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The amygdala and medial prefrontal cortex: partners
in the fear circuit
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Abstract Fear conditioning and fear extinction are Pavlovian conditioning paradigms extensively
used to study the mechanisms that underlie learning and memory formation. The neural circuits
that mediate this learning are evolutionarily conserved, and seen in virtually all species from flies
to humans. In mammals, the amygdala and medial prefrontal cortex are two structures that play
a key role in the acquisition, consolidation and retrieval of fear memory, as well extinction of
fear. These two regions have extensive bidirectional connections, and in recent years, the neural
circuits that mediate fear learning and fear extinction are beginning to be elucidated. In this
review, we provide an overview of our current understanding of the neural architecture within
the amygdala and medial prefrontal cortex. We describe how sensory information is processed in
these two structures and the neural circuits between them thought to mediate different aspects
of fear learning. Finally, we discuss how changes in circuits within these structures may mediate
fear responses following fear conditioning and extinction.
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Fear is an evolutionarily conserved behavioural response
that is essential for survival. Studies of fear have used
the paradigm of classical fear conditioning in which an
emotionally neutral stimulus, the conditioned stimulus
(CS), such as a light or tone, is temporally paired
with an aversive stimulus, the unconditioned stimulus
(US), typically a footshock. Following a small number
of pairings, subjects form an association between the
CS and US, and learn to respond to the CS with an
avoidance response, the conditioned response (CR), which
is rapidly acquired and long lasting. However, subsequent
presentations of the CS that are not paired with the US
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break this association, and lead to a gradual reduction
of the CR through a process known as extinction. Since
the first studies of Pavlov, it has been appreciated that
extinction does not result from erasure of previous
memory associated with the CS but is due, at least in
part, to new learning (Pavlov, 1927). This idea rests on
three key observations. First, the learnt fear response to
the CS can reappear with the passage of time (spontaneous
recovery). Secondly, the CR returns when the CS is pre-
sented in a context different from the one in which
extinction training originally took place (renewal). Finally,
unexpected delivery of the US following extinction can
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restore the response to the CS (reinstatement). Both
renewal and reinstatement show that the CS retains
its ability to drive the CR following extinction. Thus,
although the original memory is still present, extinction
training results in formation of a new memory trace that
inhibits the response to the original CS. In effect, the sub-
ject has learnt that a previously aversive situation is no
longer dangerous.

The neural circuitry engaged for evaluating and storing
fear memories arose to enable animals to learn about,
and respond rapidly to dangerous situations, and respond
appropriately to changing contingencies. In both fear
learning and extinction, the amygdala has emerged as a
key structure that plays a central role in the acquisition
and expression of learnt fear (Slotnick, 1973; Hitchcock
& Davis, 1986; LeDoux et al. 1990). The amygdala is
extensively interconnected with cortical and subcortical
regions (McDonald, 1998; Sah et al. 2003) and, while
structures such as the hippocampus can modulate aspects
of fear learning(Maren, 2001), connections between the
amygdala and medial prefrontal cortex (mPFC) are crucial
for both fear conditioning and extinction (Sotres-Bayon
& Quirk, 2010).

Although much of our understanding of fear
conditioning comes from experimental work in animals,
the roles of the amygdala and mPFC in fear learning and
extinction have been validated in humans using functional
magnetic resonance imaging. Thus, fear conditioning
and subsequent presentations of fearful stimuli result in
activation of the amygdala (Morris et al. 1996; LaBar
et al. 1998), and prefrontal activity is seen during fear
extinction (LaBar et al. 1998; Delgado et al. 2008). As
a result, two lines of thought are driving the enormous
interest in the neural circuits and molecular mechanisms
that underlie fear conditioning and extinction. First, these
behavioural paradigms are relatively simple to reproduce
in the laboratory and they address fundamental issues
regarding the mechanisms that underpin learning and
memory formation (Johansen et al. 2011). Secondly, it is
widely believed that the close correspondence between fear
and human anxiety will provide insight into the biological
nature of anxiety-related disorders and strategies to treat
them. One such example is post-traumatic stress disorder.
In this condition, stimuli that are clearly dangerous in one
setting initially evoke an aversive response, but continue
to be perceived as threatening even when circumstances
change, thereby leading to inappropriate responses in
conditions where a fear response is no longer appropriate
(Milad & Quirk, 2012). The management of such disorders
with procedures such as exposure therapy have their roots
in fear extinction (McNally, 2007). Thus, an understanding
of the biology that underpins fear learning and extinction
will provide insight into the genesis of anxiety-related
disorders, and the types of procedures that may help its

treatment. In this review, we discuss the neuronal circuits
within, and between the mPFC and amygdala and their
roles in fear conditioning and extinction.

The amygdala

The amygdala is a temporal lobe structure divided into
over 20 subnuclei with extensive internuclear connections
(Sah et al. 2003; Pape & Pare, 2010). These subnuclei are
commonly divided into three groups (Price et al. 1987;
Sah et al. 2003): a deeper basolateral (BLA) group that
includes the lateral nucleus, basal nucleus and accessory
basal nucleus; a more superficial or cortical-like group
that includes the cortical nuclei and nucleus of the lateral
olfactory tract; and a centromedial group composed of the
medial and central nuclei (CeA). Of these, the BLA is the
primary sensory input zone of the amygdala, while the CeA
is the primary output structure that initiates physiological
responses of fear (Sah et al. 2003; Pape & Pare, 2010).

The BLA contains two types of neuron: glutamatergic
principal neurons that form nearly 80% of the total cell
population with the remaining being GABAergic inter-
neurons (McDonald, 1982, 1992; McDonald & Mascagni,
2001; Spampanato et al. 2011). Principal neurons are
large cells that resemble pyramidal neurons (Washburn
& Moises, 1992; Faber et al. 2001). CS and US information
arrives at the BLA as glutamatergic input to these cells from
both cortical and subcortical regions (Farb & Ledoux,
1999; Sah et al. 2003; Lanuza et al. 2008). These afferents
form classical dual component glutamatergic synapses
(Mahanty & Sah, 1999; Weisskopf & LeDoux, 1999).
Although the BLA does not have a laminar organization,
principal neurons are not a single population, but can
be separated into distinct populations by their firing
properties (Washburn & Moises, 1992; Faber et al. 2001).
As in other cortical-like areas (Ascoli et al. 2008), several
families of interneurons are present within the BLA
(McDonald & Mascagni, 2001; Spampanato et al. 2011).
Interneurons also receive cortical and subcortical input
(Smith et al. 1998, 2000) and make extensive local
connections, providing both feed-forward and feedback
inhibition within the BLA (Woodruff & Sah, 2007b;
Ehrlich et al. 2009; Jasnow et al. 2009; Spampanato et al.
2011). Anatomical studies indicate that the nuclei within
the BLA are extensively interconnected (Pitkänen et al.
1997) and incoming CS/US information is first processed
in the BLA. Principal neurons in the BLA project to the CeA
and downstream connections from this nucleus initiate
the physiological responses of fear (Sah et al. 2003; Ehrlich
et al. 2009).

While both cortical and thalamic inputs appear to
innervate virtually all neurons in the BLA, a recent study
has shown that distinct populations of neurons respond to
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CS stimulation following fear conditioning or extinction
(Herry et al. 2008). This finding indicates that distinct
populations of neuron can be engaged by fear learning
and extinction and different neurons are driven by distinct
inputs (see below). However, while there are different
populations of neurons within the BLA, the anatomical
and functional organization of inputs to these neurons,
and their connectivity is largely not understood. Thus,
whether principal neurons that can be separated based on
their intrinsic firing properties, receive inputs from the
same regions and make similar or different projections
is not known. Similarly, interneurons within the BLA
can be divided into distinct population based on their
expression of particular markers and firing properties
(Spampanato et al. 2011). Recent studies are beginning
to reveal the intrinsic organization and roles of some of
these interneuron families, showing that different types
of interneuron make different types of local connections
(Rainnie et al. 1991; Woodruff et al. 2006; Woodruff & Sah,
2007b,a; Jasnow et al. 2009). However, as with principal
neurons, the organization of inputs to these interneurons,
and the particular circuits in which they participate are
little understood but is clearly required to develop models
that explain CS/US processing in the amygdala.

In contrast to the BLA, the CeA is a striatal-like structure
that contains GABAergic neurons (de Olmos et al. 1985),
and is divided into lateral and medial divisions (Cassell
et al. 1986). Projections from the BLA innervate the lateral
CeA, which in turn is reciprocally connected with the
medial CeA and outputs from the medial CeA to hypo-
thalamic and brainstem nuclei then initiate fear responses
(Pare & Duvarci, 2012). Neurons in both divisions of the
CeA can also be separated into distinct populations based
on their expression of peptides (Cassell et al. 1986) and
intrinsic firing properties (Martina et al. 1999; Dumont
et al. 2002; Lopez de Armentia & Sah, 2004). These
neurons receive excitatory inputs from the BLA as well
as from thalamic and cortical regions (Sah et al. 2003).
Stimulation of BLA inputs to the CeA not only provides
excitation to these cells (Lopez de Armentia & Sah, 2004)
but is always accompanied by a disynaptic inhibitory
response (Royer et al. 1999; Lopez de Armentia & Sah,
2004; Amano et al. 2010). This inhibition is provided by
two distinct sources: first, a cluster of GABAergic neurons
interposed between the BLA and CeA, the intercalated
cells (ITC) (Millhouse, 1986) that receive inputs from the
BLA and project to the CeA (Royer et al. 1999; Delaney &
Sah, 2001). Secondly, neurons within the CeA, which are
all GABAergic, are extensively interconnected providing
strong local inhibition (Lopez de Armentia & Sah, 2004;
Haubensak et al. 2010).

Recent studies are beginning to reveal the intrinsic
organization of the CeA. Thus, neurons in the medial CeA
that project to different downstream targets, and mediate
different physiological responses, are distinct populations

of neurons that can be separated on electrophysiological
as well as pharmacological grounds (Viviani et al. 2011).
Moreover, recordings from the lateral CeA in vivo show
that following fear conditioning some neurons increase
their response to the CS, while others are inhibited (see
below) suggesting that different cells within the CeA also
receive different types of input. Finally, apart from the
BLA, the CeA also receives inputs from a variety of cortical
and subcortical regions (Sah et al. 2003). However, the
anatomical organization of these inputs to the CeA is also
largely unknown.

The amygdala in fear conditioning and extinction

A converging body of evidence has established that CS and
US inputs converge on neurons within the amygdala (Sah
et al. 2003; Pape & Pare, 2010). Blocking glutamatergic
transmission within the BLA by infusion of non-NMDA
receptor antagonists blocks fear conditioning, and
post-learning infusions block expression of learnt fear
(Falls et al. 1992; Kim et al. 1993). These pharmacological
manipulations also block extinction (Kim et al. 1993),
confirming that the BLA is an essential component
of the neural circuit that mediates fear conditioning
and extinction. In contrast, infusion of selective NMDA
receptor antagonists into the amygdala blocks acquisition
of fear conditioning and extinction but has no effect
on previously learnt responses (Miserendino et al. 1990;
Goosens & Maren, 2004). These results have led to the
proposal that learning during both fear conditioning and
extinction requires NMDA receptor-dependent plasticity
within the BLA (Mayford et al. 2012). Consistent with
this idea, inputs to BLA principal neurons can undergo
different types of NMDA receptor-dependent plasticity
(McKernan & Shinnick-Gallagher, 1997; Rogan et al. 1997;
Weisskopf et al. 1999; Bissiere et al. 2003; Humeau et al.
2003; Rodrigues et al. 2004; Rumpel et al. 2005); however,
as with many other forms of learning, how this plasticity
is initiated during fear condition and extinction remains
largely unknown (Sah et al. 2008).

Unit recordings in vivo have shown that during fear
conditioning, a population of glutamatergic neurons in the
BLA increase their firing rate in response to the CS (Quirk
et al. 1995; Goosens et al. 2003) and have been called
‘fear neurons’ (Herry et al. 2008). Following extinction,
these neurons reduce their response to the CS, and in
addition, a different population of neurons, ‘extinction
neurons’ now begin to respond to the CS (Herry et al.
2008; Amano et al. 2011). While it has not been directly
demonstrated, it is thought that ‘fear neurons’ arise due
to NMDA receptor-dependent plasticity of CS inputs to
BLA neurons, engaged by CS-US conjunction during fear
conditioning (Miserendino et al. 1990; Rogan et al. 1997).
Similarly, as extinction is blocked by infusion of NMDA
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receptor antagonists into the BLA, ‘extinction neurons’
presumably arise because of plasticity at inputs to a
different set of neurons during extinction training. In this
scenario, the reduction in activity of ‘fear neurons’ with
extinction may result from synaptic plasticity of CS input
to interneurons, thus enhancing local inhibition (Mahanty
& Sah, 1998; Ehrlich et al. 2009; Polepalli et al. 2010).

CS information is initially processed in the BLA and the
physiological response to fear is driven by outputs from
the medial CeA (Pape & Pare, 2010; Pare & Duvarci, 2012).
Projections from the BLA enter the CeA at the level of the
lateral division and unit studies have shown that following
fear conditioning, the CS activates ‘ON neurons’ in the
lateral CeA, and these cells inhibit a different population
of tonically active ‘OFF neurons’ (Ciocchi et al. 2010;
Haubensak et al. 2010). As OFF cells are GABAergic,
and project to the medial CeA, the overall impact is
disinhibition of the neurons in the medial CeA by the CS
(Ciocchi et al. 2010; Haubensak et al. 2010). The resulting
activity of medial CeA neurons evokes a fear response
(Ciocchi et al. 2010). In extinction, there is a reduction
in activity in ‘fear neurons’ and a new population of
‘extinction neurons’ become active (Herry et al. 2008).
As described above, connections between the BLA and
CeA also activate GABAergic ITC neurons that provide
feed-forward inhibition to the CeA. These inputs also
show NMDA receptor-dependent plasticity (Royer & Paré,
2002) and it has been proposed that following extinction,
plasticity of these inputs results in an increase in disynaptic
inhibition to the CeA, effectively reducing the activity of
ON neurons, thus inhibiting the fear response (Amano
et al. 2010). However, whether ‘extinction neurons’ in the
BLA participate in this response is not known.

The medial prefrontal cortex

The mPFC is a neocortical structure and is cyto-
architectonically divided into four distinct regions from
dorsal to ventral: medial precentral cortex, anterior
cingulate cortex, prelimbic and infralimbic prefrontal
cortex (Heidbreder & Groenewegen, 2003). Most
neocortical regions, particularly sensory areas, are divided
into six distinct layers (I–VI), with layer VI being the
deepest layer and layer I near the pial surface. In the
sensory cortex, cells in layers II/III and layers V/VI contain
pyramidal neurons that have apical dendrites that project
to layer I, whereas layer IV is largely devoid of pyramidal
neurons and is the primary target for sensory input from
the thalamus (Miller et al. 2001). The rodent prefrontal
cortex appears to have well defined layers I, II/III and
V/VI; however, the existence of discrete layer IV is not
clear (Van De Werd et al. 2010).

The neuronal organization within the mPFC mirrors
those seen in other parts of the neocortex. Pyramidal

cells are located in layers II/III and layers V/VI (Yang
et al. 1996), and in acute brain slices, these neurons
show a range of firing properties (Wang et al. 2006)
similar to those described for other neocortical regions
(Connors & Gutnick, 1990). The mPFC also contains a
variety of types of interneuron (Van De Werd et al. 2010),
with the expected distribution of interneuronal markers
(Markram et al. 2004). Intrinsic circuits within sensory
cortical regions have been extensively studied both in
vitro and in vivo (Thomson et al. 2002; Holmgren et al.
2003; Brown & Hestrin, 2009). In contrast, little is known
about the connections within and between the mPFC
areas. For intrinsic connections, one study in ferrets has
shown connections between layer V pyramidal neurons
in the mPFC (Wang et al. 2006); however, in this study
the different divisions of the mPFC were not separated.
Moreover, the presence of, or types of connections between
other cell types within the mPFC are currently not known.
Thus, the intrinsic circuits within the mPFC are largely
unexplored. Both retrograde (Hoover & Vertes, 2007)
and anterograde (Jones et al. 2005) tracer injections have
shown connections between the infralimbic prefrontal
cortex (ILPFC) and prelimbic prefrontal cortex (PLPFC).
Moreover, extracellular recordings in vitro show that
local field potentials in the ILPFC have higher frequency
components than those in the PLPFC (van Aerde et al.
2008), and this difference is abolished by disconnecting.
These findings suggest that connections between these two
regions may have physiological consequences; however,
the organization and nature of these connections is not
currently understood.

The medial prefrontal cortex in fear conditioning
and extinction

As described above, learning during fear conditioning as
well as extinction requires activity in the amygdala (Falls
et al. 1992). However, it was recognized early that ablation
of the mPFC results in a deficit in extinction memory
(Morgan et al. 1993) suggesting that the mPFC is required
for consolidation of extinction. Subsequent stimulation
and inactivation studies of the mPFC have established
that this region is involved in both fear conditioning
and its extinction (Burgos-Robles et al. 2007; Corcoran
& Quirk, 2007; Laurent & Westbrook, 2008; Sotres-Bayon
& Quirk, 2010), with the ILPFC and PLPFC having distinct
roles (Burgos-Robles et al. 2007). While the amygdala
plays a central role in acquisition and expression of
learnt fear, the PLPFC has been implicated in modulating
both consolidation and recall of fear memory (Maren &
Quirk, 2004; Quirk & Mueller, 2008). Thus, for example,
inactivation of the PLPFC with tetrodotoxin after fear
acquisition results in reduced fear responses (Corcoran &
Quirk, 2007). Similarly, the ILPFC does not appear to have
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a significant role in extinction learning, but is required
for consolidation of extinction memory, and extinction
is significantly blunted when ILPFC activity is silenced
(Laurent & Westbrook, 2009) but enhanced if the ILPFC
is stimulated during extinction training (Vidal-Gonzalez
et al. 2006).

In support of inactivation studies, electrophysiological
recordings from neurons in the ILPFC have found that
following extinction training, neurons in the ILPFC
show enhanced responses to the CS (Milad & Quirk,
2002). Moreover, infusion of NMDAR antagonists into
the ILPFC, either before or immediately after extinction
training impaired extinction learning (Burgos-Robles et al.
2007). Together, these results suggest that consolidation of
extinction memory involves NMDA receptor-dependent
plasticity within the ILPFC.

The consolidation of memory requires gene
transcription and protein synthesis (Lubin et al. 2011).
In support of the role of mPFC in the consolidation of
memory for fear extinction, much evidence exists for
the necessity of protein synthesis and gene transcription
within the mPFC during the establishment of long-lasting
fear extinction memories (Santini et al. 2004; Mamiya
et al. 2009). Furthermore, the formation of fear extinction
memory as well as long-term potentiation within the
ILPFC is modulated by epigenetic mechanisms. Inhibition
of the histone acetyltransferase p300 in the ILPFC leads
to enhanced fear extinction memory and long-term
potentiation (Marek et al. 2011). This effect is most likely
mediated by augmenting the activity of the repressor
protein Yin Yang 1 (YY1), therefore enhancing overall
transcriptional processes to increase protein synthesis

Figure 1. Schematic drawing of the inter- and intraconnectivity of the three major regions involved in
fear conditioning and extinction
Fear behaviour is a complex phenomenon which primarily involves connections between the amygdala,
hippocampus and prefrontal cortex. The known connections between the amygdala, hippocampus and medial
prefrontal cortex are shown schematically. Triangles representing principal neurons and interneurons are shown
as black or white circles, indicating the wide variety of these neurons. The simplified medial prefrontal cortex
(mPFC) shows L2/3 and L5/6 of the prelimbic prefrontal cortex (PLPFC) and the infralimbic prefrontal cortex (ILPFC).
The hippocampus (HPC) is lumped together as the HPC, except for the ventral hippocampal region (vHPC). The
amygdala is divided into the input regions, the basolateral amygdala (BLA) where inputs from conditioned (CS)
and unconditioned stimulus (US) converge. The output zone, the central amygdala is divided into three regions:
the central capsular (CLC); central lateral (CeL); and central medial. Two types of recently identified neurons in
the CeL are shown, which respond differently to CS stimulation. The numbers refer to the following citations. (1)
Wang et al. 2006; (2) Hoover & Vertes, 2007; (3) Vertes, 2004; (4) Van Aerde et al. 2008; (5) Parent et al. 2009;
(6) Pikkarainen et al. 1999; (7) Kishi et al. 2006; (8) Mcdonald et al. 1996; (9) Mcdonald, 1998; (10) Condé et al.
1995; (11) Pinto & Sesack, 2008; (12) Pinard et al. 2012; (13) Royer et al. 1999; (14) Delaney & Sah, 2001; (15)
Smith & Paré, 1994.
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(Marek et al. 2011). In contrast, reduced activity of the
histone acetyltransferase p300/CBP-associated factor
(PCAF) in the ILPFC leads to impaired fear-related
extinction memory and long-term potentiation (Wei et al.
2012). This effect is mediated by the role of PCAF as a
transcriptional co-activator of the repressive transcription
factor ATF4. PCAF-mediated recruitment of ATF4 to
the promoter of the immediate-early gene zif268 within
the ILPFC, transiently represses its activity at the time
of retrieval to allow the formation of a new extinction
memory (Wei et al. 2012). Together, these findings show
that fear extinction requires long-term synaptic changes
with the ILPFC that are mediated initially by a variety
of mechanisms, including NMDA receptor-dependent
plasticity and epigenetic processes within neurons of
the ILPFC. Physiologically, the end result is enhanced
activation of mPFC neurons by repeated, non-reinforced,
exposures to the CS.

The amygdala and medial prefrontal cortex: partners
in the fear circuit

As described above, the amygdala is a key structure in
the acquisition and expression of fear conditioning and
extinction, while the mPFC does not play a role during
acquisition, but is required for expression of learnt fear
and consolidation of extinction memory. Tracer injections
have shown extensive projections from the mPFC to the
amygdala. These studies show that injections into the
ILPFC lead to extensive labelling in the lateral amygdala as
well as intermediate capsule, a region between the BLA and
CeA (McDonald et al. 1996; McDonald, 1998). In contrast,
injection of tracer into the PLPFC shows terminals largely
limited to the basal nucleus (McDonald et al. 1996;
McDonald, 1998). In return, the mPFC receives afferents
from the amygdala as well as a number of cortical and sub-
cortical regions (Conde et al. 1995). Both the ILPFC and
PLPFC receive projections from the BLA (Hoover & Vertes,

Figure 2. Amygdala–medial prefrontal cortex
networks engaged during resting conditions,
during fear learning, following consolidation and
extinction
Different activity states of fear-related structures during
fear learning and extinction evokes a distinct pattern of
synaptic activity. In control conditions, fear expression is
absent and activity in the medial central nucleus (CeM)
neurons is low. During the acquisition of fear
conditioning, conditioned (CS) and unconditioned
stimulus (US) information converges on neurons in the
basolateral group (BLA), leading to potentiation of CS
inputs to neurons in the BLA. In turn, CeL ‘on’ cells are
activated with ultimate disinhibition of CeM output
neurons and an enhanced fear response. In the
consolidation phase of fear conditioning, hippocampal
(HPC) and prelimbic prefrontal cortex (PLPFC) activity
increases and is thought to add context dependency
(HPC) as well as to increase the basolateral amygdala
activity for stronger fear expression. Extinction leads to
suppression of the fear response through an additional
pathway that suppresses the fear circuit. PLPFC activity
not only decreases, but infralimbic prefrontal cortex
(ILPFC) activity increases, which is thought to directly
activate intercalated neurons (ITCs). This in turn leads to
feed-forward inhibition of CeM output neurons and the
suppression of the fear response. Interneurons are
represented as black and white circles, indicating the
large variety of interneurons, whereas pyramidal cells
are shown as triangles. The strength of connections is
represented by the width of the connecting lines with
wider lines representing stronger connections. The
activity of specific neuronal types is indicated as action
potential spikes next to the individual regions, with two
spikes representing low activity and multiple spikes
representing increased activity.
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2007) although the exact target of these connections is not
known.

Together, these findings indicate that interactions
between the amygdala and mPFC during fear learning
and extinction are likely mediated by reciprocal synaptic
connections between them (Quirk & Mueller, 2008;
Sotres-Bayon & Quirk, 2010) (Fig. 1). Unit recordings
in vivo show that within the BLA, both ‘fear neurons’ and
‘extinction neurons’ have connections with the mPFC,
with ‘fear neurons’ only sending projections to the
mPFC while ‘extinction neurons’ appear to be reciprocally
connected to the mPFC (Herry et al. 2008). The neuro-
nal targets of these connections within the mPFC are not
yet known; however, these data provide strong support
for an active role of the mPFC in both fear conditioning
and extinction. As described above, neurons in the BLA
are not a homogeneous population but contain different
types of both principal neurons and interneurons. The
projection patterns of mPFC inputs to the BLA, the cells
they innervate, and the functional consequences of the
different projections are still to be characterized, but future
studies will no doubt delineate how these circuits interact
during fear learning and extinction.

Fear conditioning results in activation of a population
of neurons in the BLA thought to drive neurons in the
lateral CeA, resulting in disinhibition of neurons in the
medial CeA. In this scenario, following extinction, BLA
fear neurons show a reduction in response to the CS
(Herry et al. 2008), indicating that physiological changes
within the BLA are required during extinction (Fig. 2).
However, a second mechanism of extinction has also
been proposed. Between the BLA and CeA, the ITC
neurons form a cluster of GABAergic neurons that mediate
feed-forward inhibition that inhibits output of the CeA
(Royer et al. 1999). Several lines of evidence indicate
that following extinction training, ITC neurons are driven
by mPFC projections, inhibiting the output of the CeA
and providing a second mechanism of extinction. First,
anterograde tracer injections in both primates (Freedman
et al. 2000) and rodents (McDonald et al. 1996; Pinto &
Sesack, 2008) have shown terminal projections near the
ITC clusters. Moreover in vivo recordings have shown that
ITC neurons can be driven by ILPFC stimulation (Amano
et al. 2012). Secondly, ITC neurons show enhanced cFOS
expression following extinction, suggesting their activity
during extinction. Thirdly, selective lesions of ITC neurons
result in deficits in extinction (Likhtik et al. 2008). Finally,
stimulation of the mPFC results in a reduction in BLA
evoked output from the CeA (Quirk et al. 2003). Together,
these results have led to a model in which activation of
ITC neurons by a combination of input from the BLA and
ILPC inhibits output CeA neurons following extinction,
training, thereby reducing the response to the CS (Likhtik
et al. 2008; Ehrlich et al. 2009; Amano et al. 2010; Pare
& Duvarci, 2012). However, a recent publication has

suggested that afferents from the ILPFC do not, in fact,
innervate ITC neurons (Pinard et al. 2012). The reason for
differences between this recent report and previous studies
are currently not clear.

Conclusions

Fear conditioning and extinction are two well-preserved
learning paradigms present in all mammalian species
and involve the storage, consolidation and retrieval of a
memory trace. It is widely believed that unravelling the
mechanisms that underlie these behaviours will provide
a more detailed understanding of learning and memory
formation in the mammalian brain. The functional
similarity between fear and anxiety disorders, and the
fact that extinction recapitulates treatment strategies
for these disorders, suggests that understanding the
mechanisms that underpin these behaviours will lead to
the development of treatments for human anxiety-related
disorders. The neural circuits that mediate these two
behaviours and the synaptic, biochemical and genetic
changes that accompany them are beginning to be under-
stood; however, there are clearly many gaps in our
understanding.

While the amygdala and its intrinsic components have
been placed at the centre of circuits mediating fear
behaviour, it has become evident that the bed nucleus of
the stria terminals (BNST), another subcortical structure,
may also play a major role. The BNST and the central
amygdala have very similar cell types (McDonald, 1983)
and share many afferent and efferent connections (Alheid
et al. 1995). Thus, the BNST receives inputs from the
basolateral amygdala (Walker et al. 2009) and prefrontal
cortex (Radley et al. 2009), and projects to many of
the same brainstem structures as the central amygdala.
Moreover, a converging body of evidence suggests that
while outputs from the central amygdala are involved in
the phasic components of the fear response, the BNST
mediates the sustained components (Walker et al. 2009).
As clinical anxiety appears to be more akin to a sustained
fear response, these findings raise the possibility that while
the immediate response to threats are mediated via the
CeA, sustained responses, as seen in anxiety and stress,
may be mediated via the BNST. However, as compared
to the CeA, the neural circuits within the BNST and the
properties and roles of its afferent and efferent connections
are little understood. The rapid development of imaging
and optogenetic techniques to probe these circuits will no
doubt guide a rapid understanding of these very inter-
esting behaviours.
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