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Abstract

Considerable research indicates that long-term synaptic plasticity in the amygdala underlies the
acquisition of emotional memories, including those learned during Pavlovian fear conditioning.
Much less is known about the synaptic mechanisms involved in other forms of associative
learning, including extinction, that update fear memories. Extinction learning might reverse
conditioning-related changes (e.g., depotentiation) or induce plasticity at inhibitory synapses (e.g.,
long-term potentiation) to suppress conditioned fear responses. Either mechanism must account
for fear recovery phenomena after extinction, as well as savings of extinction after fear recovery.
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Pavlovian fear conditioning is a form of associative learning that is an instrumental model
for understanding the molecular and synaptic basis of memory formation (Johansen et al.,
2011; Maren, 2005; Pape and Pare, 2010; Sah et al., 2008). Among its many advantages,
Pavlovian fear conditioning is rapidly acquired, requiring only a single aversive experience
to generate a long-term memory. In this procedure, pairing an innocuous conditioned
stimulus (CS), such as a tone, with an aversive footshock unconditioned stimulus (US)
produces a robust and enduring conditioned fear response (CR) to the CS. The neural
substrates underlying this form of learning are well-characterized, and considerable evidence
indicates that neurons in the amygdaloid complex, particularly those in the basolateral
amygdala (BLA), play an essential role in encoding the CS-US associations that underlie
long-term fear memories (Davis and Whalen, 2001; Fanselow and Poulos, 2005; LeDoux,
2000; Maren, 2001; Maren and Quirk, 2004).

Within the amygdala, an abundance of research indicates that long-term potentiation (LTP)
is a mechanism for fear conditioning (Blair et al., 2001; Davis and Whalen, 2001; Fanselow
and Poulos, 2005; Goosens and Maren, 2002; LeDoux, 2000; Maren, 2001; 1999; Maren
and Quirk, 2004; Sigurdsson et al., 2007). Amygdaloid LTP was first described in
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extracellular field recordings in vivo (Clugnet and LeDoux, 1990; Racine et al., 1983) and
subsequently confirmed by intracellular recordings of synaptic currents in lateral nucleus
(LA) neurons in vitro (Chapman and Bellavance, 1992; Chapman et al., 1990). Soon after
the discovery of LTP, it was appreciated that its Hebbian nature would allow strong aversive
stimuli, such as footshock USs, to associatively potentiate weak CS inputs thereby enabling
the CS to drive fear CRs (Maren and Fanselow, 1996). Some key findings consistent with
this view are that both fear conditioning and amygdaloid LTP are prevented by N-methyl-o-
aspartate (NMDA) receptor antagonists (Chapman and Bellavance, 1992; H. Lee and Kim,
1998; Maren et al., 1996; Maren and Fanselow, 1995; Miserendino et al., 1990), the
induction of amygdalar LTP is sensitive to stimulus contingencies that support fear
conditioning (Bauer et al., 2001), fear conditioning induces LTP-like changes at amygdala
synapses (McKernan and Shinnick-Gallagher, 1997; Rogan et al., 1997; Tsvetkov et al.,
2002) including AMPA receptor insertion (Rumpel, 2005), and single-unit correlates of fear
conditioning in the amygdala are eliminated by NMDA receptor antagonists (Goosens and
Maren, 2004). Indeed, recent evidence indicates that optogenetic induction of LTP in
auditory thalamic afferents in the amygdala is sufficient to support fear memory and that
long-term depression (LTD) of these inputs after learning yields retention impairments
(Nabavi et al., 2014).

Once fear conditioning has been acquired, however, it is much less clear how new learning
about an aversive CS is encoded by amygdalar synapses that have already been modified by
conditioning. One form of post-conditioning learning that has attracted considerable
attention is extinction, a form of learning that occurs when a CS is arranged to no longer
predict the US (i.e., the CS is presented alone) (Jovanovic and Ressler, 2010; Maren, 2011;
Milad and Quirk, 2012; Orsini and Maren, 2012; Pape and Pare, 2010). After fear
conditioning, extinction procedures lead to a reduction in the magnitude and frequency of
conditioned responses, including freezing behavior. A parsimonious view of extinction
learning is that extinction results from a loss of associative strength accrued during
conditioning (Rescorla and Wagner, 1972). By this view, the loss of conditional responding
after extinction might be expected to result from the reversal of conditioning-induced
plasticity. Consistent with this mechanism, there do appear to be conditions under which
extinction training results in non-recoverable loss of the fear memory. In synaptic terms,
therefore, extinction might be viewed as a depotentiation of learning-induced LTP in the
amygdala (Kim et al., 2007).

Although this account of extinction is parsimonious, it cannot explain the recovery of
extinguished CRs under a number of circumstances. Decades of behavioral work have
established that extinction does not eliminate, overwrite, or erase memories acquired during
conditioning (Bouton and Bolles, 1979; Bouton, 2004; Bouton et al., 2006; Harris et al.,
2000; Konorski, 1967; McConnell and Miller, 2014), because extinguished CRs return with
the passage of time (spontaneous recovery), changes in context (renewal), and after aversive
presentation of the US (reinstatement). The fact that extinction procedures spare the
conditioning memory suggests that extinction results in new learning (e.g., an inhibitory CS-
‘no US’ association) that interferes with the existing conditioning memory (CS-US
association) to suppress conditional responding (Bouton, 2004; McConnell and Miller,
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2014). By this view, extinction must be encoded, at least in part, by synaptic changes that
preserve the content of conditioning. Here we will consider synaptic plasticity mechanisms
in the amygdala (Figure 1) that might mediate the non-recoverable loss of conditional
responding on the one hand and encode new extinction memories on the other.

Out With the Old

Neuronal correlates of fear conditioning in the amygdala, including increases in CS-evoked
single-unit firing (McEchron et al., 1995; Muramoto et al., 1993; Quirk et al., 1995) and
synaptic potentiation (Nabavi et al., 2014; Rogan et al., 1997), are dampened after
extinction. Extinction-related declines in amygdala activity may be mediated by
depotentiation: a weakening of LTP at principal neuron synapses that were modified during
conditioning (Figure 1). This mechanism is supported by a number of studies reporting that
extinction reverses conditioning-related changes in the physiology and biochemistry of BLA
neurons.

Extinction and depotentiation drive calcineurin-mediated Akt dephosphorylation in BLA

In a series of ex vivo biochemical experiments, Gean and colleagues (2003) have shown in a
fear-potentiated startle paradigm that extinction reverses some of the biochemical changes
induced by fear conditioning (Lin et al., 2003b). Specifically, fear-potentiated startle training
increased levels of phosphorylated Akt (p-Akt) in the BLA, and subsequent extinction trials
reduced p-Akt levels to those found in unpaired controls. This effect of extinction was
prevented by a variety of calcineurin inhibitors, suggesting that phosphatase activity is
important in reversing conditioning-related changes in protein kinases, such as Akt, in the
amygdala. Consistent with this, the authors showed that extinction training was associated
with an increase in calcineurin activity in the BLA (Lin et al., 2003b).

To determine whether extinction-induced changes in calcineurin activity and Akt
phosphorylation were related to synaptic depotentiation, a subsequent experiment examined
whether depotentiation in BLA afferents engaged calcineurin activity and promoted
behavioral extinction of fear (Lin et al., 2003a). Long-term potentiation in the BLA was
reversed by trains of low-frequency stimulation (LFS; 5 Hz for 3 min) applied to the
external capsule in vivo, and both NMDA receptor antagonists and calcineurin inhibitors
blocked LFS-induced depotentiation. Interestingly, LFS also reduced the expression of fear-
potentiated startle, suggesting that it induced behavioral extinction. LFS also increased
calcineurin activity and reduced levels of p-Akt in the BLA when it was applied 1-hour after
a post-conditioning retention test. These results suggest that NMDA receptor-dependent
depotentiation in the BLA may be involved in the calcineurin-mediated reversal of
conditioning-induced changes after extinction training.

However, it is important to note that in the majority of these experiments pre-extinction tests
of CS-induced startle enhancement were performed 10 min to 1 hr prior to either the
extinction or LFS procedures (Lin et al., 2003a; 2003b). These pre-extinction tests would be
expected to re-activate the conditioning memory and trigger reconsolidation processes that
might themselves be sensitive to subsequent extinction training (Auber et al., 2013; Bauer et
al., 2001; Chapman and Bellavance, 1992; H. Lee and Kim, 1998; Maren et al., 1996; Maren
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and Fanselow, 1995; McKernan and Shinnick-Gallagher, 1997; Miserendino et al., 1990;
Monfils et al., 2009; Rogan et al., 1997; Tsvetkov et al., 2002). For example, reductions in
BLA p-Akt levels might be due to a failure to reconsolidate the reactivated memory when
memory reactivation is followed by post-retrieval extinction trials (Nabavi et al., 2014;
Rumpel, 2005). Thus, it is not clear whether extinction trials or trains of LFS that have not
been preceded by pre-extinction or pre-LFS reminders would be sufficient to produce the
calcineurin-dependent changes observed in these studies.

Extinction depotentiates thalamic afferents in lateral amygdala and reduces GIuA surface

expression

In a more recent series of studies, Choi and colleagues (2007) used an ex vivo slice
electrophysiology approach to examine the synaptic correlates of extinction of conditioned
fear in rats (Kim et al., 2007). In their experiments, rats received a standard auditory fear
conditioning protocol, which was followed 24 hours later by an extinction procedure. One
day after extinction, the animals were sacrificed for an electrophysiological analysis of
synaptic plasticity in LA neurons. These experiments revealed that fear conditioning
increases internal capsule-evoked synaptic currents in the LA (indexed by whole-cell
recordings), reflecting the induction of LTP at thalamo-amygdala synapses after
conditioning (McKernan and Shinnick-Gallagher, 1997; Tsvetkov et al., 2002).
Interestingly, extinction training eliminated these changes insofar as synaptic currents in LA
neurons from extinguished rats were similar to those in cells from untrained or unpaired
controls. This suggests that extinction training depotentiated conditioning-induced increases
in synaptic transmission in LA neurons.

The possibility that extinction depotentiates conditioning-induced LTP at thalamic synapses
in LA is supported by experiments indicating that extinction training occludes depotentiation
in the amygdala (Kim et al., 2007). Extracellular field recordings in LA revealed that paired-
pulse LFS (1 Hz for 15 min; 50 ms ISI) reduced synaptic responses in rats that had
undergone fear conditioning, but not in naive, unpaired, or context-exposed control rats.
Depotentiation was blocked by both NMDA receptor and metabotropic glutamate receptor
(mGIuR1) antagonists and could be induced in conditioned rats by an mGIuR1 agonist (Kim
et al., 2007). Biochemical experiments revealed that extinction was associated with a
reduction in the expression of AMPA receptors (GluAl and GluA2) on the membrane
surface of LA synaptosomes. In addition, ex vivo synaptic depotentiation and extinction
could be prevented by a synthetic GluR2-derived peptide that blocks AMPA receptor
endocytosis (Kim et al., 2007). Depotentiation at cortical synapses in BLA may also be
involved in extinction, although regulation of presynaptic plasticity appears to play a greater
role in that pathway (Hong et al., 2009). Together, these studies suggest that extinction may
reduce conditioned fear by depotentiating thalamo-amygdala synapses critical for driving
CS-evoked fear responses.

In With the New

Dampening synaptic transmission at synapses that have undergone LTP during fear
conditioning is an attractive and parsimonious mechanism for extinction learning. However,
there is ample evidence that the conditioning memory survives extinction procedures insofar
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as CRs can return under a number of circumstances including after the mere passage of time
(spontaneous recovery), encountering an extinguished CS outside the extinction context
(renewal), and after exposure to a noxious (reinstatement) or novel (external disinhibition)
stimulus (Bouton and Bolles, 1979; Bouton, 2004; Bouton et al., 2006; Delamater, 2004;
Harris et al., 2000; Jovanovic and Ressler, 2010; Kim et al., 2007; Konorski, 1967; Maren,
2011; McConnell and Miller, 2014; Milad and Quirk, 2012; Orsini and Maren, 2012; Pape
and Pare, 2010; Pavlov, 1927; Rescorla and Wagner, 1972).

Collectively, these recovery phenomena suggest that extinction does not erase the
conditioning memory (i.e., the CS-US association encode in BLA synaptic plasticity), but
lays down a new inhibitory memory that competes with and dampens the expression of the
original fear memory (Bouton, 2004; Bouton et al., 2006; Maren, 2011; McConnell and
Miller, 2014). The synaptic mechanisms that encode inhibitory extinction memories are only
now beginning to be understood, and appear to involve plasticity among inhibitory
interneurons in the BLA (Duvarci and Paré, 2014; Ehrlich et al., 2009; McEchron et al.,
1995; Muramoto et al., 1993; Pape and Pare, 2010; Paré et al., 2004; Quirk et al., 1995).

LTP at excitatory synapses on inhibitory interneurons in the amygdale

If extinction leads to increased inhibition in the amygdala, then there are at least two
possible mechanisms to consider. The first possibility is that extinction generates LTP at
excitatory synapses among CS afferents that terminate on inhibitory interneurons [i.e., “LTP
(interneuron)” in Figure 1]. Mahanty and Sah (1998) first described this type of plasticity at
cortical afferents terminating on LA interneurons, and Bauer and colleagues (2004)
subsequently reported LTP at thalamic afferents on this same cell type (Bauer and LeDoux,
2004; Mahanty and Sah, 1998). However, there appear to be important differences in the
nature and mechanisms of LTP in these two afferent pathways. LTP at cortical synapses
does not depend on NMDA receptors, requires calcium-permeable AMPA receptors in the
postsynaptic neurons, is input-specific (cortical tetanization does not potentiate unstimulated
thalamic afferents) and is not associated with a change in paired-pulse facilitation
(suggesting a postsynaptic locus of expression) (Lin et al., 2003b; Mahanty and Sah, 1998).
In contrast, LTP at thalamic synapses terminating on interneurons is NMDA receptor-
dependent, is not input-specific (thalamic tetanization produced a heterosynaptic
potentiation of cortical inputs), and is associated with a change in paired-pulse facilitation
(suggesting a presynaptic locus of expression) (Bauer and LeDoux, 2004).

Second, in addition to plasticity at excitatory afferents on LA interneurons, it has been
suggested that synaptic plasticity among islands of inhibitory intercalated cells (ITC) may be
essential for extinction. These neurons limit excitatory transmission between the BLA and
central amygdala (CEA) thereby suppressing the generation of learned fear responses (Lin et
al., 2003a; 2003b; Royer et al., 1999). In support of this possibility, Paré and colleagues
have shown that BLA afferents terminating on ITC neurons exhibit both NMDA receptor-
dependent LTP and LTD (Royer and Paré, 2002). LTP (but not LTD) was mediated in part
by alterations in presynaptic transmitter release, and these changes in presynaptic release
survived low frequency stimulation trains that induced depotentiation. Subsequent ex vivo
experiments have shown that extinction training increases synaptic transmission at BLA

Brain Res. Author manuscript; available in PMC 2016 September 24.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Maren

Page 6

afferents terminating on inhibitory ITC cells (Amano et al., 2010). ITC neurons in turn
inhibit BLA-mediated depolarization of CEA cells involved in generating learned fear
responses (Amano et al., 2010). Interestingly, the potentiation of BLA inputs in ITC
depended on inputs to the amygdala from the infralimbic division of the ventromedial
prefrontal cortex, a brain region that plays an essential role in the acquisition and
consolidation of extinction memories (Laurent and Westbrook, 2008; Milad and Quirk,
2012; Orsini and Maren, 2012; Quirk and Mueller, 2008)

LTP at excitatory synapses on either LA or ITC interneurons may be a mechanism by which
extinction increases inhibition in the amygdala to suppress fear. Indeed, NMDA receptor
activation is required for both LTP at excitatory synapses on interneurons as well as
extinction learning (Falls et al., 1992; H. Lee and Kim, 1998; Zimmerman and Maren,
2010). Of course, much remains to be learned about the behavioral contingencies that lead to
the induction of LTP at excitatory synapses on LA interneurons and whether, for example,
this form of synaptic plasticity is induced by extinction training. Computational models
incorporating LTP on inhibitory interneurons have been proposed to account for several
extinction phenomena (Franklin B Krasne, 2011; Li et al., 2009; Vlachos et al., 2011), and
subtle changes in the balance of excitation and inhibition in the amygdala are likely to
regulate fear after extinction.

Inhibitory LTP at GABAergic synapses on LA principal neurons

Another mechanism for recruiting inhibition is to potentiate inhibitory synaptic
transmission, a form of synaptic plasticity termed “inhibitory” LTP (LTPi; Figure 1). In the
amygdala, it has recently been shown that high-frequency stimulation of LA neurons evokes
a heterosynaptic LTPi of monosynaptic inhibitory postsynaptic currents (IPSCs) in BLA
principal neurons (Lange et al., 2011). Potentiation of inhibitory GABAergic synapses on
BLA principal neurons was dependent on both AMPA and NMDA receptors, thereby
revealing the heterosynaptic nature of this form of plasticity. Interestingly, the expression of
LTPi was mediated by increases in presynaptic GABA release whereas inhibitors of
neuronal nitric oxide (NO) synthase, which is expressed by many BLA principal neurons,
prevented the induction of LTPi. This suggests that NO generated by principal neurons may
serve as a retrograde messenger to regulate synaptic plasticity at inhibitory synapses
contacting BLA principal neurons.

What role might LTPi play in extinction learning? It has been reported that NO signaling in
the amygdala is involved in the acquisition of auditory fear conditioning (Schafe et al.,
2005), although systemic inhibition of NO synthase with 7-nitroindazole (7-NI) does not
impair contextual fear conditioning (Maren, 1998). Interestingly, in the latter study, 7-NI
administration prior to a context extinction test resulted in greater levels of freezing
suggestive of an extinction impairment. However, whether this outcome results from
impairments in LTPi is not clear. Indeed, intra-BLA administration of AMPA receptor
antagonists does not prevent fear extinction (Falls et al., 1992; Zimmerman and Maren,
2010). Of course, even in the presence of AMPA receptor antagonists, there is apparently
sufficient postsynaptic depolarization to induce NMDA receptor-dependent LTP and LTPi
under some conditions (Kim et al., 2007; Lange et al., 2011; Muller et al., 1988), and this is
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apparently sufficient for extinction learning to proceed in the presence of AMPA receptor
antagonism in the BLA. Clearly, further work formally exploring the contribution of NO
signaling and LTPi to extinction is needed.

The possibility that increases in inhibitory synaptic transmission in the BLA contribute to
extinction is bolstered by a recent ex vivo cellular imaging study (Kim et al., 2007; Trouche
et al., 2013). These investigators used a transgenic mouse expressing a conditional and
enduring Fos-GFP tag to label neurons active during contextual fear conditioning and then
asked whether those same neurons were activated by extinction by examining co-
localization of Fos with extinction-induced Zif268 (Zif), another activity-dependent
transcription factor. They found that in the basal amygdala a number of GFP-positive
neurons activated by fear conditioning were less likely to be active after extinction
conditioning. Importantly, these GFP+/Zif- neurons exhibited greater levels of perisomatic
GADG67 and parvalbumin immunolabeling, suggestive of an increase in the number or size
of inhibitory synaptic terminals on these cells. Although it is not clear whether structural
changes at inhibitory synaptic terminals accompany LTPi, these data nonetheless suggest
that plasticity at inhibitory synaptic terminals (i.e., ‘Inhibitory’ LTP in Figure 1) may
accompany extinction. Of course, a critical question is how inhibition in the amygdala is
itself dampened to allow for the return of fear, for example, during renewal or spontaneous
recovery (Hong et al., 2009; Maren, 2013; 2011).

Out with the Old and In With the New

Extinction might involve synaptic changes that either eliminate (depotentiation) or spare
(inhibitory plasticity) synaptic changes associated with fear conditioning. However, there is
also evidence that metaplasticity at synapses modified by conditioning and extinction allows
for a greater dynamic range of synaptic change that could account for both rapid fear
recovery (e.g., renewal) after extinction, as well as temporal windows within which fear
memory is susceptible to erasure. Regulation of both the subunit composition and
phosphorylation state of glutamate receptors at BLA synapses may support these forms of
metaplasticity.

Re-potentiation as a renewal mechanism

There are a number of conditions that promote the return of fear after extinction. One
mechanism to support return of fear is to gate the expression of conditioning- and
extinction-related plasticity in networks that maintain representations of both experiences
(Maren, 2011; Maren et al., 2013; Maren and Quirk, 2004; Orsini and Maren, 2012).
However, another possibility is that the return of fear is mediated by a re-potentiation of
synapses that were initially potentiated by conditioning and subsequently depotentiated after
extinction. By this view, synapses undergoing both LTP and depotentiation after
conditioning and extinction, respectively, might maintain a metaplastic tag that allows them
to re-potentiate under conditions that promote fear return.

Consistent with this possibility, Choi and colleagues (2013) have recently described a form
of metaplasticity at BLA synapses that contributes to the renewal of conditioned fear to an
extinguished CS (i.e., a return of fear to the CS when it is encountered outside the extinction

Brain Res. Author manuscript; available in PMC 2016 September 24.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Maren

Page 8

context) in mice. After extinction, LA synapses were found to exhibit a form of low-
threshold potentiation that was occluded by behavioral procedures that yielded renewal (i.e.,
presenting the extinguished CS outside the extinction context)((S. Lee et al., 2013). This
suggests that renewal re-potentiates LA synapses that were depotentiated after extinction
training thereby promoting the return of fear to the extinguished CS. Interestingly, the
renewal of fear after extinction was associated with increased GluAl phosphorylation in LA,
and renewal was prevented by intra-LA infusions of a peptide inhibitor that impaired GIuAl
phosphorylation. Collectively, these results suggest that although extinction has the capacity
to depotentiate LA synapses, it may leave them particularly susceptible to re-potentiation by
enabling low-threshold potentiation. This increased capacity for LTP after extinction might
serve as a synaptic mechanism to promote the rapid return of conditional responding during
renewal and other recovery phenomena.

Retrieval-extinction and long-term depression in the BLA

Recently, an intriguing paper reported that delivering extinction trials soon after reactivation
of a fear memory impaired renewal, reinstatement, and spontaneous recovery of fear
(Monfils et al., 2009). Unlike a standard extinction protocol, it was suggested that this
“retrieval-extinction” procedure erased fear memories, because fear responses did not
recover after extinction. While there is debate about the behavioral contingencies that
promote memory erasure by retrieval-extinction procedures (Auber et al., 2013; Chan et al.,
2010; Maren, 2014; 2011), it does appear that retrieval-extinction procedures alter
conditioning-related plasticity in the BLA under some conditions.

In a recent series of ex vivo slice electrophysiology experiments, Clem and Huganir (2010)
have shown that retrieval-extinction procedures in mice limit both renewal and spontaneous
recovery of extinguished fear and are accompanied by depotentiation in the BLA (Clem and
Huganir, 2010). First, they demonstrated that fear conditioning is associated with the
insertion of GluA2-lacking calcium-permeable AMPA receptors, a change that peaked one
day after conditioning. Interestingly, insertion of this form of AMPA receptor into LA
synapses increased their capacity for long-term depression after paired-pulse low frequency
stimulation of thalamic afferents. Thus, removal of calcium-permeable AMPA receptors at
potentiated synapses in LA might serve as a mechanism for fear suppression. Indeed, the
authors found that a retrieval-extinction procedure (but not extinction alone, curiously)
resulted in synaptic and molecular (e.g., GIuAl phosphorylation) changes suggestive of
LTD induction. Moreover, transgenic mice that lacked the capacity to traffic calcium-
permeable AMPA receptors showed both spontaneous recovery and renewal of fear after the
retrieval-extinction procedure. In other words, LTD and consequent synaptic removal of
calcium-permeable AMPA receptors appear to be a mechanism for generating a long-term
reversal if not erasure of the synaptic potentiation in LA neurons associated with fear
conditioning.

A key question, however, is why this NMDA- and mGluR-dependent LTD only
accompanies a retrieval-extinction procedure (Lin et al., 2003b). To the extent that standard
extinction procedures (i.e., repeated CS presentations) reproduce some features of the
repetitive electrical stimulation trains used to induce LTD, one would expect extinction
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(without a prior reminder) to induce LTD as well. Understanding why a retrieval event
opens a temporal window to allow depotentiation or LTD to reverse memory is obviously
central to appreciating the synaptic and molecular mechanisms underlying extinction and
erasure. Moreover, it will be important to understand whether these changes are truly
irreversible, or whether there remain metaplasticity mechanisms that can rapidly return
depotentiated synapses to a potentiated state under some conditions (S. Lee et al., 2013).

Conclusions

There are a variety of synaptic mechanisms in the amygdala that might support the
extinction of fear. If one accepts that extinction preserves the content of conditioning, at
least in part, then a synaptic mechanism that encodes new information alongside the
conditioning memory (e.g., LTP at excitatory inputs to interneurons or inhibitory LTP)
might be favored over one that erases (e.g., LTD or depotentiation) conditioning-induced
plasticity. However, because extinction likely involves both the erasure of the conditioning
memory as well as new learning, it is conceivable that all three of the mechanisms illustrated
in Figure 1 might contribute to extinction learning. Moreover, metaplasticity at BLA
synapses may complement these mechanisms to allow for dynamic regulation of synaptic
gain to promote the rapid return (or erasure) of fear after extinction. Of course, the relative
contribution of each mechanism to extinction remains to be determined.

In conclusion, the synaptic analysis of extinction provides important new insight into how
neural networks encode different memories about the same external stimulus. How these
different synaptic engrams are read out to produce adaptive behavior remains an intriguing
question, but likely involves hippocampal-prefrontal networks that contextualize the
meaning of the CS when it is encountered. Consistent with this idea, a recent report reveals
changes in the synaptic efficacy of medial prefrontal inputs to BLA after extinction training
(Cho et al., 2013). Ultimately, the synaptic mechanism underlying extinction in the
amygdala must involve plasticity at synapses in the amygdala that inform the animals not
only what to fear (thalamo-cortical inputs), but also when and where that fear should be
expressed (hippocampal-prefrontal inputs).
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Figure 1. Synaptic mechanisms of conditioning and extinction
Conditioning (tan panel) is associated with long-term potentiation (LTP) at excitatory

synapses from afferents carrying conditioned stimulus (CS) information that terminate on
principal neurons (PN) in the basolateral amygdala [LTP (principal)]. Extinction (green
panel) might result from a number of synaptic plasticity mechanisms including 1)
depotentiation or long-term depression of previously potentiated PN synapses, 2) induction
of LTP at CS afferents on interneurons (LTP-IN), or 3) LTP of inhibitory synaptic
transmission (“inhibitory” LTP). Blue circles indicate the target synapses undergoing the
forms of plasticity indicated above each microcircuit.
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