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The neural mechanisms by which fear is inhibited are
poorly understood at the present time. Behaviorally, a
conditioned fear response may be reduced in intensity
through a number of means. Among the simplest of
these is extinction, a form of learning characterized
by a decrease in the amplitude and frequency of a
conditioned response when the conditioned stimulus
that elicits it is repeatedly nonreinforced. Because
clinical interventions for patients suffering from fear
dysregulation seek to inhibit abnormal, presumably
learned fear responses, an understanding of fear ex-
tinction is likely to inform and increase the efficacy of
these forms of treatment. This review considers the
behavioral, cellular, and molecular literatures on ex-
tinction and presents the most recent advances in
our understanding while identifying issues that require
considerable further research.

Introduction

The substantial psychiatric and societal problems asso-
ciated with fear-related disorders and the need for effec-
tive clinical interventions for their treatment are receiving
increasing attention in light of the terrorist attacks on
September 11, 2001. Until quite recently, however, rela-
tively little guidance has been forthcoming from labora-
tory investigations of the mechanisms of fear inhibition.
The reasons for this oversight are numerous, but interest
in the question has been growing and will almost cer-
tainly continue to do so, given the impetus of these
unsettling events.

The behavioral and neural mechanisms of fear acqui-
sition are already well understood, thanks in large part
to studies of simple forms of aversive conditioning in
animals. The most extensively studied of these is Pav-
lovian fear conditioning, a form of learning in which an
animal (typically a rat) is exposed to pairings of a neutral
conditioned stimulus (CS), such as a light or tone, with
a fear-inducing unconditioned stimulus (US), such as a
mild footshock, and comes to exhibit a conditioned fear
response (CR) to the CS. Behavioral techniques for the
inhibition or suppression of this acquired fear have been
known for some time. Among the simplest of these is
extinction, a form of learning characterized by a de-
crease in the amplitude and frequency of a CR when
the contingent relationship between the CS and US is
compromised, as most commonly occurs when the CS
is repeatedly presented in the absence of the US. This
basic protocol is very similar to those employed by clini-
cians specializing in the treatment of fear disorders in
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humans, which commonly involve exposure to the
feared object in the absence of any overt danger. Extinc-
tion of fear conditioning in animals is thus an excellent
model system for the study of fear inhibition, and one
whose implications for exposure-based psychothera-
pies are particularly straightforward.

Behavioral studies of extinction have been ongoing
since the late 19" century, whereas a neural analysis of
extinction and inhibition is still in its infancy. The study
of the neural basis of extinction has been facilitated by
the fact that extinction can be measured in the same
Pavlovian conditioning paradigms used to study the
mechanisms of CR acquisition and expression. At the
same time, however, this endeavor has been hampered
by misconceptions as to the nature and significance
of extinction, which is sometimes characterized as a
process of “forgetting” or “unlearning” (implying that
the loss of a CR may simply reflect the reversal of the
plasticity associated with acquisition) rather than a new
learning process accompanied by additional plasticity
(e.g., Kitazawa, 2002). Because these misconceptions
continue to linger even as the literature on the cellular
basis of extinction grows, we believe a review of the
broader extinction literature and its implications is
needed. We will begin with a brief discussion of the
behavioral and theoretical work on extinction and will
then turn to studies of its neural and cellular bases.

Behavioral Features and Theories of Extinction
The study of extinction began with Pavlov (1927), who
discovered that the conditioned salivary response of
his dogs to a food-signaling cue diminished and finally
disappeared when the cue was repeatedly presented in
the absence of food. This decrease in the amplitude and
frequency of a CR as a function of nonreinforced CS
presentations is ubiquitous across paradigms (appeti-
tive and aversive) and species (C. elegans to humans),
and is referred to as extinction. Extinction is not due to
forgetting of the original CS-US association, as CRs are
quite resistant to loss with the simple passage of time
(G.D. Gale et al., 1999, Soc. Neurosci., abstract; McAllis-
ter et al., 1986). Rather, extinction is an active learning
process that is distinct from acquisition and requires
additional training to develop (Figure 1A). It should be
noted that there is evidence for a nonassociative com-
ponent of extinction as well (e.g., Frey and Butler, 1977),
which has been incorporated into certain psychological
(Rescorla and Heth, 1975; Robbins, 1990) and cellular
theories (Hawkins and Kandel, 1984); however, we will
focus upon the associative component in this review.
Some psychological theories have described extinc-
tion as an “unlearning” process dependent on a violation
of the CS-US contingency established in acquisition
(Rescorla and Wagner, 1972; Wagner and Rescorla,
1972). In the associative language of these theories,
it is argued that the CS-US association mediating CR
performance is weakened and ultimately lost over the
course of extinction training, such that the CS loses its
ability to produce a CR. Although this is perhaps the



Neuron
568

A Extinction is not the same as forgetting

g Acquisition Extinction Retention Test
5 ' ;
g | |
» 1 I
8 i :
§ 1 L
Trials Ext No Ext

B spontaneous recovery

E:) Acquisiton ~ Extinction Retention Test

5 ' i

2 . :

» 1 1

8 | ‘

E 1 1
Trials Immed 2hrs 24hrs

C Renewal
Acquisition Extinction )

x (ContextA) (Context B) Retention Test

O 1 1

‘e 1

e i i

» 1 1

8 i :

E - 1 1
Trials Context Context

A B
D Reinstatement

g Acquisition ~ Extinction Retention Test

5 ' P

@ | 1 USs:

3> 1 | 1

& 1 1 ]

2 : A [
Trials USsin USsin

test different
context context

Figure 1. Extinction Is a Form of New Learning that Is Characterized
by Several Salient Behavioral Features

(A) Extinction is not the same as forgetting because the acquired fear
response (CR) does not disappear unless the CS is nonreinforced in
the interval between acquisition and test. (B) At relatively extended
intervals following extinction, the extinguished CR reappears. The
magnitude of this “spontaneous recovery” increases with the length
of the extinction-to-test interval. (C) Extinction is context specific.
Following acquisition in context A and extinction in context B, a
retention test in context B reveals extinction-appropriate behavior
(i.e., little or no CR) whereas a similar test in context A reveals
acquisition-appropriate behavior (i.e., the extinguished CR is “re-
newed”). (D) An extinguished CR reappears (is “reinstated”) when
unsignaled presentations of the US are interposed between the
completion of extinction training and a subsequent retention test,
but only if the USs are presented within the context of the retention
test.

most parsimonious account of extinction, considerable
evidence has emerged to challenge the unlearning view.
For example, it has long been established that the ex-
pression of extinction dissipates over time, a phenome-
non known as spontaneous recovery (for a review, see
Robbins, 1990) (Figure 1B). The magnitude of the recov-
ered CR is commonly seen to increase with the length
of the rest interval, such that a negatively accelerated
curve of CR return as a function of time since extinction
training is obtained (M.R. Milad et al., 2001, Soc. Neu-
rosci., abstract; Robbins, 1990). A related phenomenon,
known as renewal, presents a similar challenge. Re-
newal refers to the reappearance of an extinguished CR
when an animal (Bouton and Bolles, 1979a) or human
(Rodriguez et al., 1999) is tested in a context different

from that in which extinction training took place (Figure
1C). Both spontaneous recovery and renewal indicate
that a CS retains its ability to drive a CR following extinc-
tion, and must therefore retain at least some of the
strength it acquired upon being paired with the US.

In response to findings such as these, an alternative
class of theories was developed that proposes that ex-
tinction is a form of new learning that counteracts the
expression of the CR (Bouton, 1993; Konorski, 1948;
Pavlov, 1927; Wagner, 1981). In colloquial terms, these
“inhibitory” theories suggest that extinction is charac-
terized by the development of a new connection be-
tween the CS and US representations that effectively
says “now, in this place, the CS no longer predicts
shock.” In associative terms, this process is described
as the generation and strengthening of a second, inhibi-
tory association between the CS and US representa-
tions, which acts in parallel with the excitatory associa-
tion and directly opposes the tendency of the excitatory
association to activate the US representation. Inhibitory
theories are able to explain many of the basic behavioral
features of extinction when certain additional assump-
tions are made. The most popular of these has been to
propose that inhibitory associations are generally more
“labile,” or subject to disruption, than are excitatory
associations, and hence are lost with the passage of
time (spontaneous recovery) or a shift of context (re-
newal) (Bouton, 1993; Konorski, 1948; Pavlov, 1927).

Regardless of the particulars of the approach taken,
the idea that a single CS can control both excitatory
and inhibitory tendencies is supported by a wealth of
empirical evidence (Barnet and Miller, 1996; Delamater,
1996; Droungas and LolLordo, 1994; Konorski, 1948;
Matzel et al., 1988; Rescorla, 1979, 1982, 1993; Tait and
Saladin, 1986; Williams and Overmier, 1988; Williams et
al., 1992). A particularly direct and impressive demon-
stration was presented by Tait and Saladin (1986), who
trained rabbits with a tone CS and periorbital shock US
and examined two different response measures, eye-
blink conditioning and lick suppression. The CS and US
were presented in abackward conditioning arrangement
(i.e., the US temporally preceded the CS), which has
been reported by some authors to produce excitatory
conditioning to the CS (such that the CS produces a
weak CR), and by others to produce inhibitory condition-
ing to the CS (such that the CS is retarded in its acquisi-
tion of a CR when it is subsequently paired with the US
in a forward conditioning arrangement) (e.g., Cole and
Miller, 1999). The rabbits exhibited more pronounced
lick suppression to the tone than did a variety of control
groups, suggesting that the tone was excitatory. How-
ever, the same rabbits were retarded in their acquisition
of a conditioned eyeblink response when they were sub-
sequently exposed to standard forward pairings of the
tone and the US, suggesting that the tone was also
inhibitory. A single-association model clearly cannot ac-
count for the simultaneous display of excitation and
inhibition by a single CS; hence, this finding strongly
implicates the coexistence of excitatory and inhibitory
CS-US associations (for an elegant theoretical account
of these data, see Wagner and Brandon, 1989).

Additional support for inhibitory theories of extinction
comes from findings that extinguished CSs may act
similarly to conditioned inhibitors, or CSs that have es-
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tablished a purely inhibitory association with the US.
Conditioned inhibitors are most commonly produced by
training one CS, A, as a conditioned excitor (i.e., A-US
trials), and then presenting the to-be-inhibitory CS, X,
in compound with A and omitting the US (i.e., AX-no US
trials). The conditioned inhibitor acquires the ability to
reduce the magnitude of a CR produced by an excitor
(a standard summation test of inhibition), even though
the excitor continues to produce the CR when presented
by itself (Rescorla, 1969). The conditioned inhibitor is
also slowed in its acquisition of a CRif it is subsequently
paired with the US (a retardation test of inhibition), as
in the study of Tait and Saladin (1986) described above
(Rescorla, 1969).

Calton et al. (1996) reported that considerable “over-
training” of extinction (i.e., continuation of extinction
training well beyond the point at which the CR has disap-
peared) produces a CS that acts like a conditioned inhib-
itor by passing summation and retardation tests (but
see Aguado et al., 1998; see also Schachtman et al.,
2000). Moreover, the expression of conditioned inhibi-
tion may under some circumstances be enhanced by
“extinction” (that is, repeated nonreinforced presenta-
tions) of the inhibitory CS (Devito and Fowler, 1987;
Williams and Overmier, 1988), and inhibitory CSs may
behave like extinguished stimuli in exhibiting spontane-
ous recovery (Hendersen, 1978; Schachtman et al.,
2000; Thomas, 1979) and renewal (Bouton and Nelson,
1994; Bouton et al., 1993; Fiori et al., 1994). These paral-
lels between conditioned inhibitors and extinguished
CSs are among the strongest evidence to date that ex-
tinction may be understood in terms of the development
and strengthening of an inhibitory association, which is
apparently synonymous with that which develops under
more traditional procedures for generating conditioned
inhibition (see also Falls and Davis, 1995).

Neural Analysis of Extinction

If the above-described theoretical work on extinction is
to be useful in guiding neural studies, then it must be
articulated in cellular as opposed to associative terms.
Any of a number of possibilities exist for doing so; for
example, the “excitatory” and “inhibitory” responses to
a CS may be orchestrated by different brain structures
(e.g., amygdala versus prefrontal cortex), different popu-
lations of cells within a structure (e.g., glutamatergic
versus GABAergic neurons), or different types of mole-
cules within individual cells (e.g., kinases versus phos-
phatases; activators versus repressors of transcription).
Of these possibilities, the first two have received the
most attention. Attempts to identify an inhibitory brain
structure that is sensitive to nonreinforcement and mod-
ulates structures essential for CR production have been
ongoing for some time, and have variously focused on
the hippocampus, lateral septum, sensory cortex, and
prefrontal cortex. More recently, investigators have
turned their attention to the physiological, pharmacolog-
ical, and molecular mechanisms of the development and
expression of extinction. In what follows, we consider
each of these literatures in turn, after first discussing
some of the methodological considerations that must be
taken into account when evaluating the studies therein.

Definitions and Methodological Considerations

It is important to point out that the term extinction is
used in several different ways. Extinction may refer to
(1) the experimental procedure used to produce a decre-
ment in the amplitude and frequency of the CR; (2) the
decremental effect of this procedure on the CR, which
can be measured both at the time the CS is presented
in the absence of the US and at a later time; or (3) the
hypothesized associative or cellular process responsi-
ble for that effect. For the purposes of this review, we will
define the experimental procedure as extinction training,
the decrement in the CR measured during extinction
training as within-session extinction, and the decrement
measured at some interval after extinction training as
extinction retention. The term extinction will be reserved
for the process underlying the loss of the CR.

Because extinction may be defined and measured
in different ways by different investigators, there are
a number of apparent inconsistencies in the cellular
literature that may not be as troubling as they appear
at first glance. For example, much of the work has evalu-
ated the effect of some treatment on either within-ses-
sion extinction or extinction retention, and conclusions
as to the contribution of the structure or mechanism of
interest to a generalized “extinction” process have been
drawn accordingly. However, this approach overlooks
the fact that a single treatment may produce different
or even opposite effects on within-session extinction
and extinction retention, which presumably correspond
to short-term and long-term extinction memory phases.
Likewise, the treatment may have quite different effects
on extinction retention at varying post-extinction train-
ing intervals. Itis extremely important, therefore, to keep
this in mind when evaluating extinction research, and
to apply the same methodological standards as one
would when studying the encoding, consolidation, and
expression of acquisition.

A related consideration concerns the time at which a
manipulation is applied with respect to the extinction
training episode. Studies using lesions induced prior to
acquisition, extinction training, or a subsequent reten-
tion test have often produced very different results,
some of which may be attributable to relatively trivial
factors. For example, lesions given prior to Pavlovian
excitatory conditioning (pre-acquisition lesions) have
been used quite frequently, despite the potential con-
founding of the effect of the lesion on acquisition with
its effect on extinction. Indeed, because “resistance to
extinction” is often a sensitive measure of the strength
of acquisition (Annau and Kamin, 1961), the possibility
of a difference between lesioned and control groups in
the rate or asymptote of acquisition—even if this is not
readily apparent in the data—complicates the interpre-
tation of any difference between these groups in extinc-
tion. Thus in our opinion, it is preferable to first expose
animals to CS-US pairings and then perform the manipu-
lation either prior to extinction training (if within-session
extinction is the measure of interest) or at various inter-
vals following the completion of training (if extinction
retention is to be assessed). Ideally, one would examine
both of these phases of extinction learning and memory
in separate groups of animals.
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Are There Inhibitory Structures in the Brain?

Many of the earliest studies of the neural basis of extinc-
tion sought to identify a brain structure serving as the
source of the inhibition postulated by psychological the-
ories. An extensive literature exists on the contribution
of the hippocampus to extinction and inhibition more
generally (for a review, see Schmajuk, 1984), although
no consensus was ever reached as to the precise role,
if any, played by this structure. The lateral septum has
also been the source of interest in this regard (Thomas,
1988), but again a variety of conflicting findings damp-
ened enthusiasm for the hypothesis that the septum
may act to inhibit conditioned emotional responses con-
trolled by other brain regions. Nevertheless, this general
strategy continues to be pursued today, with contempo-
rary studies focusing on the cerebral cortex—specifi-
cally, the sensory and prefrontal cortices—and the ex-
tinction of conditioned fear responses.

Sensory Cortex. It is well known that plasticity may
be induced in sensory cortices in Pavlovian conditioning
situations (for a review, see Weinberger, 1998a). Al-
though the changes associated with exposure to CS-
US pairings are by far the best characterized, there is
a small literature documenting cortical plasticity during
extinction training (for a review, see Falls and Davis,
1995). Some authors have found that acquisition-related
cortical plasticity is reversed with nonreinforced CS ex-
posure (Diamond and Weinberger, 1986; Gassanov et
al., 1985) while others have reported little or no change
(Brons and Woody, 1980; Quirk et al., 1997).

Quirk et al. (1997; see also Armony et al., 1998), for
example, hypothesized that the auditory cortex and its
projections to the lateral amygdala may be a site of
long-term retention of fear memory, given their findings
that the cortex exhibits extinction-resistant plasticity
over the course of multiple nonreinforced CS trials
whereas the lateral amygdala generally does not (but
see Repa et al., 2001). Moreover, they suggested that
an interplay between the two structures is necessary
for the development of extinction, such that the cortex
directs the reshaping of amygdalar plasticity during non-
reinforced CS trials while the amygdala maintains the
extinction-resistant plasticity of the cortex.

Two studies (LeDoux et al., 1989; Teich et al., 1989)
provided provisional support for this notion by demon-
strating that sensory cortical lesions retard extinction
(Table 1). A limitation of both studies, however, lies in
the fact that the lesions were induced prior to acquisition
and the role of the cortex in within-session extinction
and extinction retention was not dissociated. A study
conducted in our laboratory (Falls and Davis, 1993) using
both pre- and post-acquisition lesions failed to observe
any effect of complete lesions of visual cortex on either
within-session extinction or extinction retention to a vi-
sual CS (Table 1). Although there are many procedural
differences between the two sets of studies, the findings
clearly indicate that extinction can proceed normally in
the absence of sensory cortex under some circum-
stances.

Prefrontal Cortex. In their discussion of the putative
role of sensory cortex in extinction, Quirk et al. (1997; see
also LeDoux et al., 1989) emphasized that the sensory
cortex likely feeds extinction-related information for-
ward to higher order cortical areas, such as the cingu-

late, subiculum, and/or prefrontal cortex, for additional
processing and more finely tuned behavioral control. By
this account, lesions of these higher order areas should
interfere with extinction.

The prefrontal cortex has been the subject of much
investigation with respect to extinction and response
perseveration; however, an understanding of its role re-
mains elusive. One complication has stemmed from the
fact that lesions of different subregions of the prefrontal
cortex have led to widely differing effects on extinction
as well as initial acquisition (Morgan and LeDoux, 1995,
1999; Quirk et al., 2000). Moreover, some of the lesion
effects have not been replicated despite the use of nomi-
nally identical experimental protocols (Table 1). For ex-
ample, Morgan et al. (1993) reported that medial prefron-
tal cortical lesions had no effect on initial acquisition of
fear conditioning but retarded subsequent extinction to
a tone (but not a contextual CS), while very similar stud-
ies conducted by Gewirtz et al. (1997) and Quirk et al.
(2000) found no difference between lesioned and control
groups in the rate or asymptote of within-session extinc-
tion (see also Vouimba et al., 2000). Gewirtz et al. (1997)
also found no difference between groups in extinction
retention, whereas Quirk et al. (2000) reported increased
spontaneous recovery (i.e., impaired extinction reten-
tion) in lesioned animals (see also K. Lebron and G.J.
Quirk, 2001, Soc. Neurosci., abstract). Finally, Morrow
et al. (1999) reported that dopamine depletion within the
prefrontal cortex impaired extinction when a high, but
not a low, shock intensity had been used in acquisition.

Despite these inconsistencies in the lesion literature,
the prefrontal cortex continues to attract a great deal
of attention as a putative locus of extinction-related
plasticity, perhaps because studies employing other
methodologies, such as imaging and single unit re-
cording, have tended to provide more unilateral support
for this notion (e.g, C.J. Cannistraci et al., 2001, Soc.
Neurosci., abstract; Herry and Garcia, 2002). For exam-
ple, Milad and Quirk (2002) recorded single unit activity
in the rat infralimbic cortex during habituation, acquisi-
tion, extinction training, and retention test phases of a
Pavlovian fear conditioning task, and found that cells in
this area (but not in the prelimbic or medial orbital cortex)
were responsive to the tone CS during the retention
test, but not other phases of conditioning. Moreover,
the degree to which the cells were tone responsive was
inversely correlated with spontaneous recovery of freez-
ing, such that unit responses to the tone tended to be
more robust in rats exhibiting less freezing in test (i.e.,
better retention of extinction). Additional experiments
attempted to establish a causal, rather than a correla-
tional, role for the infralimbic cortex in extinction by
electrically stimulating the cortex during extinction train-
ing. Rats receiving stimulation during nonreinforced
tone presentations showed less freezing in the extinc-
tion training session and in a subsequent retention test
than did rats for which tone presentations and stimula-
tion were unpaired or rats receiving tone presentations
in the absence of stimulation, suggesting that activity
in this area does indeed contribute to CR suppression in
extinction.

Studies such as this one clearly indicate that addi-
tional work is needed to clarify the role of the prefrontal
cortex and its various subregions in the development



Review
571

‘[BIJUBA ‘A {[B1}S04 ‘U ‘Xau09 [ejuospad ‘D4d

‘leipaw ‘w ‘lesale] ‘| ‘oyes peay ‘YH ‘BUIUOIIPUOD Jed) ‘D4 ‘UOIIOUNXS ‘1X8 ‘[BSIop ‘P ‘XBHO0D ‘X10 ‘UOISIOAR 9}SE]} PAUONIPUOD ‘Y10 ‘8suodsal [BUOIOWS PBUOIHPUOD ‘YD ‘uoiiisinboe ‘boe :suoneinaiqqy

*HD 9y} a4inboe 0} Buuresy uonisinboe jo sAep semay palinbai osje Asy) ‘uolIO UOOUIXS UB Yoeas 0} Bujures} uonounxs Jo

sAep jo Jaquinu Jsjealb e aiinbal pip sjewiue pauoisa] 8y} djiym ‘sny Juswniedxe ay) Jo saseyd uonounxe pue uonisinboe ay) ul Jes) Ul 8sealoul [eJouab B Yyim pajeioosse SBM UoIs9| ay) ‘Apnis Siyl Ujq

*UOI}OUIIXd JO 2INSESW B Se Uoualuo 0} skep Buikojdwa Apnjs e Ul Se ‘PajeloossIp J0U 819M UONUS)SS UOIIOUNXS PUB UOIIOUIIXS UOISSaS-UIYIM JBY} SaJedIpU| .

(Yw g-0) pasredw xo-aud
(Yw $0) 10942 ON boe-aid
(6661) ‘e 10 moliop (vw g°0) paredw boe-aid Oddw VYAHO-9 04 uelnojred ey
(0002) "[e 12 BqQUIINOA 10940 ON xo-aud Oddwp anAjo09|3 Od UelnojAed 9snoN
109))9 ON 109))9 ON 1x0-aid
(2661) "6 10 ZHIMOYD }09y0 ON 10940 ON boe-aid Oddw onhjonos|3 04 UuelnojAed rey
pasedw 108} ON boe-aid D4dWA
(0002) "Ie 3 >uIND 10948 ON 1094)d ON boe-aid Oddwm onkjonos|3 Od uelnojAed ey
«(1X21u09) 109))0 ON
(€661) "Ie 12 uebiopy «(ou0)) pasredw boe-aid D4dWA onAjono93 D4 ueinojred 1ey
(6661) xnoge pue uebiop }0918 ON boe-aid O4dIA onAjosnos|3 D4 ueinojred ey
(5661) xnoge pue uebiop q=l0940 ON boe-aid 94dwp oilA|on109|3 D4 ueinojred ey X9H09 [Bluo4jdid
10949 ON 1xa-1sod
(£661) sineq pue sje4 109))9 ON 109))9 ON boe-aud X190 [ensiA uonesidsy D4 uelnojred 1ey
(6861) "le 18 Y81 «paJedw boe-aid xjo Aoypny anAjo109|3 Buluonpuod yH qqey
(6861) 'Ie 1@ xnogen paJiedw| boe-aid X}0 [ensip uonesidsy H3ao ey Xxop09 Mosuag
uonualay 1x3 1X3 UOISSOS-UIYUM awi] ainonns adAL
8 Buluoipuo)
9oualsjey uoliso] 10 adA} sol10adg

UO[}OUIIXT UO SUOISST XOHO0) [BJUOIRId PUB XaH0D AIOSUSS JO J09y3 °| 9|geL




Neuron
572

(penunuoo)

109440 ON 1s91-aud
paJredw pasredw xa-aud splouiqeuue)
(2002) ‘e 1@ oueoisiepy 10948 ON 10940 ON boe-aud olwalsAs VOLLLYLYS (LgD) L 021 piouiqeuue) D UBINOJABH  9SNOW snouabopug
(1002) repnQ@ pue uewusg £109)J0 ON 1x9-a4d X190 Jejnsu| aujwe|jodoog sJo1dedal oluLeISN Y10 ey
(¥661) "Ie 10 eleo|y-0opeId pairedw| 1s9)-aud olwelsAs aujwe|jodoog sJo1degal oluLeaSN 9oUBpIOAY 18y auljoyofjeoy
(6661) Xno@a pue JopeN pasredw| 1x9-aud olwelsAs sjoaduind si0ydedal gg D4 uelnojaed ey
pasredw 1s91-aud olwL)sAs aueoso) ayeldnal yqg
pasredw 1s91-aud olwa)sAs
pasredw 1xo-aud olwalsAs £6€8¢ NS si01dedals |Q
(8661)
SIPIUBP{OY pue 1smolog pairedw| 1x9-aud olwelsAs aulweleydwy Japodsues) JejndIsoA yYQ O UBIAO|ABRY ey
pasredw| 109440 ON 1s9)-a1d pue Jx9-aid
(S661)
SIPIUDP{OY PUEB %Ol pairedw| 109)4 ON 1x9-aud olwL)sAs auieson ayeidnal yg 94 uelnojaed ey sujwedoqg
(1L002) repn@g pue uewusg epasredw| xa-aud X}0 Jejnsuj |ojoueidoid s101daoaiouaipe-g Y10 ey
pareyjioey 1x9-aud olwelsAs auIquIYoA sioydedaloine go
pasredw 1sa}-aid pue 1xa-aid uojssjwisued |
(L002) peJseg pue uien pasredw xo-aud olwalshAs |lojoueidoid sio}dagaiouaipe-g D4 uelnojaed 1ey olbauaipy-g
109))@ ON (1Ixe1u09 |anou) i1sey-aud
pasredw (1Ixe1u09 1x9) 1s8)-a4d
pairedw| padredw 1s93-aid pue 1xe-aid
(8661)
Y00.IqIS9M puE SLUBH pasredw paJredw 1x9-aud olwelsAs Zri/94  x91dwod 2a1 gzg/vVavd D4 uelnojaed ey
(6861) ‘e 1 eaIdIad pasredw 109))@ ON xo-aud olwa)sAs wedazelq xa|dwod %81 QZg/vVaVvO 9oUBPIOAY Jey
109))8 ON 1xo-1sod 4y g
(0661) "Ie 1@ ubnenopy pajeyjioey 1x9-)sod pawwi olwelsAs uIx030491d sioydedal Yygyn QOUBPIOAY  9SNOW vavo
(1002) repnQ@ pue uewusg £109)J ON 1x9-aud X190 Jejnsu| Sdv sio1dedsal YQWN Y10 18y
pairedw pasredw 1sa3-aid pue 1xe-aid
109)J@ ON 1s9)-aud
(2002) ‘e 10 uren paJredw pasredw xo-aud olwalsAg auidipowu ‘auidipajiN SOOHAT D4 uelnojned  SSNO
(1se1 4y 8p) pasredw) 109149 ON Ix3-)sod 4y {g pue }xa-aid
(1se1 4y 81) 10940 ON xo-1s0d 1y g
(1se1 4y gt) 10940 ON 1091} ON xo-aud
(L002) "[e 10 lunues  (1se} 1y tg) pasredw| 1034} ON 1xe-aud olwalshs dddo si01dedas YQWN O uelnojaed ey
10940 ON xo-a1d olwsyshg 996VH(+) + s0a
paieyjioey xo-aud elepbAwy
(2002) "Ie 10 4a3IEM pajejioey xo-aid olwdlsAg soa Od ueinojred ey
108448 ON xa-aud erepbAiwy XOND s101daoal YdINVY
(z661) |2 1@ sjeq pasredw xo-aud eepbAwy sdv si01dedal YQWWN D4 uelnojaed 1ey ajeweln|o
aoualaey uonualey X3 1X3 UOISSaS-UIYNM awin] a)s Bniq 1ebie] Buuonipuon ssloadg
jo adA)
108943

uopensiulwpy Bnig

uoloUNX3 O} SWaISAS JoBUSSSa\ PUODSS PUB JORIWISUBII0INSN JO UOHNQUIUOCY g d|gEeL




Review
573

and retention of extinction within different behavioral
paradigms. Because the prefrontal cortex is so poorly
represented in rodents (Preuss, 1995), it may be prefera-
ble to use nonhuman primates in analyzing its role.

On the whole, the search for an inhibitory brain struc-

ture has not been very fruitful, as no one structure has
emerged whose putative role in extinction has not been
met with substantial empirical challenges. It is, perhaps,
overly simplistic to assume that a brain structure might
serve such a generalized role as behavioral inhibition,
even with respect to a well-defined form of learning
whose underlying circuitry is relatively circumscribed
(but see Medina et al., 2001). Perhaps because of this,
neuroscientists have increasingly turned their attention
to a cellular and molecular analysis of extinction.
What Is the Nature of the Plasticity
Underlying Extinction?
Cellular and molecular analyses hold considerable
promise for elucidating the mechanisms of extinction,
just as they have for acquisition, but present their own
methodological difficulties. In the absence of a defined
anatomical locus of extinction, many investigators have
resorted to the use of systemic manipulations whose
insights into the essential mechanisms involved are rela-
tively limited. Nevertheless, some investigators have
capitalized on well-characterized paradigms, such as
fear conditioning, and have found that targeted (e.g.,
intra-amygdalar) treatments that affect acquisition often
affect extinction as well. In what follows, we consider
the evidence for the involvement of a variety of neuro-
transmitter and second messenger systems in extinc-
tion, which has emerged primarily from studies of fear
conditioning and conditioned taste aversion.

Glutamate. A large body of literature suggests that
glutamate, acting at ionotropic (AMPA, NMDA) and met-
abotropic (mGluRs) receptors, is critically involved in
learning and memory (for a review, see Walker and
Davis, 2002) and in forms of synaptic plasticity believed
to underlie these processes (e.g., long-term potentia-
tion) (Kullmann et al., 2000; Watkins and Collingridge,
1989). For example, Miserendino and colleagues (1990)
reported that pre-training, intra-amygdala infusions of
the NMDA receptor antagonists AP5 and AP7 blocked
excitatory fear conditioning to a visual CS as assessed
with fear-potentiated startle. This primary finding has
since been replicated using auditory (Campeau and
Davis, 1992) and olfactory cues (G.Y. Paschall et al.,
2001, Soc. Neurosci., abstract) as conditioned fear stim-
uli, second-order reinforcers as the aversive US (Gewirtz
and Davis, 1997), conditioned freezing as an alternative
measure of fear (Fanselow and Kim, 1994), and most
recently using ifenprodil—a compound that interferes
specifically with the NMDA receptor’s 2B subunit—to
disrupt NMDA receptor function (Rodrigues et al., 2001).

In light of the evidence that extinction is a form of
new learning, Falls et al. (1992) investigated the possibil-
ity that fear extinction might also recruit amygdalar
NMDA receptors. Rats were first exposed to a standard
fear conditioning protocol (10 pairings of a light CS and
footshock US on each of two days). Several days later,
separate groups of rats received intra-amygdalar infu-
sions of different concentrations of AP5 immediately
prior to extinction training, which took place on each of
two days and consisted of 30 presentations of the light
in the absence of shock. Extinction retention was then

Berman and Dudai (2001)
Berman and Dudai (2001)

Lu et al. (2001)
Szapiro et al. (2002)
Berman et al. (2001)
Flood et al. (1977)
Vianna et al. (2001)
Lattal and Abel (2001)

Reference

Ext Retention
Impaired
No effect
Impaired
Impaired
Impaired
No effect
No effect

Impaired
Impaired
Impaired

No effect®
Impaired?
No effect?

Within-Session Ext
No effect
No effect

Effect

post-ext

Hippocampus pre-ext

Systemic

Time

pre-ext
pre-ext
pre-ext
pre-ext
pre-ext
pre-ext
pre-ext

Hippocampus pre-ext
Hippocampus pre-ext

Insular ctx
Insular ctx
Amygdala

Hippocampus pre-ext
Systemic

Hippocampus pre-ext

Site
Amygdala
Systemic

Drug
PD98059
PD98059
KN-62
Rp-cAMPs
PD98059
Anisomycin
Anisomycin
Anisomycin
Anisomycin
Anisomycin
Anisomycin

Drug Administration

Translation
Translation
Translation
Translation
Translation

MAPK
CaMKil
PKA
MAPK

Pavlovian FC Translation

Pavlovian FC MAPK
Water maze

Type of
Species Conditioning Target

Avoidance

CTA

CTA

CTA

Avoidance
Avoidance

Rat
Rat
Rat
Rat
Rat
Mouse
Rat
Mouse

Abbreviations: acq, acquisition; CTA, conditioned taste aversion; ctx, cortex; DA, dopamine; ext, extinction; FC, fear conditioning; hr, hours; immed, immediately; rec, receptor.

2Indicates that within-session extinction and extinction retention were not dissociated, as in a study employing days to criterion as a measure of extinction.

Table 2. Continued
Intracellular
Signaling

Protein

Synthesis
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tested the following day. AP5 produced a dose-depen-
dent blockade of extinction (Table 2) that could not be
attributed to antagonism of NMDA receptors outside of
the amygdala, damage to the amygdalar complex, or
an impairment of sensory transmission during extinction
training. Interestingly, pre-extinction training infusions
of the AMPA receptor antagonist CNQX were without
effect. A similar blockade of extinction of contextual fear
conditioning, inhibitory avoidance, and eyeblink condi-
tioning has since been reported with administration of
AP5 and MK-801 (Kehoe et al., 1996; Lee and Kim, 1998;
Szapiro et al., 2002), and additional studies have con-
firmed that these effects cannot be explained by state
dependency (Baker and Azorlosa, 1996; Cox and West-
brook, 1994).

An implication of this work is that extinction might
actually be facilitated if it were possible to enhance the
functioning of the NMDA receptor. Although competitive
NMDA receptor agonists are associated with neurotox-
icity due to unregulated calcium entry, other drugs that
influence NMDA receptor function have a more favor-
able profile. One such compound is D-cycloserine
(DCS), a partial agonist at the strychnine-insensitive gly-
cine binding site on the NMDA receptor complex. In a
study that was similarly designed to that of Falls et al.
(1992), we (Walker et al., 2002) found that DCS facilitated
extinction in a dose-dependent manner following either
systemic administration or direct infusion into the amyg-
dala, but had no effect in animals that did not receive
extinction training (Table 2). The effect of DCS was com-
pletely blocked by co-administration of the glycine bind-
ing site antagonist (=-)HA966 at a dose that by itself
did not block extinction (although higher doses of this
antagonist did block extinction). In a similar vein, Tang
et al. (1999) have demonstrated that transgenic mice
overexpressing the NMDAR2B subunit exhibit facilitated
acquisition and extinction of conditioned freezing.

It has been suggested that the involvement of NMDA
receptors in fear extinction is time dependent and re-
stricted to the formation of long-term as opposed to
short-term extinction memory. Santini et al. (2001) re-
ported relatively little impairment in the expression of
freezing or conditioned suppression of bar pressing in
rats administered the NMDA receptor antagonist CPP
prior to extinction training, and little difference between
CPP- and vehicle-treated groups in either the rate or
extent of within-session extinction (Table 2). By contrast,
extinction retention as assessed 24 hr later was severely
impaired, consistent with the findings of previous stud-
ies. Interestingly, the deficit was no longer evident when
the retention test was conducted 48 hr post-extinction
training. Santini et al. (2001) interpreted this finding in
terms of a delayed, NMDA receptor-dependent consoli-
dation process that permitted the impaired extinction
memory of CPP-treated rats to be reconstructed. In-
deed, when CPP was administered both prior to and 24
hr after extinction training, and extinction retention was
assessed 48 hr post-extinction training, the CPP-treated
rats were again impaired.

A shift from NMDA receptor-independent short-term
memory formation to NMDA receptor-dependent con-
solidation processes has been reported in other learning
paradigms as well (Kentros et al., 1998; Shimizu et al.,
2000), although the molecular mechanisms whereby the

short-term plasticity is orchestrated in these cases re-
main poorly understood. In fear extinction, there is some
evidence that L type voltage-gated calcium channels
(LVGCCs), which have been implicated in an NMDA re-
ceptor-independent form of amygdalar LTP (Weisskopf
et al., 1999), may be selectively involved in within-ses-
sion extinction. Cain et al. (2002) examined the effect
of the LVGCC blockers nifedipine and nimodepine on
the acquisition and extinction of fear conditioning, and
found that both within-session extinction and extinction
retention were dose-dependently impaired by pre-
extinction training, systemic administration of either
drug (Table 2), whereas acquisition was unaffected by
similar drug administrations prior to CS-US pairings (but
see Bauer et al., 2002). Extinction retention was not
affected when either drug was administered prior to test
and extinction training had been conducted drug-free,
and additional controls indicated that the impairment
associated with pre-extinction training drug administra-
tion could not be explained by state dependency. Thus,
it is possible that extinction initially recruits LVGCCs
but later requires additional, NMDA receptor-dependent
processes for the consolidation and/or maintenance of
extinction memory.

Despite this substantial body of evidence for the
involvement of NMDA receptors in fear extinction, there
is evidence that NMDA receptor dependence is not char-
acteristic of extinction within all learning paradigms.
Berman and Dudai (2001) reported that infusion of AP5
into the insular cortex did not block extinction of a condi-
tioned taste aversion (CTA), despite the fact that similar
intra-insular cortex infusions of AP5 prior to saccharin-
LiCl~ pairings do impair CTA acquisition (Rosenblum et
al., 1997).

GABA. Because extinction reflects the operation of
an active inhibitory process, it is possible that GABA,
the major inhibitory neurotransmitter in the mammalian
brain, serves as the source of that inhibition via its ac-
tions at ionotropic (GABA,) and metabotropic (GABAg)
receptors. It has been argued for some time that GABA
is involved in the consolidation of excitatory learning,
as GABA agonists disrupt (e.g, Castellano et al., 1989)
and GABA antagonists facilitate (e.g., Yonkov and Geor-
giev, 1985) the acquisition of inhibitory avoidance. More
recently, these findings have been extended to inhibitory
fear learning as well. For example, McGaugh et al. (1990)
reported that systemic administration of the GABA an-
tagonist picrotoxin prior to extinction training in an ac-
tive avoidance paradigm enhanced extinction retention
in a test conducted 24 hr later (Table 2). The facilitatory
effect of picrotoxin was specific to animals receiving
extinction training, as there was no difference in test
performance between nonextingushed, vehicle-treated
and nonextinguished, drug-treated groups. In a similarly
designed study, Pereira et al. (1989) found that systemic,
pre-extinction training administration of diazepam, a
benzodiazepine that acts at the GABA receptor complex
to increase Cl~ flux, had no effect on performance within
an extinction session but was associated with impaired
retention in a test conducted 24 hr later. It has been
suggested that the apparent effects of GABAergic com-
pounds on extinction retention actually reflect state de-
pendency (Bouton et al., 1990); however, others have
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challenged this conclusion (Castellano and McGaugh,
1989, 1990).

In addition to its putative role in the consolidation of
inhibitory fear learning, GABA has also been implicated
in the expression of extinction. Harris and Westbrook
(1998) demonstrated that systemic administration of
FG7142, aninverse agonist of the GABA, receptor, dose-
dependently impaired within-session extinction of freez-
ing and, when administered prior to test, blocked extinc-
tion retention in the context in which extinction training
had been given but had no effect on performance in a
novel context (Table 2). That is, vehicle-treated but not
FG7142-treated animals exhibited extinction retention
when tested in the extinction training context, but both
groups showed a similar renewal of the CR when tested
in a novel context. This is significant in that it indicates
that FG7142 did not nonspecifically increase activity
levels or the frequency of the CR, but rather “selectively
reversed the component of extinction linked to the envi-
ronmental context where extinction training had oc-
curred” (Harris and Westbrook, 1998, pp.113). Separate
experiments indicated that the disruption of extinction
by FG7142 was not due to state dependency. Thus, it
appears that GABA-mediated inhibition is indeed in-
volved in the expression of extinction, and furthermore
that CS-induced GABA release is itself modulated by
other systems that are responsive to factors such as
contextual cues.

When taken together with the findings of McGaugh
et al. (1990) and Pereira et al. (1989), these results sug-
gest that manipulations of GABA transmission may have
different effects when applied prior to extinction training
versus the extinction retention test. One possible expla-
nation for this set of observations is that the devel-
opment of the plasticity associated with extinction
depends not on GABA but on some other neurotransmit-
ter(s), such as glutamate. It seems likely that extinction
is associated with a strengthening of connections be-
tween sensory pathways transmitting CS-related infor-
mation and a population of GABAergic cells mediating
extinction performance. If so, then GABA release during
extinction training would be expected to hinder extinc-
tion since the development of neural plasticity requires
significant excitation of target cells (i.e., membrane de-
polarization, activation of NMDA receptors or LVGCCs,
calcium entry, etc.), which GABA release would counter-
act. Thus it follows that GABA agonists will retard, and
GABA antagonists will facilitate, extinction if they are
present during the critical period of plasticity. By con-
trast, when extinction has already consolidated and re-
tention is assessed, GABA release would inhibit the fir-
ing of other, presumably glutamatergic neurons, which
are themselves responsible for the generation of a CR.
Thus, pre-test administrations of GABA agonists should
facilitate, and GABA antagonists should impair, extinc-
tion retention. This scenario has a certain amount of
intuitive appeal and accounts for much of the data; how-
ever, it should be noted that the finding of Harris and
Westbrook (1998) that the GABA, inverse agonist
FG7142 was associated with an impairment of within-
session extinction is a significant exception.

B-Adrenergic Transmission. It is well established that
the strength of a memory may be modulated by any of
a number of pharmacological agents, among the most

extensively studied of which are compounds affecting
B-adrenergic transmission (for reviews, see Cabhill and
McGaugh, 1996; McGaugh, 2000). Generally, adrenergic
agonists administered either systemically or directly into
the amygdala facilitate memory for fear conditioning and
other learning paradigms, whereas adrenergic antago-
nists block this facilitatory effect. These effects are evi-
dent when injections are given prior to or immediately
following training, but not with extended training-to-
injection intervals, suggesting that these compounds
act on memory consolidation as opposed to encoding
or retrieval.

Consistent with the idea that inhibitory learning in-
volves a similar consolidation process, there is some
evidence that extinction memory may be modulated in
a comparable manner by the same agents (Table 2). C.K.
Cain and M.G. Barad (2001, Soc. Neurosci., abstract),
for example, demonstrated that extinction of contextual
fear conditioning is facilitated by yohimbine (an «2 auto-
receptor antagonist) and impaired by propranolol (a
B-adrenoreceptor antagonist) given immediately prior
to extinction training, as assessed in tests conducted
24 and 48 hr later in the absence and presence of the
drug, respectively. Similarly, Berman and Dudai (2001)
found that extinction of conditioned taste aversion, like
acquisition, was blocked by pre-extinction training, in-
tra-insular cortex infusions of propranolol.

Dopamine. While less extensive than the literature on
B-adrenergic transmission, there is evidence to suggest
that dopamine, particularly within the prefrontal cortex,
also modulates memory processes (Williams and Gold-
man-Rakic, 1995). Dopaminergic transmission has also
been implicated in fear conditioning, such that D1 or D2
receptor antagonists administered either systemically
(Greba and Kokkinidis, 2000) or directly into the amyg-
dala (Greba et al., 2001; Greba and Kokkinidis, 2000;
Guarraci et al., 2000, 1999), or lesions of midbrain dopa-
mine systems (Borowski and Kokkinidis, 1996), impair
the acquisition and expression of fear. Similarly, dopa-
mine agonists (Borowski and Kokkinidis, 1994) or electri-
cal stimulation of the ventral tegmental area (Borowski
and Kokkinidis, 1996) facilitate these processes.

Several studies have implicated dopaminergic trans-
mission in fear extinction. Willick and Kokkinidis (1995)
reported that systemic injections of cocaine (which
blocks dopamine reuptake) had no effect on within-ses-
sion extinction but impaired extinction retention in a
Pavlovian fear conditioning paradigm, an effect that
could not be explained by state dependency. A subse-
quent study extended this finding to amphetamine
(which increases dopamine release through its interac-
tion with synaptic vesicles) and the specific D1 agonist
SKF38393, and further indicated that cocaine and
SKF38393 impair extinction retention when adminis-
tered prior to test (Borowski and Kokkinidis, 1998). Simi-
larly, Nader and LeDoux (1999) reported that systemic,
pre-extinction training administrations of the D2 agonist
quinpirole produced an impairment of extinction as
tested drug-free 24 hr later, although possible state-
dependent effects cannot be ruled out in this study.
Finally, EI-Ghundi et al. (2001) found that D1 receptor
knockout mice were impaired in extinction retention in
an inhibitory avoidance paradigm, as assessed at sev-
eral time points post-extinction training.
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As previously described, 6-OHDA lesions of monoam-
inergic (primarily dopaminergic) fibers of the medial pre-
frontal cortex impair within-session extinction of fear
conditioned with strong shocks (Morrow et al., 1999).
These data might at first sight appear to be inconsistent
with the blockade of extinction seen after systemic ad-
ministration of dopamine agonists; however, the two
sets of studies differ in that the effect of the lesion
was evaluated in within-session extinction whereas the
systemic drug effects were observed in extinction reten-
tion. Thus, it may be possible that short- and long-term
extinction involve different receptor mechanisms (cf.
Santini et al., 2001). Furthermore, depletion of dopamine
in medial prefrontal cortex may enhance responses of
subcortical dopamine neurons. Although Morrow et al.
(1999) found no effect of the lesions on dopamine me-
tabolism in the nucleus accumbens during extinction, it
is possible that the lesions still elevated dopamine re-
lease in other structures, such as the basolateral com-
plex of the amygdala (Deutch et al., 1990; King et al.,
1997). Thus, treatments that increase dopamine trans-
mission in the amygdala either directly (e.g., systemic
administration of dopamine agonists) or indirectly (e.g.,
depletion of prefrontal dopamine) may appear to block
extinction via an increase in conditioned fear.

Acetyicholine. There is a very large literature on the
involvement of cholinergic systems in learning, memory,
and the cognitive impairments associated with aging
and Alzheimer’s disease (e.g., Gallagher and Colombo,
1995). A number of studies have examined the effects
of manipulations of cholinergic transmission on perfor-
mance in Pavlovian conditioning tasks and on physio-
logical correlates of learning, and generally have re-
ported that administration of muscarinic antagonists or
lesions of cholinergic nuclei produce pronounced defi-
cits in CR acquisition and expression (e.g., Han et al.,
1999), whereas administration of acetylcholinesterase
inhibitors or stimulation of the nucleus basalis facilitate
these processes (e.g., Weinberger, 1998b).

There is a small, somewhat dated literature on the
involvement of acetylcholine in extinction in instrumen-
tal conditioning tasks, which we will not consider further
(for a review, see Mason, 1983). More recent studies
have examined the effect of the muscarinic antagonist
scopolamine on extinction of fear conditioning and con-
ditioned taste aversion. Prado-Alcala et al. (1994) found
that systemic, pre-test administration of scopolamine
impaired extinction retention in a passive avoidance par-
adigm following extensive extinction training, an effect
that subsequently was found to vary in magnitude with
the dose of scopolamine and the length of the extinction
training to retention test interval (Roldan et al., 2001).
The selective impairment of extinction in these studies
is significant in that it indicates that manipulations of
cholinergic systems may spare avoidance retention un-
der some circumstances (cf. Duran-Arevalo et al., 1990).

By contrast, Berman and Dudai (2001) reported that
pre-extinction training infusions of scopolamine into the
insular cortex had no effect on extinction of conditioned
taste aversion, despite the involvement of cholinergic
transmission in CR acquisition in this paradigm (Naor
and Dudai, 1996).

Endogenous Cannabinoids. Among the most recent
additions to the extinction literature is a study by Marsi-

cano et al. (2002) examining the contribution of endoge-
nous cannabinoid (“endocannabinoid”) release and CB1
cannabinoid receptor activation to fear extinction. Be-
cause cannabinoid receptors are located within areas
of the brain involved in learning and memory, such as
the amygdala, and endocannabinoids have been impli-
cated in modulation of neurotransmitter release (Di
Marzo et al., 1998) and memory formation (Hampson
and Deadwyler, 1998; Reibaud et al., 1999), Marsicano
et al. examined the involvement of this system in the
acquisition, retention, and extinction of Pavlovian fear
conditioning in mice.

CB1 receptor knockout mice were normal in the acqui-
sition and retention of fear to a tone that was paired
with footshock, but were impaired in extinction when
the tone was repeatedly nonreinforced over several test
sessions. Fine-grained analysis of freezing across the
duration of the tone presentations revealed that the
knockouts did not differ from wild-type littermate con-
trols in spontaneous recovery, suggesting that the CB1
receptor is preferentially involved in within-session ex-
tinction. Likewise, animals receiving systemic injections
of the CB1 receptor antagonist SR141716A prior to ac-
quisition or an extinction retention test were not different
from vehicle-treated controls, whereas animals treated
with the antagonist prior to extinction training were im-
paired in both within-session extinction and extinction
retention (Table 2).

The involvement of the CB1 receptor in extinction
suggests that endocannabinoid release is upregulated
during or shortly following extinction training. Marsicano
et al. (2002) quantified endocannabinoid levels in
punches of the basolateral amygdala complex and pre-
frontal cortex in mice that had received either paired
presentations of a tone and footshock (paired-extin-
guished group) or unpaired presentations of these stim-
uli (unpaired-extinguished group) and were sacrificed
immediately following extinction training. Additional ani-
mals received paired tone-shock presentations but were
not re-exposed to the tone (paired-nonextinguished
group). The concentrations of two major endocannabi-
noids, anandamide (AEA) and 2-arachidonylglycerol
(2-DG), were significantly higher in the basolateral amyg-
dala of the paired-extinguished group than the other
two groups, whereas concentrations did not differ
among the groups in the prefrontal cortex.

In vitro electrophysiological analysis of the basolateral
amygdala complex revealed few differences in input re-
sistance, resting membrane potential, or long-term poten-
tiation (LTP) between knockout or SR171416A-treated
animals and wild-type or vehicle-treated controls. How-
ever, slices from knockout or antagonist-treated mice
did exhibit an impairment in long-term depression of
GABA,-mediated IPSCs (LTD)) following low-frequency
stimulation of the lateral amygdala close to the external
capsule. Marsicano et al. (2002) interpreted this finding
to indicate that CB1-mediated inhibition of GABAergic
networks in the amygdala leads to a potentiation of
responding in glutamatergic principal neurons, thereby
contributing to suppression of the behavioral response.
However, it is not clear at the present time how to recon-
cile this hypothesis with findings from other studies im-
plicating GABAergic transmission in the development
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and expression of fear extinction (Harris and Westbrook,
1998; McGaugh et al., 1990; Pereira et al., 1989).

ACTH and Vasopressin. Work by DeWied, Van Wier-
sima, lzquierdo, Richardson, and their co-workers indi-
cates that administration of various peptides such as
adrenocorticotropic hormone (ACTH) or vasopressin ei-
ther before of after extinction training attenuates subse-
quent extinction performance. Because most of these
experiments involve active avoidance, these very inter-
esting observations will not be reviewed here (for a re-
view, see Falls and Davis, 1995).

Intracellular Signaling. The involvement of NMDA re-
ceptors and LVGCCs in fear extinction suggests that
second messenger systems activated by increases in
intracellular calcium concentrations may be critical to
the plasticity underlying this form of learning. Among
the many calcium-responsive molecules are the kinases
CaMKIl, PKA, and MAPK, each of which is thought to
play akey role in LTP and memory formation (for reviews,
see Dudai, 2002; Schafe et al., 2001).

Evidence for the involvement of CaMKIl, PKA, and
MAPK in fear extinction is provided by two recent stud-
ies examining fear-potentiated startle and inhibitory
avoidance, respectively (Table 2). Lu et al. (2001) re-
ported that pre-extinction training, intra-amygdala infu-
sions of the MAPK inhibitor PD98059 blocked extinction
of fear-potentiated startle as assessed in a retention
test conducted 24 hr later. The effect was site specific
(i.e., not seen with localized infusions into the hippocam-
pus) and not attributable to amygdalar damage or state-
dependent learning. Szapiro et al. (2002) also reported
an impairment of extinction of inhibitory avoidance with
pre- or post-extinction training, intra-hippocampal infu-
sions of PD98059, as well as (in separate groups) the
CaMKIl inhibitor KN-62 and the PKA inhibitor Rp-
cAMPs. In this study, rats were given a single acquisition
trial and then, beginning 24 hr later, were subjected to
a single extinction trial on each of four successive days.
Drug infusions were restricted to the first extinction ses-
sion and yet the impairment of extinction was evident
throughout testing.

The MAPK cascade has also been implicated in the
formation of long-term, but not short-term, memory for
conditioned taste aversion (Berman et al., 1998). MAPK
does not seem to be importantly involved in extinction
in this paradigm, however, as pre-extinction training,
intra-insular cortex infusions of PD98059 are without
effect (Berman and Dudai, 2001). This dissociation is
perhaps not surprising, as it will be recalled that NMDA
receptors similarly have been implicated in the acquisi-
tion but not extinction of a conditioned taste aversion
(Berman and Dudai, 2001).

Protein Synthesis. Because extinction is a form of new
learning, it might be expected to be protein synthesis
dependent (Davis and Squire, 1984). Indeed, the fact
that fear extinction is dependent on PKA, MAPK, and
CaMKIl, each of which participates in second messen-
ger cascades culminating in gene transcription, would
seem to add support to this hypothesis. Nevertheless,
the few studies that have examined the effects of protein
synthesis inhibitors on extinction have produced widely
varying results.

Berman and Dudai (2001), for example, reported that
pre-extinction training, intra-insular cortex infusions of

the protein synthesis inhibitor anisomycin impaired ex-
tinction of conditioned taste aversion. By contrast, pre-
extinction training infusions of anisomycin into the cen-
tral nucleus of the amygdala were without effect (D.E.
Berman et al., 2001, Soc. Neurosci., abstract). This latter
finding is particularly surprising since anisomycin im-
pairs retention of conditioned taste aversion acquisition
when infused into either site (Rosenblum et al., 1993).
Thus, the protein synthesis dependence of CTA extinc-
tion appears to vary by region.

The extinction of both active and inhibitory avoidance,
by contrast, seems to be clearly dependent on protein
synthesis. Flood et al. (1977), for example, reported a
disruption of extinction retention within an active avoid-
ance paradigm when anisomycin was administered ei-
ther prior to or shortly following extinction training. Like-
wise, Vianna et al. (2001) found that pre-extinction
training infusions of anisomycin into CA1 were associ-
ated with an impairment of extinction retention in an
inhibitory avoidance paradigm in each of several test
sessions conducted at 24 hr intervals, drug-free (Ta-
ble 2).

In still other learning paradigms, there is evidence that
protein synthesis is necessary for neither within-session
extinction nor extinction retention. Lattal and Abel (2001)
examined the effect of pre- and post-extinction training
systemic anisomycin administration within contextual
fear conditioning and Morris water maze paradigms. In
neither task did anisomycin have an effect on within-
session extinction or performance in a subsequent re-
tention test (Table 2). By contrast, pre-training adminis-
tration of anisomycin severely disrupted the acquisition
of both tasks.

The diversity of these findings is quite surprising and
may indicate that the molecular mechanisms of extinc-
tion differ among behavioral paradigms and, in some
instances, diverge from those underlying acquisition.
However, an additional complication within this litera-
ture has arisen quite recently with the report of Nader
et al. (2000) that a “reactivated” fear memory is sensitive
to intra-amygdalar, post-reactivation infusions of aniso-
mycin. In this study, the reactivation procedure involved
exposure to a tone in the absence of shock (i.e., an
extinction trial) 24 hr after an initial tone-shock pairing.
Rats infused with anisomycin immediately after, but not
6 hr after, the nonreinforced tone presentation showed
little freezing to the tone in a test session conducted 24
hr later. This is quite the contrary of the finding of other
investigators, such as Vianna et al. (2001), that retention
of acquisition is facilitated in rats treated with aniso-
mycin immediately following nonreinforced CS or con-
text exposure (Figure 2). Whereas Nader et al. (2000)
framed their findings in terms of a “reconsolidation”
process initiated by reactivation of the initial memory,
during which time the memory is sensitive to disruption
by amnestic agents, Vianna et al. (2001) came to the
very different conclusion that anisomycin blocked the
consolidation of extinction without affecting the already
consolidated acquisition memory.

Itis not at all clear why such apparently similar experi-
mental protocols as those employed in the Nader et al.
(2000) and Vianna et al. (2001) studies should produce
such opposite results. Although it could be argued that
the difference in the nature of the learning involved (Pav-
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Figure 2. Investigators Examining the Mech-
Test 2 anisms of “Reconsolidation” of Acquisition

—— context Memory Have Come to Very Different Conclu-
24hr sions than Have Those Examining the Mecha-
1\ nisms of Extinction, Despite the Use of Similar
Experimental Protocols
(A) Nader et al. (2000) reported that a Pavlov-
ian fear memory is disrupted by intra-amyg-
@Test 1 dalar infusions of the protein synthesis inhibi-
W Test2

tor anisomycin immediately following
exposure to a tone in the absence of shock,
24 hr after an initial tone-shock pairing. Thus,
rats showed normal freezing to the tone prior
to the aniosomycin infusion (Test 1) but little
freezing to the tone in a test session con-
ducted 24 hr later (Test 2). (B) Vianna et al.
(2001), by contrast, found that retention of
acquisition was facilitated in rats subjected
to intra-hippocampal infusions of anisomycin

Anisomycin

immediately following nonreinforced context exposure in an inhibitory avoidance paradigm. Thus, anisomycin-treated rats were indistinguish-
able from controls in an initial test conducted in the absence of drug (Test 1), but showed significantly longer latencies (i.e., facilitated retention)
in a test conducted 24 hr later (Test 2). Data redrawn from Nader et al. (2000) and Vianna et al. (2001), respectively.

lovian versus instrumental) or the site of anisomycin
infusion (amygdala versus hippocampus) may have
been significant, other studies examining reconsolida-
tion of reactivated memories have made use of instru-
mental, hippocampal-dependent paradigms and have
reported amnesia for initial learning following memory
reactivation and administration of any of a variety of
amnestic treatments—findings very similar to those of
Nader et al. (2000).

This puzzling pattern of data merits considerable fur-
ther attention. Perhaps it will be possible to tease apart
findings of impaired extinction versus disrupted recon-
solidation on the basis of some procedural variable,
however unlikely this seems at the present time. For
example, it could be that there are two separate pro-
cesses at work following a reactivation/extinction epi-
sode, one being reconsolidation of the reactivated mem-
ory and the other being a new learning process initiated
by omission of the US (i.e., extinction). The outcome of
any given study might depend on whichever of these
two processes—one tending to strengthen the original
memory and the other tending to weaken its expres-
sion—is affected to a greater extent by the manipulation.
In the absence of additional data, however, it is not
possible to draw any definitive conclusions at this time
as to the protein synthesis dependence of extinction.
Contextual Modulation of Extinction
A third line of investigation within the extinction literature
is concerned with the mechanism(s) by which the ex-
pression of extinction is controlled by other cues. Earlier
we introduced the phenomenon of renewal, which refers
to the observation that extinction retention is evident
in the context of extinction training but not in another
context (Bouton and Bolles, 1979a). There is another,
similar phenomenon known as reinstatement, in which
unsignaled presentations of the US following extinction
training also disrupt the expression of extinction (Re-
scorla and Heth, 1975), assuming those US exposures
occur in the context of the extinction retention test (Bou-
ton and Bolles, 1979b) (Figure 1D). Both renewal and
reinstatement indicate that an extinguished CS main-
tains some of the strength it acquired upon being paired

with the US; however, the uncovering of this latent
strength with a context shift (renewal) or unsignaled
US presentations (reinstatement) seems to be due to
different associative mechanisms. Renewal is believed
to reflect the acquisition of a modulatory influence over
the expression of the CR by the context of extinction
training, whereas reinstatement appears to be due to the
development of an excitatory context-US association
whose value sums with that of the CS-US association
to produce a suprathreshold CR. Whatever the mecha-
nism, however, the implication of contextual cues in
both phenomena has led several investigators to exam-
ine the role of the hippocampus, a structure that is widely
believed to be critical for the formation of multimodal,
contextual/spatial representations (e.g., Fanselow,
1999), in the expression of extinction.

It should be pointed out that this literature evolved
separately from the older literature on the involvement
of the hippocampus in extinction, which we mentioned
in passing in an earlier section of this paper. The distinc-
tion between these two lines of research lies in the focus
of the contemporary literature on the hippocampus as
a modulator of extinction-related information stored
elsewhere in the brain, whereas the older literature pro-
posed that the hippocampus may itself be the locus of
extinction plasticity (see, e.g., Douglas, 1967).

Studies of the involvement of the hippocampus in
reinstatement and renewal have generally involved per-
manent or temporary inactivations of the hippocampus
or fimbria-fornix, which in all but one case were induced
prior to acquisition (Table 3). Wilson et al. (1995) and
Frohardt et al. (2000), for example, examined the effect
of pre-acquisition lesions of the hippocampus and fim-
bria-fornix, respectively, on the reinstatement of an ex-
tinguished conditioned emotional response (CER) by
unsignaled footshocks. Both groups reported that nei-
ther acquisition nor within-session extinction was af-
fected by the lesion, but reinstatement was abolished
(i.e., extinction retention was superior in lesioned rats
than in sham-lesioned controls). In a similar study using
an appetitive conditioning paradigm and pre-acquisition
hippocampal lesions, however, Fox and Holland (1998)
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Table 3. Effect of Hippocampal Lesions on the Contextual Control of Extinction

Lesion

Effect

Type of

Reference

Ext Retention

Time Within-Session Ext

Structure

Type

Conditioning

CER
CER

Species

Wilson et al. (1995)

Facilitated
Facilitated
No effect
No effect
No effect

No effect
No effect
No effect
No effect
No effect

pre-acq
pre-acq
pre-acq
pre-acq
pre-acq
pre-test

Fimbria-fornix

Radiofrequency
Neurotoxic

Rat
Rat
Rat
Rat
Rat
Rat

Reinstatement

Frohardt et al. (2000)

Hippocampus

Fox and Holland (1998)

Wilson et al. (1995)

Hippocampus

Neurotoxic

Magazine entry

CER
CER

Fimbria-fornix

Radiofrequency

Neurotoxic
Muscimol

Renewal

Frohardt et al. (2000)

Hippocampus

Corcoran and Maren (2001)

Facilitated

Hippocampus

Pavlovian FC

Abbreviations: acq, acquisition; CER, conditioned emotional response; ext, extinction; FC, fear conditioning.

reported no effect of the lesion on reinstatement. This
inconsistency cannot be attributed to the nature orlocus
of the lesion, as Fox and Holland (1998) used neurotoxic
hippocampal lesions similar to those of Frohardt et al.
(2000). It has been suggested that the choice of an appe-
titive versus an aversive conditioning situation may be
significant (Frohardt et al., 2000), although it is not clear
why these paradigms should be differentially sensitive
to the same manipulation.

The involvement of the hippocampus in the renewal

effect is similarly controversial (Table 3). Pre-acquisition
lesions of the hippocampus (Frohardt et al., 2000) or
fimbria-fornix (Wilson et al., 1995) have no apparent ef-
fect, but pre-test hippocampal inactivation using local
infusion of the GABA agonist muscimol impairs renewal
(i.e., facilitates extinction retention within the test con-
text) (Corcoran and Maren, 2001). This latter finding is
particularly informative because the use of post-extinc-
tion inactivation precludes the possibility of recovery of
function mediated by recruitment of other brain regions.
Thus, it appears that contextual modulation can be ac-
quired in the absence of a functional hippocampus, but
that under normal circumstances the hippocampus is
critically involved. It is interesting to note that renewal
is detectable not only at a behavioral level of analysis,
but also in the firing patterns of individual neurons within
the lateral amygdala in a fear conditioning situation (J.A.
Hobin and S. Maren, 2001, Soc. Neurosci., abstract).
How Is Nonreinforcement Detected?
The research discussed thus far has been explicitly con-
cerned with the mechanisms of extinction. There is an-
other literature, however, which is relevant to an under-
standing of extinction but is not addressed to this
problem per se. This literature is concerned with the
changes in the effectiveness of a US over the course of
conditioning, and as such provides clues as to how the
non-occurrence of an expected US, a critical feature of
extinction training protocols, may be detected.

Both theoretical (Rescorla and Wagner, 1972) and
neural (e.g., Kim and Thompson, 1997) models of learn-
ing generally assume that the efficacy of the US in pro-
ducing associative change gradually decreases as it
comes to be reliably predicted by the CS. This mecha-
nism accounts for the negatively accelerated learning
curve as well as phenomena such as blocking (Kamin,
1969; Kim et al., 1998). Neural theories propose that the
CS comes to inhibit brain areas normally activated by
the US, thus reducing its effective impact. When learning
is asymptotic, CS-induced inhibition perfectly counter-
acts US-induced excitation. Thus, when the US is with-
held, CS-induced inhibition occurs in the absence of
any counteractive US-induced excitation, an event that
somehow initiates the process of extinction.

For example, in rabbit eyeblink conditioning, the US
activates cells in the inferior olive, which sends US infor-
mation to cerebellar structures that undergo plasticity.
The inferior olive, in turn, is subject to inhibition by the
interpositus nucleus, which is indirectly activated by the
CS. Over the course of conditioning, US-related unit
activity in the inferior olive is increasingly inhibited (but
only when the US is preceded by the CS) and the devel-
opment of plasticity within the cerebellum is slowed
(Kim et al., 1998; Sears and Steinmetz, 1991). Eventually,
late in acquisition, the inferior olive is inhibited to such
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an extent that the US produces no net activation and
no further plasticity occurs. When the US is then omitted,
the CS-induced inhibition of the inferior olive is not coun-
tered by US-evoked excitation, and the firing rate of the
inferior olive is depressed well below baseline. Some-
how, this serves as a signal to initiate extinction (see
Mauk and Donegan, 1997). Consistent with these ideas,
Medina et al. (2002) demonstrated that intra-olivary infu-
sions of the GABA antagonist picrotoxin (which prevents
CS-induced inhibition) block extinction of eyeblink CRs.

Apparently similar changes in US efficacy over the
course of conditioning are reflected in the firing patterns
of dopaminergic neurons in primates exposed to a CS
paired with juice or food (for a review, see Schultz, 1998).
Early in training, dopaminergic neurons of the ventral
tegmental area respond vigorously to the US, but with
increasing numbers of CS-US pairings, the firing pat-
terns of these same neurons shift such that the US-
driven firing is suppressed (but only on those trials in
which the US is preceded by a CS) while a response to
the CS gradually develops. On trials in which the CS is
presented but the US is withheld, the cells exhibit a
biphasic activation-depression response in which their
firing rate increases in the presence of the CS but de-
creases below baseline at the expected time of US deliv-
ery. Note that the US-related firing of the dopaminergic
neurons is quite analogous to the firing patterns of the
inferior olive, which is activated by an unpredicted US,
not affected by a predicted US, and inhibited by the
absence of a predicted US (see also Waelti et al., 2001).
Unlike the inferior olive, however, the dopaminergic neu-
rons are also responsive to the CS and code for its value
as a predictor of the US. Although, once again, it is not
clear how such changes might lead to extinction, these
data provide further evidence that omission of a well-
predicted US is associated with changes in cellular ac-
tivity that could be involved in extinction.

Concluding Remarks
Clearly, extinction is the subject of an exciting and bur-
geoning area of research with significant implications
for an understanding of the mechanisms of learning.
Not only is extinction, as an inhibitory form of learning,
distinct from the excitatory learning most commonly
employed in cellular studies, but it is sufficiently simple
to be subjected to cellular and molecular analysis within
the same model systems. Significantly, the study of ex-
tinction is also likely to shed light on questions sur-
rounding the consolidation and reconsolidation of mem-
ory, which have thus far proven to be difficult to resolve.
Perhaps the largest and most important issue facing
extinction researchers at the present time is the identifi-
cation and characterization of those features of extinc-
tion that are shared with acquisition as well as those
that seem to be unique to the development of inhibition.
This is particularly evident at the cellular level, where
there seem to be very different degrees of overlap in
the mechanisms of acquisition and extinction within dif-
ferent learning paradigms. It is possible, therefore, that
in contrast to acquisition, extinction may be supported
by fundamentally different neural mechanisms in differ-
ent learning paradigms, perhaps as a function of the
brain region engaged, the nature of the US (i.e., appeti-

tive or aversive), the nature of the CR (i.e., emotional or
skeletal), or any of a number of other factors. This point
is particularly evident when comparing extinction of fear
conditioning and conditioned taste aversion, as each
seems to recruit its own constellation of cellular and
molecular mechanisms.

In fear conditioning, for example, extinction is charac-
terized by many of the same neural mechanisms as is
acquisition. Activation of amygdalar NMDA receptors
by glutamate is essential (Falls et al., 1992), although
perhaps only at some delay after extinction training,
during the consolidation period (Santini et al., 2001).
L type VGCCs also contribute to extinction plasticity,
including that underlying within-session extinction (Cain
etal., 2002). Long-term extinction memory can be modu-
lated by manipulations of a number of transmitter sys-
tems, including GABA (e.g., McGaugh et al., 1990), nor-
epinephrine (C.K. Cain and M.G. Barad, 2001, Soc.
Neurosci., abstract), dopamine (e.g., Willick and Kokkin-
idis, 1995), and acetylcholine (Prado-Alcala et al., 1994;
Roldan et al., 2001), and the directionality of this modula-
tion is the same as it is for acquisition. Fear extinction
also recruits many of the same intracellular signaling
pathways, such as the PKA, MAPK, and CaMKIl cas-
cades (Lu et al., 2001; Szapiro et al., 2002), and may
thereby initiate gene transcription and protein synthesis
(e.g., Vianna et al., 2001).

The most significant cellular difference between fear
acquisition and extinction is the neurotransmitter re-
sponsible for the expression of learning. Extinction ex-
pression seems to be mediated by GABA (Harris and
Westbrook, 1998) whereas CR expression likely reflects
the release of excitatory neurotransmitters such as glu-
tamate (cf. Walker and Davis, 2002). Just as it is routinely
assumed that the acquisition of a CR is due to the
strengthening of connections between pathways trans-
mitting CS-related information and populations of princi-
pal neurons whose output ultimately mediates CR exe-
cution (e.g., Blair et al., 2001), it seems likely that
extinction involves a strengthening of connections be-
tween those same sensory pathways and a separate,
GABAergic population of neurons that acts to inhibit the
CR. The many similarities between the neural mecha-
nisms of fear acquisition and extinction may reflect this
presumably shared characteristic of synaptic strength-
ening. It is interesting to speculate that the differences
are due to the identity (i.e., glutamatergic versus GABAer-
gic) of the cells being contacted.

In striking contrast to this scenario, extinction of con-
ditioned taste aversion shares very few features with
acquisition. Whereas acquisition is dependent on intra-
insular cortex NMDA receptors, 3-adrenergic and cho-
linergic transmission, the MAPK cascade, and protein
synthesis, extinction is unaffected by manipulations of
any of these except B-adrenergic transmission and pro-
tein synthesis (Berman and Dudai, 2001). It has been
argued that CTA extinction, as a process of learning
something new about a taste and its relationship to
illness, is more akin to the acquisition of an aversion to
a familiar (i.e., pre-exposed) taste rather than to a novel
taste (Berman and Dudai, 2001). In support of this idea,
it has been found that the acquisition of an aversion to
a familiar taste, like extinction, can develop indepen-
dently of cholinergic transmission and the MAPK cas-
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cade (Berman and Dudai, 2001). In conditioned taste
aversion, therefore, it may be that the distinction be-
tween “learning anew” and “learning the new” (Berman
and Dudai, 2001) is more significant, mechanistically
speaking, than is the distinction between acquisition
and extinction.

We have focused on the cellular and molecular litera-
tures because these have been the most informative
to date in elucidating the mechanisms of extinction.
However, the other literatures we have described pose
a number of important and as-yet unresolved issues
that are likely to contribute significantly to our under-
standing as well. For example, work on the cerebellum
and midbrain dopaminergic systems has revealed that
individual neurons sense the lack of an expected US;
however, the mechanisms whereby they do so, and the
means by which they presumably induce extinction-
related plasticity in downstream circuits, remain un-
known. Likewise, the extensive behavioral work on con-
textual modulation of extinction (Bouton, 1993) begs the
question as to how this might be orchestrated by the
brain, an issue that is poorly understood at the present
time. Finally, the putative involvement in fear extinction
of structures such as the sensory and prefrontal cortices
is a question that continues to arouse considerable in-
terest, and one which will likely continue to be the source
of controversy until the conflicting findings are resolved
or integrated into a single theory.
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