However, the mechanisms by which stress
affects the amygdala and amygdala-dependent fear memories remain unclear. Here
we review the literature on the enhancing effects of acute and chronic stress on the
acquisition and/or consolidation of a fear memory, as measured by auditory Pavlovian
fear conditioning, and discuss potential mechanisms by which these changes occur
in the amygdala. We hypothesize that stress-mediated activation of glucocorticoid
receptors (GR) and norepinephrine release within the amygdala leads to the mobilization
of «-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors to the
synapse, which underlies stress-induced increases in fear memory. We discuss the
implications of this hypothesis for evaluating the effects of stress on extinction and
for developing treatments for anxiety disorders. Understanding how stress-induced
changes in glucocorticoid and norepinephrine signaling might converge to affect
emotional learning by increasing the trafficking of AMPA receptors and enhancing
amygdala excitability is a promising area for future research.

Keywords: GluA2, glucocorticoids, norepinephrine, PTSD, stress, fear conditioning, basolateral amygdala,
memory consolidation

INTRODUCTION

Stress is defined as any threat or perceived threat that disturbs an organism’s ability to maintain
homeostasis. Although activation of the stress response is initially adaptive, long-term exposure
to stress poses a significant risk for the development of numerous psychiatric disorders (Jacobs
and Nadel, 1985; Breslau et al., 1999; Kendler et al., 1999; Risch et al., 2009; Briere et al., 2016).
Many of the brain regions that are implicated in psychiatric disorders and are vulnerable to the
effects of stress are also involved in mediating emotional learning, alterations of which have been
suggested to contribute to the onset and maintenance of these disorders (Rothbaum and Davis,
2003). Emotional learning has been a subject of intense investigation for the past 30 years, with
the vast majority of studies focusing on the amygdala and its role in associative fear learning.
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While this has led to identification of many of the underlying
mechanisms, it remains unclear how stress affects these
mechanisms. A greater understanding of this process is of
considerable clinical relevance, particularly for pharmacological
interventions that are provided in conjunction with learning-
based treatments (Bowers and Ressler, 2015). Here we
briefly review the literature on the cellular and molecular
mechanisms mediating associative learning, as measured
by Pavlovian fear conditioning. We then summarize the
effects of acute and chronic stress on the acquisition
and consolidation of a fear memory and discuss potential
mechanisms by which these changes occur in the amygdala.
All the studies that we review used auditory Pavlovian fear
conditioning, unless otherwise specified. We hypothesize that
stress-mediated activation of the glucocorticoid receptor
(GR) and norepinephrine release within the amygdala
lead to mobilization of «-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors to the synapse,
which underlies stress-induced increases in fear memory. We
discuss the implications of this hypothesis for evaluating
the effects of stress on extinction and for developing
treatments for anxiety disorders characterized by aberrant
fear learning.

PAVLOVIAN FEAR CONDITIONING AS A
MODEL OF ASSOCIATIVE LEARNING

Pavlovian fear conditioning has been used extensively to study
the cellular and molecular mechanisms of associative learning.
In Pavlovian fear conditioning, a neutral stimulus, such as a tone
(conditioned stimulus, CS) is paired with an aversive stimulus,
such as a foot shock (unconditioned stimulus, US). After the
animal learns to associate the CS with the US, presentation of
the tone alone elicits defensive responses that are characteristic of
fear, such as freezing (LeDoux et al., 1988; Fendt and Fanselow,
1999). This process of fear conditioning involves distinct stages
of memory. Acquisition refers to the initial learning of the CS-
US association, and is followed by consolidation, which is the
period during which the memory is thought to become stable.
Long-term memory is typically tested the next day when the
CS is presented in the absence of the US, leading to retrieval of
the fear memory. Interestingly, retrieval destabilizes the memory
and a process known as reconsolidation is required to put it
back into long-term storage. When retrieval involves multiple
presentations of the CS alone, the CS gradually loses the ability
to evoke a conditioned response, demonstrating acquisition of
extinction. This form of learning also requires consolidation so
that the extinction memory can be retrieved at a later time point.

Numerous studies have established a functional role
for specific subnuclei in the amygdala in mediating fear
conditioning. These subnuclei include the lateral nucleus (LA),
which is the main input nucleus and a key site of plasticity
underlying associative learning (Rogan et al., 1997; Fendt and
Fanselow, 1999; Rodrigues et al., 2004), the basal nucleus (BA),
and the central (CeA) nucleus, which is the main output nucleus
of the amygdala. During acquisition, the CS causes glutamate
release from pre-synaptic terminals where it binds to AMPA and

N-methyl-D-aspartate (NMDA) receptors located on principal
cells in the LA. These same cells in the LA are depolarized by
somatosensory inputs activated by the foot shock (US; Romanski
et al., 1993). Strong depolarization removes the Mg™ block from
NMDA receptors, allowing for calcium entry (Mayer et al,
1984). Calcium, in turn, activates the Ca?/calmodulin dependent
protein kinase IT (CAMKII), which modulates AMPA receptors
by increasing their conductance (Barria et al., 1997a,b) and by
increasing their trafficking to the synapse (Krapivinsky et al.,
2004). More specifically, CAMKII increases the conductance
of GluAl-containing AMPA receptors via phosphorylation
mechanisms (Barria et al., 1997a,b) and mobilizes GluA1l to the
synapse (Krapivinsky et al., 2004). During the acquisition of a
conditioned fear memory, GluAl is driven into the synapses of
dendritic spines of principal neurons in the LA (Nedelescu et al.,
2010), a process that is necessary for fear learning (Rumpel et al.,
2005). For the memory to be consolidated, activation of protein
kinases, such as protein kinase A and mitogen-activated protein
kinase, trigger gene transcription and the translation of new
proteins (Schafe and LeDoux, 2000; Schafe et al., 2000; Alberini,
2009). Activation of protein kinase A in particular has been
shown to increase the synthesis of GluA1 and GluA2-containing
AMPA receptors (Nayak et al., 1998). During consolidation,
GluA2 subunits replace the newly inserted GluAl subunits,
thereby stabilizing the memory for later retrieval (Joels and
Lamprecht, 2010; Hong et al., 2013). Maintenance of GluA2 in
the synaptic membrane has been shown to be dependent upon
interactions with protein kinase M zeta (PKMg), which together
form a complex that underlies the long-term persistence of
conditioned fear memories in the LA (Migues et al., 2010).

EFFECTS OF ACUTE STRESS ON FEAR
MEMORY: POTENTIAL MECHANISMS IN
THE BLA

Acute stress rapidly activates the autonomic nervous system,
which results in the release of catecholamines, such as
adrenaline (norepinephrine), from the adrenal medulla. The
release of adrenaline acts directly on the cardiovascular system
triggering peripheral responses, such as an increase in heart
rate, respiration and blood pressure (McEwen, 2004). Stress
also leads to the release of norepinephrine in the central
nervous system via activation of the locus coeruleus, which
projects widely to multiple brain regions (Benarroch, 2009).
In addition, stress engages the HPA axis by stimulating the
release of corticotropin-releasing hormone (CRH) from the
paraventricular nucleus of the hypothalamus, which causes
the pituitary gland to secrete adrenocorticotropic hormone
(ACTH). ACTH in turn stimulates the synthesis and release of
glucocorticoid hormones from the adrenal cortex (Ulrich-Lai
and Herman, 2009), which bind to mineralcorticoid receptors
(MRs) and GRs located throughout the body and brain. Acute
activation of the stress response primarily leads to the binding
of glucocorticoids to low affinity GRs rather than high affinity
MRs, which are occupied under basal conditions (Joéls et al.,
2008).
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Converging lines of evidence indicate that acute stress affects
auditory fear conditioning by stimulating the local release of
norepinephrine and activating GRs in the lateral and basal nuclei
(BLA) of the amygdala. The most commonly reported effect
of stress on auditory fear conditioning is an enhancement in
memory consolidation. For example, acute stress or a single
systemic injection of the glucocorticoid hormone corticosterone
administered immediately after fear conditioning improves long-
term memory (Zorawski and Killcross, 2002; Hui et al., 2004,
2006; Roozendaal et al., 2006b). These enhancing effects of a post-
training injection of corticosterone on memory consolidation
are blocked by a local infusion of the B-adrenergic receptor
antagonist atenolol into the BLA, indicating a necessary role for
norepinephrine in the amygdala in this corticosterone-induced
response (Roozendaal et al., 2006b). Interestingly, it has been
reported that infusions of PB-adrenergic receptor antagonists
into the BLA do not affect consolidation of a conditioned fear
memory when administered in the absence of corticosterone
(Roozendaal et al., 2006b; Bush et al., 2010). This indicates that
norepinephrine only affects fear memory consolidation when the
stress response is activated immediately after learning. Evidence
also supports a role for direct activation of GRs in the amygdala
on memory consolidation. This is based on the observation that
blunting the activity of GRs in the BLA with a viral vector impairs
long-term memory without affecting acquisition or post-shock
freezing (Rodrigues and Sapolsky, 2009).

Further support for the roles of GR activation and
norepinephrine release in the amygdala on stress-induced
increases in memory consolidation comes from studies using
inhibitory avoidance, a complex BLA-dependent form of
associative learning. During inhibitory avoidance training, an
animal is placed in a brightly lit compartment, with access
to a dark chamber. Entering the dark chamber leads to a
foot shock and subsequent avoidance of this area. Latency
to enter the dark chamber the next day is used to measure
retrieval of the fear memory. Like Pavlovian fear conditioning,
which involves CS-US pairings, both the acquisition and
consolidation of inhibitory avoidance require the activation
of NMDA and AMPA receptors in the BLA (Izquierdo
et al., 1997). Studies have revealed that consolidation of
inhibitory avoidance is enhanced by a single post-training
systemic injection of the GR agonist dexamethasone, effects
that are replicated by directly infusing the same GR agonist
into the BLA (Quirarte et al., 1997). Furthermore, an intra-
BLA infusion of propranolol is sufficient to block both the
systemic and local effects of dexamethasone, demonstrating that
norepinephrine signaling within the BLA is required for GR-
mediated enhancement in memory consolidation (Roozendaal
et al, 2002). Activation of the GR is also required for
norepinephrine-mediated increases in memory consolidation in
the inhibitory avoidance task. This was demonstrated by a study
in which the enhancing effects of a post-training intra-BLA
infusion of a P-adrenergic receptor agonist on consolidation
was blocked by pretreatment with an intra-BLA infusion of
the GR-antagonist RU 38486 (Roozendaal et al., 2002). In
addition to interacting with norepinephrine signaling within the
amygdala, glucocorticoids are also able to influence the release

of norepinephrine by binding to GRs in the locus coeruleus
(McEwen, 1987). For example, infusion of the GR agonist RU
28362 into the locus coeruleus enhances consolidation of an
inhibitory avoidance memory (Roozendaal et al., 1999). This
effect is blocked by intra-BLA infusions of the p-adrenergic
receptor antagonist atenolol, providing further evidence of
a role for norepinephrine signaling in the BLA in stress-
induced enhancement of memory consolidation (Ferry et al.,
1999).

While the above studies support the idea that the GR
and P-adrenergic receptors work in concert to enhance the
consolidation of BLA-dependent fear memories, the downstream
signaling pathways by which fear memories are strengthened are
unknown. Based on the known role of the GluA2 subunit of
the AMPA receptor in the consolidation of a BLA-dependent
memory (Migues et al, 2010), we hypothesize that stress
enhances fear memory consolidation by promoting mobilization
of the GluA2 subunit to the synapse in the BLA. Evidence of such
a mechanism involving mobilization of GluA2 has been observed
in the hippocampus. For example, it has been demonstrated that
administration of corticosterone increases surface expression
of GluA2 in primary hippocampal cell cultures by activating
the GR (Groc et al,, 2008; Martin et al.,, 2009). Like memory
consolidation, this effect is dependent on protein synthesis
(Martin et al., 2009). Similarly in the intact animal, acute
platform stress has been shown to increase synaptic GluA2
levels in the hippocampus, as measured by an increase in the
co-localization of GluA2 and PSD-95 (Sebastian et al., 2013).
Importantly, stress-induced increases in synaptic expression
of GluA2 in the hippocampus have been shown to lead to
an improvement in long-term memory in the Morris water
maze, a change that requires activation of the GR (Conboy
and Sandi, 2010). The finding that stress also increases co-
localization of GluA2 and PKMg indicates that PKMg may
be involved in the persistence of memories acquired under
conditions of stress by maintaining elevated levels of GluA2
at the synapse (Sebastian et al., 2013). Although stress-induced
changes in the mobilization of GluA2 have not been directly
assessed in the amygdala, there is indirect evidence that acute
stress within the BLA may affect AMPA receptors in a similar
manner. In a study using auditory fear conditioning, animals
exposed to acute platform stress immediately after a three-tone
retention test demonstrated enhanced freezing to presentations
of the tone the next day, indicating that stress enhanced
reconsolidation of the fear memory (Maroun et al., 2013). This
behavioral effect was associated with stress-induced increases in
the density of mushroom spines within the BLA (Maroun et al.,
2013). Given the necessary involvement of GluA2 trafficking
in spine expansion (Passafaro et al., 2003; Matsuzaki et al,
2004), these results are consistent with effects of acute stress
on mobilization of this subunit in the BLA under conditions in
which stress enhances reconsolidation of a memory. Additional
work using slice electrophysiology has shown that application of
corticosterone persistently increases the frequency of miniature
excitatory postsynaptic currents (mEPSCs) in principal cells
of the BLA, the maintenance of which is dependent on GR
activation (Karst et al, 2010). While increases in mEPSC
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frequency may be attributed to increases in the presynaptic
release of glutamate, it can also be the result of an increase in
the trafficking of AMPA receptors to release sites. Future studies
are needed to test whether corticosterone-mediated increases in
glutamatergic transmission involve mobilization of GluA2 to the
synapse and whether this is a mechanism by which stress could
enhance memory consolidation in the amygdala.
Norepinephrine signaling has also been shown to affect
mobilization of AMPA receptors. A role for stress in this
process is suggested by the finding that norepinephrine and
acute predator stress increase GluAl trafficking to the synapse
via phosphorylation of Ser845 in the hippocampus (Hu et al,,
2007). In hippocampal cultures, the surface expression of both
GluA1 and GluA2 is enhanced by application of the B-adrenergic
receptor agonist isoproterenol (Zhou et al., 2012). Interestingly,
a lower dose of the same (-adrenergic receptor agonist did
not have this effect unless it was combined with corticosterone
(Zhou et al., 2012), consistent with a facilitative effect of
glucocorticoids on norepinephrine signaling. Based on these
findings in the hippocampus, we hypothesize that NE increases
trafficking of GluA2 to the synapse in the BLA in a GR-dependent
manner. This idea is supported by behavioral studies mentioned
above in which norepinephrine-induced increases in memory
consolidation were dependent upon glucocorticoids in the BLA
(Roozendaal et al., 2002). Supportive evidence is also found in
studies using slice electrophysiology that show activation of the
B-adrenergic receptor increases AMPA-mediated current and
induces long-term potentiation (LTP) in the LA-BA pathway
(Liebmann et al, 2009; Pu et al, 2009). However, contrary
to our hypothesis, pre-treatment with corticosterone did not
promote this effect and instead suppressed the facilitative effect
of P-adrenergic stimulation on LTP (Pu et al, 2009). This
discrepancy may be accounted for by the dose of corticosterone
used, which was three times higher than the dose used to facilitate
the effects of a B-adrenergic receptor agonist in hippocampal cell
culture (Zhou et al., 2012). Given the opposing effects that can
be elicited by different levels of corticosterone (for review see
Joéls, 2006), it is possible that a lower dose of corticosterone
would facilitate the effects of norepinephrine on LTP induction.
Indeed, experiments using slice electrophysiology demonstrate
that low to intermediate levels of corticosterone facilitate primed
burst potentiation and LTP, while intermediate to high levels
of corticosterone suppress synaptic plasticity (Diamond et al.,
1992; Kerr et al., 1994). It is also possible that the order in which
corticosterone is applied relative to the activation of B-adrenergic
receptors is of functional significance. During activation of the
stress response in the intact animal, norepinephrine is released
immediately, while corticosterone levels peak at a later time
point (Droste et al., 2008; Joéls et al., 2011). However in the
study by Pu et al. (2009), corticosterone was applied prior
to activation of B-adrenergic receptors. Perhaps corticosterone
would have enhanced the effects of norepinephrine if it was
administered after activation of the PB-adrenergic receptors.
Support for this idea is found in studies showing that
corticosterone suppresses the effects of norepinephrine on
inhibitory avoidance when administered before activation of the
norepinephrine system (Borrell et al., 1984), and enhances these

effects when administered after activation of the norepinephrine
system (Roozendaal et al., 2006a). Therefore, it may be
important to consider the relative timing in which these two
systems are activated in studies utilizing cell culture and slice
electrophysiology.

Additional studies are still needed to test whether
norepinephrine signaling in the BLA promotes trafficking
of GluA2 to the synapse. Furthermore, the mechanisms by
which corticosterone and norepinephrine interact to stimulate
mobilization of GluA2 to the synapse are important topics for
future research.

EFFECTS OF CHRONIC STRESS ON FEAR
MEMORY: POTENTIAL MECHANISMS IN
THE BLA

In contrast to acute stress, which promotes immune function and
metabolism, chronic stress has been shown to suppress immune
function and negatively affect metabolism, increasing the risk
for cardiovascular disease (McEwen, 2004). Interestingly, chronic
stress leads to adaptations within the hypothalamic-pituitary-
adrenal (HPA) axis, such that the response to subsequent
stressors is exaggerated (Herman, 2013). For example, exposure
to numerous tail shocks for 3 days followed by 1 week of
recovery leads to an augmented corticosterone response to one
additional tail shock (Servatius et al., 1994). Chronic stress also
sensitizes other components of the stress response, including
the noradrenergic system. This has been shown in several
studies demonstrating that exposure to chronic cold stress prior
to acute immobilization stress or exposure to electric shock
further enhances the release of norepinephrine in multiple
brain regions, including the hippocampus, prefrontal cortex,
and bed nucleus of the stria terminalis (Nisenbaum et al.,
1991; Gresch et al., 1994; Pardon et al, 2003). Although the
same experiments have not been conducted in the BLA, there
is evidence that chronic cold stress does enhance the effects
of norepinephrine on BLA excitability (Buffalari and Grace,
2009), indicating that chronic stress may exacerbate responses
to a future stressor through norepinephrine signaling in the
BLA.

Given the known effects of shocks on activation of the
stress response and the necessary use of foot shocks during
fear conditioning, sensitization of the stress response by pre-
exposure to chronic stress may contribute to the effects of chronic
stress on fear learning. Numerous studies using auditory fear
conditioning have shown that chronic stress or chronic exposure
to glucocorticoids before training, either with or without a period
of recovery, enhances fear memory (Conrad et al., 1999, 2004;
Chou et al.,, 2014; Monsey et al., 2014; Suvrathan et al., 2014;
Hoffman et al., 2015; Marks et al., 2015). While some studies
report a moderate effect of chronic stress on fear acquisition
(Conrad et al., 1999, 2004; Hoffman et al., 2014, 2015), other
reports show selective effects on memory consolidation; that is,
only long-term memory is affected (Chou et al., 2014; Monsey
et al., 2014; Suvrathan et al., 2014; Marks et al., 2015). Stress-
mediated increases in both processes may work together to
improve retention of the fear memory.

Frontiers in Behavioral Neuroscience | www.frontiersin.org

October 2016 | Volume 10 | Article 191


http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive

Aubry et al.

Amygdala Glucocorticoids AMPA Receptors Memory

Chronic stress-induced enhancement of fear memory has
been attributed to morphological and physiological changes
within the amygdala. For example, chronic immobilization stress
increases dendritic arborization of excitatory (principal and
stellate) but not inhibitory neurons within the BLA (Vyas et al.,
2002). The same chronic stressor also increases the density of
spines on primary and secondary dendrites of principal neurons
in the BLA (Mitra et al.,, 2005; Hill et al., 2013; Suvrathan
etal., 2014). Additional studies show that chronic immobilization
stress enhances LTP at thalamic inputs to principal neurons
in the LA, indicating that chronic stress may affect network
excitability in the LA in such a way that it becomes more
responsive to future emotionally salient events (Suvrathan et al.,
2014). Such changes in excitability, in conjunction with stress-
induced sensitization of the stress response (see above) may
contribute to the enhancing effects of chronic stress on the
acquisition and consolidation of a conditioned fear memory.

An investigation into the synaptic changes leading to stress-
induced enhancement of LTP revealed that chronic stress
increases the ratio of NMDA receptor to AMPA receptor-
EPSCs in the amygdala (Suvrathan et al., 2014). In addition,
chronic stress lowers the coefficient of variation of NMDA
receptor mediated responses, indicating an increase in the
number of synaptic NMDA receptors mediating EPSCs. There
is also evidence that chronic stress targets AMPA receptors, as
demonstrated by stress-induced increases in GluA1l-containing
AMPA receptors in LA spines (Hubert et al., 2014; Monsey et al.,
2014). We hypothesize that the increase in the available pool of
GluAl leads to more GluAl trafficking during learning, which
may contribute to stress-enhanced memory acquisition. After
learning, the replacement of GluA1 by GluA2 would then result
in enhanced synaptic GluA2, which may be a mechanism by
which chronic stress enhances memory consolidation. Although
it has not been established that an increase in synaptic GluAl
would necessarily lead to an increase in synaptic GluA2, our
hypothesis is in line with the proposal that GluAl insertion
creates synaptic placeholders that reserve the space for later
insertion by GluA2 (Barry and Ziff, 2002; Opazo et al., 2012).
Interestingly, it has been shown that chronic stress has no effect
on the coefficient of variation of AMPA receptors (Suvrathan
et al., 2014), indicating no effect of stress on the number of
AMPA receptors contributing to the EPSC. In contrast to our
hypothesis, one interpretation of these findings is that chronic
stress does not increase the number of AMPA receptors and
instead produces silent synapses that are devoid of AMPA
receptors (Suvrathan et al., 2014). An alternative interpretation
is that stress does increase the number of AMPA receptors, but
unlike NMDA receptors, they are not as functionally involved
in mediating current, because they are consistently trafficked
between the synaptic and extra-synaptic membrane in newly
formed synapses. Such changes in AMPA receptor mobilization
within nascent spines have been demonstrated using quantum
dot imaging to track individual receptors (Groc et al., 2006;
Hanse et al, 2009). The possibility remains that during
learning, these receptors are incorporated into the synapse,
where they pass current and contribute to the acquisition of
a conditioned fear memory. Furthermore, in the study by

Suvrathan et al. (2014), the observed stress-induced increase
in the NMDAR/AMPAR ratio remained below 1, indicating
that even though stress led to an increase in NMDA receptor
mediated current, it was still less than AMPA receptor mediated
current, which may also have been increased. Support for this
idea comes from the finding that 4 days of foot shock stress
increases AMPA-mediated mEPSCs in the LA (Hubert et al.,
2014). Future studies are needed to directly test the role of stress-
induced changes in AMPA receptors, NMDA receptors, and
cell excitability in the BLA on stress-induced enhancement of
memory acquisition and consolidation. It should be noted that
all studies described in this section have quantified molecular
changes in chronically stressed animals that have not been
fear conditioned. Given that fear conditioning alone increases
expression of GluA1 as early as 5 min after conditioning (Hong
et al, 2013), understanding how chronic stress affects this
process requires examining GluAl in stressed and non-stressed
fear conditioned animals shortly after conditioning. Similarly,
a relevant time point for evaluating the replacement of GluA1l
by GluA2 would be 24 h after conditioning in stressed and
non-stressed mice. Understanding how chronic stress might
lead to changes in NMDA and/or AMPA receptor function
through norepinephrine and glucocorticoid signaling would be
an interesting subject for future research.

IMPLICATIONS FOR FEAR EXTINCTION

The inability to extingush memories associated with an aversive
experience is commonly found in stress-related psychiatric
disorders, such as posttraumatic stress disorder (PTSD; Milad
et al, 2009). As a result, understanding how stress affects
extinction has garnered considerable attention in the past
decade (Maren and Holmes, 2016). The vast majority of studies
investigating the effects of stress on extinction expose animals
to chronic stress prior to fear conditioning and report stress-
induced increases in conditioned responses the next day (Miracle
et al., 2006; Wilber et al., 2011; Chauveau et al., 2012; Hoffman
et al,, 2014, 2015). Although it is possible that this increase in
freezing reflects a stress-induced impairment in extinction, this
interpretation is confounded by the well established effects of
stress on acquisition and consolidation. In other words, animals
that learn the CS-US association better will take longer to
learn that the CS no longer predicts the US during extinction
training.

The relationship between initial acquisition of the fear
memory and later extinction of that memory is particularly
important, given the differential role AMPA receptor subunits
play in each process in the amygdala. During acquisition, GluA1
subunits are rapidly trafficked to the synaptic membrane, and are
later replaced by GluA2 subunits during memory consolidation
(Hong et al., 2013). During extinction learning, synaptic GluA2
subunits in the LA are internalized (Kim et al., 2007; Dalton
et al., 2008, 2012). This process is also required for retrieval of
an extinction memory (Chauveau et al., 2012). The opposing
roles of synaptic GluA2 in initial consolidation and subsequent
extinction is especially relevant when considering how exposure
to stress prior to fear conditioning affects each process. If the
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hypothesis proposed here is correct, and chronic stress increases
the amount of GluA2 incorporated into the synapse, then
subsequent removal of GluA2 from the synapse during extinction
would be expected to take longer, leading to impairments in
extinction learning and retention of the extinction memory. If
correct, this would indicate that stress-induced enhancement in
the acquisition and/or consolidation of a fear memory renders
that memory resistant to extinction. However, it would still not
address whether stress directly affects the acquisition or retention
of an extinction memory. Such studies would involve fear
conditioning animals, allowing the memory to be consolidated,
and then exposing them to stress prior to extinction learning
or retrieval of the extinction memory. To our knowledge, only
one study tested the effects of stress on extinction in this way
and found that acute platform stress 2 weeks after extinction
training impaired the long-term recall of an extinction memory
(Deschaux et al., 2013). Given the known role of the medial
prefrontal cortex (mPFC) in the consolidation and long-term
retention of extinction memories (Milad and Quirk, 2002; Do-
Monte et al., 2015), these results indicate a detrimental effect
of stress on this brain region (Radley et al., 2004, 2006). Future
studies are needed to investigate the direct effects of stress on the
acquisition of extinction. Additional studies are also needed to
address how stress affects extinction by modifying the network
activity of the amygdala and mPFC.

POTENTIAL CLINICAL IMPLICATIONS

Several lines of evidence implicate the amygdala in the
pathophysiology of numerous psychiatric disorders, including
PTSD (Rauch et al., 2000; Shin et al., 2004, 2006) depression
(Sheline et al., 2001; Thomas et al., 2001), social phobia (Stein
et al., 2002) and specific phobias, such as arachnophobia (Lipka
etal, 2011). Given that stress is a risk factor for the development
of psychiatric disorders (Jacobs and Nadel, 1985; Breslau et al.,
1999; Kendler et al., 1999; Risch et al., 2009; Briere et al., 2016),
understanding how stress affects the functioning of the amygdala
may provide insight into the etiology and treatment of these
disorders. In this article, we have reviewed two components
of the acute stress response involved in mediating enhanced
consolidation of a BLA-dependent memory: activation of the
GR and increases in norepinephrine signaling. Pharmacological
interventions targeting these systems may have therapeutic value,
particularly when combined with cognitive behavioral therapy
(Bowers and Ressler, 2015). For example, pharmacologically
enhancing memory consolidation by activating GR and/or
norepinephrine receptors could strengthen memories formed
during therapy. In support of this idea are studies demonstrating
that activation of GRs via ingestion of hydrocortisone prior to
exposure therapy improves outcome, as measured by a reduction
in symptoms in patients with PTSD (Yehuda et al, 2015),
acrophobia (Dominique et al., 2011), social phobia (Soravia
et al., 2006) and arachnophobia (Soravia et al., 2006). Similarly,
increasing the release of norepinephrine with yohimbine, an
a2-adrenergic receptor antagonist, prior to exposure therapy
has been shown to be effective in treating social phobia
(Smits et al., 2014) and claustrophobia (Powers et al., 2009).

Alternatively, blocking memory consolidation by targeting these
same components of the stress response could be used to
disrupt the formation of a traumatic memory. Studies utilizing
this approach provided propranolol shortly after exposure
to a traumatic event and found that it decreased the later
development of PTSD (Vaiva et al, 2003), an effect that
was dependent on high drug adherence (Hoge et al., 2012).
However, propranolol did not affect PTSD symptoms when it
was administered to patients up to 48 h after physical injury
(Stein et al., 2007), a result that may be accounted for by the
narrow time window during which memories are consolidated.
It is possible that the component of consolidation that is sensitive
norepinephrine does not last 48 h and targeting consolidation
with propranolol is only effective if it is given closer to the time of
trauma. This possibility highlights the importance of tracking the
time between trauma exposure and propranolol administration.
Perhaps this is why one study that did not monitor the time
between drug administration and trauma found no effect of
propranolol on the development of PTSD (McGhee et al., 2009).
It should also be noted that the vast majority of studies targeting
consolidation with propranolol have been conducted in adults
and propranolol may not be therapeutically effective in children
(Nugent et al., 2010). Another strategy for disrupting traumatic
memories has been to interfere with memory reconsolidation,
in which case patients are treated after a traumatic memory
has already been consolidated. Administration of propranolol
during or immediately after retrieval of the fear memory has been
shown to impair reconsolidation (Kindt et al., 2009; Soeter and
Kindt, 2015), leading to a decrease in PTSD symptoms (Brunet
et al., 2008, 2011; but see Wood et al., 2015). Although it is
currently unknown whether blocking GR activation immediately
after trauma or during retrieval would be similarly beneficial,
studies conducted in rodents indicate that this may be a
promising avenue of future research (Tronel and Alberini, 2007).
Together these studies indicate that pharmacologically targeting
GR activation or norepinephrine signaling to either enhance
memories formed during therapy or impair memories formed
during a traumatic event are promising treatment strategies.

CONCLUSIONS AND FUTURE
DIRECTIONS

Understanding how  stress affects amygdala-dependent
memories is an area of ongoing research. Converging lines
of evidence indicate that acute stress enhances consolidation of a
fear memory by activating GRs and stimulating the local release
of norepinephrine in the amygdala. However, the downstream
signaling pathways have not been identified. Based on the
known role of GluA2-containing AMPA receptors in the BLA
in memory consolidation, we hypothesize that stress enhances
consolidation by promoting mobilization of the GluA2 subunit
to the synapse. In contrast to the acute effects of stress, chronic
stress has been shown to enhance both the acquisition and
consolidation of a fear memory. Based on evidence indicating
that chronic stress increases the available pool of GluAl in
the BLA, we hypothesize that there are consequent increases in
GluAT1 trafficking during learning that contribute to the effects of
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chronic stress on acquisition. After learning, the replacement of
high levels of synaptic GluA1 with GluA2 may be a mechanism
by which chronic stress enhances memory consolidation.
Investigating how stress-induced changes in glucocorticoid and
norepinephrine signaling might affect emotional learning
by increasing the trafficking of AMPA receptors and
enhancing amygdala excitability is an interesting area for future
research.

AUTHOR CONTRIBUTIONS

AVA provided the hypotheses and wrote the manuscript. NSB
and PAS wrote and edited the manuscript.

REFERENCES

Alberini, C. M. (2009). Transcription factors in long-term memory and synaptic
plasticity. Physiol. Rev. 89, 121-145. doi: 10.1152/physrev.00017.2008

Barria, A., Derkach, V., and Soderling, T. (1997a). Identification of the
Ca?* /calmodulin-dependent protein kinase II regulatory phosphorylation site
in the o-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate-type glutamate
receptor. J. Biol. Chem. 272, 32727-32730. doi: 10.1074/jbc.272.52.32727

Barria, A., Muller, D., Derkach, V., Griffith, L. C., and Soderling, T. R. (1997b).
Regulatory phosphorylation of AMPA-type glutamate receptors by CaM-KII
during long-term potentiation. Science 276, 2042-2045. doi: 10.1126/science.
276.5321.2042

Barry, M. F., and Ziff, E. B. (2002). Receptor trafficking and the plasticity of
excitatory synapses. Curr. Opin. Neurobiol. 12, 279-286. doi: 10.1016/s0959-
4388(02)00329-x

Benarroch, E. E. (2009). The locus ceruleus norepinephrine system: functional
organization and potential clinical significance. Neurology 73, 1699-1704.
doi: 10.1212/WNL.0b013e3181¢2937¢

Borrell, J., de Kloet, E. R., and Bohus, B. (1984). Corticosterone decreases the
efficacy of adrenaline to affect passive avoidance retention of adrenalectomized
rats. Life Sci. 34, 99-104. doi: 10.1016/0024-3205(84)90336-9

Bowers, M. E., and Ressler, K. J. (2015). An overview of translationally informed
treatments for posttraumatic stress disorder: animal models of pavlovian fear
conditioning to human clinical trials. Biol. Psychiatry 78, E15-E27. doi: 10.
1016/j.biopsych.2015.06.008

Breslau, N., Chilcoat, H. D., Kessler, R. C., and Davis, G. C. (1999). Previous
exposure to trauma and PTSD effects of subsequent trauma: results from the
detroit area survey of trauma. Am. J. Psychiatry 156, 902-907. doi: 10.1176/ajp.
156.6.902

Briere, J., Agee, E., and Dietrich, A. (2016). Cumulative trauma and current
posttraumatic stress disorder status in general population and inmate samples.
Psychol. Trauma 8, 439-446. doi: 10.1037/tra0000107

Brunet, A., Orr, S. P., Tremblay, J., Robertson, K., Nader, K., and Pitman, R. K.
(2008). Effect of post-retrieval propranolol on psychophysiologic responding
during subsequent script- driven traumatic imagery in post-traumatic
stress disorder. J. Psychiatr. Res. 42, 503-506. doi: 10.1016/j.jpsychires.2007.
05.006

Brunet, A., Poundja, J., Tremblay, J., Bui, E., Thomas, E., Orr, S. P,
et al. (2011). Trauma reactivation under the influence of propranolol
decreases posttraumatic stress symptoms and disorder: 3 open-label
trials. J. Clin. Psychopharmacol. 31, 547-550. doi: 10.1097/JCP.0b013e3182
22£360

Buffalari, D. M., and Grace, A. A. (2009). Chronic cold stress increases
excitatory effects of norepinephrine on spontaneous and evoked activity
of basolateral amygdala neurons. Int. J. Neuropsychopharmacol. 12, 95-107.
doi: 10.1017/S1461145708009140

Bush, D. E., Caparosa, E. M., Gekker, A., and Ledousx, J. (2010). Beta-adrenergic
receptors in the lateral nucleus of the amygdala contribute to the acquisition
but not the consolidation of auditory fear conditioning. Front. Behav. Neurosci.
4:154. doi: 10.3389/fnbeh.2010.00154

FUNDING

This project was supported in part by the RCMI grant number
RR003037 from the National Center for Research Resources
(NCRR); National Institutes of Health (NIH) 5R24DA012136-13
and 1R21 MH109779-01 to PAS and by the National Institute on
Minority Health and Health Disparities of the NIH under award
number G12MD007599 to NSB.

ACKNOWLEDGMENTS

We thank Dr. Glenn Schafe for helpful comments and
suggestions about this manuscript.

Chauveau, F., Lange, M. D., Jingling, K., Lesting, J., Seidenbecher, T., and
Pape, H. C. (2012). Prevention of stress-impaired fear extinction through
neuropeptide S action in the lateral amygdala. Neuropsychopharmacology 37,
1588-1599. doi: 10.1038/npp.2012.3

Chou, D., Huang, C. C.,, and Hsu, K. S. (2014). Brain-derived neurotrophic factor
in the amygdala mediates susceptibility to fear conditioning. Exp. Neurol. 255,
19-29. doi: 10.1016/j.expneurol.2014.02.016

Conboy, L., and Sandi, C. (2010). Stress at learning facilitates memory formation
by regulating AMPA receptor trafficking through a glucocorticoid action.
Neuropsychopharmacology 35, 674-685. doi: 10.1038/npp.2009.172

Conrad, C. D., LeDoux, J. E., Magarinos, A. M., and McEwen, B. S. (1999).
Repeated restraint stress facilitates fear conditioning independently of causing
hippocampal CA3 dendritic atrophy. Behav. Neurosci. 113, 902-913. doi: 10.
1037/0735-7044.113.5.902

Conrad, C. D., MacMillan, D. D., Tsekhanov, S., Wright, R. L., Baran, S. E., and
Fuchs, R. A. (2004). Influence of chronic corticosterone and glucocorticoid
receptor antagonism in the amygdala on fear conditioning. Neurobiol. Learn.
Mem. 81, 185-199. doi: 10.1016/j.n1m.2004.01.002

Dalton, G. L., Wang, Y. T, Floresco, S. B., and Phillips, A. G. (2008). Disruption
of AMPA receptor endocytosis impairs the extinction, but not acquisition of
learned fear. Neuropsychopharmacology 33, 2416-2426. doi: 10.1038/sj.npp.
1301642

Dalton, G. L., Wu, D. C., Wang, Y. T., Floresco, S. B., and Phillips, A. G. (2012).
NMDA GluN2A and GluN2B receptors play separate roles in the induction
of LTP and LTD in the amygdala and in the acquisition and extinction of
conditioned fear. Neuropharmacology 62, 797-806. doi: 10.1016/j.neuropharm.
2011.09.001

Deschaux, O., Zheng, X., Lavigne, J., Nachon, O., Cleren, C., Moreau, J. L.,
et al. (2013). Post-extinction fluoxetine treatment prevents stress-induced
reemergence of extinguished fear. Psychopharmacology (Berl) 225, 209-216.
doi: 10.1007/s00213-012-2806-x

Diamond, D. M., Bennett, M. C., Fleshner, M., and Rose, G. M. (1992). Inverted-U
relationship between the level of peripheral corticosterone and the magnitude
of hippocampal primed burst potentiation. Hippocampus 2, 421-430. doi: 10.
1002/hipo.450020409

Dominique, J. F., Bentz, D., Michael, T., Bolt, O. C., Wiederhold, B. K., Margraf,
J., et al. (2011). Glucocorticoids enhance extinction-based psychotherapy.
Proc. Natl. Acad. Sci. U S A 108, 6621-6625. doi: 10.1073/pnas.10182
14108

Do-Monte, F. H., Manzano-Nieves, G., Quifiones-Laracuente, K., Ramos-Medina,
L., and Quirk, G. J. (2015). Revisiting the role of infralimbic cortex
in fear extinction with optogenetics. J. Neurosci. 35, 3607-3615. doi: 10.
1523/JNEUROSCI.3137-14.2015

Droste, S. K., de Groote, L., Atkinson, H. C., Lightman, S. L., Reul, J. M., and
Linthorst, A. C. (2008). Corticosterone levels in the brain show a distinct
ultradian rhythm but a delayed response to forced swim stress. Endocrinology
149, 3244-3253. doi: 10.1210/en.2008-0103

Ferry, B., Roozendaal, B., and McGaugh, J. L. (1999). Involvement of «1-
adrenoceptors in the basolateral amygdala in modulation of memory storage.
Eur. J. Pharmacol. 372, 9-16. doi: 10.1016/s0014-2999(99)00169-7

Frontiers in Behavioral Neuroscience | www.frontiersin.org

October 2016 | Volume 10 | Article 191


http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive

Aubry et al.

Amygdala Glucocorticoids AMPA Receptors Memory

Fendt, M., and Fanselow, M. S. (1999). The neuroanatomical and neurochemical
basis of conditioned fear. Neurosci. Biobehav. Rev. 23, 743-760. doi: 10.
1016/50149-7634(99)00016-0

Gresch, P. ], Sved, A. F., Zigmond, M. J., and Finlay, J. M. (1994). Stress-induced
sensitization of dopamine and norepinephrine efflux in medial prefrontal
cortex of the rat. J. Neurochem. 63, 575-583. doi: 10.1046/j.1471-4159.1994.
63020575.x

Grog, L., Choquet, D., and Chaouloff, F. (2008). The stress hormone corticosterone
conditions AMPAR surface trafficking and synaptic potentiation. Nat.
Neurosci. 11, 868-870. doi: 10.1038/nn.2150

Groc, L., Gustafsson, B., and Hanse, E. (2006). AMPA signalling in nascent
glutamatergic synapses: there and not there! Trends Neurosci. 29, 132-139.
doi: 10.1016/j.tins.2006.01.005

Hanse, E., Taira, T., Lauri, S., and Groc, L. (2009). Glutamate synapse in
developing brain: an integrative perspective beyond the silent state. Trends
Neurosci. 32, 532-537. doi: 10.1016/j.tins.2009.07.003

Herman, J. P. (2013). Neural control of chronic stress adaptation. Front. Behav.
Neurosci. 7:61. doi: 10.3389/fnbeh.2013.00061

Hill, M. N., Kumar, S. A., Filipski, S. B., Iverson, M., Stuhr, K. L., Keith, J. M., et al.
(2013). Disruption of fatty acid amide hydrolase activity prevents the effects
of chronic stress on anxiety and amygdalar microstructure. Mol. Psychiatry 18,
1125-1135. doi: 10.1038/mp.2012.90

Hoffman, A. N., Lorson, N. G., Sanabria, F., Foster Olive, M., and Conrad,
C. D. (2014). Chronic stress disrupts fear extinction and enhances amygdala
and hippocampal Fos expression in an animal model of post-traumatic
stress disorder. Neurobiol. Learn. Mem. 112, 139-147. doi: 10.1016/j.nlm.2014.
01.018

Hoffman, A. N., Parga, A., Paode, P. R, Watterson, L. R., Nikulina, E. M.,
Hammer, R. P., et al. (2015). Chronic stress enhanced fear memories are
associated with increased amygdala zif268 mRNA expression and are resistant
to reconsolidation. Neurobiol. Learn. Mem. 120, 61-68. doi: 10.1016/j.nlm.
2015.02.004

Hoge, E. A., Worthington, J. J., Nagurney, J. T., Chang, Y., Kay, E. B., Feterowski,
C. M, et al. (2012). Effect of acute posttrauma propranolol on PTSD outcome
and physiological responses during script-driven imagery. CNS Neurosci. Ther.
18, 21-27. doi: 10.1111/j.1755-5949.2010.00227.x

Hong, L, Kim, J., Kim, J., Lee, S., Ko, H. G., Nader, K, et al. (2013). AMPA
receptor exchange underlies transient memory destabilization on retrieval.
Proc. Natl. Acad. Sci. U S A 110, 8218-8223. doi: 10.1073/pnas.13052
35110

Hu, H., Real, E., Takamiya, K., Kang, M. G., Ledoux, J., Huganir, R. L., et al. (2007).
Emotion enhances learning via norepinephrine regulation of AMPA-receptor
trafficking. Cell 131, 160-173. doi: 10.1016/j.cell.2007.09.017

Hubert, G. W., Li, C., Rainnie, D. G., and Muly, E. C. (2014). Effects of stress on
AMPA receptor distribution and function in the basolateral amygdala. Brain
Struct. Funct. 219, 1169-1179. doi: 10.1007/s00429-013-0557-z

Hui, G. K., Figueroa, L. R., Poytress, B. S., Roozendaal, B., McGaugh, J. L., and
Weinberger, N. M. (2004). Memory enhancement of classical fear conditioning
by post-training injections of corticosterone in rats. Neurobiol. Learn. Mem. 81,
67-74. doi: 10.1016/j.nlm.2003.09.002

Hui, I. R, Hui, G. K, Roozendaal, B., McGaugh, J. L, and Weinberger,
N. M. (2006). Posttraining handling facilitates memory for auditory-cue fear
conditioning in rats. Neurobiol. Learn. Mem. 86, 160-163. doi: 10.1016/j.nlm.
2006.02.002

Izquierdo, I, Quillfeldt, J. A., Zanatta, M. S., Quevedo, J., Schaeffer, E., Schmitz,
P. K., et al. (1997). Sequential role of hippocampus and amygdala, entorhinal
cortex and parietal cortex in formation and retrieval of memory for inhibitory
avoidance in rats. Eur. J. Neurosci. 9, 786-793. doi: 10.1111/j.1460-9568.1997.
tb01427.x

Jacobs, W. J., and Nadel, L. (1985). Stress-induced recovery of fears
and phobias. Psychol. Rev. 92, 512-531. doi: 10.1037/0033-295x.92.
4.512

Joels, G., and Lamprecht, R. (2010). Interaction between N-ethylmaleimide-
sensitive factor and glur2 is essential for fear memory formation in lateral
amygdala. J. Neurosci. 30, 15981-15986. doi: 10.1523/J]NEUROSCI.1872-10.
2010

Joéls, M. (2006). Corticosteroid effects in the brain: U-shape it. Trends Pharmacol.
Sci. 27, 244-250. doi: 10.1016/j.tips.2006.03.007

Joéls, M., Fernandez, G., and Roozendaal, B. (2011). Stress and emotional memory:
a matter of timing. Trends Cogn. Sci. 15, 280-288. doi: 10.1016/j.tics.2011.
04.004

Joéls, M., Karst, H., DeRijk, R., and de Kloet, E. R. (2008). The coming out of the
brain mineralocorticoid receptor. Trends Neurosci. 31, 1-7. doi: 10.1016/j.tins.
2007.10.005

Karst, H., Berger, S., Erdmann, G., Schutz, G., and Joels, M. (2010). Metaplasticity
of amygalar responses to the stress horomone corticosterone. Proc. Natl. Acad.
Sci. U S A 107, 14449-14454. doi: 10.1073/pnas.0914381107

Kendler, K. S., Karkowski, L. M., and Prescott, C. A. (1999). Causal relationship
between stressful life events and the onset of major depression. Am. J.
Psychiatry 156, 837-841. doi: 10.1176/ajp.156.6.837

Kerr, D. S., Huggett, A. M., and Abraham, W. C. (1994). Modulation
of hippocampal long-term potentiation and long-term depression by
corticosteroid receptor activation. Psychobiology 22, 123-133.

Kim, J., Lee, S., Park, K., Hong, L, Song, B., Son, G., et al. (2007). Amygdala
depotentiation and fear extinction. Proc. Natl. Acad. Sci. U S A 104,
20955-20960. doi: 10.1073/pnas.0710548105

Kindt, M., Soeter, M., and Vervliet, B. (2009). Beyond extinction: erasing human
fear responses and preventing the return of fear. Nat. Neurosci. 12, 256-258.
doi: 10.1038/nn.2271

Krapivinsky, G., Medina, I, Krapivinsky, L., Gapon, S. and Clapham,
D. E. (2004). SynGAP-MUPP1-CaMKII synaptic complexes regulate p38
MAP kinase activity and NMDA receptor-dependent synaptic AMPA
receptor potentiation. Neuron 43, 563-574. doi: 10.1016/j.neuron.2004.
08.003

LeDoux, J. E., Iwata, J., Cicchetti, P., and Reis, D. J. (1988). Different projections of
the central amygdaloid nucleus mediate autonomic and behavioral correlates
of conditioned fear. J. Neurosci. 8, 2517-2529.

Liebmann, L., Karst, H., and Joéls, M. (2009). Effects of corticosterone and the
B-agonist isoproterenol on glutamate receptor-mediated synaptic currents in
the rat basolateral amygdala. Eur. J. Neurosci. 30, 800-807. doi: 10.1111/j.1460-
9568.2009.06882.x

Lipka, J., Miltner, W. H., and Straube, T. (2011). Vigilance for threat interacts with
amygdala responses to subliminal threat cues in specific phobia. Biol. Psychiatry
70, 472-478. doi: 10.1016/j.biopsych.2011.04.005

Maren, S., and Holmes, A. (2016). Stress and fear
Neuropsychopharmacology 41, 58-79. doi: 10.1038/npp.2015.180

Marks, W. N., Fenton, E. Y., Guskjolen, A. J., and Kalynchuk, L. E. (2015).
The effect of chronic corticosterone on fear learning and memory depends
on dose and the testing protocol. Neuroscience 289, 324-333. doi: 10.1016/j.
neuroscience.2015.01.011

Maroun, M., Ioannides, P. J., Bergman, K. L., Kavushansky, A., Holmes,
A, and Wellman, C. (2013). Fear extinction deficits following acute
stress associate with increased spine density and dendritic retraction in
basolateral amygdala neurons. Eur. J. Neurosci. 38, 2611-2620. doi: 10.1111/ejn.
12259

Martin, S., Henley, J. M., Holman, D., Zhou, M., Wiegert, O., van Spronsen, M.,
et al. (2009). Corticosterone alters AMPAR mobility and facilitates
bidirectional synaptic plasticity. PLoS One 4:e4714. doi: 10.1371/journal.
pone.0004714

Matsuzaki, M., Honkura, N., Ellis-Davies, G. C., and Kasai, H. (2004). Structural
basis of long-term potentiation in single dendritic spines. Nature 429, 761-766.
doi: 10.1038/nature02617

Mayer, M. L., Westbrook, G. L., and Guthrie, P. B. (1984). Voltage-dependent
block by Mg?* of NMDA responses in spinal cord neurones. Nature 309,
261-263. doi: 10.1038/309261a0

McEwen, B. S. (1987). Glucocorticoid-biogenic amine interactions in relation to
mood and behavior. Biochem. Pharmacol. 36, 1755-1763. doi: 10.1016/0006-
2952(87)90234-6

McEwen, B. S. (2004). Protection and damage from acute and chronic stress:

extinction.

allostasis and allostatic overload and relevance to the pathophysiology of
psychiatric disorders. Ann. N Y Acad. Sci. 1032, 1-7. doi: 10.1196/annals.
1314.001

McGhee, L. L., Maani, C. V., Garza, T. H., DeSocio, P. A., Gaylord, K. M., and
Black, I. H. (2009). The effect of propranolol on posttraumatic stress disorder
in burned service members. J. Burn Care Res. 30, 92-97. doi: 10.1097/BCR.
0b013e3181921f51

Frontiers in Behavioral Neuroscience | www.frontiersin.org

October 2016 | Volume 10 | Article 191


http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive

Aubry et al.

Amygdala Glucocorticoids AMPA Receptors Memory

Migues, P. V., Hardt, O., Wu, D. C., Gamache, K., Sacktor, T. C., Wang, Y. T., et al.
(2010). PKM¢ maintains memories by regulating GluR2-dependent AMPA
receptor trafficking. Nat. Neurosci. 13, 630-634. doi: 10.1038/nn.2531

Milad, M. R,, Pitman, R. K,, Ellis, C. B., Gold, A. L., Shin, L. M., Lasko, N. B,,
et al. (2009). Neurobiological basis of failure to recall extinction memory in
posttraumatic stress disorder. Biol. Psychiatry 66, 1075-1082. doi: 10.1016/j.
biopsych.2009.06.026

Milad, M. R, and Quirk, G. J. (2002). Neurons in medial prefrontal cortex
signal memory for fear extinction. Nature 420, 70-74. doi: 10.1038/nature
01138

Miracle, A. D., Brace, M. F., Huyck, K. D., Singler, S. A., and Wellman, C. L. (2006).
Chronic stress impairs recall of extinction of conditioned fear. Neurobiol.
Learn. Mem. 85, 213-218. doi: 10.1016/j.nIm.2005.10.005

Mitra, R., Jadhav, S., McEwen, B. S., Vyas, A., and Chattarji, S. (2005). Stress
duration modulates the spatiotemporal patterns of spine formation in the
basolateral amygdala. Proc. Natl. Acad. Sci. U S A 102, 9371-9376. doi: 10.
1073/pnas.0504011102

Monsey, M. S., Boyle, L. M., Zhang, M. L., Nguyen, C. P., Kronman, H. G,
Ota, K. T,, et al. (2014). Chronic corticosterone exposure persistently elevates
the expression of memory-related genes in the lateral amygdala and enhances
the consolidation of a Pavlovian fear memory. PLoS One 9:¢91530. doi: 10.
1371/journal.pone.0091530

Nayak, A., Zastrow, D. J., Lickteig, R., Zahniser, N. R., and Browning, M. D.
(1998). Maintenance of late-phase LTP is accompanied by PKA-dependent
increase in AMPA receptor synthesis. Nature 394, 680-683. doi: 10.1038/
29305

Nedelescu, H., Kelso, C. M., Lazaro-Muioz, G., Purpura, M., Cain, C. K., Ledoux,
J. E., et al. (2010). Endogenous GluR1-containing AMPA receptors translocate
to asymmetric synapses in the lateral amygdala during the early phase of
fear memory formation: an electron microscopic immunocytochemical study.
J. Comp. Neurol. 518, 4723-4739. doi: 10.1002/cne.22472

Nisenbaum, L. K., Zigmond, M. J., Sved, A. F., and Abercrombie, E. D. (1991).
Prior exposure to chronic stress results in enhanced synthesis and release of
hippocampal norepinephrine in response to a novel stressor. J. Neurosci. 11,
1478-1484.

Nugent, N. R., Christopher, N. C., Crow, J. P, Browne, L., Ostrowski, S., and
Delahanty, D. L. (2010). The efficacy of early propranolol administration at
reducing PTSD symptoms in pediatric injury patients: a pilot study. J. Trauma
Stress 23, 282-287. doi: 10.1002/jts.20517

Opazo, P., Sainlos, M., and Choquet, D. (2012). Regulation of AMPA receptor
surface diffusion by PSD-95 slots. Curr. Opin. Neurobiol. 22, 453-460. doi: 10.
1016/j.conb.2011.10.010

Pardon, M. C., Ma, S., and Morilak, D. A. (2003). Chronic cold stress sensitizes
brain noradrenergic reactivity and noradrenergic facilitation of the HPA stress
response in Wistar Kyoto rats. Brain Res. 971, 55-65. doi: 10.1016/s0006-
8993(03)02355-2

Passafaro, M., Nakagawa, T., Sala, C., and Sheng, M. (2003). Induction of dendritic
spines by an extracellular domain of AMPA receptor subunit GluR2. Nature
424, 677-681. doi: 10.1038/nature01781

Powers, M. B., Smits, J. A., Otto, M. W., Sanders, C., and Emmelkamp, P. M.
(2009). Facilitation of fear extinction in phobic participants with a novel
cognitive enhancer: a randomized placebo controlled trial of yohimbine
augmentation. J. Anxiety Disord. 23, 350-356. doi: 10.1016/j.janxdis.2009.01.
001

Pu, Z., Krugers, H. J., and Joéls, M. (2009). B-adrenergic facilitation of synaptic
plasticity in the rat basolateral amygdala in vitro is gradually reversed by
corticosterone. Learn. Mem. 16, 155-160. doi: 10.1101/Im.1272409

Quirarte, G. L., Roozendaal, B., and McGaugh, J. L. (1997). Glucocorticoid
enhancement of memory storage involves noradrenergic activation in the
basolateral amygdala. Proc. Natl. Acad. Sci. U S A 94, 14048-14053. doi: 10.
1073/pnas.94.25.14048

Radley, J. J., Rocher, A. B., Miller, M., Janssen, W. G., Liston, C., Hof, P. R, et al.
(2006). Repeated stress induces dendritic spine loss in the rat medial prefrontal
cortex. Cereb. Cortex 16, 313-320. doi: 10.1093/cercor/bhil04

Radley, J. J., Sisti, H. M., Hao, J., Rocher, A., McCall, T., Hof, P. R, et al. (2004).
Chronic behavioral stress induces apical dendritic reorganization in pyramidal
neurons of the medial prefrontal cortex. Neuroscience 125, 1-6. doi: 10.1016/j.
neuroscience.2004.01.006

Rauch, S. L., Whalen, P. J., Shin, L. M., McInerney, S. C., Macklin, M. L., Lasko,
N. B, et al. (2000). Exaggerated amygdala response to masked facial stimuli
in posttraumatic stress disorder: a functional MRI study. Biol. Psychiatry 47,
769-776. doi: 10.1016/s0006-3223(00)00828-3

Risch, N., Herrell, R., Lehner, T., Liang, K. Y., Eaves, L., Hoh, J., et al. (2009).
Interaction between the serotonin transporter gene (5-HTTLPR), s stressful life
events and risk of depression: a meta-analysis. JAMA 301, 2462-2471. doi: 10.
1001/jama.2009.878

Rodrigues, S. M., Schafe, G. E., and LeDousx, J. E. (2004). Molecular mechanisms
underlying emotional learning and memory in the lateral amygdala. Neuron 44,
75-91. doi: 10.1016/j.neuron.2004.09.014

Rodrigues, S. M., and Sapolsky, R. M. (2009). Disruption of fear memory through
dual-hormone gene therapy. Biol. Psychiatry 65, 441-444. doi: 10.1016/j.
biopsych.2008.09.003

Rogan, L. M., Stdubli, S. L., and LeDoux, R. K. (1997). Fear conditioning induces
associative long-term potentiation in the amygdala. Nature 390, 604-607.
doi: 10.1038/37601

Romanski, L. M., Clugnet, M. C., Bordi, F., and LeDoux, J. E. (1993).
Somatosensory and auditory convergence in the lateral nucleus of the
amygdala. Behav. Neurosci. 107, 444-450. doi: 10.1037//0735-7044.107.
3.444

Roozendaal, B., Hui, G. K., Hui, I. R, Berlau, D. J., McGaugh, J. L., and
Weinberger, N. M. (2006a). Basolateral amygdala noradrenergic activity
mediates corticosterone-induced enhancement of auditory fear conditioning.
Neurobiol. Learn. Mem. 86, 249-255. doi: 10.1016/j.nlm.2006.03.003

Roozendaal, B., Okuda, S., Van der Zee, E. A, and McGaugh, J. L.
(2006b). Glucocorticoid enhancement of memory requires arousal-induced
noradrenergic activation in the basolateral amygdala. Proc. Natl. Acad. Sci.
U S A 103, 6741-6746. doi: 10.1073/pnas.0601874103

Roozendaal, B., Quirarte, G. L., and McGaugh, J. L. (2002). Glucocorticoids
interact with the basolateral amygdala -adrenoceptor—cAMP/cAMP/PKA
system in influencing memory consolidation. Eur. J. Neurosci. 15, 553-560.
doi: 10.1046/j.0953-816x.2001.01876.x

Roozendaal, B., Williams, C. L., and McGaugh, J. L. (1999). Glucocorticoid
receptor activation in the rat nucleus of the solitary tract facilitates memory
consolidation: involvement of the basolateral amygdala. Eur. J. Neurosci. 11,
1317-1323. doi: 10.1046/j.1460-9568.1999.00537.x

Rothbaum, B. O., and Davis, M. (2003). Applying learning principles to the
treatment of Post-trauma reactions. Ann. N'Y Acad. Sci. 1008, 112-121. doi: 10.
1196/annals.1301.012

Rumpel, S., LeDousx, J., Zador, A., and Malinow, R. (2005). Postsynaptic receptor
trafficking underlying a form of associative learning. Science 308, 83-88. doi: 10.
1126/science.1103944

Schafe, G. E., Atkins, C. M., Swank, M. W., Bauer, E. P., Sweatt, J. D., and
LeDoux, J. E. (2000). Activation of ERK/MAP kinase in the amygdala is
required for memory consolidation of pavlovian fear conditioning. J. Neurosci.
20, 8177-8187.

Schafe, G. E., and LeDoux, J. E. (2000). Memory consolidation of auditory
pavlovian fear conditioning requires protein synthesis and protein kinase A in
the amygdala. . Neurosci. 20:RC96.

Sebastian, V., Estil, J. B., Chen, D., Schrott, L. M., and Serrano, P. A. (2013). Acute
physiological stress promotes clustering of synaptic markers and alters spine
morphology in the hippocampus. PLoS One 8:¢79077. doi: 10.1371/journal.
pone.0079077

Servatius, R. J., Ottenweller, J. E., Bergen, M. T., Soldan, S., and Natelson, B. H.
(1994). Persistent stress-induced sensitization of adrenocortical and startle
responses. Physiol. Behav. 56, 945-954. doi: 10.1016/0031-9384(94)90328-x

Sheline, Y. I., Barch, D. M., Donnelly, J. M., Ollinger, J. M., Snyder, A. Z., and
Mintun, M. A. (2001). Increased amygdala response to masked emotional faces
in depressed subjects resolves with antidepressant treatment: an fMRI study.
Biol. Psychiatry 50, 651-658. doi: 10.1016/s0006-3223(01)01263-x

Shin, L. M., Orr, S. P., Carson, M. A., Rauch, S. L., Macklin, M. L., Lasko, N. B., et al.
(2004). Regional cerebral blood flow in the amygdala and medial prefrontal
cortex during traumatic imagery in male and female Vietnam veterans with
PTSD. Arch. Gen. Psychiatry 61, 168-176. doi: 10.1001/archpsyc.61.2.168

Shin, L. M., Rauch, S. L., and Pitman, R. K. (2006). Amygdala, medial prefrontal
cortex and hippocampal function in PTSD. Ann. N Y Acad. Sci. 1071, 67-79.
doi: 10.1196/annals.1364.007

Frontiers in Behavioral Neuroscience | www.frontiersin.org

October 2016 | Volume 10 | Article 191


http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive

Aubry et al.

Amygdala Glucocorticoids AMPA Receptors Memory

Smits, J. A., Rosenfield, D., Davis, M. L., Julian, K., Handelsman, P. R, Otto, M. W.,
et al. (2014). Yohimbine enhancement of exposure therapy for social anxiety
disorder: a randomized controlled trial. Biol. Psychiatry 75, 840-846. doi: 10.
1016/j.biopsych.2013.10.008

Soeter, M., and Kindt, M. (2015). An abrupt transformation of phobic behavior
after a post- retrieval amnesic agent. Biol. Psychiatry 78, 880-886. doi: 10.1016/j.
biopsych.2015.04.006

Soravia, L. M., Heinrichs, M., Aerni, A., Maroni, C., Schelling, G., Ehlert, U, et al.
(2006). Glucocorticoids reduce phobic fear in humans. Proc. Natl. Acad. Sci.
U S A 103, 5585-5590. doi: 10.1073/pnas.0509184103

Stein, M. B., Goldin, P. R., Sareen, J., Zorrilla, L. T., and Brown, G. G. (2002).
Increased amygdala activation to angry and contemptuous faces in generalized
social phobia. Arch. Gen. Psychiatry 59, 1027-1034. doi: 10.1001/archpsyc.59.
11.1027

Stein, M. B., Kerridge, C., Dimsdale, J. E., and Hoyt, D. B. (2007).
Pharmacotherapy to prevent PTSD: results from a randomized controlled
proof-of-concept trial in physically injured patients. J. Trauma Stress 20,
923-932. doi: 10.1002/jts.20270

Suvrathan, A., Bennur, S., Ghosh, S., Tomar, A., Anilkumar, S., and Chattarji, S.
(2014). Stress enhances fear by forming new synapses with greater capacity for
long-term potentiation in the amygdala. Philos. Trans. R. Soc. Lond. B Biol. Sci.
369:20130151. doi: 10.1098/rstb.2013.0151

Thomas, K. M., Drevets, W. C., Dahl, R. E,, Ryan, N. D., Birmaher, B., Eccard,
C.H,, etal. (2001). Amygdala response to fearful faces in anxious and depressed
children. Arch. Gen. Psychiatry 58, 1057-1063. doi: 10.1001/archpsyc.58.11.
1057

Tronel, S., and Alberini, C. M. (2007). Persistent disruption of a traumatic memory
by postretrieval inactivation of glucocorticoid receptors in the amygdala. Biol.
Psychiatry 62, 33-39. doi: 10.1016/j.biopsych.2006.09.009

Ulrich-Lai, Y. M., and Herman, J. P. (2009). Neural regulation of endocrine
and autonomic stress responses. Nat. Rev. Neurosci. 10, 397-409. doi: 10.
1038/nrn2647

Vaiva, G., Ducrocq, F., Jezequel, K., Averland, B., Lestavel, P., Brunet, A., et al.
(2003). Immediate treatment with propranolol decreases posttraumatic stress
disorder two months after trauma. Biol. Psychiatry 54, 947-949. doi: 10.
1016/50006-3223(03)00412-8

Vyas, A., Mitra, R., Shankaranarayana Rao, B. S., and Chattarji, S. (2002). Chronic
stress induces contrasting patterns of dendritic remodeling in hippocampal and
amygdaloid neurons. J. Neurosci. 22, 6810-6818.

Wilber, A. A., Walker, A. G., Southwood, C. J., Farrell, M. R,, Lin, G. L., Rebec,
G. V,, et al. (2011). Chronic stress alters neural activity in medial prefrontal
cortex during retrieval of extinction. Neuroscience 174, 115-131. doi: 10.1016/j.
neuroscience.2010.10.070

Wood, N. E., Rosasco, M. L., Suris, A. M., Spring, J. D., Marin, M. F., Lasko,
N. B, et al. (2015). Pharmacological blockade of memory reconsolidation

in posttraumatic stress disorder: three negative psychophysiological
studies.  Psychiatry ~Res. 225, 31-39. doi: 10.1016/j.psychres.2014.
09.005

Yehuda, R., Bierer, L. M., Pratchett, L. C., Lehrner, A., Koch, E. C,, Van
Manen, J. A, et al. (2015). Cortisol augmentation of a psychological
treatment  for  warfighters ~ with  posttraumatic  stress  disorder:
randomized trial showing improved treatment retention and outcome.
Psychoneuroendocrinology 51, 589-597. doi: 10.1016/j.psyneuen.2014.
08.004

Zhou, M., Hoogenraad, C. C., Joéls, M., and Krugers, H. J. (2012). Combined
B-adrenergic and corticosteroid receptor activation regulates AMPA receptor
function in hippocampal neurons. J. Psychopharmacol. 26, 516-524. doi: 10.
1177/0269881111424930

Zorawski, M., and Killcross, S. (2002). Posttraining glucocorticoid receptor
agonist enhances memory in appetitive and aversive Pavlovian discrete-
cue conditioning paradigms. Neurobiol. Learn. Mem. 78, 458-464. doi: 10.
1006/nlme.2002.4075

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The reviewer AK and handling Editor declared their shared affiliation, and the
handling Editor states that the process nevertheless met the standards of a fair and
objective review.

Copyright © 2016 Aubry, Serrano and Burghardt. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution and reproduction in other forums is permitted, provided
the original author(s) or licensor are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Behavioral Neuroscience | www.frontiersin.org

10

October 2016 | Volume 10 | Article 191


http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Behavioral_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Behavioral_Neuroscience/archive

	Molecular Mechanisms of Stress-Induced Increases in Fear Memory Consolidation within the Amygdala
	INTRODUCTION
	PAVLOVIAN FEAR CONDITIONING AS A MODEL OF ASSOCIATIVE LEARNING
	EFFECTS OF ACUTE STRESS ON FEAR MEMORY: POTENTIAL MECHANISMS IN THE BLA
	EFFECTS OF CHRONIC STRESS ON FEAR MEMORY: POTENTIAL MECHANISMS IN THE BLA
	IMPLICATIONS FOR FEAR EXTINCTION
	POTENTIAL CLINICAL IMPLICATIONS
	CONCLUSIONS AND FUTURE DIRECTIONS
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	REFERENCES


