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Over the past years, numerous studies have provided a

clear understanding of the neuronal circuits and mecha-

nisms involved in the formation, expression and extinc-

tion phases of conditioned cued fear memories. Yet,

despite a strong clinical interest, a detailed understand-

ing of these memory phases for contextual fear mem-

ories is still missing. Besides the well-known role of

the hippocampus in encoding contextual fear behavior,

growing evidence indicates that specific regions of the

medial prefrontal cortex differentially regulate contex-

tual fear acquisition and storage in both animals and

humans that ultimately leads to expression of contex-

tual fear memories. In this review, we provide a detailed

description of the recent literature on the role of dis-

tinct prefrontal subregions in contextual fear behavior

and provide a working model of the neuronal circuits

involved in the acquisition, expression and generaliza-

tion of contextual fear memories.
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Coping with threatening contexts or discrete stimuli is crit-
ical for the survival of numerous animal species, yet the
underlying neuronal circuits remain largely unknown. In clin-
ical populations, altered emotional regulation is associated
with functional changes in neuronal circuits of patients with
anxiety or trauma-related psychiatric conditions, such as
post-traumatic stress disorder (PTSD), (Indovina et al. 2011;
Pitman et al. 2012; Rougemont-Bucking et al. 2011; Shin et al.
2005). A hallmark symptom of PTSD is ‘re-experiencing’,
which is an emotional response that can occur when an
individual is reminded of the traumatic event by exposure to
a sensory cue that was present during, or even resembles,
the original trauma. In view of the powerful control that

trauma-related cues have on re-experiencing, it is believed
that during a traumatic event, sensory elements contained
in the environment are combined to form a single context
and become associated with the emotional experience itself.
Additionally, the brain structures that are functionally altered
in PTSD patients largely overlap with circuits that are respon-
sible for fear learning and expression (Shin & Handwerger
2009; Vanelzakker et al. 2014). As such, how specific neu-
ronal circuits support associative learning during aversive or
traumatic events, their role in the generation, and regulation
of fear- and anxiety-related behaviors in the presence of
trauma-related stimuli, is essential for an understanding of
the development of anxiety disorders.

In the laboratory, contextual fear conditioning has been
a useful model for studying the neural circuits of associa-
tive learning processes. In its most basic form, this Pavlo-
vian learning paradigm consists of the association between
a context and a mild electric footshock, referred to as the
unconditioned stimulus (US). In contrast to the tone fear
conditioning paradigm, where a discrete tone conditioned
stimulus (CS) is paired with footshock, contextual fear condi-
tioning is the pairing of footshock with a context that contains
several stable sensory stimuli. These stable environmental
stimuli, herein referred to as feature components, are bound
together to form a conjunctive representation of the context
(Mcclelland et al. 1995) that becomes associated with the US
(Rudy & O’reilly 1999). Importantly, context is not necessarily
restricted to a multisensory conjunctive representation; inte-
roceptive stimuli, temporal properties and social settings can
also be incorporated into context (Maren et al. 2013).

Even a single pairing of the context and US produces
a range of conditioned fear responses when the animal
is re-exposed to the context, including an innate immobi-
lization response in rodents termed ‘freezing’ (Blanchard &
Blanchard 1969). The freezing conditioned response (CR) is
a behavioral measure supported by a long-lasting associative
memory that depends on activity-dependent plasticity mech-
anisms (Fanselow & Kim 1994; Maren et al. 2003; Sindreu
et al. 2007). Although other behavioral paradigms, such as
fear-potentiated startle (Davis et al. 1993), or eyeblink con-
ditioning (Freeman & Steinmetz 2011), have been developed
to study the neural circuits underlying emotional memories,
several studies on contextual fear conditioning used freezing
as a behavioral measure of the context-US association. For
this reason, the main focus of this review will be restricted
to experimental data using freezing as an index of contextual
fear conditioning.
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Pavlovian conditioning with aversive USs has been exten-
sively investigated and some of the necessary brain regions
for this type of associative learning have been identified. In
particular, the basolateral amygdala (BLA) and central nucleus
of the amygdala (CeA) are repeatedly implicated in contextual
and cued fear acquisition and expression (Ciocchi et al. 2010;
Ehrlich et al. 2009; Gale et al. 2004; Maren 2001; Muller et al.
1997; Phillips & Ledoux 1992). However, contextual fear con-
ditioning also depends on the hippocampus (HPC).

The HPC is thought to be critical for contextual process-
ing (Anagnostaras et al. 2001; Maren et al. 2013; Rudy 2009)
and appears to be exclusively engaged during contextual, but
not tone, fear conditioning (Kim & Fanselow 1992; Phillips
& Ledoux 1992; Phillips & Ledoux 1994). In the intact ani-
mal the dorsal hippocampus (dHPC) is necessary for the
encoding the conjunctive representation of the context, as
lesions administered after contextual fear conditioning impair
memory retrieval (Biedenkapp & Rudy 2009; Lehmann et al.
2009; Maren et al. 1997; Wiltgen et al. 2006). Specifically the
dorsal region containing the dentate gyrus (DG) is neces-
sary for contextual encoding (Kheirbek et al. 2013), a process
that occurs automatically (Good et al. 1998). Interestingly, the
dHPC is not the only region encoding contextual information,
as dHPC lesions administered before contextual fear condi-
tioning do not greatly affect freezing (Biedenkapp & Rudy
2009; Maren et al. 1997; Wiltgen et al. 2006). These find-
ings indicate that multiple structures can encode the feature
components of contextual representations during condition-
ing, but under normal circumstances the dHPC plays a dom-
inant role.

Given the dominance of the dHPC in contextual encod-
ing, the ontogeny of contextual fear conditioning has been
examined with regard to HPC functional maturation. The
expression of contextual fear in mice emerges from postnatal
days 13–14 and becomes persistent between postnatal days
16–30 (Akers et al. 2012). In rats, contextual fear memories
are formed at postnatal day 23–24 and are HPC-dependent
(Raineki et al. 2010; Rudy 1993). Because shortly following
birth the balance of excitatory/inhibitory neurotransmitters,
maturation of synaptic plasticity mechanisms, and granule
cell neurogenesis in the HPC are still underway, the adoles-
cent HPC may not be able to support contextual fear memo-
ries (Raineki et al. 2010). However, the ontogeny of contextual
fear memory may not exclusively depend on HPC function
per se, but also on the formation of a context-US association,
which requires functional maturity of multiple brain regions,
such as the amygdala (Akers et al. 2012; Foster & Burman
2010).

Indeed, the HPC and amygdala are functionally connected
as measured by local field potentials (LFPs) and within these
regions neuroplasticity mechanisms are engaged during both
contextual fear conditioning and expression (De Oliveira
Coelho et al. 2013; Huff & Rudy 2004; Lesting et al. 2011;
Maren & Hobin 2007; Trifilieff et al. 2007). Although the roles
of the BLA, CeA and dHPC have been well-documented in
contextual fear behavior, they are likely part of a larger neural
circuit supporting contextual fear conditioning, as other struc-
tures are also necessary for the acquisition and expression of
conditioned freezing.

An additional structure that has been investigated in contex-
tual fear conditioning is the medial prefrontal cortex (mPFC).
Indeed, a number of studies have attributed a variety of func-
tions to the mPFC that lend this structure well to the control
of fear behavior, including emotional regulation (Pitman et al.
2012; Roy et al. 2012), decision making (Euston et al. 2012),
threat responsivity (Wood et al. 2012) and context encod-
ing (Hyman et al. 2012). Experiments using Pavlovian tone
fear conditioning have extensively investigated the role of
the mPFC in the acquisition and expression of conditioned
freezing (Courtin et al. 2013; Sotres-Bayon & Quirk 2010).
However, the contribution of mPFC neuronal elements and
mechanisms to various aspects of contextual fear behavior is
still largely unknown. In this review we will first document
the relevant anatomy of the mPFC as it relates to contextual
fear. Next, we will highlight the functional role of the mPFC
in contextual fear conditioning, expression, generalization and
extinction. Lastly, we will conclude with a proposal of a gen-
eral schema of how the mPFC participates in contextual fear.

Functional anatomy of the mPFC related
to contextual fear conditioning

Over the past years there has been animated discussion
about mPFC homology between animal species, in part
due to cytoarchitectonic and hodological differences among
species. Nowadays, it is commonly accepted that the rodent
mPFC can be divided into four distinct areas which are,
descending from the most dorsal region, the medial precen-
tral cortex (PrCm), the anterior cingulate cortex (AC, dorsal
and ventral part), the prelimbic cortex (PL) and the infral-
imbic cortex (IL) (Krettek & Price 1977; Matyas et al. 2014;
Ray & Price 1992; Van De Werd et al. 2010; Van Eden &
Uylings 1985). The mPFC can be functionally separated into
the PrCm and AC areas, which regulate various motor behav-
ior, whereas PL and IL are implicated in emotional, mnemonic
and cognitive processes (Heidbreder & Groenewegen 2003).
PL and IL can be separated using cytoarchitectural criterion
such as the wideness of layer II, which is characteristic of the
IL subregion (Krettek & Price 1977; Matyas et al. 2014; Ray
& Price 1992; Van De Werd et al. 2010; Van Eden & Uylings
1985). Furthermore, based on their differing target structures,
the PL has been implied in emotional regulation and cognitive
processes whereas the IL is more particularly involved in the
regulation of visceral and autonomic functions (Vertes 2006).

Concerning hodological features, tracing experiments have
reported that the mediodorsal nucleus of the thalamus (MD)
is bidirectionally connected with the mPFC. More precisely,
the medial segments of the MD preferentially contact the
IL and PL, whereas its lateral segments more often contact
the AC and PrCm (Groenewegen 1988; Uylings & Van Eden
1990). These projections are mostly ipsilateral and terminate
in layers I/III of the mPFC (Kuroda et al. 1993). The mPFC
also receives massive inputs emanating from the BLA that
terminate in the ventral AC, PL and IL. The mPFC projects
back to both the BLA and the CeA (Mcdonald et al. 1996).
However, the IL and PL display differences in the nuclei they
preferentially contact. The IL is highly connected with lateral
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capsular, where the intercalated cell mass (ITC) is located,
and the lateral amygdaloid nuclei (LA). In contrast the AC
and PL project mostly to the basal nucleus of the amygdala
(BA) (Hoover & Vertes 2007; Krettek & Price 1977; Mcdonald
1991; Shinonaga et al. 1994). Additionally, the mPFC also
shares reciprocal connectivity with the ventral tegmental area
(Thierry et al. 1973), the basal ganglia (Groenewegen et al.
1997) and the dorsal and lateral regions of the periaqueductal
gray (PAG) matter (Gabbott et al. 2005).

The mPFC also projects to other cortical areas such as the
paralimbic cortex, which sends reciprocal projections back to
the ventral AC, PL and IL and the somatosensory and motor
cortices that primarily contact the PrCm and dorsal AC. The
mPFC receives ipsilateral inputs from the ventral HPC (vHPC)
(CA1 region and subiculum) that terminate in layers I/III of the
PL and IL, with sparse inputs from the dHPC (Cenquizca &
Swanson 2007; Hoover & Vertes 2007; Jay & Witter 1991).
Interestingly, there are no direct projections from the mPFC
to HPC. However the mPFC indirectly projects to the HPC via
the nucleus reuniens of the thalamus (NR), which serves as a
major source of thalamic input to the HPC (Varela et al. 2014;
Vertes et al. 2007). The mPFC can also indirectly influence
the HPC via projections to the entorhinal cortex, the MD or
the amygdala (Vertes 2006). Finally, the mPFC also contains
important internal connections, with the PL projecting to the
ventral AC and the IL region projecting preferentially to the
PrCm and dorsal AC (Hoover & Vertes 2007; Sesack et al.
1989).

Identifying how dedicated neuronal circuits regulate
fear behavior has recently gained insight from functional
anatomical analyses combining both immediate early gene
expression (IEG) and anatomical tracing approaches. The
first innovative approach used transgenic rats expressing a
PSD-95 Venus fusion protein under the control of a c-Fos
promoter that was targeted to dendrites using the PSD-95
and 3′-UTR of Arc mRNA. Since PSD-95 is a major com-
ponent of postsynaptic densities, and Arc UTRs contain
dendrite-localizing sequences, Venus rats allow for fluores-
cent tagging of the dendrites and synapses of activated
neurons following c-Fos induction. In conjunction with
anterograde tracer injections in distinct neuronal regions,
this anatomical technique also allows for the examination
of discrete inputs onto the cell bodies and dendrites of
IEG-activated neurons.

Interestingly, a recent study using these approaches
demonstrated that during the retrieval of extinction memory,
the dominant inputs to c-Fos activated neurons in the LA
were from the IL, whereas recovery of fear memory was
associated with c-Fos active neurons receiving inputs from
the PL and the vHPC (Knapska et al. 2012). These data
strongly suggest that fear recovery depends on contextual
inputs from the HPC to the mPFC, a hypothesis that has
received some experimental support (see the section below
Role of the mPFC in encoding context specificity of fear
extinction).

Another approach to identify how specific neuronal cir-
cuits regulate fear behavior came from antidromic and ortho-
dromic electrical stimulation preformed after recording from
neuronal populations involved in fear behavior. The motiva-
tion of these experiments was to identify the inputs and

outputs of previously recorded neurons during fear behav-
ior. This approach, first described in the BLA, demonstrated
that BLA neurons activated during high fear behavior (the
so-called ‘fear neurons’) receive inputs from the vHPC and
project to the mPFC. In contrast, neurons activated dur-
ing extinction learning (the so-called ‘extinction neurons’)
receive inputs and project to the dorsal mPFC (Courtin et al.
2014, Herry et al. 2008). More recently, Courtin et al. (2014),
used the same approach to demonstrate that mPFC neu-
rons activated during presentations of conditioned tones,
preferentially project to the BLA. Furthermore, recent tech-
nical advances have allowed the use of optogenetics to
identify functional neuronal circuits by generating antidromic
spikes following short stimulations of neurons containing
light-activated opsins (Jennings et al. 2013). Future studies
are required to determine if these functional anatomical
approaches can be used to evaluate the role of mPFC cir-
cuits in contextual fear behavior. Given the connections that
we describe above, the mPFC is ideally positioned to receive
and modulate spatial and limbic information from struc-
tures throughout the brain and implicated in contextual fear
behavior.

Involvement of the prefrontal cortex in the
acquisition of contextual fear behavior

In addition to the well-established involvement of the HPC
in contextual fear conditioning (Biedenkapp & Rudy 2009;
Kheirbek et al. 2013; Kim & Fanselow 1992, Maren et al. 2013,
Phillips & Ledoux 1992, Phillips & Ledoux 1994, Rudy 2009),
a number of studies in both humans and animals have also
identified the mPFC as playing a key role in the acquisition,
expression and extinction of contextual fear behavior. These
findings are extensively reviewed in the following sections.

The functional role of the mPFC in contextual fear condi-
tioning has long been assumed given its role in emotional
regulation (Charney 2004; Kim et al. 2011a; Quirk & Beer
2006; Wager et al. 2008). However, a complete understand-
ing and schema of the distinct prefrontal regions involved in
contextual fear behavior remains to be formulated. Clinical
studies using functional magnetic resonance imaging (fMRI)
have demonstrated that the prefrontal cortices, primarily the
subgenual AC, are engaged during acquisition and expression
of contextual fear conditioning (Alvarez et al. 2008; Lang et al.
2009; Marschner et al. 2008; Pohlack et al. 2012). Interest-
ingly, Alvarez et al. (2008) showed that during context con-
ditioning, activation of the prefrontal cortex was negatively
correlated to amygdalar activity, as has been documented
in other clinical imaging studies investigating anxiety- and
phobia-related disorders (Hahn et al. 2011; Kim et al. 2011b;
Milad et al. 2006).

Converging evidence in clinical populations demonstrates
that at the very least the prefrontal cortex and amygdala
interact during contextual fear expression. However, to under-
stand the necessary functional connectivity between struc-
tures, the specific cell types contained in circuits supporting
fear behavior, and the patterns of neuronal activity occurring
during fear acquisition, additional approaches are required.
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Recent findings in rodents using IEG analyses, lesions or
inactivation studies have provided important data on mPFC
functions during contextual fear conditioning.

In one study using contextual fear conditioning, c-Fos
protein expression following fear acquisition was exam-
ined in the AC, but no elevations in c-Fos were observed
(Goshen et al. 2011). Another study testing the causality
of c-Fos expression following fear acquisition found that
suppression of c-Fos mRNA before fear acquisition did
not alter contextual-based freezing in rats that received
tone-footshock conditioning (Morrow et al. 1999a). Although
this study was not specifically designed to assess context
fear, it provides evidence that elevated c-Fos expression
in the mPFC following acquisition is not directly related to
context-conditioned freezing. Consistent with the mPFC and
HPC anatomical connections described above, the mPFC
has been implicated in the encoding of contextual informa-
tion. Recent experiments examining cytoplasmic and nuclear
labeling of Arc mRNA, reinforced the idea that the mPFC
is involved in the acquisition of contextual fear memories.
Indeed, context exposure as well as the context-US associa-
tion activated the PL, but not IL. These findings provide evi-
dence that the PL may serve as a structure where information
from the BLA and dHPC is combined following conditioning
(Zelikowsky et al. 2014). However, whether the mPFC is nec-
essary for contextual fear acquisition is open to question.

In particular, electrolytic or pharmacological lesions of
the mPFC before contextual fear expression had either no
effect on conditioned freezing (Antoniadis & Mcdonald 2006;
Baran et al. 2010; Bissiere et al. 2008; Chang & Maren 2010;
Fernandez Espejo 2003; Gewirtz et al. 1997; Holson 1986;
Morgan et al. 1993; Morrow et al. 1999b; Zelinski et al. 2010)
or increased freezing (Lacroix et al. 2000; Morgan & Ledoux
1995). Although lesions can be performed within the dor-
sal/ventral axis of the mPFC to produce dissociations in con-
ditioned freezing (Morgan & Ledoux 1995), one limitation of
lesioning is that non-neuronal tissue is destroyed and in the
case of electrolytic lesions, downstream targets may also be
negatively affected due to the supraphysiological stimulation
associated with this method. Additionally, following lesioning,
structures that typically do not support memory encoding can
compensate for loss of function (Biedenkapp & Rudy 2009).

Recently, refined molecular techniques that either com-
pletely block synaptic transmission using recombinant adeno-
associated virus (AAV)-mediated expression of tetanus-toxin
light chain (TetTox), or that disrupt the kinetics of neuro-
transmitter release using an AAV-mediated knockdown of the
Ca+2 sensor synaptotagmin-1 (Syt1), were used to investi-
gate the role of the mPFC in contextual fear acquisition. A few
weeks before training, mice received infusions of AAV encod-
ing either TetTox or Syt1 locally in the mPFC. The authors
demonstrated that neither complete blockade, nor impaired
synaptic transmission, in the mPFC during memory acquisi-
tion affected conditioned freezing during the test phase (Xu
et al. 2012). Although these studies suggest that the mPFC
is unnecessary for contextual fear conditioning, it is still pos-
sible that the long treatment period necessary to reduce
synaptic transmission resulted in compensatory mechanisms
that might have masked the contribution of the mPFC in con-
textual fear acquisition. Moreover, the irreversibility of these

methods does not allow the dissociation of mPFC function
during acquisition and expression phases.

Reversible inactivation of the mPFC during contextual fear
acquisition using pharmacological agents has yielded more
consistent findings. When considering specific subregions of
the mPFC, the AC appears to be necessary for the acqui-
sition of contextual fear. Indeed, injection of the GABAA
receptor agonist muscimol into the AC before conditioning
reduced context-conditioned freezing (Tang et al. 2005). Addi-
tionally, given the role of the N-methyl-D-aspartate (NMDA)
receptor subtype 2B (NR2B) in long-term memory forma-
tion (Plattner et al. 2014), the NR2B antagonist Ro25-6981
was administered to determine whether the AC was nec-
essary for contextual fear memory consolidation. Adminis-
tration of Ro25-6981 immediately before fear conditioning
reduced conditioned freezing during the test phase (Einars-
son & Nader 2012; Zhao et al. 2005). Additionally, virally medi-
ated disruption of learning-induced dendritic spine growth in
the AC during memory consolidation reduced context freez-
ing during the test phase (Vetere et al. 2011). Together these
studies suggest that in addition to a global role in contextual
fear memory formation, the AC may be preferentially involved
during the consolidation phase.

Manipulations of other mPFC regions have yielded mixed
findings. For instance, pharmacological inhibition of the PL
with tetrodotoxin during fear conditioning did not alter con-
textual fear expression the following day (Corcoran & Quirk
2007). However, optogenetic manipulation of the PL and IL
during fear acquisition has yielded different findings. Interest-
ingly, extended periods of optogenetic-induced inhibition of
CaMKII-positive, but not parvalbumin-positive, neurons with
stable step-function opsins immediately before fear condi-
tioning, blocked context-conditioned freezing the following
day (Yizhar et al. 2011). Taken together, these findings indicate
that the AC is likely activated during acquisition of contextual
fear memories and is required for memory encoding (Fig. 1a).
However, the participation of other mPFC regions during fear
acquisition remains to be elucidated.

Involvement of the prefrontal cortex in the
expression of contextual fear behavior

Functional anatomy studies have provided an interesting
insight into the regional specificity of mPFC activation dur-
ing fear expression. Following contextual fear conditioning
c-Fos immunoreactivities in the PL, IL or AC were significantly
elevated in rats trained and tested in the conditioning con-
text (Albrechet-Souza et al. 2013; Almada et al. 2009; Beck &
Fibiger 1995; Fujisaki et al. 2004; Lemos et al. 2010). Addition-
ally, relatively few context-US pairings also produced signifi-
cant increases in c-Fos immunoreactivity during the first test
of contextual fear conditioning in the ventral PL and IL regions
(Do-Monte et al. 2010). However, others have reported no sig-
nificant changes in c-Fos expression among PL, IL and AC
subregions one day after conditioning, during fear expression
(Tulogdi et al. 2012).

Besides c-Fos, expression of other IEGs has been corre-
lated with contextual fear expression. For instance, Zif268,
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Figure 1: Neuronal circuits mediating contextual fear acquisition, expression and generalization. (a) Contextual fear acquisition
requires a representation of the environment within the CA1 region of the ventral hippocampus. This contextual information is then
relayed to the basolateral and central nuclei of the amygdala (BLA/CeA), a structure of the medial temporal lobe involved in the formation
of context-US associations. Contextual fear acquisition has also been shown to depend on dorsal medial prefrontal (dmPFC) regions,
including the AC, which is known to receive inputs from the ventral CA1. Output circuits involved in the genesis of conditioned fear
responses include projections from the AC or AMG to the ventrolateral periaqueductal grey (vlPAG). (b) Contextual fear expression has
been shown to be dependent on the prelimbic region (PL) of the dmPFC, which receives inputs from both the ventral CA1 and the
BLA. Output circuits involved in the genesis of conditioned fear responses include projections from the PL or BLA/CeA to the vlPAG.
(c) Contextual fear discrimination has been shown to strongly depend on precise contextual representations provided by a reciprocal
circuit between the ventral CA1, the PL, and the NR, which projects back to the hippocampus. Alterations within this circuit leads to
fear generalization in non-conditioned contexts. The expression of fear generalization might involve direct projections from the PL to the
vlPAG or indirect connections through the BLA/CeA. Red arrows and letters indicate structures and projections involved during specific
contextual fear memory phases. Gray arrows and projections indicate hypothesized functional connectivity during specific contextual
fear memory phases.
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or early growth response gene 1 (Egr-1), mRNA and protein
expression was elevated in the AC and PL following context
fear retrieval (Stern et al. 2014; Thomas et al. 2002). However,
others have reported no changes in Egr-1 protein expres-
sion following context fear expression (Fujisaki et al. 2004).
In a related paradigm to classic contextual fear conditioning,
the context pre-exposure facilitation effect, elevated zif268
mRNA was observed in the IL and PL during fear expression
in rats pre-exposed to the conditioning context (Asok et al.
2013). Moreover, zif268 knockout mice exhibited decreased
levels of context-conditioned freezing (Besnard et al. 2013).
However, it is not clear whether elevated IEG expression
in the mPFC during memory retrieval supports conditioned
freezing per se, as opposed to memory recall, updating or
reconsolidation processes.

Studies using reversible pharmacological inactivation of the
mPFC during fear memory recall suggest a regional speci-
ficity within the mPFC that is responsible for conditioned
freezing. For example, inactivation of the AC and PL with
lidocaine immediately before retrieval of context fear mem-
ory did not alter behavioral freezing when mice were tested
24 h after conditioning (Frankland et al. 2004). Alternatively,
inactivation of the PL with tetrodotoxin, or the PL and IL
with muscimol, immediately before fear expression greatly
reduced context freezing (Corcoran & Quirk 2007; Laurent
& Westbrook 2008). Additionally, bilateral injection of the
sodium channel inhibitor bupivacaine into the dorsal mPFC
during retrieval/expression also reduced contextual freezing
(Stevenson 2011). Although the findings reviewed above do
not necessarily support each other, they generally support
the notion that the PL is likely implicated in the expression
of contextual fear memories (Fig. 1b).

The use of more temporally precise techniques of neu-
ronal inhibition, such as light-induced neuronal inhibition fol-
lowing infection of CaMKII-positive cells in the AC with the
light-controllable opsin, halorhodopsin (NpHr), has recently
contributed to our understanding of how the mPFC might
be involved in expression of context-conditioned fear. In this
study, contextual freezing was unaltered by light-induced inhi-
bition of the AC when animals were conditioned 24 h ear-
lier (Goshen et al. 2011). Expanded use of temporally precise
optogenetic manipulations is needed to disentangle the func-
tional pathways of the AC, IL and PL during contextual fear
expression. Moreover, cell type specific optogenetic manip-
ulations using transgenic mice will be extremely valuable in
understanding how inhibitory and excitatory neurons interact
in the mPFC during contextual fear expression.

Studies using in vivo electrophysiological recordings in the
mPFC of behaving mice during contextual fear expression
are less numerous. One reason for the paucity of record-
ings in behaving animals during contextual fear expression
is perhaps the absence of discrete conditioned stimuli to
which one can correlate unit firing patterns. Despite this
potential limitation, single units were recorded in the PL
and IL of rats during presentation of a fear-conditioned con-
text (Baeg et al. 2001). The authors found decreased fir-
ing rates in approximately half of the units they recorded
when the rat was placed in the conditioning context. Inter-
estingly, a separate population of units increased their firing
rates during exposure to the fear-conditioned context. These

heterogeneous neuronal responses during exposure to the
shock-conditioned context suggest a number of interesting
possibilities. For example, the mPFC may be composed of
two discrete neuronal circuits that independently support the
initiation of freezing and the cessation of freezing. Another
possibility, which is not mutually exclusive from neural cir-
cuits coding for contextual freezing, is an mPFC circuit that
processes contextual information in concert with the HPC
(Hyman et al. 2012; Zelikowsky et al. 2014).

Although the above data provide an insight into the pre-
frontal neuronal circuits mediating contextual fear behavior,
further work is required to precisely understand the condi-
tions in which the mPFC becomes activated during contextual
fear expression/recall, and the functional connectivity that it
shares with other structures such as the dHPC and BLA.
Additionally, the development of behavioral paradigms that
manipulate the context (Jezek et al. 2011) will be critical in
advancing our understanding of the neuronal circuits and ele-
ments that support contextual fear conditioning.

The mPFC and recent and remote contextual
fear expression

As mentioned above, the dHPC is critical for the acquisition
and expression of contextual fear memories. However, many
of the investigations supporting this claim have tested for
contextual fear memory retrieval one day after conditioning.
Interestingly, in humans, it has been observed that damage to
the hippocampal formation produces temporally graded retro-
grade amnesia, particularly of context-dependent memories
(Squire & Alvarez 1995). These findings suggest that with
the passage of time, memory retrieval becomes independent
of HPC input, a phenomenon termed systems consolida-
tion. The field of systems consolidation has been discussed
previously (Dudai 2012; Frankland & Bontempi 2005; Suther-
land et al. 2010) and a complete reappraisal falls outside the
scope of this review. However, pertinent to this review is
the intriguing hypothesis that retrieval of remote contextual
fear memories becomes dependent upon the mPFC, rather
than the dHPC. For example, retrieval of a remote contex-
tual fear memory elevated expression of c-Fos and zif268
in the mPFC, whereas levels of these IEGs were decreased
in CA1 (Frankland et al. 2004; Goshen et al. 2011). Addition-
ally, contextually conditioned freezing was impaired follow-
ing microinjections of either lidocaine or the AMPA/kainate
receptor antagonist CNQX into the AC, but not PL, at least 18
days after fear conditioning (Einarsson et al. 2014; Frankland
et al. 2004). In agreement, when AC CaMKII-positive cells
were infected with NpHr and light-induced neuronal inhibition
was performed during contextual fear expression, remote,
but not recent, context fear memory was impaired. Interest-
ingly, when NpHr was transduced into CaMKII-positive cells
in the dorsal portion of CA1, light-induced inhibition impaired
both recent and remote contextual fear memories (Goshen
et al. 2011). These optogenetic experiments indicate that con-
textual fear memories continually depend upon the dHPC
for retrieval, but with the passage of time, recall of these
traces requires assistance from the AC. As mentioned above,
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it appears that for recent memories, activation of the AC is
less critical, as compared to the PL and IL.

Role of the mPFC in contextual fear
generalization

The mPFC receives rich projections from the ventral CA1 and
as such, it has been implicated in contextual encoding and/or
memory (Hyman et al. 2012; Lee & Solivan 2008; Zelikowsky
et al. 2014). In light of its connectivity with the HPC and
amygdala, the mPFC may serve as a structure that regulates
emotion depending on contextual information. Additionally,
functional imaging studies examining activity in the prefrontal
cortex and amygdala in patients with PTSD have led to the
proposal that reduced activation of the ventral mPFC (vmPFC)
is associated with an inability to regulate fear and anxiety
(Kim et al. 2011b; Pitman et al. 2012; Rougemont-Bucking
et al. 2011), and thereby could be critical for regulating fear
generalization. Generalization has been extensively studied
using a variety of behavioral paradigms (Honig & Urcuioli
1981; Mclaren & Mackintosh 2002; Pavlov 1927; Rohrbaugh
& Riccio 1968, Shepard 1987) and the results of these studies
have provided information about the breadth of functional
control that a CS has over a behavior.

Typically, a generalization paradigm consists of condition-
ing an organism to behaviorally respond to a CS. Then, the
organism is presented with several stimuli that more or less
physically resemble the CS and a generalization gradient is
plotted. Gradients are often defined by their slope and are
commonly qualitatively described as either ‘flat’ or ‘steep’.
Here, a flat generalization gradient refers to a similar level of
behavior/response between the CS and test stimuli. Alterna-
tively, a steep generalization gradient refers to a large reduc-
tion in behavior/response to the test stimuli, in comparison to
the CS. If the subject minimally responds to a test stimulus
during a generalization test, that stimulus can be said to have
good ‘discriminability’ (Honig & Urcuioli 1981).

A number of studies have investigated fear generalization
in human populations. Predictably, the mPFC and amygdala
have been implicated. For instance, studies of fear general-
ization gradients have suggested that the mPFC regulates
emotional responses via its connectivity to the amygdala.
Interestingly, analyses of fMRI BOLD signal during presen-
tation of stimuli that most resemble the original CS revealed
low and high activity in mPFC and BLA, respectively. Con-
versely, during presentation of stimuli that least resemble
the CS, mPFC activity was high and amygdala activity was
low (Greenberg et al. 2013; Lissek 2012). Additionally, corti-
cal thickness and functional connectivity between relevant
neural structures have been correlated to fear generalization
gradients (Cha et al. 2014). Indeed, higher levels of ventral
mPFC thickness were associated with steeper generaliza-
tion gradients. Interestingly, increased functional connectivity
between the vmPFC and amygdala was associated with flat
generalization gradients. As the authors note, this finding was
contrary to another study investigating functional connectiv-
ity of these structures in patients with social anxiety disorder
(Hahn et al. 2011). One limitation of functional connectivity

is that it does not provide information about the direction-
ality of communication between structures. Further studies
are required to understand how functional connectivity and
fMRI BOLD signals are related, and to determine the unique
information that each of these methods can provide to our
understanding of fear generalization gradients.

Together these human imaging studies demonstrated that
the mPFC and amygdala are involved in fear generalization
and that altered signaling between these structures con-
tributes to flat generalization gradients. Importantly, partic-
ipants in these studies were conditioned to a discrete CS,
rather than a context. Currently there are no imaging stud-
ies that have examined contextual fear generalization gradi-
ents with human participants. Future studies are required to
determine whether fear generalization to a context and to a
discrete CS share the same neural structures.

The relationship between the mPFC and contextual fear
generalization has also been studied using rodent models.
Rather than investigating contextual fear generalization gradi-
ents, the following studies examined fear discrimination. That
is, freezing behavior was compared between conditioned and
non-conditioned contexts, rather than comparisons following
multiple tests to gradations of the conditioned context.

Interestingly, pre-training NMDA-induced lesions of the
PL/IL produced similar conditioned freezing between an
unconditioned context and the conditioned context (Anto-
niadis & Mcdonald 2006). Since lesions were made before
conditioning, these findings suggest that the mPFC may par-
ticipate in the acquisition of a precise contextual representa-
tion. However, given the irreversibility inherent with lesions,
the roles of the mPFC in acquisition and expression of precise
contextual fear memory were irresolvable.

Two recent studies using molecular techniques assessed
the role of the mPFC in contextual fear discrimination (Xu
et al. 2012; Xu & Sudhof 2013). As described above, a
number of days before training, the authors stereotaxically
injected an AAV encoding TetTox or Syt1 into the mPFC to
either block or disrupt synaptic transmission, respectively.
Interestingly, mice infected with TetTox or Syt1 froze nor-
mally to the conditioned context, but generalized freezing
to an unconditioned context. In a second study, two weeks
before conditioning the authors expressed TetTox in spe-
cific mPFC pathways using an innovative double infection
strategy. A cre-dependent AAV encoding TetTox was injected
in the mPFC, while a trans-synaptically transported AAV
encoding cre-recombinase was injected in the projection
regions of the mPFC. This double-infection strategy enabled
pathway-specific expression of TetTox. Interestingly, com-
plete blockade of synaptic transmission within the mPFC to
the NR pathway did not alter freezing to the conditioned
context, but produced freezing to an unconditioned context.
Notably, mice similarly expressing TetTox displayed normal
freezing to a previously conditioned tone-CS, and did not gen-
eralize freezing to an altered tone.

However, the irreversibility of these manipulations pre-
vented establishing a specific role of the mPFC or NR dur-
ing contextual fear acquisition or expression. To determine
the role of NR during fear expression, the authors injected
a lentivirus encoding TetTox into the NR two days following
fear conditioning. Now mice did not generalize freezing to
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an unconditioned context. Furthermore, the authors demon-
strated a role of the NR in context encoding of a contextual
fear memory using optogenetic techniques. Pulses of phasic
blue light stimulation at 30 Hz of the NR during contextual fear
conditioning produced freezing to an unconditioned context
during testing the following day.

These studies illustrate that the encoding of precise con-
text representations during contextual fear conditioning relies
on faithful communication between the mPFC and the NR
(Fig. 1c). Future studies using pathway-specific methods of
inactivation are required to determine the role of the mPFC
during expression of contextual fear generalization.

mPFC, hippocampus and context encoding

The mPFC receives rich projections from the hippocampal
formation, primarily from ventral CA1 and subiculum (Cen-
quizca & Swanson 2007; Hoover & Vertes 2007; Jay & Wit-
ter 1991). Indeed, recordings of multiple unit activity within
the mPFC while exposing rats to different contexts revealed
that mPFC units preferentially fire during global contextual
changes (Hyman et al. 2012). Moreover, the firing of a sig-
nificant portion (40%) of mPFC neurons is entrained by HPC
theta rhythm (Siapas et al. 2005). These studies indicate that
mPFC neurons receive, and their activity can be modulated
by, contextual information originating from the HPC.

A vast majority of HPC principal cells are known to have cor-
responding activity to specific environmental locations, the
so-called ‘place cells’. Place cells, which comprise between
30% and70% of hippocampal principal cells (Gothard et al.
1996; Jung et al. 1994), were discovered in the rat dHPC
(O’keefe & Dostrovsky 1971) and have been recorded in
many species, including humans (Ekstrom et al. 2003). These
cells are mostly silent under baseline conditions, but increase
their firing rate when the organism enters a small part of the
environment known as the place field. Different cells have dif-
ferent place fields that are stable across recording sessions
in the same environment. Because they collectively cover the
entire environment, these spatially tuned cells and more gen-
erally the HPC, were considered the key neuronal substrates
for cognitive map development (Tolman 1948).

Now, it is widely accepted that place cell firing is not exclu-
sively sensitive to space, but is also directly modulated by var-
ious factors. Indeed, several studies have shown that place
cells can also encode behavioral choices (Lenck-Santini et al.
2001), conjunction of events (Wood et al. 1999) and episodic
memory (Pastalkova et al. 2008; Smith & Mizumori 2006).
Moreover, place cells can undergo global remapping. This
remapping has been observed when animals detect a change
in the behavioral task and some cells stop firing and other
cells switch their responsive fields (Markus et al. 1995), or as
a more modest ‘rate remapping’ where each place cell retains
its place field but exhibits a different firing rate when the envi-
ronment is modified (Leutgeb et al. 2005). Additionally, place
cells can progressively remap when repeatedly exposed to
two different environments, reflecting discrimination (Lever
et al. 2002). Lastly, instability of place cell firing patterns has
been observed following lesions of mPFC (Kyd & Bilkey 2003;

Kyd & Bilkey 2005), demonstrating that the mPFC modulates
place cell patterns and contributes to their firing specificity.
Thus, qualitatively different modifications of place cell firing
patterns may represent interesting mechanisms for encoding
environmental changes, a phenomenon that is likely to occur
during context-dependent extinction of fear memory and may
require involvement of the mPFC.

Role of the mPFC in encoding context
specificity of fear extinction

It has long been known that fear extinction, a phenomenon
that occurs when the CS (being a tone, a light, odor) previ-
ously paired with a footshock is repeatedly presented without
footshock, is a form of inhibitory learning that is contextu-
ally dependent and leads to progressive reductions in con-
ditioned fear responses (Fanselow & Poulos 2005; Ledoux
2000). A review of several studies suggests that fear extinc-
tion does not result from an erasure of the original CS-US
memory, but rather from the learning of a new CS- (No-US)
association that will compete with the original CS-US asso-
ciation (Bouton 2004). Interestingly, it has been shown that
extinction learning is specific to the context in which it occurs.
As a consequence, following extinction learning, presenta-
tion of the extinguished CS in a context different from the
extinction context, will trigger a full recovery of conditioned
fear responses, a phenomenon known as context-dependent
fear renewal (Bouton 2002, 2004).

From a clinical standpoint, long-lasting recovery of condi-
tioned fear responses following exposure therapies, an ana-
log of extinction learning in humans, is a major obstacle
in the treatment of pathological conditions such as anxi-
ety disorders and PTSD (Yonkers et al. 2003). For example,
Rodriguez et al. studied this return of fear in a systematic
manner on undergraduate students showing spider pho-
bia. They observed a greater recovery of fear when partic-
ipants were tested outside the exposure context. Hence,
although the exposure therapy was successful, extinction of
fear strongly depended on the extinction context (Rodriguez
et al. 1999). The context-dependency of extinction learning
has been confirmed by other human studies, which supports
the similarity of extinction processes between humans and
animals (Alvarez et al. 2007; Milad et al. 2005). For clinical pur-
poses, the understanding of the neuronal circuits involved
in the contextual modulation of fear extinction and renewal
processes represents an important challenge to develop
efficient therapeutic approaches to fear-related pathological
conditions.

Since extinction has been clearly shown to be context-
dependent, scientists have tried to identify brain struc-
tures responsible for encoding the context-dependency
of extinction learning under both normal and pathological
conditions. Imaging studies performed in healthy subjects
suggest that three key regions are involved in extinction
learning: the amygdala, the vmPFC and the HPC. More
specifically, decreased amygdala activity was observed
during early extinction that correlated with conditioned fear
responses, while the magnitude of the vmPFC responses
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during late extinction correlated with extinction learning
(Phelps et al. 2004). On the other hand, Labar et al. observed
that context-dependent fear reinstatement in healthy sub-
jects was disturbed in amnesic patients, indicating the
importance of HPC in contextual modulation of extinction
(Labar & Phelps 2005). In the same line, using fMRI Kalisch
et al. observed that HPC, but also vmPFC, were activated
when a CS was presented in the extinction context, but not
when presented in the conditioning context (Kalisch et al.
2006).

Behavioral studies in humans have revealed that PTSD
patients submitted to a fear conditioning paradigm displayed
altered extinction learning (Blechert et al. 2007; Peri et al.
2000), supporting the hypothesis that symptoms associated
with PTSD results from a deficit in the extinction of the
trauma-related associations. Interestingly, and consistent
with this view, PTSD patients display altered amygdala,
vmPFC and HPC activities (Rauch et al. 2006). Indeed, imag-
ing studies revealed hyper-responsivity of the amygdala
when the traumatic event was recalled (Liberzon et al. 1999)
but also a hypoactivation of the vmPFC and a decreased blood
flow in the HPC (Bremner et al. 1999; Rougemont-Bucking
et al. 2011). Interestingly, Rougement-Bucking and col-
leagues compared PTSD patients with trauma-exposed
subjects that did not develop PTSD, in a contextual
extinction-learning task. They observed that in the con-
ditioning context, which signaled danger, PTSD patients
showed (1) a hyperactivation of the dorsal AC and (2) a
hypoactivation of the vmPFC. Importantly, this pattern of
activity was also present in the extinction context, or safe
context, after extinction learning had occurred. These results
strongly suggest that PTSD patients display altered neuronal
responses to a safe context and supports the view that
PTSD results from altered contextual processing (Liberzon
& Sripada 2008). Overall these results suggest that hyper-
activation of the amygdala would result from an inadequate
regulation by the mPFC as well as decreased HPC function
that may prevent the identification of safe contexts (Rauch
et al. 2006).

Studies performed in rodents have also identified the amyg-
dala, the HPC and the mPFC, as keys structures involved
in extinction learning (Maren & Quirk 2004). Extinction neu-
rons have been recorded in the BLA and have been shown
to display bidirectional connections with the mPFC (Herry
et al. 2008). Because lesion studies demonstrated that the
HPC is necessary to acquire (Phillips & Ledoux 1992) and
retrieve contextual representations (Kim & Fanselow 1992),
one would expect that the HPC is also involved in encoding
context-dependent fear extinction learning. Indeed, rodents
displayed fear renewal regardless of testing context when
the HPC was inactivated during extinction learning (Corcoran
et al. 2005; Sierra-Mercado et al. 2011). Importantly, the
mPFC receives direct projections from the vHPC (CA1,
subiculum) (Mcdonald 1998) and single unit recordings in the
LA revealed that firing patterns of LA neurons were con-
textually modulated (Hobin et al. 2003), a property that was
abolished by HPC inactivation (Maren & Hobin 2007). These
observations led to the conclusion that the HPC encodes con-
text specificity of extinction learning.

A number of studies have also revealed a strong con-
tribution of the mPFC during fear extinction. The first evi-
dence that the mPFC processes fear extinction was given
by Ledoux and colleagues who showed that while this region
was not necessary for the acquisition of fear conditioning, it is
required for extinction learning (Morgan & Ledoux 1995; Mor-
gan et al. 1993). In this study, the authors reported heteroge-
neous results depending on the mPFC subregion that was
lesioned. Indeed, whereas dorsal mPFC lesions increased
freezing responses to both CS and context, during both acqui-
sition and extinction, vmPFC lesions (including ventral PL,
medial orbital cortex and IL) specifically altered extinction
learning. This result was later confirmed by other studies
(Lebron et al. 2004; Morrow et al. 1999b) although some
reports did not find any effect of the lesion (Gewirtz et al.
1997; Morgan et al. 2003). Hence, these data suggested
sub-regional heterogeneity within mPFC, a hypothesis that
was later confirmed.

Indeed, in a seminal study, Quirk et al. (2000), showed
that lesions restricted to the IL, were sufficient to block the
recall of extinction memory 24 h after training while sparing
fear acquisition. Interestingly, IL lesions did not alter within
session, but disrupted between sessions, extinction learning
(Quirk et al. 2000), indicating the IL is specifically involved in
extinction consolidation. In addition, in a series of studies,
the same group observed that (1) IL neurons increased their
activity following extinction learning (Milad & Quirk 2002), (2)
micro-stimulation of this area mimicked extinction learning
(Vidal-Gonzalez et al. 2006), and (3) the molecular cascade
involved in long-term memory consolidation is altered in the
IL after extinction learning (Hugues et al. 2004; Santini et al.
2004). These results strongly indicate that the vmPFC is
involved in the consolidation of extinction memory.

Interestingly, a recent study from the same group indi-
cated that BDNF release in the IL, which originates from
the HPC, mimics extinction learning (Peters et al. 2010). This
study strongly indicates that the HPC-IL pathway is critical
for extinction learning and further suggests a key role of this
pathway in mediating context-dependent modulation of fear
extinction. For instance, in addition to its role during extinction
consolidation, the IL could also be involved in the recall of the
context-CS association. In agreement with this hypothesis,
Morgan et al., observed both altered retention of contextual
fear conditioning and disrupted extinction learning in vmPFC
lesioned rodents (Morgan et al. 2003). Hence, in line with the
Peters et al., results mentioned above, this observation sup-
ports the involvement of the vmPFC in contextual process-
ing. In direct support of this view, it has also been observed
that the facilitation of neuronal activity in the mPFC using
the AMPA receptor potentiator PEPA, or the GABAA recep-
tor antagonist picrotoxin, promotes contextual fear extinction
(Thompson et al. 2010; Zushida et al. 2007). Therefore, the
IL may also contain a circuit responsible for recognizing the
extinction context as a safe context. However the functional
interactions between the IL and PL are not fully understood
and require further investigation to determine how contex-
tual information is integrated into these fear and extinction
circuits within the mPFC.

A possible interaction between mPFC areas during the con-
textual modulation of fear extinction has been suggested by
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the work of Knapska et al., who compared c-Fos expression
in the mPFC between a group of animals that underwent
extinction and a second group that was placed in a new con-
text for fear renewal (Knapska & Maren 2009). The authors
observed opposite patterns of c-Fos protein within the mPFC,
namely, increased c-Fos expression during high fear recov-
ery in the PL of rats that were presented an extinguished
CS in a new context, and increased c-Fos levels during low
fear recovery in the IL of rats that were presented the extin-
guished CS in the extinction context.

However, if both the mPFC and HPC regulate the con-
text specificity of extinction learning as described above,
it remains to be understood how the mPFC interacts with
HPC. As mentioned earlier, a specific class of HPC neurons
called place cells have been extensively studied for their
spatial properties, but very few experiments have evaluated
how their activity is modulated during extinction learning. For
instance, very few studies have investigated how the firing
rate of HPC place cells correlates with fear behavior. Kim et al.
(2007) observed a rate remapping, but no alteration of place
field stability, when rats were submitted to audiogenic stress.
Interestingly, following auditory fear conditioning, Moita et al.
(2003) observed increased activity of HPC place cells to the
CS when the animal was in a place field. In a second study,
the authors confirmed the effect of contextual fear condition-
ing on place cells and observed a partial remapping of place
cells after learning (Moita et al. 2004). From these results,
the authors concluded that place cells also encode the emo-
tional and motivational aspects of the environment. Despite
the well-known role of the HPC and place cells in encoding
the contextual aspects of fear memory, to our knowledge
there is not a single study addressing the role of HPC place
cells in the modulation of context-dependent fear extinction.

It is interesting to note that in the above mentioned studies,
place cells were recorded from the dorsal CA1 subfield of
HPC, yet both the amygdala and mPFC are connected to
ventral CA1 (Mcdonald 1998). Jung et al., observed lower
proportions and less selective place cells in ventral CA1,
compared to place fields in dorsal CA1 (Jung et al. 1994;
Maurer et al. 2005). Altogether, these results lead us to
hypothesize that (1) given its anatomical connections, the
ventral CA1 could be even more sensitive to the emotional
value of the environment and (2) ventral CA1 place cells
might encode contextual information conveyed to the BLA
and mPFC during fear extinction learning.

Altogether, these results from human and animal liter-
atures indicate that extinction learning, which is context-
dependent learning, relies on the interactions of three main
regions: amygdala, HPC and mPFC. Future investigations on
place cell activity during extinction, as well as their influ-
ence on the mPFC, are necessary to understand how PL
and IL interact to encode contextual modulation of extinction
learning.

Conclusions and perspectives

The mPFC is responsible for many functions. In the domain
of emotional regulation, the accumulating evidence reviewed

above suggests that the mPFC plays functional roles in both
acquisition and expression of contextual fear memories. The
known and hypothesized pathways involved in contextual fear
acquisition, expression and generalization are illustrated in
Fig. 1. Encoding of precise contextual fear memories requires
faithful neural communication within a circuit containing the
mPFC and the NR. Although the hippocampus is necessary
for encoding context representations, how place cells con-
tribute to contextual encoding of aversive memories within
this prefrontal-based circuit remains to be delineated. Addi-
tionally, further studies directed at understanding how the
mPFC interacts with the BLA to form fear memories are
required.

The mPFC is also recruited during the expression of
context-conditioned freezing responses. However, future
studies examining the precise pathways responsible for the
expression of contextual fear behavior will likely provide a
more detailed view of the downstream targets of the mPFC,
such as the CeA and the PAG, which are responsible for
the generation of fear behavior within this circuit. Once
more, the contribution of CA1 to the mPFC during contextual
fear expression requires further studies; most interestingly,
identifying whether abnormalities in contextual processing
occur in this circuit during periods of fear generalization.
Additionally, the relationship between the AC and PL dur-
ing fear expression poses an interesting question as it is
unknown how the circuits required for acquisition interact
with the circuits responsible for fear expression. Related to
context fear expression, the neural circuits responsible for
contextual fear extinction remain to be investigated as well.
Interestingly, whether contextual fear extinction recruits
a separate hippocampal-mPFC ensemble that competes
with the original fear conditioning memory trace or if place
cells in the hippocampus undergo remapping remains to
be investigated. Lastly, studies investigating how the PL
and IL interact, and integrate contextual information from
the HPC during fear extinction, are required. Future studies
using temporally precise techniques such as multisite unit
recordings in behaving animals and optogenetic manipula-
tions will contribute to our understanding of the specific
circuits engaged and their interactions during context fear
acquisition, expression and extinction. Additionally, the use
of pathway-specific manipulations, such as optogenetics,
is necessary to determine the interactions between the
mPFC, amygdala and HPC during formation and expression
of aversive memories.

Finally, it is likely that the understanding of the detailed
functional role of dedicated neuronal circuits and elements
within the mPFC, BLA and HPC involved in the regula-
tion of contextual fear behavior will open new therapeutic
avenues for the treatment of anxiety disorders, including
PTSD and other related psychiatric conditions. For instance,
recent non-invasive transcranial magnetic stimulation (TMS)
approaches targeting prefrontal regions have been shown to
modulate cortical inhibition in rodents likely through an action
on different classes of interneurons (Funke & Benali 2011;
Hoppenrath & Funke 2013; Volz et al. 2013) and to reduce
core symptoms of PTSD (Bluhm et al. 2009; Grisaru et al.
1998). Although additional studies are required to fully under-
stand how TMS might reduce PTSD core symptoms within
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mPFC-BLA-HPC circuits, these approaches are very promis-
ing for the treatment of pathological anxiety.

References

Akers, K.G., Arruda-Carvalho, M., Josselyn, S.A. & Frankland, P.W.
(2012) Ontogeny of contextual fear memory formation, specificity,
and persistence in mice. Learn Mem 19, 598–604.

Albrechet-Souza, L., Carvalho, M.C. & Brandao, M.L. (2013) D(1)-like
receptors in the nucleus accumbens shell regulate the expression
of contextual fear conditioning and activity of the anterior cingulate
cortex in rats. Int J Neuropsychopharmacol 16, 1045–1057.

Almada, R.C., Borelli, K.G., Albrechet-Souza, L. & Brandao, M.L.
(2009) Serotonergic mechanisms of the median raphe nucleus-
dorsal hippocampus in conditioned fear: output circuit involves the
prefrontal cortex and amygdala. Behav Brain Res 203, 279–287.

Alvarez, R.P., Biggs, A., Chen, G., Pine, D.S. & Grillon, C. (2008)
Contextual fear conditioning in humans: cortical-hippocampal and
amygdala contributions. J Neurosci 28, 6211–6219.

Alvarez, R.P., Johnson, L. & Grillon, C. (2007) Contextual-specificity
of short-delay extinction in humans: renewal of fear-potentiated
startle in a virtual environment. Learn Mem 14, 247–253.

Anagnostaras, S.G., Gale, G.D. & Fanselow, M.S. (2001) Hippocam-
pus and contextual fear conditioning: recent controversies and
advances. Hippocampus 11, 8–17.

Antoniadis, E.A. & McDonald, R.J. (2006) Fornix, medial prefrontal
cortex, nucleus accumbens, and mediodorsal thalamic nucleus:
roles in a fear-based context discrimination task. Neurobiol Learn
Mem 85, 71–85.

Asok, A., Schreiber, W.B., Jablonski, S.A., Rosen, J.B. & Stanton, M.E.
(2013) Egr-1 increases in the prefrontal cortex following training
in the context preexposure facilitation effect (CPFE) paradigm.
Neurobiol Learn Mem 106, 145–153.

Baeg, E.H., Kim, Y.B., Jang, J., Kim, H.T., Mook-Jung, I. & Jung, M.W.
(2001) Fast spiking and regular spiking neural correlates of fear
conditioning in the medial prefrontal cortex of the rat. Cereb Cortex
11, 441–451.

Baran, S.E., Armstrong, C.E., Niren, D.C. & Conrad, C.D. (2010)
Prefrontal cortex lesions and sex differences in fear extinction and
perseveration. Learn Mem 17, 267–278.

Beck, C.H. & Fibiger, H.C. (1995) Conditioned fear-induced changes in
behavior and in the expression of the immediate early gene c-fos:
with and without diazepam pretreatment. J Neurosci 15, 709–720.

Besnard, A., Caboche, J. & Laroche, S. (2013) Recall and reconsoli-
dation of contextual fear memory: differential control by ERK and
Zif268 expression dosage. PLoS One 8, e72006.

Biedenkapp, J.C. & Rudy, J.W. (2009) Hippocampal and extrahip-
pocampal systems compete for control of contextual fear: role of
ventral subiculum and amygdala. Learn Mem 16, 38–45.

Bissiere, S., Plachta, N., Hoyer, D., McAllister, K.H., Olpe, H.R.,
Grace, A.A. & Cryan, J.F. (2008) The rostral anterior cingulate cortex
modulates the efficiency of amygdala-dependent fear learning. Biol
Psychiatry 63, 821–831.

Blanchard, R.J. & Blanchard, D.C. (1969) Crouching as an index of fear.
J Comp Physiol Psychol 67, 370–375.

Blechert, J., Michael, T., Vriends, N., Margraf, J. & Wilhelm, F.H.
(2007) Fear conditioning in posttraumatic stress disorder: evidence
for delayed extinction of autonomic, experiential, and behavioural
responses. Behav Res Ther 45, 2019–2033.

Bluhm, R.L., Williamson, P.C., Osuch, E.A., Frewen, P.A., Stevens,
T.K., Boksman, K., Neufeld, R.W., Theberge, J. & Lanius, R.A.
(2009) Alterations in default network connectivity in posttraumatic
stress disorder related to early-life trauma. J Psychiatry Neurosci
34, 187–194.

Bouton, M.E. (2002) Context, ambiguity, and unlearning: sources of
relapse after behavioral extinction. Biol Psychiatry 52, 976–986.

Bouton, M.E. (2004) Context and behavioral processes in extinction.
Learn Mem 11, 485–494.

Bremner, J.D., Narayan, M., Staib, L.H., Southwick, S.M., McGlashan,
T. & Charney, D.S. (1999) Neural correlates of memories of child-
hood sexual abuse in women with and without posttraumatic
stress disorder. Am J Psychiatry 156, 1787–1795.

Cenquizca, L.A. & Swanson, L.W. (2007) Spatial organization of direct
hippocampal field CA1 axonal projections to the rest of the cerebral
cortex. Brain Res Rev 56, 1–26.

Cha, J., Greenberg, T., Carlson, J.M., Dedora, D.J., Hajcak, G. &
Mujica-Parodi, L.R. (2014) Circuit-wide structural and functional
measures predict ventromedial prefrontal cortex fear generaliza-
tion: implications for generalized anxiety disorder. J Neurosci 34,
4043–4053.

Chang, C.H. & Maren, S. (2010) Strain difference in the effect of
infralimbic cortex lesions on fear extinction in rats. Behav Neurosci
124, 391–397.

Charney, D.S. (2004) Psychobiological mechanisms of resilience and
vulnerability: implications for successful adaptation to extreme
stress. Am J Psychiatry 161, 195–216.

Ciocchi, S., Herry, C., Grenier, F., Wolff, S.B., Letzkus, J.J., Vlachos,
I., Ehrlich, I., Sprengel, R., Deisseroth, K., Stadler, M.B., Muller, C.
& Luthi, A. (2010) Encoding of conditioned fear in central amygdala
inhibitory circuits. Nature 468, 277–282.

Corcoran, K.A., Desmond, T.J., Frey, K.A. & Maren, S. (2005) Hip-
pocampal inactivation disrupts the acquisition and contextual
encoding of fear extinction. J Neurosci 25, 8978–8987.

Corcoran, K.A. & Quirk, G.J. (2007) Activity in prelimbic cortex is
necessary for the expression of learned, but not innate, fears. J
Neurosci 27, 840–844.

Courtin, J., Bienvenu, T.C., Einarsson, E.O. & Herry, C. (2013) Medial
prefrontal cortex neuronal circuits in fear behavior. Neuroscience
240, 219–242.

Courtin, J., Chaudun, F., Rozeske, R.R., Karalis, N., Gonzalez-Campo,
C., Wurtz, H., Abdi, A., Baufreton, J., Bienvenu, T.C. & Herry, C.
(2014) Prefrontal parvalbumin interneurons shape neuronal activity
to drive fear expression. Nature 505, 92–96.

Davis, M., Falls, W.A., Campeau, S. & Kim, M. (1993) Fear-potentiated
startle: a neural and pharmacological analysis. Behav Brain Res 58,
175–198.

de Oliveira Coelho, C.A., Ferreira, T.L., Soares, J.C. & Oliveira, M.G.
(2013) Hippocampal NMDA receptor blockade impairs CREB phos-
phorylation in amygdala after contextual fear conditioning. Hip-
pocampus 23, 545–551.

Do-Monte, F.H., Kincheski, G.C., Pavesi, E., Sordi, R., Assreuy, J.
& Carobrez, A.P. (2010) Role of beta-adrenergic receptors in the
ventromedial prefrontal cortex during contextual fear extinction in
rats. Neurobiol Learn Mem 94, 318–328.

Dudai, Y. (2012) The restless engram: consolidations never end. Annu
Rev Neurosci 35, 227–247.

Ehrlich, I., Humeau, Y., Grenier, F., Ciocchi, S., Herry, C. & Luthi, A.
(2009) Amygdala inhibitory circuits and the control of fear memory.
Neuron 62, 757–771.

Einarsson, E.O. & Nader, K. (2012) Involvement of the anterior
cingulate cortex in formation, consolidation, and reconsolidation
of recent and remote contextual fear memory. Learn Mem 19,
449–452.

Einarsson, E.O., Pors, J. & Nader, K. (2014) Systems reconsolidation
reveals a selective role for the anterior cingulate cortex in general-
ized contextual fear memory expression. Neuropsychopharmacol-
ogy . DOI: 10.1038/npp.2014.197.

Ekstrom, A.D., Kahana, M.J., Caplan, J.B., Fields, T.A., Isham, E.A.,
Newman, E.L. & Fried, I. (2003) Cellular networks underlying
human spatial navigation. Nature 425, 184–188.

Euston, D.R., Gruber, A.J. & McNaughton, B.L. (2012) The role of
medial prefrontal cortex in memory and decision making. Neuron
76, 1057–1070.

Fanselow, M.S. & Kim, J.J. (1994) Acquisition of contextual Pavlovian
fear conditioning is blocked by application of an NMDA receptor
antagonist D,L-2-amino-5-phosphonovaleric acid to the basolateral
amygdala. Behav Neurosci 108, 210–212.

Genes, Brain and Behavior (2014) 11



Rozeske et al.

Fanselow, M.S. & Poulos, A.M. (2005) The neuroscience of mam-
malian associative learning. Annu Rev Psychol 56, 207–234.

Fernandez Espejo, E. (2003) Prefrontocortical dopamine loss in rats
delays long-term extinction of contextual conditioned fear, and
reduces social interaction without affecting short-term social inter-
action memory. Neuropsychopharmacology 28, 490–498.

Foster, J.A. & Burman, M.A. (2010) Evidence for hippocampus-
dependent contextual learning at postnatal day 17 in the rat. Learn
Mem 17, 259–266.

Frankland, P.W. & Bontempi, B. (2005) The organization of recent and
remote memories. Nat Rev Neurosci 6, 119–130.

Frankland, P.W., Bontempi, B., Talton, L.E., Kaczmarek, L. & Silva, A.J.
(2004) The involvement of the anterior cingulate cortex in remote
contextual fear memory. Science 304, 881–883.

Freeman, J.H. & Steinmetz, A.B. (2011) Neural circuitry and plasticity
mechanisms underlying delay eyeblink conditioning. Learn Mem
18, 666–677.

Fujisaki, M., Hashimoto, K., Iyo, M. & Chiba, T. (2004) Role of the
amygdalo-hippocampal transition area in the fear expression: eval-
uation by behavior and immediate early gene expression. Neuro-
science 124, 247–260.

Funke, K. & Benali, A. (2011) Modulation of cortical inhibition by
rTMS – findings obtained from animal models. J Physiol 589,
4423–4435.

Gabbott, P.L., Warner, T.A., Jays, P.R., Salway, P. & Busby, S.J. (2005)
Prefrontal cortex in the rat: projections to subcortical autonomic,
motor, and limbic centers. J Comp Neurol 492, 145–177.

Gale, G.D., Anagnostaras, S.G., Godsil, B.P., Mitchell, S., Nozawa,
T., Sage, J.R., Wiltgen, B. & Fanselow, M.S. (2004) Role of the
basolateral amygdala in the storage of fear memories across the
adult lifetime of rats. J Neurosci 24, 3810–3815.

Gewirtz, J.C., Falls, W.A. & Davis, M. (1997) Normal conditioned
inhibition and extinction of freezing and fear-potentiated startle
following electrolytic lesions of medical prefrontal cortex in rats.
Behav Neurosci 111, 712–726.

Good, M., de Hoz, L. & Morris, R.G. (1998) Contingent versus inci-
dental context processing during conditioning: dissociation after
excitotoxic hippocampal plus dentate gyrus lesions. Hippocampus
8, 147–159.

Goshen, I., Brodsky, M., Prakash, R., Wallace, J., Gradinaru, V.,
Ramakrishnan, C. & Deisseroth, K. (2011) Dynamics of retrieval
strategies for remote memories. Cell 147, 678–689.

Gothard, K.M., Skaggs, W.E. & McNaughton, B.L. (1996) Dynamics of
mismatch correction in the hippocampal ensemble code for space:
interaction between path integration and environmental cues. J
Neurosci 16, 8027–8040.

Greenberg, T., Carlson, J.M., Cha, J., Hajcak, G. & Mujica-Parodi,
L.R. (2013) Ventromedial prefrontal cortex reactivity is altered in
generalized anxiety disorder during fear generalization. Depress
Anxiety 30, 242–250.

Grisaru, N., Amir, M., Cohen, H. & Kaplan, Z. (1998) Effect of tran-
scranial magnetic stimulation in posttraumatic stress disorder: a
preliminary study. Biol Psychiatry 44, 52–55.

Groenewegen, H.J. (1988) Organization of the afferent connections
of the mediodorsal thalamic nucleus in the rat, related to the
mediodorsal-prefrontal topography. Neuroscience 24, 379–431.

Groenewegen, H.J., Wright, C.I. & Uylings, H.B. (1997) The anatomi-
cal relationships of the prefrontal cortex with limbic structures and
the basal ganglia. J Psychopharmacol 11, 99–106.

Hahn, A., Stein, P., Windischberger, C., Weissenbacher, A., Spin-
delegger, C., Moser, E., Kasper, S. & Lanzenberger, R. (2011)
Reduced resting-state functional connectivity between amygdala
and orbitofrontal cortex in social anxiety disorder. Neuroimage 56,
881–889.

Heidbreder, C.A. & Groenewegen, H.J. (2003) The medial prefrontal
cortex in the rat: evidence for a dorso-ventral distinction based upon
functional and anatomical characteristics. Neurosci Biobehav Rev
27, 555–579.

Herry, C., Ciocchi, S., Senn, V., Demmou, L., Muller, C. & Luthi, A.
(2008) Switching on and off fear by distinct neuronal circuits. Nature
454, 600–606.

Hobin, J.A., Goosens, K.A. & Maren, S. (2003) Context-dependent
neuronal activity in the lateral amygdala represents fear memories
after extinction. J Neurosci 23, 8410–8416.

Holson, R.R. (1986) Mesial prefrontal cortical lesions and timidity in
rats. I. Reactivity to aversive stimuli. Physiol Behav 37, 221–230.

Honig, W.K. & Urcuioli, P.J. (1981) The legacy of Guttman and Kalish
(1956): twenty-five years of research on stimulus generalization. J
Exp Anal Behav 36, 405–445.

Hoover, W.B. & Vertes, R.P. (2007) Anatomical analysis of afferent
projections to the medial prefrontal cortex in the rat. Brain Struct
Funct 212, 149–179.

Hoppenrath, K. & Funke, K. (2013) Time-course of changes in neuronal
activity markers following iTBS-TMS of the rat neocortex. Neurosci
Lett 536, 19–23.

Huff, N.C. & Rudy, J.W. (2004) The amygdala modulates
hippocampus-dependent context memory formation and stores
cue-shock associations. Behav Neurosci 118, 53–62.

Hugues, S., Deschaux, O. & Garcia, R. (2004) Postextinction infusion
of a mitogen-activated protein kinase inhibitor into the medial
prefrontal cortex impairs memory of the extinction of conditioned
fear. Learn Mem 11, 540–543.

Hyman, J.M., Ma, L., Balaguer-Ballester, E., Durstewitz, D. & Sea-
mans, J.K. (2012) Contextual encoding by ensembles of medial pre-
frontal cortex neurons. Proc Natl Acad Sci U S A 109, 5086–5091.

Indovina, I., Robbins, T.W., Nunez-Elizalde, A.O., Dunn, B.D. & Bishop,
S.J. (2011) Fear-conditioning mechanisms associated with trait
vulnerability to anxiety in humans. Neuron 69, 563–571.

Jay, T.M. & Witter, M.P. (1991) Distribution of hippocampal
CA1 and subicular efferents in the prefrontal cortex of the
rat studied by means of anterograde transport of Phaseolus
vulgaris-leucoagglutinin. J Comp Neurol 313, 574–586.

Jennings, J.H., Sparta, D.R., Stamatakis, A.M., Ung, R.L., Pleil, K.E.,
Kash, T.L. & Stuber, G.D. (2013) Distinct extended amygdala circuits
for divergent motivational states. Nature 496, 224–228.

Jezek, K., Henriksen, E.J., Treves, A., Moser, E.I. & Moser, M.B.
(2011) Theta-paced flickering between place-cell maps in the hip-
pocampus. Nature 478, 246–249.

Jung, M.W., Wiener, S.I. & McNaughton, B.L. (1994) Comparison of
spatial firing characteristics of units in dorsal and ventral hippocam-
pus of the rat. J Neurosci 14, 7347–7356.

Kalisch, R., Korenfeld, E., Stephan, K.E., Weiskopf, N., Seymour, B. &
Dolan, R.J. (2006) Context-dependent human extinction memory is
mediated by a ventromedial prefrontal and hippocampal network.
J Neurosci 26, 9503–9511.

Kheirbek, M.A., Drew, L.J., Burghardt, N.S., Costantini, D.O., Tan-
nenholz, L., Ahmari, S.E., Zeng, H., Fenton, A.A. & Hen, R. (2013)
Differential control of learning and anxiety along the dorsoventral
axis of the dentate gyrus. Neuron 77, 955–968.

Kim, J.J. & Fanselow, M.S. (1992) Modality-specific retrograde amne-
sia of fear. Science 256, 675–677.

Kim, J.J., Lee, H.J., Welday, A.C., Song, E., Cho, J., Sharp, P.E., Jung,
M.W. & Blair, H.T. (2007) Stress-induced alterations in hippocampal
plasticity, place cells, and spatial memory. Proc Natl Acad Sci U S
A 104, 18297–18302.

Kim, M.J., Gee, D.G., Loucks, R.A., Davis, F.C. & Whalen, P.J. (2011a)
Anxiety dissociates dorsal and ventral medial prefrontal cortex
functional connectivity with the amygdala at rest. Cereb Cortex 21,
1667–1673.

Kim, M.J., Loucks, R.A., Palmer, A.L., Brown, A.C., Solomon, K.M.,
Marchante, A.N. & Whalen, P.J. (2011b) The structural and func-
tional connectivity of the amygdala: from normal emotion to patho-
logical anxiety. Behav Brain Res 223, 403–410.

Knapska, E., Macias, M., Mikosz, M., Nowak, A., Owczarek, D.,
Wawrzyniak, M., Pieprzyk, M., Cymerman, I.A., Werka, T., Sheng,
M., Maren, S., Jaworski, J. & Kaczmarek, L. (2012) Functional
anatomy of neural circuits regulating fear and extinction. Proc Natl
Acad Sci U S A 109, 17093–17098.

12 Genes, Brain and Behavior (2014)



Prefrontal neuronal circuits of contextual fear

Knapska, E. & Maren, S. (2009) Reciprocal patterns of c-Fos expres-
sion in the medial prefrontal cortex and amygdala after extinction
and renewal of conditioned fear. Learn Mem 16, 486–493.

Krettek, J.E. & Price, J.L. (1977) The cortical projections of the
mediodorsal nucleus and adjacent thalamic nuclei in the rat. J
Comp Neurol 171, 157–191.

Kuroda, M., Murakami, K., Oda, S., Shinkai, M. & Kishi, K. (1993)
Direct synaptic connections between thalamocortical axon termi-
nals from the mediodorsal thalamic nucleus (MD) and corticotha-
lamic neurons to MD in the prefrontal cortex. Brain Res 612,
339–344.

Kyd, R.J. & Bilkey, D.K. (2003) Prefrontal cortex lesions modify the
spatial properties of hippocampal place cells. Cereb Cortex 13,
444–451.

Kyd, R.J. & Bilkey, D.K. (2005) Hippocampal place cells show
increased sensitivity to changes in the local environment following
prefrontal cortex lesions. Cereb Cortex 15, 720–731.

LaBar, K.S. & Phelps, E.A. (2005) Reinstatement of conditioned fear
in humans is context dependent and impaired in amnesia. Behav
Neurosci 119, 677–686.

Lacroix, L., Spinelli, S., Heidbreder, C.A. & Feldon, J. (2000) Differ-
ential role of the medial and lateral prefrontal cortices in fear and
anxiety. Behav Neurosci 114, 1119–1130.

Lang, S., Kroll, A., Lipinski, S.J., Wessa, M., Ridder, S., Christmann,
C., Schad, L.R. & Flor, H. (2009) Context conditioning and extinction
in humans: differential contribution of the hippocampus, amygdala
and prefrontal cortex. Eur J Neurosci 29, 823–832.

Laurent, V. & Westbrook, R.F. (2008) Distinct contributions of the
basolateral amygdala and the medial prefrontal cortex to learning
and relearning extinction of context conditioned fear. Learn Mem
15, 657–666.

Lebron, K., Milad, M.R. & Quirk, G.J. (2004) Delayed recall of fear
extinction in rats with lesions of ventral medial prefrontal cortex.
Learn Mem 11, 544–548.

LeDoux, J.E. (2000) Emotion circuits in the brain. Annu Rev Neurosci
23, 155–184.

Lee, I. & Solivan, F. (2008) The roles of the medial prefrontal cortex
and hippocampus in a spatial paired-association task. Learn Mem
15, 357–367.

Lehmann, H., Sparks, F.T., Spanswick, S.C., Hadikin, C., McDonald,
R.J. & Sutherland, R.J. (2009) Making context memories indepen-
dent of the hippocampus. Learn Mem 16, 417–420.

Lemos, J.I., Resstel, L.B. & Guimaraes, F.S. (2010) Involvement of the
prelimbic prefrontal cortex on cannabidiol-induced attenuation of
contextual conditioned fear in rats. Behav Brain Res 207, 105–111.

Lenck-Santini, P.P., Save, E. & Poucet, B. (2001) Evidence for a
relationship between place-cell spatial firing and spatial memory
performance. Hippocampus 11, 377–390.

Lesting, J., Narayanan, R.T., Kluge, C., Sangha, S., Seidenbecher,
T. & Pape, H.C. (2011) Patterns of coupled theta activity in
amygdala-hippocampal-prefrontal cortical circuits during fear
extinction. PLoS One 6, e21714.

Leutgeb, S., Leutgeb, J.K., Barnes, C.A., Moser, E.I., McNaughton,
B.L. & Moser, M.B. (2005) Independent codes for spatial and
episodic memory in hippocampal neuronal ensembles. Science
309, 619–623.

Lever, C., Wills, T., Cacucci, F., Burgess, N. & O’Keefe, J. (2002)
Long-term plasticity in hippocampal place-cell representation of
environmental geometry. Nature 416, 90–94.

Liberzon, I. & Sripada, C.S. (2008) The functional neuroanatomy of
PTSD: a critical review. Prog Brain Res 167, 151–169.

Liberzon, I., Taylor, S.F., Amdur, R., Jung, T.D., Chamberlain, K.R.,
Minoshima, S., Koeppe, R.A. & Fig, L.M. (1999) Brain activation
in PTSD in response to trauma-related stimuli. Biol Psychiatry 45,
817–826.

Lissek, S. (2012) Toward an account of clinical anxiety predicated
on basic, neurally mapped mechanisms of Pavlovian fear-learning:
the case for conditioned overgeneralization. Depress Anxiety 29,
257–263.

Maren, S. (2001) Neurobiology of Pavlovian fear conditioning. Annu
Rev Neurosci 24, 897–931.

Maren, S., Aharonov, G. & Fanselow, M.S. (1997) Neurotoxic lesions
of the dorsal hippocampus and Pavlovian fear conditioning in rats.
Behav Brain Res 88, 261–274.

Maren, S., Ferrario, C.R., Corcoran, K.A., Desmond, T.J. & Frey, K.A.
(2003) Protein synthesis in the amygdala, but not the auditory tha-
lamus, is required for consolidation of Pavlovian fear conditioning
in rats. Eur J Neurosci 18, 3080–3088.

Maren, S. & Hobin, J.A. (2007) Hippocampal regulation of
context-dependent neuronal activity in the lateral amygdala.
Learn Mem 14, 318–324.

Maren, S., Phan, K.L. & Liberzon, I. (2013) The contextual brain:
implications for fear conditioning, extinction and psychopathology.
Nat Rev Neurosci 14, 417–428.

Maren, S. & Quirk, G.J. (2004) Neuronal signalling of fear memory.
Nat Rev Neurosci 5, 844–852.

Markus, E.J., Qin, Y.L., Leonard, B., Skaggs, W.E., McNaughton,
B.L. & Barnes, C.A. (1995) Interactions between location and task
affect the spatial and directional firing of hippocampal neurons. J
Neurosci 15, 7079–7094.

Marschner, A., Kalisch, R., Vervliet, B., Vansteenwegen, D. & Buchel,
C. (2008) Dissociable roles for the hippocampus and the amygdala
in human cued versus context fear conditioning. J Neurosci 28,
9030–9036.

Matyas, F., Lee, J., Shin, H.S. & Acsady, L. (2014) The fear circuit
of the mouse forebrain: connections between the mediodorsal
thalamus, frontal cortices and basolateral amygdala. Eur J Neurosci
39, 1810–1823.

Maurer, A.P., Vanrhoads, S.R., Sutherland, G.R., Lipa, S.P. &
McNaughton, B.L. (2005) Self-motion and the origin of differential
spatial scaling along the septo-temporal axis of the hippocampus.
Hippocampus 15, 841–852.

McClelland, J.L., McNaughton, B.L. & O’Reilly, R.C. (1995) Why there
are complementary learning systems in the hippocampus and neo-
cortex: insights from the successes and failures of connectionist
models of learning and memory. Psychol Rev 102, 419–457.

McDonald, A.J. (1991) Organization of amygdaloid projections to the
prefrontal cortex and associated striatum in the rat. Neuroscience
44, 1–14.

McDonald, A.J. (1998) Cortical pathways to the mammalian amyg-
dala. Prog Neurobiol 55, 257–332.

McDonald, A.J., Mascagni, F. & Guo, L. (1996) Projections of the
medial and lateral prefrontal cortices to the amygdala: a Phaseolus
vulgaris leucoagglutinin study in the rat. Neuroscience 71, 55–75.

McLaren, I.P. & Mackintosh, N.J. (2002) Associative learning and
elemental representation: II. Generalization and discrimination.
Anim Learn Behav 30, 177–200.

Milad, M.R., Orr, S.P., Pitman, R.K. & Rauch, S.L. (2005) Context mod-
ulation of memory for fear extinction in humans. Psychophysiology
42, 456–464.

Milad, M.R. & Quirk, G.J. (2002) Neurons in medial prefrontal cortex
signal memory for fear extinction. Nature 420, 70–74.

Milad, M.R., Rauch, S.L., Pitman, R.K. & Quirk, G.J. (2006) Fear
extinction in rats: implications for human brain imaging and anxiety
disorders. Biol Psychol 73, 61–71.

Moita, M.A., Rosis, S., Zhou, Y., LeDoux, J.E. & Blair, H.T. (2003)
Hippocampal place cells acquire location-specific responses to the
conditioned stimulus during auditory fear conditioning. Neuron 37,
485–497.

Moita, M.A., Rosis, S., Zhou, Y., LeDoux, J.E. & Blair, H.T. (2004)
Putting fear in its place: remapping of hippocampal place cells
during fear conditioning. J Neurosci 24, 7015–7023.

Morgan, M.A. & LeDoux, J.E. (1995) Differential contribution of dorsal
and ventral medial prefrontal cortex to the acquisition and extinc-
tion of conditioned fear in rats. Behav Neurosci 109, 681–688.

Morgan, M.A., Romanski, L.M. & LeDoux, J.E. (1993) Extinction
of emotional learning: contribution of medial prefrontal cortex.
Neurosci Lett 163, 109–113.

Genes, Brain and Behavior (2014) 13



Rozeske et al.

Morgan, M.A., Schulkin, J. & LeDoux, J.E. (2003) Ventral medial
prefrontal cortex and emotional perseveration: the memory for
prior extinction training. Behav Brain Res 146, 121–130.

Morrow, B.A., Elsworth, J.D., Inglis, F.M. & Roth, R.H. (1999a) An
antisense oligonucleotide reverses the footshock-induced expres-
sion of fos in the rat medial prefrontal cortex and the subsequent
expression of conditioned fear-induced immobility. J Neurosci 19,
5666–5673.

Morrow, B.A., Elsworth, J.D., Rasmusson, A.M. & Roth, R.H. (1999b)
The role of mesoprefrontal dopamine neurons in the acquisition
and expression of conditioned fear in the rat. Neuroscience 92,
553–564.

Muller, J., Corodimas, K.P., Fridel, Z. & LeDoux, J.E. (1997) Functional
inactivation of the lateral and basal nuclei of the amygdala by mus-
cimol infusion prevents fear conditioning to an explicit conditioned
stimulus and to contextual stimuli. Behav Neurosci 111, 683–691.

O’Keefe, J. & Dostrovsky, J. (1971) The hippocampus as a spatial
map. Preliminary evidence from unit activity in the freely-moving
rat. Brain Res 34, 171–175.

Pastalkova, E., Itskov, V., Amarasingham, A. & Buzsaki, G. (2008) Inter-
nally generated cell assembly sequences in the rat hippocampus.
Science 321, 1322–1327.

Pavlov, I.P. (1927) Conditioned Reflexes. Oxford University Press,
London.

Peri, T., Ben-Shakhar, G., Orr, S.P. & Shalev, A.Y. (2000) Psychophysi-
ologic assessment of aversive conditioning in posttraumatic stress
disorder. Biol Psychiatry 47, 512–519.

Peters, J., Dieppa-Perea, L.M., Melendez, L.M. & Quirk, G.J. (2010)
Induction of fear extinction with hippocampal-infralimbic BDNF.
Science 328, 1288–1290.

Phelps, E.A., Delgado, M.R., Nearing, K.I. & LeDoux, J.E. (2004)
Extinction learning in humans: role of the amygdala and vmPFC.
Neuron 43, 897–905.

Phillips, R.G. & LeDoux, J.E. (1992) Differential contribution of amyg-
dala and hippocampus to cued and contextual fear conditioning.
Behav Neurosci 106, 274–285.

Phillips, R.G. & LeDoux, J.E. (1994) Lesions of the dorsal hippocampal
formation interfere with background but not foreground contextual
fear conditioning. Learn Mem 1, 34–44.

Pitman, R.K., Rasmusson, A.M., Koenen, K.C., Shin, L.M., Orr, S.P.,
Gilbertson, M.W., Milad, M.R. & Liberzon, I. (2012) Biological
studies of post-traumatic stress disorder. Nat Rev Neurosci 13,
769–787.

Plattner, F., Hernandez, A., Kistler, T.M., Pozo, K., Zhong, P., Yuen, E.Y.,
Tan, C., Hawasli, A.H., Cooke, S.F., Nishi, A., Guo, A., Wiederhold,
T., Yan, Z. & Bibb, J.A. (2014) Memory enhancement by targeting
Cdk5 regulation of NR2B. Neuron 81, 1070–1083.

Pohlack, S.T., Nees, F., Ruttorf, M., Schad, L.R. & Flor, H. (2012) Activa-
tion of the ventral striatum during aversive contextual conditioning
in humans. Biol Psychol 91, 74–80.

Quirk, G.J. & Beer, J.S. (2006) Prefrontal involvement in the regulation
of emotion: convergence of rat and human studies. Curr Opin
Neurobiol 16, 723–727.

Quirk, G.J., Russo, G.K., Barron, J.L. & Lebron, K. (2000) The role of
ventromedial prefrontal cortex in the recovery of extinguished fear.
J Neurosci 20, 6225–6231.

Raineki, C., Holman, P.J., Debiec, J., Bugg, M., Beasley, A. & Sullivan,
R.M. (2010) Functional emergence of the hippocampus in context
fear learning in infant rats. Hippocampus 20, 1037–1046.

Rauch, S.L., Shin, L.M. & Phelps, E.A. (2006) Neurocircuitry models of
posttraumatic stress disorder and extinction: human neuroimaging
research--past, present, and future. Biol Psychiatry 60, 376–382.

Ray, J.P. & Price, J.L. (1992) The organization of the thalamocortical
connections of the mediodorsal thalamic nucleus in the rat, related
to the ventral forebrain-prefrontal cortex topography. J Comp Neu-
rol 323, 167–197.

Rodriguez, B.I., Craske, M.G., Mineka, S. & Hladek, D. (1999)
Context-specificity of relapse: effects of therapist and environmen-
tal context on return of fear. Behav Res Ther 37, 845–862.

Rohrbaugh, M. & Riccio, D.C. (1968) Stimulus generalization of
learned fear in infant and adult rats. J Comp Physiol Psychol 66,
530–533.

Rougemont-Bucking, A., Linnman, C., Zeffiro, T.A., Zeidan, M.A.,
Lebron-Milad, K., Rodriguez-Romaguera, J., Rauch, S.L., Pitman,
R.K. & Milad, M.R. (2011) Altered processing of contextual informa-
tion during fear extinction in PTSD: an fMRI study. CNS Neurosci
Ther 17, 227–236.

Roy, M., Shohamy, D. & Wager, T.D. (2012) Ventromedial
prefrontal-subcortical systems and the generation of affective
meaning. Trends Cogn Sci 16, 147–156.

Rudy, J.W. (1993) Contextual conditioning and auditory cue condition-
ing dissociate during development. Behav Neurosci 107, 887–891.

Rudy, J.W. (2009) Context representations, context functions,
and the parahippocampal-hippocampal system. Learn Mem 16,
573–585.

Rudy, J.W. & O’Reilly, R.C. (1999) Contextual fear conditioning, con-
junctive representations, pattern completion, and the hippocam-
pus. Behav Neurosci 113, 867–880.

Santini, E., Ge, H., Ren, K., Pena de Ortiz, S. & Quirk, G.J. (2004)
Consolidation of fear extinction requires protein synthesis in the
medial prefrontal cortex. J Neurosci 24, 5704–5710.

Sesack, S.R., Deutch, A.Y., Roth, R.H. & Bunney, B.S. (1989) Topo-
graphical organization of the efferent projections of the medial pre-
frontal cortex in the rat: an anterograde tract-tracing study with
Phaseolus vulgaris leucoagglutinin. J Comp Neurol 290, 213–242.

Shepard, R.N. (1987) Toward a universal law of generalization for
psychological science. Science 237, 1317–1323.

Shin, L.M. & Handwerger, K. (2009) Is posttraumatic stress disor-
der a stress-induced fear circuitry disorder? J Trauma Stress 22,
409–415.

Shin, L.M., Wright, C.I., Cannistraro, P.A., Wedig, M.M., McMullin,
K., Martis, B., Macklin, M.L., Lasko, N.B., Cavanagh, S.R., Krangel,
T.S., Orr, S.P., Pitman, R.K., Whalen, P.J. & Rauch, S.L. (2005) A
functional magnetic resonance imaging study of amygdala and
medial prefrontal cortex responses to overtly presented fearful
faces in posttraumatic stress disorder. Arch Gen Psychiatry 62,
273–281.

Shinonaga, Y., Takada, M. & Mizuno, N. (1994) Topographic orga-
nization of collateral projections from the basolateral amygdaloid
nucleus to both the prefrontal cortex and nucleus accumbens in
the rat. Neuroscience 58, 389–397.

Siapas, A.G., Lubenov, E.V. & Wilson, M.A. (2005) Prefrontal phase
locking to hippocampal theta oscillations. Neuron 46, 141–151.

Sierra-Mercado, D., Padilla-Coreano, N. & Quirk, G.J. (2011) Dissocia-
ble roles of prelimbic and infralimbic cortices, ventral hippocampus,
and basolateral amygdala in the expression and extinction of con-
ditioned fear. Neuropsychopharmacology 36, 529–538.

Sindreu, C.B., Scheiner, Z.S. & Storm, D.R. (2007) Ca2+-stimulated
adenylyl cyclases regulate ERK-dependent activation of MSK1
during fear conditioning. Neuron 53, 79–89.

Smith, D.M. & Mizumori, S.J. (2006) Hippocampal place cells, con-
text, and episodic memory. Hippocampus 16, 716–729.

Sotres-Bayon, F. & Quirk, G.J. (2010) Prefrontal control of fear: more
than just extinction. Curr Opin Neurobiol 20, 231–235.

Squire, L.R. & Alvarez, P. (1995) Retrograde amnesia and memory
consolidation: a neurobiological perspective. Curr Opin Neurobiol
5, 169–177.

Stern, C.A., Gazarini, L., Vanvossen, A.C., Hames, M.S. & Bertoglio,
L.J. (2014) Activity in prelimbic cortex subserves fear memory
reconsolidation over time. Learn Mem 21, 14–20.

Stevenson, C.W. (2011) Role of amygdala-prefrontal cortex circuitry
in regulating the expression of contextual fear memory. Neurobiol
Learn Mem 96, 315–323.

Sutherland, R.J., Sparks, F.T. & Lehmann, H. (2010) Hippocampus
and retrograde amnesia in the rat model: a modest proposal
for the situation of systems consolidation. Neuropsychologia 48,
2357–2369.

14 Genes, Brain and Behavior (2014)



Prefrontal neuronal circuits of contextual fear

Tang, J., Ko, S., Ding, H.K., Qiu, C.S., Calejesan, A.A. & Zhuo, M.
(2005) Pavlovian fear memory induced by activation in the anterior
cingulate cortex. Mol Pain 1, 6.

Thierry, A.M., Blanc, G., Sobel, A., Stinus, L. & Golwinski, J. (1973)
Dopaminergic terminals in the rat cortex. Science 182, 499–501.

Thomas, K.L., Hall, J. & Everitt, B.J. (2002) Cellular imaging with zif268
expression in the rat nucleus accumbens and frontal cortex further
dissociates the neural pathways activated following the retrieval of
contextual and cued fear memory. Eur J Neurosci 16, 1789–1796.

Thompson, B.M., Baratta, M.V., Biedenkapp, J.C., Rudy, J.W.,
Watkins, L.R. & Maier, S.F. (2010) Activation of the infralimbic
cortex in a fear context enhances extinction learning. Learn Mem
17, 591–599.

Tolman, E.C. (1948) Cognitive maps in rats and men. Psychol Rev 55,
189–208.

Trifilieff, P., Calandreau, L., Herry, C., Mons, N. & Micheau, J. (2007)
Biphasic ERK1/2 activation in both the hippocampus and amygdala
may reveal a system consolidation of contextual fear memory.
Neurobiol Learn Mem 88, 424–434.

Tulogdi, A., Soros, P., Toth, M., Nagy, R., Biro, L., Aliczki, M., Klausz,
B., Mikics, E. & Haller, J. (2012) Temporal changes in c-Fos acti-
vation patterns induced by conditioned fear. Brain Res Bull 88,
359–370.

Uylings, H.B. & van Eden, C.G. (1990) Qualitative and quantitative
comparison of the prefrontal cortex in rat and in primates, including
humans. Prog Brain Res 85, 31–62.

Van De Werd, H.J., Rajkowska, G., Evers, P. & Uylings, H.B. (2010)
Cytoarchitectonic and chemoarchitectonic characterization of the
prefrontal cortical areas in the mouse. Brain Struct Funct 214,
339–353.

Van Eden, C.G. & Uylings, H.B. (1985) Cytoarchitectonic development
of the prefrontal cortex in the rat. J Comp Neurol 241, 253–267.

VanElzakker, M.B., Dahlgren, M.K., Davis, F.C., Dubois, S. & Shin,
L.M. (2014) From Pavlov to PTSD: the extinction of conditioned fear
in rodents, humans, and anxiety disorders. Neurobiol Learn Mem
113, 3–18.

Varela, C., Kumar, S., Yang, J.Y. & Wilson, M.A. (2014) Anatomical
substrates for direct interactions between hippocampus, medial
prefrontal cortex, and the thalamic nucleus reuniens. Brain Struct
Funct 219, 911–929.

Vertes, R.P. (2006) Interactions among the medial prefrontal cortex,
hippocampus and midline thalamus in emotional and cognitive
processing in the rat. Neuroscience 142, 1–20.

Vertes, R.P., Hoover, W.B., Szigeti-Buck, K. & Leranth, C. (2007)
Nucleus reuniens of the midline thalamus: link between the
medial prefrontal cortex and the hippocampus. Brain Res Bull 71,
601–609.

Vetere, G., Restivo, L., Cole, C.J., Ross, P.J., Ammassari-Teule, M.,
Josselyn, S.A. & Frankland, P.W. (2011) Spine growth in the anterior
cingulate cortex is necessary for the consolidation of contextual
fear memory. Proc Natl Acad Sci U S A 108, 8456–8460.

Vidal-Gonzalez, I., Vidal-Gonzalez, B., Rauch, S.L. & Quirk, G.J. (2006)
Microstimulation reveals opposing influences of prelimbic and
infralimbic cortex on the expression of conditioned fear. Learn
Mem 13, 728–733.

Volz, L.J., Benali, A., Mix, A., Neubacher, U. & Funke, K. (2013)
Dose-dependence of changes in cortical protein expression
induced with repeated transcranial magnetic theta-burst stimula-
tion in the rat. Brain Stimul 6, 598–606.

Wager, T.D., Davidson, M.L., Hughes, B.L., Lindquist, M.A. &
Ochsner, K.N. (2008) Prefrontal-subcortical pathways mediating
successful emotion regulation. Neuron 59, 1037–1050.

Wiltgen, B.J., Sanders, M.J., Anagnostaras, S.G., Sage, J.R. &
Fanselow, M.S. (2006) Context fear learning in the absence of the
hippocampus. J Neurosci 26, 5484–5491.

Wood, E.R., Dudchenko, P.A. & Eichenbaum, H. (1999) The global
record of memory in hippocampal neuronal activity. Nature 397,
613–616.

Wood, K.H., Ver Hoef, L.W. & Knight, D.C. (2012) Neural mechanisms
underlying the conditioned diminution of the unconditioned fear
response. Neuroimage 60, 787–799.

Xu, W., Morishita, W., Buckmaster, P.S., Pang, Z.P., Malenka, R.C. &
Sudhof, T.C. (2012) Distinct neuronal coding schemes in memory
revealed by selective erasure of fast synchronous synaptic trans-
mission. Neuron 73, 990–1001.

Xu, W. & Sudhof, T.C. (2013) A neural circuit for memory specificity
and generalization. Science 339, 1290–1295.

Yizhar, O., Fenno, L.E., Prigge, M., Schneider, F., Davidson, T.J.,
O’Shea, D.J., Sohal, V.S., Goshen, I., Finkelstein, J., Paz, J.T., Ste-
hfest, K., Fudim, R., Ramakrishnan, C., Huguenard, J.R., Hege-
mann, P. & Deisseroth, K. (2011) Neocortical excitation/inhibition
balance in information processing and social dysfunction. Nature
477, 171–178.

Yonkers, K.A., Bruce, S.E., Dyck, I.R. & Keller, M.B. (2003) Chronicity,
relapse, and illness – course of panic disorder, social phobia, and
generalized anxiety disorder: findings in men and women from 8
years of follow-up. Depress Anxiety 17, 173–179.

Zelikowsky, M., Hersman, S., Chawla, M.K., Barnes, C.A. &
Fanselow, M.S. (2014) Neuronal ensembles in amygdala, hip-
pocampus, and prefrontal cortex track differential components of
contextual fear. J Neurosci 34, 8462–8466.

Zelinski, E.L., Hong, N.S., Tyndall, A.V., Halsall, B. & McDonald, R.J.
(2010) Prefrontal cortical contributions during discriminative fear
conditioning, extinction, and spontaneous recovery in rats. Exp
Brain Res 203, 285–297.

Zhao, M.G., Toyoda, H., Lee, Y.S., Wu, L.J., Ko, S.W., Zhang, X.H., Jia,
Y., Shum, F., Xu, H., Li, B.M., Kaang, B.K. & Zhuo, M. (2005) Roles of
NMDA NR2B subtype receptor in prefrontal long-term potentiation
and contextual fear memory. Neuron 47, 859–872.

Zushida, K., Sakurai, M., Wada, K. & Sekiguchi, M. (2007) Facilitation
of extinction learning for contextual fear memory by PEPA: a
potentiator of AMPA receptors. J Neurosci 27, 158–166.

Acknowledgments

We thank the members of the Herry lab for helpful dis-
cussions and comments on this manuscript. This work is
supported by grants from the French National Research Agency
(ANR-2010-BLAN-1442-01; ANR-10-EQPX-08 OPTOPATH; LABEX
BRAIN ANR-10-LABX-43), the European Research Council
under the European Union’s Seventh Framework Programme
(FP7/2007-2013)/ERC grant agreement n∘ 281168 and the Con-
seil Regional d’Aquitaine. The authors have no conflict of interest
to declare.

Genes, Brain and Behavior (2014) 15


