Brain Mechanisms of Fear Extinction: Historical
Perspectives on the Contribution of Prefrontal Cortex

Francisco Sotres-Bayon, Christopher K. Cain, and Joseph E. LeDoux

What brain regions are involved in regulating behavior when the emotional consequence of a stimulus changes from harmful to
barmless? One way to address this question is to study the neural mechanisms underlying extinction of Pavlovian fear conditioning,
an important form of emotional regulation that has direct relevance to the treatment of human fear and anxiety disorders. In fear
extinction, the capacity of a conditioned stimulus to elicit fear is gradually reduced by repeatedly presenting it in the absence of any
aversive consequence. In recent years there bhas been a dramatic increase in research on the brain mechanisms of fear extinction. One
region that has received considerable attention as a component of the brain’s extinction circuitry is the medial prefrontal cortex
(mPFC). In the present article, we review the bistorical foundations of the modern notion that the mPFC plays a critical role in
emotional regulation, a literature that was largely responsible for studies that explored the role of the mPFC in fear extinction. We also

consider the role of the mPFC in a broader neural circuit for extinction that includes the amygdala and bhippocampus.
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emotional expression is of great interest. Emotional regu-

lation is likely to have evolutionary advantages, especially
in highly social animals, such as humans (Darwin 1872). Indeed,
society depends on the collective regulation of emotional ex-
pression. For example, certain forms of extreme emotional expre-
ssion are viewed as immoral and/or illegal. The conference
represented in this issue of Biological Psychiatry focused on a
specific and important form of emotion regulation, extinction.

Extinction was first formally studied by the Russian physiol-
ogist Ivan Pavlov (Pavlov 1927). In his famous experiments with
dogs, a sound was presented just before the delivery of food. At
first, the dog only salivated when food was in its mouth. After
several repetitions of the sound and food, salivation began to
occur at the sound in anticipation of the food. The food was
called an unconditioned stimulus (US) and the sound a condi-
tioned stimulus (CS). Accordingly, salivation to the food was
designated an unconditioned response (UR) and salivation to the
sound a conditioned response (CR). Pavlov then showed that
when the CS was repeatedly presented without the US, the ability
of the CS to elicit the CR weakened. He called this weakening of
the CR experimental extinction.

Although extinction has been studied experimentally for
almost a century, it has recently become one of the hottest topics
in neuroscience. Part of the reason for this new interest is that
several key discoveries have been made that relate extinction to
specific brain mechanisms. But not all discoveries about brain
mechanisms are equal. What makes discoveries about extinction
so important is that the findings have broad clinical significance.
Specifically, certain emotional disorders are characterized by a
resistance to extinguish learned emotional reactions to anxio-
genic stimuli, and sometimes by an avoidance of situations with
the potential to induce extinction (Eysenck 1976; Mineka and
Ohman 2002; Rothbaum and Davis 2003; Wolpe 1968). More-
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over, a major approach to the treatment of emotional disorders
involves the promotion of extinction (Barlow 2002; Craske 1999;
Foa and Jaycox 1999; Wolpe 1968). Elucidation of the extinction
process and how the brain mediates this process could thus
lead to better understanding of, and therapies for, emotional
disorders.

In this introductory article, we will briefly discuss the nature
of extinction and then consider the historical origins of contem-
porary work on the brain mechanisms of extinction. We concen-
trate on extinction of learned fear, because much of the recent
work on extinction has involved fear conditioning. In discussing
the brain mechanisms of extinction, we focus on research that
led to the idea that the prefrontal cortex (PFC) plays a key role;
however, in considering the contribution of the PFC to extinction
we do not mean to minimize the importance of other areas. Thus,
we discuss the PFC as a component of a broad fear extinction
circuit involving the amygdala and hippocampus, among other
areas.

What Is Extinction?

The term extinction is usually used to refer to the weakening
of a response to a stimulus that acquired aversive properties
through learning. In addition to studying the conditioning and
extinction of salivation in response to a CS that predicts food,
Pavlov also studied defensive CRs, which were responses elicited
by a CS paired with aversive stimulation (Pavlov 1927). In
contemporary parlance, defensive conditioning is called fear
conditioning. After pairing of the CS and US, usually a tone and
shock in rodent studies, the CS elicits freezing behavior and a
variety of supporting physiological changes that prepare the
organism to deal with the danger being warned about by the CS.
With repeated presentations of the nonreinforced CS, these
responses dissipate. At this point, the fear response is said to be
extinguished. Acquisition and extinction of freezing to a CS is
illustrated in Figure 1.

Although most work on fear extinction involves learned fear,
both innate and acquired fears can be weakened by exposure to
the threatening stimulus. We will emphasize extinction of learned
fear in this article, because much of the experimental work on
extinction has been of this type. From a clinical perspective,
however, innate predispositions toward fear are also important,
especially in the development of phobias, and exposure therapy
(itself a form of extinction) is often used to treat fear pathologies
regardless of whether they are clearly due to past learning
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Figure 1. Acquisition and extinction of fear. The percentage of time a rat
spends freezing is a common index of fear. Behavioral freezing is illustrated
for acquisition (tone + shock) and extinction (tone alone) of conditioned
fear to an auditory stimulus. After pairing the tone with the shock, rapid
increased freezing is exhibited to the tone. With repeated tone-alone pre-
sentations, freezing gradually decreases. In general during fear extinction
learning, freezing decreases slowly at first, then fast, and finally slowly again.

(Barlow 2002; Foa and Jaycox 1999; Wolpe 1968). We will
consider clinical implications toward the end of this review.

For some time it has been accepted that extinction does not
involve forgetting or memory erasure but instead involves new
learning that inhibits or overrides past learning (Bouton 2004).
Forgetting implies that the fear memory weakens with time in
the absence of further training, which is easily ruled out because
conditioned fear memories can last a lifetime in rats in the
absence of further training (Gale et al 2004). Memory erasure
might also be unlikely, given that fear to the CS can return after
extinction, an impossibility if extinction caused the deletion of
the original CS-US memory trace. For instance, fear to the CS can
be recovered after extinction by allowing time to pass (sponta-
neous recovery; Rescorla 2004), changing contexts (renewal;
Bouton 2004), or presenting the US (reinstatement; Rescorla and
Heth 1975). Despite this long-held notion, recent work has
revived interest in the idea that extinction might sometimes
involve memory erasure. Of particular experimental and practi-
cal interest is the possibility that fear extinction training might
cause erasure shortly after fear acquisition but might cause
inhibitory learning once the fear memory is consolidated (Cain
et al 2005; Lin et al 2003a, 2003b, 2003¢c; Myers et al 2000).

How Does the Brain Mediate Extinction?

Given the central role the amygdala plays in fear learning
(Davis 1992; Fendt and Fanselow 1999; LeDoux 2000; Paré et al
2004; Sah et al 2003), it is not surprising that contemporary
research considers the amygdala to be a key brain region related
to extinction, either as a site of critical plasticity or as a site of
expression. Indeed, several recent electrophysiological (Hobin
et al 2003; Quirk et al 1995, 1997; Repa et al 2001; Rogan et al
1997), molecular (Davis 2002; Lin et al 2003b, 2003¢; Marsicano
et al 2002; Tang et al 1999), and imaging (Gottfried and Dolan
2004; LaBar et al 1998; Phelps et al 2004) studies implicate the
amygdala in fear extinction learning (reviewed in Maren and
Quirk 2004; Myers and Davis 2002; Quirk and Gehlert 2003;
Sotres-Bayon et al 2004); however, studies showing that damage
to cortical areas interferes with extinction (LeDoux et al 1989;
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Morgan and LeDoux 1995; Morgan et al 1993; Quirk et al 2000;
Teich et al 1989; but see Falls and Davis 1993) suggest that
amygdala processes alone are not sufficient to account for all
aspects of extinction.

It is likely that fear extinction involves interactions between
cortical and subcortical brain areas, especially interactions be-
tween the PFC and amygdala (LeDoux 2000; Morgan et al 1993;
Quirk et al 2003; Rosenkranz et al 2003). The basic model is as
follows. Circuits within the amygdala are essential to the acqui-
sition of fear learning (auditory fear conditioning; Figure 2).
Specifically, the lateral amygdala (LA) is a region where the CS
(e.g., atone) and US (e.g., a shock) converge and thus endow the
CS with the capacity to elicit freezing and other related CRs. The
LA then communicates with the central nucleus (CE), which
controls the expression of fear by way of connections to specific
circuits that mediate different response modalities (freezing
behavior, autonomic nervous system responses, and endocrine
responses). The LA connects with the CE directly and by way of
connections to other amygdala areas, including the basal nucleus
and the intercalated cell masses (Paré et al 2004). After extinc-
tion, the ability of the CS to control CRs by way of communica-
tion between the LA and CE is regulated by the ventromedial PFC
(vmPFC). Activity between these regions might also be modu-
lated by contextual information provided by the hippocampus.
Interestingly, the basal amygdala processes information about
the context by way of its reciprocal connections with the
hippocampal formation. Although the basal nucleus is not re-
quired for fear extinction (Sotres-Bayon et al 2004), it could
participate in the contextual modulation of extinction through
these connections. Functionally relevant connections in fear
extinction are represented between the vimPFC, amygdala, and
hippocampus in Figure 3 (auditory fear extinction).

Below, we will consider the origin of the idea that the vmPFC
plays a critical role in extinction. We start with a survey of the
effects of PFC damage on behavioral regulation (including the
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Figure 2. Fear conditioning circuitry. In auditory fear conditioning, animals
learn to fear aninnocuous tone. By pairing tone and shock, the tone acquires
the capacity to elicit defensive reactions, such as freezing (arrow pointing
up). Tone and shock stimuli converge in the lateral amygdala (LA), resulting
in associative plasticity in the tone-LA pathway. Subsequent presentations
of the tone can now activate LA neurons. The LA then communicates with
the central nucleus (CE), which controls the expression of fear by way of
connections to specific circuits that mediate freezing behavior. The LA con-
nects with CE directly and by way of connections to other amygdala areas,
including the intercalated cell masses (ICM), which gate the output, and the
basal nucleus (B), which processes contextual information from the
hippocampus.
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Figure 3. Fear extinction: neural model. In fear extinction, tone-alone pre-
sentations result in a reduced expression of the previously learned condi-
tioned response, reflected as gradual reduction in freezing behavior (arrow
pointing down). Ultimately, the central nucleus (CE) of the amygdala controls
the expression of fear by way of connections to specific neural circuits that
mediate freezing behavior. This model depicts the role the amygdala, ven-
tromedial prefrontal cortex (vmPFC), and hippocampus play in three hypo-
thetical stages of fear extinction. 1) In the early stage, after fear acquisition,
tone-alone presentations cause some amygdala neurons to decrease their
firing rate, through fear learning reversal and/or new inhibitory learning. 2)
Next, at some point during consolidation of extinction, the inhibitory mem-
ory trace between the vmPFC and the lateral amygdala (LA) and/or interca-
lated cell masses (ICM) is established (mPFC-mediated amygdala inhibition;
green arrows and minus sign). 3a) Third, after extinction learning, when the
animal is required to retrieve the already-consolidated extinction memory,
the vmPFC suppresses activity in the amygdala through inhibition of LA
neurons and/or activation of the inhibitory ICM, resulting in a rapid decrease
in freezing. 3b) At the same time, hippocampus-based contextual memory
modulates neural activity of the vmPFC and/or LA, but not through basal
amygdala (B; grey; Sotres-Bayon et al 2004), during extinction expression to
regulate the animal’s behavioral response (i.e., decrease freezing) if in the
appropriate environment. For simplicity, we omitted two other connections
that could be relevant: vmPFC connections to B and projections from vmPFC
to CE.

regulation of emotional behavior) and then consider how this
research tradition informed studies of fear extinction. We will
briefly reconsider the interactive role of the vmPFC, amygdala,
and hippocampus in extinction at the end of the article. Contri-
butions of the PFC, amygdala, and hippocampus to fear extinc-
tion are surveyed in more depth in other articles in this issue
(PFC: Quirk et al 2006; amygdala: Barad et al 2006; hippocam-
pus: Bouton et al 2006).

Effects of PFC Damage on Behavioral Regulation

Evidence of the effects of brain damage on behavioral regu-
lation can be traced back to the late 19th century. Jackson (1888)
proposed that “higher” brain regions exert inhibitory control over
the “lower” brain regions. According to Jackson, when higher
centers are damaged, the inhibitory influence is removed from
lower levels, revealing impulsive, instinctive, or, in some cases,
maladaptive behaviors (Finger 2001). Evidence supporting this
idea came from anecdotal reports, such as the famous case of
Phineas Gage (Harlow 1848; Harlow 1868). Gage survived a
railroad explosion that forced an iron bar completely through his
head. The bar entered below his cheek and exited through his
forehead, destroying most of the front of his brain, especially
damaging the anterior part of his frontal lobe. By all accounts,
Gage was an exemplary citizen before the accident but turned
impulsive, restless, and disrespectful afterward. As noted by his
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physician, the accident unleashed “animal passions” in Gage
(Harlow 1868).

Subsequent studies in animals showed that dramatic changes
in emotional behavior followed frontal lobe damage (Bianchi
1895, 1922; Jacobsen 1935). In contrast to Gage, these studies
most commonly reported a weakening or blunting of emotional
reactivity. On the basis of such observations, Moniz (1936)
attempted to treat anxious and aggressive patients by frontal
leucotomy, a surgical procedure whereby fibers connecting the
most anterior part of the frontal lobe—the PFC—to the rest of the
brain were sectioned. Shortly after Moniz reported his procedure,
Freeman championed prefrontal lobotomies (PFC removal: fibers
and cell bodies) in the United States (Freeman and Watts 1942),
leading to approximately 1000 surgeries per year in the 1940s to
treat emotional disorders as varied as psychosis, depression, and
even “criminality.” The common finding after frontal lobotomy
was that patients were generally less emotional—an outcome
that sometimes alleviated presurgical symptoms but often at the
expense of personality traits. So-called psychosurgery continued
to be used into the 1960s (Finger 2001; Mark and Ervin 1970) but
then ceased because of ethical concerns (Valenstein 1980) and
the development of less-invasive treatments. These gross manip-
ulations demonstrated the PFCs involvement in emotion. More
specific manipulations done later helped to better define the
function of PFC subregions, as we discuss in the following para-
graphs.

One of the most consistent and well-documented effects of
PFC damage is perseveration (Luria 1969, 1973; Milner 1964;
Teuber 1964). That is, humans and animals with PFC lesions are
unable to switch their behavioral choices when situations
change. For example, Milner (1964) had PFC-damaged patients
and control subjects sort cards on the basis of objects that varied
on several dimensions: shape (circles, squares, triangles), color
(red, blue, green), and number (one, two, or three objects). Over
a sequence of trials, one dimension (e.g., shape) was the correct
sorting principle. Then the rule would change (to color or
number). Control subjects readily learned to switch; patients with
PFC damaged did not. Interestingly, Milner noted that PFC-
damaged patients were aware of the perseverative errors they
committed but were unable to modify their strategy.

Animal studies also found perseverative errors in other rever-
sal tasks. For instance, in some studies, monkeys were first
trained to receive a reward when they chose one of two stimuli,
and then the reward was switched to the other stimulus. Control
subjects readily switched, but monkeys with damage to the PFC
continued to respond to the previously rewarded stimulus (But-
ter 1969; Butter et al 1963; Deuel and Mishkin 1977; Iversen and
Mishkin 1970; Jones and Mishkin 1972; Mishkin 1964). Subse-
quent lesion studies in monkeys (Dias et al 1996; Roberts and
Wallis 2000; Wallis et al 2001) and humans (Fellows and Farah
2003; Hornak et al 2004) isolated the region of the PFC involved
in such reward-related perseverative errors. In these studies,
damage to the dorsolateral PFC impaired the ability to alternate
between rules irrespective of their reward value, whereas dam-
age to the vmPFC impaired the ability to switch to the appropri-
ate behavioral choice when reward information changed. Con-
sistent with these findings, unit recording studies showed that
activity changes in vmPFC neurons as reward changes (Rolls
1999; Thorpe et al 1983). Because reward and punishment are
emotionally significant stimuli, the findings are consistent with
the idea that the vmPFC is especially involved in emotional
regulation. This notion is also supported by recent studies
showing that patients with damage to the vmPFC are impaired in
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using emotional information to guide decision making (Damasio
1994; Damasio and van Hoesen 1983). Today, the ventromedial
areas of the PFC are generally believed to be involved in
adjusting behavior on the basis of emotional/motivational, in-
cluding social, cues (for recent reviews see Bechara et al 2000;
Rolls 1996, 1999).

Although the dorsolateral PFC was not found to play a critical
role in behavioral regulation that involved processing of emo-
tionally significant stimuli, it turned out to be the region most
responsible for other effects observed after PFC damage (Fuster
1989; Goldman-Rakic 1987; Luria 1966, 1973; Milner 1964; Nauta
1971). Monkeys and humans with damage to dorsolateral PFC
lack behavioral flexibility in tasks in which information has to be
held in working memory temporarily for the purpose of making
choices and decisions (Arnsten 1998; D’Esposito et al 2000; Smith
and Jonides 1999). The dorsolateral PFC is in fact believed to play
a key role in working memory and executive functions (see
Miller and Cohen 2001). Deficits in cognitive processes, such as
working memory and executive control, are believed to also
underlie poor performance in tasks like card sorting, as discussed
above. Because working memory and executive functions are
generally considered “cognitive” in nature, whereas processing
of reward and punishment are considered “emotional,” it is
widely assumed that dorsolateral and ventromedial areas of the
PFC are involved in cognitive and emotional functions, respec-
tively. It should be noted, however, that the distinction is not
crystal clear because the cognitive tasks in animal studies are
learned through reward or punishment of behavior.

In summary, the PFC seems to be necessary for rapidly
readjusting behavioral responses to stimuli. The dorsolateral PFC
allows flexibility of thought and behavior in response to chang-
ing information and rules. The ventromedial areas of the PFC are
involved in adjusting behavior on the basis of emotional cues. In
each case, PFC damage produces perseverative tendencies that
compromise the ability of the organism to adapt to changing
situations.

Anatomical Terminology of Medial PFC Divisions

The human and animal research reviewed above suggests that
ventral and medial areas of the PFC are necessary for adjusting
behavior when the emotional relevance of a stimulus changes.
Fear extinction is exactly such a situation. Once a CS no longer
predicts danger, it is important to stop treating it as dangerous. It
thus makes sense that the ventral or medial PFC might be
involved in fear extinction. Before considering the evidence
implicating this region in extinction, it is important to briefly
discuss what defines this region.

Most of the evidence reviewed so far has involved human and
nonhuman primate studies; however, studies of fear extinction
have typically involved rodents. Although exact homologies
between the PFC in primates and other mammals are difficult to
draw, it is generally believed that the ventral and medial areas of
the PFC are more similar across mammals than the dorsal and
lateral areas (Povinelli and Preuss 1995; Preuss 1995).

The term medial PFC (mPFC) loosely refers to a collection of
brain regions in the frontal lobe extending down the medial wall
of the hemispheres to the base of the frontal lobe. Some of the
key regions include the anterior cingulate, infralimbic, prelimbic,
and medial orbital cortex. Medial PFC is sometimes used to refer
to all of these and sometimes only some. When the term vmPFC
is used, it sometimes refers to the infralimbic, prelimbic, and
medial orbital areas, though in some studies it only refers to
medial orbital or only to infralimbic and prelimbic cortices. One
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should carefully determine what a particular investigator has in
mind when these terms are used. We will attempt to be as precise
as possible below.

Contributions of PFC Areas to Fear Extinction

How did medial areas of the PFC come to be implicated in
fear extinction? This view has its origins in several studies
performed in the late 1980s and early 1990s. The first two studies
we will consider did not study mPFC at all but instead sensory
areas of cortex. LeDoux et al (1989) found that extensive damage
to the visual cortex had no effect on conditioning of fear
responses to a visual CS; however, extinction was disrupted (but
see Falls and Davis 1993). The same year, Teich et al (1989)
showed that auditory cortex lesions interfered with extinction of
auditory fear conditioning. It was viewed as unlikely that damage
to sensory cortex disrupted the mechanism of extinction itself.
Just as the amygdala had emerged as a key structure of the
acquisition of fear conditioning regardless of the sensory modal-
ity of the CS, it was thought that there might also be a universal
system that mediates extinction, independent of the sensory
modality of the CS.

What might that system involve? In considering this question,
Morgan et al (1993) drew upon the extensive literature reviewed
above implicating the ventral and medial PFC in emotional
regulation. Studies previously examining this issue provided
some support, but others failed to find an effect (Divac et al 1984;
Frysztak and Neafsey 1991). Morgan and colleagues therefore
re-examined the issue. They found that lesions of the mPFC
(including the ventral part of the anterior cingulate cortex, as well
as the infralimbic and prelimbic cortex) resulted in resistance to
extinction. That is, animals with such lesions required many more
nonreinforced CS presentations to extinguish freezing elicited by
the CS. In an effort to relate their findings to human and
nonhuman primate literature, Morgan and colleagues referred to
the resistance to extinction as “emotional perseveration.”

In a set of follow-up studies, Morgan and LeDoux (1995)
pinpointed the infralimbic/prelimbic region as the key mPFC
area involved in extinction. Animals with damage restricted to
this region showed the same resistance to extinction produced
by the larger lesions in the previous study. Studies by Quirk and
colleagues then refined the conclusion further, emphasizing the
importance of the infralimbic region (Milad and Quirk 2002;
Quirk et al 2000). Although the mPFC has been implicated in
extinction in a variety of other studies (Barrett et al 2003; Garcia
et al 1999; Herry and Garcia 2002, 2003; Herry and Mons 2004;
Herry et al 1999; Lebron et al 2004; Morrow et al 1999; Rosen-
kranz et al 2003; Santini et al 2004), one study failed to find an
effect (Gewirtz et al 1997), possibly owing to the measurement of
startle rather than freezing. It is possible that freezing and startle
differ in terms of their cortical (visual cortex [Falls and Davis
1993] and mPFC [Gerwitz et al 1997]) dependence for extinction.
Furthermore, in contrast to the effects of damage to the mPFC,
animals with damage to the ventrolateral PFC (lateral orbital
cortex) exhibited reduced fear reactivity to contextual stimuli
associated with conditioning but did not show deficits in extinc-
tion (Morgan and LeDoux 1999).

Consistent with these animal studies, recent human imaging
studies using fear conditioning protocols similar to animal re-
search show that mPFC activity changes during extinction in
humans (Gottfried and Dolan 2004; Phelps et al 2004). Although
equation of the exact areas is not possible in the human and
animal work, the rough correspondence is striking. For a com-
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prehensive review of neural substrates of extinction in humans,
see Phelps et al (2006), in this issue.

There have been considerable advances in our understanding
of the role of the vmPFC in fear extinction since the original
finding more than 10 years ago; however, recent findings are
beyond the scope of this review. We will consider these ad-
vances when proposing a broad neural circuit model for fear
extinction below (Figure 3). For a comprehensive review of
prefrontal mechanisms in extinction of conditioned fear, see
Quirk et al (2006), in this issue.

A General Overview of the Fear Extinction Circuitry

Converging evidence has identified three brain regions that
are important for fear extinction: the vmPFC, amygdala, and
hippocampus. Particularly influential has been the view that the
mPFC regulates the expression of fear by inhibiting the amygdala
(Davidson 2002; Drevets 1999; LeDoux 1996; Quirk and Gehlert
2003; Sotres-Bayon et al 2004). A couple of theories have
emerged to account for this regulation (Berretta et al 2005; Quirk
et al 2003; Rosenkranz et al 2003). The vmPFC, especially the
infralimbic cortex, seems to encode an important aspect of
long-term extinction (Milad and Quirk 2002; Milad et al 2004;
Quirk et al 2000; Santini et al 2004) and might directly suppress
the firing of amygdala neurons after extinction; however, the
details of this regulation are still debated (for review see Sotres-
Bayon et al 2004). In brief, extinction could involve either mPFC
activation of inhibitory LA interneurons (Rosenkranz et al 2003)
or mPFC activation of inhibitory projections from the intercalated
cell masses to the CE (Quirk et al 2003).

The amygdala, a critical site of fear learning plasticity, might
also be a critical site of extinction learning plasticity and/or might
be inhibited by other regions and thus be necessary for the
expression of extinction. This is supported by studies showing
that 1) manipulation of molecules in the amygdala affects fear
extinction (Chhatwal et al 2005b; Falls et al 1992; Ledgerwood
et al 2003; Lin et al 2003b, 2003¢; Lu et al 2001; Marsicano et al
2002; Walker et al 2002); and 2) that amygdala activity changes
during extinction (Gottfried and Dolan 2004; Herry and Mons
2004; LaBar et al 1998; Maren and Quirk 2004; Phelps et al 2004;
Quirk et al 1997; Repa et al 2001; Rogan et al 1997).

The hippocampus is not required for cue fear extinction;
however, it seems to play an important role in the contextual
modulation of extinction after renewal (Corcoran and Maren
2001; Ji and Maren 2005; but see Frohardt et al 2000; Wilson et al
1995) or reinstatement (Frohardt et al 2000; Wilson et al 1995).
The hippocampus has strong reciprocal connections with the
mPFC and the basal amygdala nucleus. Nonetheless, it is not yet
clear which of these connections is important for the contextual
modulation of extinction.

Thus, the mPFC, amygdala, and hippocampus seem to inter-
actively coordinate the encoding and expression of fear extinc-
tion. These three structures might have distinct interactions at
different fear extinction stages. We propose three different chro-
nological stages in which one or several of these brain regions
might be crucial. This model intends to synthesize the accumulated
evidence implicating each of these structures in fear extinction and
recent work suggesting that extinction training might cause erasure
shortly after fear acquisition but might cause inhibitory learning
once the fear memory is consolidated (Cain etal 2005; Lin et al
2003a, 2003b; Myers et al 2006) (see Figure 3).

There have been considerable advances in recent years
regarding the brain regions responsible for fear extinction;
however, much more remains to be understood about the
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detailed mechanisms by which these three brain regions
contribute to extinction. The rapid progress offers hope that the
mechanisms will be understood, which could then offer new
treatments for clinical problems related to fear and anxiety.

Clinical Implications

Understanding the neural mechanisms of Pavlovian fear ex-
tinction is likely to have important implications for the treatment
of humans with fear and anxiety disorders. Cognitive—behavior
therapy (CBT) in humans is based on extinction and typically
involves exposure to fear-eliciting cues in a safe setting (Barlow
2002; Foa and Jaycox 1999; Wolpe 1968). Cognitive—behavior
therapy is widely used today and remains one of the most
effective therapies for pathological anxiety, such as phobias,
panic, and posttraumatic stress disorder (Craske 1999; Foa et al
2002). A broad goal of extinction research is to develop treat-
ments that will accelerate CBT and make its effects longer lasting.
Already researchers have proposed several methods of improv-
ing CBT, based on recent animal fear extinction research. For
instance, the discovery that infralimbic PFC neurons signal
extinction memory led to the suggestion that transcranial mag-
netic stimulation might improve CBT (Milad and Quirk 2002).
Research unraveling the molecular cascade specific to extinction
has led to the suggestion that drugs such as d-cycloserine
(Ressler et al 2004), yohimbine (Cain et al 2004), cannabinoid
receptor 1 agonists (Chhatwal et al 2005a; Marsicano et al 2002),
and L-type calcium channel agonists (Cain et al 2002) might
facilitate CBT. Alternatively, this research has also identified
some common drugs often taken in conjunction with CBT that
might actually impair extinction and that should be avoided at
least during therapy (benzodiazepines [Bouton et al 1990] and
B-blockers [Cain et al 2004]). Moreover, an interesting possibility
not yet studied is that drugs designed to specifically interfere
with hippocampus-dependent context learning but not extinc-
tion might lead to longer-lasting CBT because return of fear is
often context dependent (Bouton and King 1983; Corcoran and
Maren 2001). For a comprehensive review of treatment in clinical
populations, see Foa et al (2000) in this issue.

Future Considerations

The brain mechanisms of emotional regulation have been a
topic of interest for centuries, and for good reason. Emotional
regulation is critical for adapting to change and for the mainte-
nance of stable social groups. Pavlovian fear extinction is a
particularly important, and relatively simple, form of emotional
regulation.

Future research will undoubtedly seek to understand how the
PFC, amygdala, and hippocampus interact to fully encode the
extinction memory and coordinate its expression. These brain
regions might make unique contributions to particular phases in
the extinction process (acquisition, consolidation, retrieval). Thus,
besides spatially dissociating which subregions within these struc-
tures are necessary, temporally isolating when they contribute
will provide a better understanding of how extinction occurs. For
instance, there are strong interconnections between the hip-
pocampus and the basal nucleus of the amygdala (B); however,
we recently showed that B is not required for extinction learning
or spontaneous recovery (Sotres-Bayon et al 2004). Given the
hippocampus’ role in contextual modulation of extinction, an
obvious question is whether or not B is necessary for other
extinction-related phenomena like renewal or reinstatement. If
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not, perhaps the hippocampus exerts its modulation by way of
the PFC, by direct connections to the LA (Hobin et al 2003;
Sotres-Bayon et al 2004), or by other indirect pathways connect-
ing these areas.

Another set of major questions concerns the exact nature of
the roles the PFC and amygdala play in fear extinction. The PFC
has a long history in emotional regulation, including extinction,
but its precise role in fear extinction learning is still a matter of
debate. Animals with vmPFC lesions learn extinction acutely and
show savings of extinction learning, despite large deficits in the
initial recall of long-term extinction (Quirk et al 2000). One
possibility is that PFC lesion effects can be revealed by more
subtle tests like retraining (Morgan et al 2003) or that the PFC
might be necessary for conditioned fear acquisition (Baeg et al
2001; Frysztak and Neafsey 1991; Laviolette et al 2005). Another
possibility is that the PFC learns generally that stimulus contin-
gencies can change and uses this experience to accelerate
emotional suppression during future experiences. On the other
hand, the amygdala is an obvious place to look for fear extinc-
tion—related changes, given its known role in fear learning and
expression. Indeed, during extinction, the responses of many
cells return to activity levels observed before fear learning (Repa
et al 2001). It is not yet clear, however, which subregions of the
amygdala are important for extinction, whether plasticity of
glutamate or y-aminobutyric acid transmission is important, or
whether this plasticity involves potentiation (long-term potenti-
ation) or depression (long-term depression and/or depotentia-
tion) of synaptic connections. These and other questions regard-
ing the brain mechanisms of fear extinction are likely to be
intensely studied in future years, given the importance of this
process to normal human behavior and especially to the treat-
ment of pathological anxiety.

This work was supported by NIH Grants RO1 MH46516, R21
MHO072279, R37 MH38774, KO5 MHOG 7048, and P50 MH58911
(to JEL).

Aspects of this work were presented at the conference, “Ex-
tinction: The Neural Mechanisms of Bebavior Change,” held
February 2-6, 2005 in Ponce, Puerto Rico. The conference was
sponsored by the National Institute of Mental Health, National
Institute of Drug Abuse, Ponce School of Medicine, University of
Puerto Rico COBRE Program, Pfizer Global Pharmaceutical,
and the Municipality of Ponce.

We thank Diego Mier-y-Teran for assistance in the prepara-
tion of the figures.

Arnsten AFT (1998): Catecholamine modulation of prefrontal cortical cogni-
tive function. Trends Cogn Sci 2:436-447.

Baeg EH, Kim YB, Jankg J, Kim HT, Mook-Jung |, Jung MW (2001): Fast spiking
and regular spiking neural correlates of fear conditioning in the medial
prefrontal cortex. Cereb Cortex 11:441-451.

Barad M, Gean PW, Lutz B (2006): Amygdala mechanisms. Biol Psychiatry 59:
XXX-XXX.

Barlow DH (2002): Anxiety and Its Disorders: The Nature and Treatment of
Anxiety and Panic. 2nd ed. New York: Guilford Press.

Barrett D, Shumake J, Jones D, Gonzalez-Lima F (2003): Metabolic mapping
of mouse brain activity after extinction of a conditioned emotional re-
sponse. J Neurosci 23:5740-5749.

Bechara A, Damasio H, Damasio AR (2000): Emotion, decision making and
the orbitofrontal cortex. Cereb Cortex 10:295-307.

Berretta S, Pantazopoulos H, Caldera M, Pantazopoulos P, Pare D (2005):
Infralimbic cortex activation increases c-fos expression in intercalated
neurons of the amygdala. Neuroscience 132:943-953.

Bianchi L (1895): The functions of the frontal lobe. Brain 18:497-530.

Bianchi L (1922): The Mechanism of the Brain. Edinburgh: E & S Livingstone.

www.sobp.org/journal

F. Sotres-Bayon et al

Bouton ME (2004): Context and behavioral processes in extinction. Learn
Mem 11:485-494.

Bouton ME, Kenney FA, Rosengard C (1990): State-dependent fear extinc-
tion with two benzodiazepine tranquilizers. Behav Neurosci 104:44 -55.

Bouton ME, King DA (1983): Contextual control of the extinction of condi-
tioned fear: Tests for the associative value of the context. J Exp Psychol
Anim Behav Process 9:248-265.

Bouton ME, Westbrook F, Corcoran K, Maren S (2006): Contextual and tem-
poral modulation of extinction. Biol Psychiatry 59: XXX-XXX.

Butter CM (1969): Perseveration in extinction and in discrimination reversal
tasks following selective frontal ablatons in Macaca mulatta. Physiol
Behav 4:163-171.

Butter CM, Mishkin M, Rosvold HE (1963): Conditioning and extinction of a
food-rewarded response after selective ablations of frontal cortex in
rhesus monkeys. Exp Neurol 7:65-75.

Cain CK, Blouin AM, Barad M (2002): L-type voltage-gated calcium channels
are required for extinction, but not for acquisition or expression, of
conditional fear in mice. J Neurosci 22:9113-9121.

Cain CK, Blouin AM, Barad M (2004): Adrenergic transmission facilitates
extinction of conditional fear in mice. Learn Mem 11:179-187.

Cain CK, Godsil BP, Jami S, Barad M (2005): The L-type calcium channel
blocker nifedipine impairs extinction, but not reduced contingency ef-
fects, in mice. Learn Mem 12:277-284.

Chhatwal JP, Davis M, Maguschak KA, Ressler KJ (2005a): Enhancing canna-
binoid neurotransmission augments the extinction of conditioned fear.
Neuropsychopharmacology 30:516-524.

Chhatwal JP, Myers KM, Ressler KJ, Davis M (2005b): Regulation of gephyrin
and GABAA receptor binding within the amygdala after fear acquisition
and extinction. J Neurosci 25:502-506.

Corcoran KA, Maren S (2001): Hippocampal inactivation disrupts contextual
retrieval of fear memory after extinction. J Neurosci 21:1720-1726.

Craske MG (1999): Anxiety Disorders: Psychological Approaches to Theory and
Treatment. Boulder, Colorado: Westview Press.

D’Esposito M, Postle BR, Rypma B (2000): Prefrontal cortical contributions to
working memory: Evidence from event-related fMRI studies. Exp Brain
Res 133:3-11.

Damasio A (1994): Descarte’s Error: Emotion, Reason, and the Human Brain.
New York: Gosset/Putnam.

Damasio AR, van Hoesen G (1983): Emotional disturbances associated with
focal lesions of the limbic frontal lobe. In: Heilman KM, Satz P, editors.
Neuropsychology of Human Emotion. New York: Guilford, 85-110.

Darwin C (1872): The Expression of the Emotions in Man and Animals. Chicago:
University of Chicago Press [reprint, 1965].

Davidson RJ (2002): Anxiety and affective style: Role of prefrontal cortex and
amygdala. Biol Psychiatry 51:68 - 80.

Davis M (1992): The role of the amygdala in fear and anxiety. Annu Rev
Neurosci 15:353-375.

Davis M (2002): Role of NMDA receptors and MAP kinase in the amygdala in
extinction of fear: Clinical implications for exposure therapy. Eur J Neu-
rosci 16:395-398.

Deuel R, Mishkin M (1977): Limbic and prefrontal contributions to somes-
thetic learning in monkeys. Brain Res 132:521-535.

Dias R, Robbins TW, Roberts AC (1996): Dissociation in prefrontal cortex of
affective and attentional shifts. Nature 380:69-72.

Divac I, Mogenson J, Blanchard RJ, Blanchard DC (1984): Mesial cortical
lesions and fear behavior in the wild rat. Physiol Psychol 12:271-274.
Drevets WC (1999): Prefrontal cortical-amygdalar metabolism in major de-

pression. Ann N Y Acad 5ci 877:614-637.

Eysenck MW (1976): Arousal, learning, and memory. Psychol Bull 83:389—
404.

Falls WA, Davis M (1993): Visual cortex ablations do not prevent extinction of
fear-potentiated startle using a visual conditioned stimulus. Behav Neu-
ral Biol 60:259-270.

Falls WA, Miserendino MJ, Davis M (1992): Extinction of fear-potentiated
startle: Blockade by infusion of an NMDA antagonist into the amygdala.
J Neurosci 12:854-863.

Fellows LK, Farah MJ (2003): Ventromedial frontal cortex mediates affective
shifting in humans: Evidence from a reversal learning paradigm. Brain
126:1830-1837.

Fendt M, Fanselow MS (1999): The neuroanatomical and neurochemical
basis of conditioned fear. Neurosci Biobehav Rev 23:743-760.

Finger S (2001): Origins of Neuroscience: A History of Explorations into Brain
Function. New York: Oxford University Press.



F. Sotres-Bayon et al

Foa EB, Cahill S, Conklin C, Pitman R, Rothbaum BO (2006): Treatment (clin-
ical populations). Biol Psychiatry 59: XXX-XXX.

Foa EB, Franklin ME, Moser J (2002): Context in the clinic: How well do
cognitive-behavioral therapies and medications work in combination?
Biol Psychiatry 52:987-997.

Foa EB, Jaycox LH (1999): Efficacy and cost-effectiveness of psychotherapy.
In: Speigel D, editor. Cognitive-Behavioral Theory and Treatment of Post-
traumatic Stress Disorder. Vol 45. Washington, DC: American Psychiatric
Publishing, 23-61.

Freeman W, Watts JW (1942): Psychosurgery. Oxford: Charles C. Thomas.

Frohardt RJ, Guarraci FA, Bouton ME (2000): The effects of neurotoxic hip-
pocampal lesions on two effects of context after fear extinction. Behav
Neurosci 114:227-240.

Frysztak RJ, Neafsey EJ (1991): The effect of medial frontal cortex lesions on
respiration, “freezing,” and ultrasonic vocalizations during conditioned
emotional responses in rats. Cereb Cortex 1:418-425.

Fuster JM (1989): The Prefrontal Cortex. New York: Raven.

Gale GD, Anagnostaras SG, Godsil BP, Mitchell S, Nozawa T, Sage JR, et al
(2004): Role of the basolateral amygdala in the storage of fear memories
across the adult lifetime of rats. J Neurosci 24:3810-3815.

Garcia R, Vouimba RM, Baudry M, Thompson RF (1999): The amygdala mod-
ulates prefrontal cortex activity relative to conditioned fear. Nature 402:
294 -296.

Gewirtz JC, Falls WA, Davis M (1997): Normal conditioned inhibition and
extinction of freezing and fear-potentiated startle following electrolytic
lesions of medial prefrontal cortex in rats. Behav Neurosci 111:712-726.

Goldman-Rakic PS (1987): Circuitry of primate prefrontal cortex and regula-
tion of behavior by representational memory. In: Plum F, editor. Hand-
book of Physiology. Section 1: The Nervous System. Vol. V, Higher Functions
of the Brain. Bethesda: American Physiological Society, 373-418.

Gottfried JA, Dolan RJ (2004): Human orbitofrontal cortex mediates extinc-
tion learning while accessing conditioned representations of value. Nat
Neurosci 7:1144-1152.

Harlow JM (1848): Passage of an iron rod through the head. Boston Med
Surg J39:389-393.

Harlow JM (1868): Recovery from the passage of an iron bar through the
head. Bull Mass Med Soc 2:3-20.

Herry C, Garcia R (2002): Prefrontal cortex long-term potentiation, but not
long-term depression, is associated with the maintenance of extinction
of learned fear in mice. J Neurosci 22:577-583.

Herry C, Garcia R (2003): Behavioral and paired-pulse facilitation analyses of
long-lasting depression at excitatory synapses in the medial prefrontal
cortex in mice. Behav Brain Res 146:89-96.

Herry C, Mons N (2004): Resistance to extinction is associated with impaired
immediate early gene induction in medial prefrontal cortex and amyg-
dala. Eur J Neurosci 20:781-790.

Herry C, Vouimba RM, Garcia R (1999): Plasticity in the mediodorsal thalamo-
prefrontal cortical transmission in behaving mice. J Neurophysiol 82:
2827-2832.

Hobin JA, Goosens KA, Maren S (2003): Context-dependent neuronal activity
in the lateral amygdala represents fear memories after extinction. J Neu-
rosci 23:8410-8416.

Hornak J, O'Doherty J, Bramham J, Rolls ET, Morris RG, Bullock PR, et al
(2004): Reward-related reversal learning after surgical excisions in
orbito-frontal or dorsolateral prefrontal cortex in humans. J Cogn
Neurosci 16:463-478.

Iversen SD, Mishkin M (1970): Perseverative interference in monkeys follow-
ing selective lesions of the inferior prefrontal convexity. Exp Brain Res
11:376-386.

Jackson JH (1888): Remarks on evolution and dissolution of the nervous
system.J Ment Sci 33:25-48.

Jacobsen CF (1935): Functions of frontal association areas in primates. Arch
Neurol Psychiatry 33:558 -569.

Ji J, Maren S (2005): Electrolytic lesions of the dorsal hippocampus disrupt
renewal of conditional fear after extinction. Learn Mem 12:270-276.
Jones B, Mishkin M (1972): Limbic lesions and the problem of stimulus-

reinforcement associations. Exp Neurol 36:362-377.

LaBar KS, Gatenby JC, Gore JC, LeDoux JE, Phelps EA (1998): Human amyg-
dala activation during conditioned fear acquisition and extinction: A
mixed-trial fMRI study. Neuron 20:937-945.

Laviolette SR, Lipski WJ, Grace AA (2005): A subpopulation of neurons in the
medial prefrontal cortex encodes emotional learning with burst and

BIOL PSYCHIATRY 2006;60:329-336 335

frequency codes through a dopamine D4 receptor-dependent
basolateral amygdala input. J Neurosci 25:6066 — 6075.

Lebron K, Milad MR, Quirk GJ (2004): Delayed recall of fear extinction in rats
with lesions of ventral medial prefrontal cortex. Learn Mem 11:544-548.

Ledgerwood L, Richardson R, Cranney J (2003): Effects of D-cycloserine on
extinction of conditioned freezing. Behav Neurosci 117:341-349.

LeDoux J (1996): The Emotional Brain: The Mysterious Underpinnings of Emo-
tional Life. New York: Simon & Schuster.

LeDoux JE (2000): Emotion circuits in the brain. Annu Rev Neurosci 23:155-
184.

LeDoux JE, Romanski LM, Xagoraris A (1989): Indelibility of subcortical emo-
tional memories. J Cogn Neurosci 8:2517-2529.

Lin CH, Lee CC, Gean PW (2003a): Involvement of a calcineurin cascade in
amygdala depotentiation and quenching of fear memory. Mol Pharma-
col 63:44-52.

Lin CH, Yeh SH, Leu TH, Chang WC, Wang ST, Gean PW (2003b): Identification
of calcineurin as a key signal in the extinction of fear memory. J Neurosci
23:1574-1579.

Lin CH, Yeh SH, Lu HY, Gean PW (2003c¢): The similarities and diversities of
signal pathways leading to consolidation of conditioning and consoli-
dation of extinction of fear memory. J Neurosci 23:8310-8317.

Lu KT, Walker DL, Davis M (2001): Mitogen-activated protein kinase cascade
in the basolateral nucleus of amygdala is involved in extinction of fear-
potentiated startle. J Neurosci 21:RC162.

Luria AR (1966): Higher Cortical Functions in Man. New York: Basic Books.

Luria AR (1969): Frontal lobe syndromes. In: Vinken PH, Bruyn GW, editors.
Handbook of Clinical Neurology. Vol 2. Amsterdam: North Holland, 725-
757.

Luria AR (1973): The frontal lobes and the regulation of behavior. In: Luria AR,
editor. Psychophysiology of the Frontal Lobes. New York: Academic Press,
3-26.

Maren S, Quirk GJ (2004): Neuronal signalling of fear memory. Nat Rev
Neurosci 5:844-852.

Mark VH, Ervin FR (1970): Violence and the Brain. Vol 1. New York: Harper &
Row.

Marsicano G, Wotjak CT, Azad SC, Bisogno T, Rammes G, Cascio MG, et al
(2002): The endogenous cannabinoid system controls extinction of aver-
sive memories. Nature 418:530-534.

Milad MR, Quirk GJ (2002): Neurons in medial prefrontal cortex signal mem-
ory for fear extinction. Nature 420:70-74.

Milad MR, Vidal-Gonzalez |, Quirk GJ (2004): Electrical stimulation of medial
prefrontal cortex reduces conditioned fear in a temporally specific man-
ner. Behav Neurosci 118:389-394.

Miller EK, Cohen JD (2001): An integrative theory of prefrontal cortex func-
tion. Annu Rev Neurosci 24:167-202.

Milner B (1964): Some effects of frontal lobectomy in man. In: Warren JM,
Akert K, editors. The Frontal Granular Cortex and Behavior. New York:
McGraw-Hill, 311.

Mineka S, Ohman A (2002): Phobias and preparedness: The selective, auto-
matic, and encapsulated nature of fear. Biol Psychiatry 52:927-937.

Mishkin M (1964): Perseveration of central sets after frontal lesion in mon-
keys. In: Warren JM, Akert K, editors. The Frontal Granular Cortex and
Behavior. New York: McGraw-Hill, 219.

Moniz E (1936): Prefrontal leucotomy in the treatment of mental disorders.
Am J Psychiatry 93:1379-1385.

Morgan MA, LeDoux JE (1995): Differential contribution of dorsal and ventral
medial prefrontal cortex to the acquisition and extinction of conditioned
fear in rats. Behav Neurosci 109:681-688.

Morgan MA, LeDoux JE (1999): Contribution of ventrolateral prefrontal cor-
tex to the acquisition and extinction of conditioned fear in rats. Neuro-
biol Learn Mem 72:244-251.

Morgan MA, Romanski LM, LeDoux JE (1993): Extinction of emotional
learning: contribution of medial prefrontal cortex. Neurosci Lett 163:
109-113.

Morgan MA, Schulkin J, LeDoux JE (2003): Ventral medial prefrontal cortex
and emotional perseveration: The memory for prior extinction training.
Behav Brain Res 146:121-130.

Morrow BA, Elsworth JD, Rasmusson AM, Roth RH (1999): The role of meso-
prefrontal dopamine neurons in the acquisition and expression of con-
ditioned fear in the rat. Neuroscience 92:553-564.

Myers KM, Davis M (2002): Behavioral and neural analysis of extinction.
Neuron 36:567-584.

www.sobp.org/journal



336 BIOL PSYCHIATRY 2006;60:329-336

Myers KM, Ressler KJ, Davis M (2006): Different mechanisms of fear extinc-
tion dependent on length of time since fear acquisition. Learn Mem
13:216-223.

Nauta WJH (1971): The problem of the frontal lobe: A reinterpretation.
J Psychiatric Res 8:167-187.

Paré D, Quirk GJ, LeDoux JE (2004): New vistas on amygdala networks in
conditioned fear. J Neurophysiol 92:1-9.

Pavlov IP (1927): Conditioned Reflexes. New York: Dover.

Phelps EA, Delgado MR, Nearing Kl, LeDoux JE (2004): Extinction learning in
humans: Role of the amygdala and vmPFC. Neuron 43:897-905.

Phelps EA, Shin L, Rauch S (2006): Neural substrates of extinction in humans.
Biol Psychiatry 59: XXX-XXX.

Povinelli DJ, Preuss TM (1995): Theory of mind: Evolutionary history of a
cognitive specialization. Trends Neurosci 18:418-424.

Preuss TM (1995): Do rats have prefrontal cortex? The Rose-Woolsey-Akert
program reconsidered. J Cogn Neurosci 7:1-24.

Quirk GJ, Armony JL, LeDoux JE (1997): Fear conditioning enhances different
temporal components of tone-evoked spike trains in auditory cortex
and lateral amygdala. Neuron 19:613-624.

Quirk GJ, Gehlert DR (2003): Inhibition of the amygdala: Key to pathological
states? Ann N'Y Acad Sci 985:263-272.

Quirk GJ, Gonzalez-Lima F, Garcia R (2006): Prefrontal mechanisms in extinc-
tion of conditioned fear. Biol Psychiatry 59: XXX-XXX.

Quirk GJ, Likhtik E, Pelletier JG, Paré D (2003): Stimulation of medial prefron-
tal cortex decreases the responsiveness of central amygdala output
neurons. J Neurosci 23:8800-8807.

Quirk GJ, Repa C, LeDoux JE (1995): Fear conditioning enhances short-
latency auditory responses of lateral amygdala neurons: Parallel record-
ings in the freely behaving rat. Neuron 15:1029-1039.

Quirk GJ, Russo GK, Barron JL, Lebron K (2000): The role of ventromedial
prefrontal cortex in the recovery of extinguished fear. J Neurosci 20:
6225-6231.

Repa JC, Muller J, Apergis J, Desrochers TM, Zhou Y, LeDoux JE (2001): Two
different lateral amygdala cell populations contribute to the initiation
and storage of memory. Nat Neurosci 4:724-731.

Rescorla RA (2004): Spontaneous recovery. Learn Mem 11:501-509.

Rescorla RA, Heth CD (1975): Reinstatement of fear to an extinguished
conditioned stimulus. J Exp Psychol Anim Behav Process 1:88 -96.

Ressler KJ, Rothbaum BO, Tannenbaum L, Anderson P, Graap K, Zimand E,
et al (2004): Cognitive enhancers as adjuncts to psychotherapy: Use of
D-cycloserine in phobic individuals to facilitate extinction of fear. Arch
Gen Psychiatry 61:1136-1144.

Roberts AC, Wallis JD (2000): Inhibitory control and affective processing in
the prefrontal cortex: Neuropsychological studies in the common mar-
moset. Cereb Cortex 10:252-262.

www.sobp.org/journal

F. Sotres-Bayon et al

Rogan MT, Staubli UV, LeDoux JE (1997): Fear conditioning induces associa-
tive long-term potentiation in the amygdala. Nature 390:604 - 607.

Rolls ET (1996): The orbitofrontal cortex. Philos Trans R Soc Lond B Biol Sci
351:1433-1443; discussion 1443-1444.

Rolls ET (1999): The brain and Emotion. Oxford: Oxford University Press.

Rosenkranz JA, Moore H, Grace AA (2003): The prefrontal cortex regulates
lateral amygdala neuronal plasticity and responses to previously condi-
tioned stimuli. J Neurosci 23:11054-11064.

Rothbaum BO, Davis M (2003): Applying learning principles to the treatment
of post-trauma reactions. Ann N Y Acad Sci 1008:112-121.

Sah P, Faber ES, Lopez De Armentia M, Power J (2003): The amygdaloid
complex: Anatomy and physiology. Physiol Rev 83:803-834.

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

Smith EE, Jonides J (1999): Storage and executive processes in the frontal
lobes. Science 283:1657-1661.

Sotres-Bayon F, Bush DE, LeDoux JE (2004): Emotional perseveration: An
update on prefrontal-amygdala interactions in fear extinction. Learn
Mem 11:525-535.

Tang YP, Shimizu E, Dube GR, Rampon C, Kerchner GA, Zhuo M, et al
(1999): Genetic enhancement of learning and memory in mice. Na-
ture 401:63-69.

Teich AH, McCabe PM, Gentile CC, Schneiderman LS, Winters RW, Liskowsky
DR, etal (1989): Auditory cortex lesions prevent the extinction of Pavlov-
ian differential heart rate conditioning to tonal stimuli in rabbits. Brain
Res 480:210-218.

Teuber HL (1964): The riddle of frontal lobe function in man. In: Warren JM,
Akert K, editors. The Frontal Granular Cortex and Behavior. New York:
McGraw Hill.

Thorpe SJ, Rolls ET, Maddison S (1983): The orbitofrontal cortex: Neuronal
activity in the behaving monkey. Exp Brain Res 49:93-115.

Valenstein ES (1980): The Psychosurgery Debate: Scientific, Legal, and Ethical
Perspectives. San Francisco: Freeman Press.

Walker DL, Ressler KJ, Lu KT, Davis M (2002): Facilitation of conditioned fear
extinction by systemic administration or intra-amygdala infusions of
D-cycloserine as assessed with fear-potentiated startle in rats. J Neurosci
22:2343-2351.

Wallis JD, Dias R, Robbins TW, Roberts AC (2001): Dissociable contributions
of the orbitofrontal and lateral prefrontal cortex of the marmoset to
performance on a detour reaching task. Eur J Neurosci 13:1797-1808.

Wilson A, Brooks DC, Bouton ME (1995): The role of the rat hippocampal
system in several effects of context in extinction. Behav Neurosci 109:
828-836.

Wolpe J (1968): The Practice of Behavior Therapy. 1st ed. New York: Pergamon
Press.



	Brain Mechanisms of Fear Extinction: Historical Perspectives on the Contribution of Prefrontal Cortex
	What Is Extinction?
	How Does the Brain Mediate Extinction?
	Effects of PFC Damage on Behavioral Regulation
	Anatomical Terminology of Medial PFC Divisions
	Contributions of PFC Areas to Fear Extinction
	A General Overview of the Fear Extinction Circuitry

	Clinical Implications
	Future Considerations
	Acknowledgment
	References


