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Summary: A great deal is now known about the mechanisms
of conditioned fear acquisition and expression. More recently,
the mechanisms of inhibition of conditioned fear have become
the subject of intensive study. The major model system for the
study of fear inhibition in the laboratory is extinction, in which
a previously fear conditioned organism is exposed repeatedly to
the fear-eliciting cue in the absence of any aversive event and
the fear conditioned response declines. It is well established
that extinction is a form of new learning as opposed to forget-
ting or “unlearning” of conditioned fear, and it is hypothesized
that extinction develops when sensory pathways conveying
sensory information to the amygdala come to engage GABAer-
gic interneurons through forms of experience-dependent plas-

ticity such as long-term potentiation. Several laboratories cur-
rently are investigating methods of facilitating fear extinction
in animals with the hope that such treatments might ultimately
prove to be useful in facilitating exposure-based therapy for
anxiety disorders in clinical populations. This review discusses
the advances that have been made in this field and presents the
findings of the first major clinical study to examine the thera-
peutic utility of a drug that facilitates extinction in animals. It
is concluded that extinction is an excellent model system for
the study of fear inhibition and an indispensable tool for the
screening of putative pharmacotherapies for clinical use. Key
Words: Extinction, fear, NMDA, D-cycloserine, psychother-
apy, cognitive behavioral therapy.

INTRODUCTION

Anxiety disorders affect roughly 16% of the U.S. pop-
ulation. Although several medications are effective in
treating anxiety disorders, they typically are only pallia-
tive. Methods to treat, as opposed to simply blunt, patho-
logical levels of fear and anxiety are sorely needed.
Cognitive behavioral therapy (CBT) has proven to be
quite effective in treating a number of anxiety disorders.
In particular, exposure-based CBT is extremely effective
in treating phobic disorders and is regarded widely as the
treatment of choice for specific phobias. Exposure-based
CBT depends on the process of fear extinction, which
can be studied objectively in animals. Several laborato-
ries are studying the cellular processes involved in fear
extinction with an eye to developing pharmacotherapies
for use as adjuncts to exposure-based CBT for more
complex anxiety disorders such as panic, post-traumatic
stress, and obsessive-compulsive disorders, as well as

social phobia. This paper will review pertinent aspects of
animal models of conditioned fear and extinction of fear
with a focus on experiments that have developed phar-
macological methods to facilitate extinction of fear in
rodents. We will conclude by describing the first attempt
to translate one of these basic animal studies into a
human clinical trial, in which exposure-based CBT was
improved successfully by coadministration of a drug
called D-cycloserine.

Acquisition of conditioned fear
A great deal is now known about the circuitry and

cellular events underlying conditioned fear acquisition
and expression.1 In the laboratory, these processes are
examined through the study of Pavlovian fear condition-
ing, a form of simple learning in which an organism
(typically a rat, mouse, monkey, or human) is presented
with an aversive event (unconditioned stimulus or US)
such as a shock or blast of air shortly after the onset of
a cue (conditioned stimulus or CS) such as a light or
tone. As a function of the contingent pairings of these
stimuli, the cue (which elicited little or no reaction before
conditioning) comes to produce a constellation of auto-
nomic and behavioral reactions that operationally define
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a state of conditioned fear. Increases in blood pressure
and respiration, sweating, and pupillary dilation occur.
Rodents tend to hold very still (freezing), and all species
show increased startle reflexes elicited by loud noises in
the presence of the cue (called “fear-potentiated startle”).
Converging evidence from many laboratories indicates

that a brain structure called the amygdala, located in the
temporal lobe, is critically involved in both the formation
and expression of aversive memories.2 The amygdala
receives highly processed information from all sensory
modalities and projects widely to parts of the brain in-
volved in the autonomic and somatic aspects of fear and
anxiety. When the amygdala is damaged or inactivated in
animals, the acquisition and expression of conditioned
fear are blocked. When humans look at pictures of peo-
ple who are afraid, remember traumatic events, or per-
ceive cues previously paired with shock, there is an
increase in blood flow to the amygdala, as assessed with
imaging techniques such as positron emission tomogra-
phy or functional magnetic resonance imaging. Fear
learning appears to involve movement of calcium into
amygdala neurons followed by a complex pattern of
intracellular changes that presumably leads to long-term
structural changes, allowing conditioned fear to become
more or less permanent.
A major problem in post-traumatic stress disorder

(PTSD) and certain other types of anxiety disorders is an
inability to suppress or inhibit terrible memories. These
patients often do not respond to safety signals. For ex-
ample, patients suffering from PTSD seem not to benefit
from their presence of other people, such as their spouse,
that help those without the disorder cope with painful
fear memories.3 Hence, an important area of inquiry
concerns the ways in which unwanted memories are
inhibited and the reasons that they fail to be inhibited
following traumatic fear conditioning.

Inhibition of conditioned fear
Behavioral techniques to inhibit or suppress condi-

tioned fear in the laboratory have been known for some
time. Among the simplest of these is extinction, in which
a subject that previously was trained to fear a cue through
pairings of the cue with an aversive event subsequently is
exposed to the cue in the absence of the aversive event
and the fear conditioned response declines. This protocol
will be familiar to clinicians specializing in the treatment
of fear disorders in humans because many of the most
commonly employed therapeutic techniques such as
flooding, systematic desensitization, imaginal therapy,
and virtual reality-based therapies are essentially extinc-
tion procedures involving exposure to the feared object
or situation in the absence of any overt danger. Extinc-
tion of fear is thus an excellent model system for the
study of fear inhibition and one whose implications for
applied work are particularly straightforward. Behavioral

studies of extinction have been ongoing since the late
19th century, and biological research conducted over the
last decade has revealed some of the basic mechanisms
of extinction and is beginning to suggest some practical,
readily applicable modifications of and/or adjuncts to
existing forms of therapy.

EXTINCTION: BEHAVIORAL FEATURES,
THEORIES, AND BASIC NEUROBIOLOGICAL

MECHANISMS

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 decrement
in the fear response; 2) the decremental effect of this
procedure upon the fear response; and 3) the theoretical
process responsible for that effect. Moreover, extinction
can be measured both at the time the fear-inducing cue is
presented in the absence of the aversive event and at a
later time. We will define the experimental procedure as
extinction training, the decrement in the fear response
measure during extinction training as within-session ex-
tinction, and the decrement measured at some interval
after extinction training as extinction retention. The term
extinction will be reserved for the theoretical process
underlying the loss of the conditioned fear response.
Extinction is known not to result from forgetting be-

cause the fear-conditioned response lasts months, even
years, in the absence of additional training after fear
acquisition4 (FIG. 1A). The mechanism of extinction has
been the subject of some debate historically. Some the-
ories have described extinction as an “unlearning” pro-
cess that results when the fear-inducing cue no longer
predicts delivery of the aversive event.5 Others have
emphasized habituation to the cue as a function of re-
peated presentation of the cue in the absence of the
aversive event.6 However, three major pieces of evidence
challenge these views. First, the expression of extinction
dissipates (i.e., the extinguished response reappears) over
time after extinction training, a phenomenon known as
spontaneous recovery7 (FIG. 1B). Second, extinguished
responses reappear when the subject is tested outside of
the context of extinction training, a phenomenon known
as renewal8 (FIG. 1C). Third, extinguished responses
reappear when the subject is exposed to unsignaled pre-
sentations of the aversive event after extinction training,
a phenomenon known as reinstatement9 (FIG. 1D). In
each of these cases, the reappearance of extinguished
responses in the absence of additional pairings of the cue
and the aversive event indicates that the fear response
cannot have been unlearned. Habituation to the cue po-
tentially can account for spontaneous recovery and rein-
statement because habituation dissipates over time and is
disrupted by stressors,10 but habituation cannot easily
account for renewal because habituation does not seem
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to be context specific11,12 (but see McSweeney and
Swindell10 for some potentially important exceptions).
Thus, it would seem that extinction is a complex phe-
nomenon that is not well characterized as either an era-
sure of memory or a nonassociative response decrement.
An alternative class of theories proposes that extinc-

tion is a form of new learning that counteracts the ex-
pression of the conditioned fear response.13–16 These

“inhibitory” theories suggest that fear memories are not
erased in extinction but rather are inhibited in a context-
dependent manner, such that the subject effectively
learns that “now, in this place, the cue no longer predicts
the aversive event.” Hence, when the subject is tested in
a context different from the one in which extinction
training occurred (renewal) or when an interval of time
elapses following the completion of extinction training
(spontaneous recovery), the status of the cue as a pre-
dictor of the aversive event becomes ambiguous and the
conditioned fear response returns. These theories empha-
size retention of fear memory throughout and beyond
extinction training and conceptualize extinction as new
learning that suppresses fear responses.
As neuroscientists have begun to investigate extinction,

they have been guided by this basic behavioral and theo-
retical work and have accumulated a body of data that is
consistent with an inhibitory account. For example, it has
been established that fear extinction, like fear acquisition, is
dependent on NMDA receptors (NMDARs) and L-type
voltage-gated calcium channels (L-VGCCs)17,18; is sensi-
tive to modulation of second messenger systems, including
kinase and phosphatase activity19; and may require protein
synthesis.20,21 Moreover, some conditioned single unit re-
sponses to the fear-eliciting cue within the basolateral
amygdala persist through extinction22 and can be modu-
lated by context following extinction training in a cellular
correlate of renewal.23 Extinction is postulated to reflect
engagement of GABAergic interneurons and/or intercalated
cell populations within the amygdala, perhaps under the
control of efferent structures such as prefrontal cortex,24 so
as to effectively inhibit amygdalar activation by the CS after
extinction training.25

Curiously, very recent neurobiological data have
emerged in support of a mechanism more consistent with
an “unlearning” account of extinction, in which plasticity
underlying fear memory is compromised through a pro-
cess known as synaptic depotentiation. Depotentiation
refers to a reversal of long-term potentiation (LTP) when
low-frequency or theta-frequency stimulation is applied
to afferent pathways shortly following LTP induction.
Because LTP of sensory pathways onto principal neu-
rons within the amygdala is a major candidate mecha-
nism for the acquisition and retention of conditioned fear
responses,26 processes such as depotentiation that re-
verse LTP would be hypothesized to erase fear memo-
ries. Lin and Gean27 have demonstrated that depotentia-
tion occurs in the amygdala in vitro and that its induction
shares some key features with fear extinction in the
behaving animal. For example, both depotentiation and
extinction are blocked by NMDAR and L-VGCC chan-
nel antagonists as well as inhibitors of calcineurin, a
major protein phosphatase.27,28 Both depotentiation and
extinction also are associated with an increase in cal-
cineurin protein levels and enzymatic activity within the

FIG. 1. Behavioral features of extinction. A: Extinction is not the
same as forgetting because the acquired fear response does not
disappear unless the cue is presented in the absence of shock.
B: At relatively extended intervals after extinction, conditioned
fear returns. The magnitude of this “spontaneous recovery” in-
creases with the length of the interval. C: Extinction is context
specific. After acquisition in context A and extinction in context
B, extinction is expressed in context B, whereas conditioned fear
is expressed in context A. D: Extinguished fear reappears (is
“reinstated”) when unsignaled presentations of the aversive
event are interposed between the completion of extinction train-
ing and a subsequent test, but only if those presentations occur
within the context of test. Adapted with permission from Myers
and Davis. Behavioral and neural analysis of extinction. Neuron
36:567–584. Copyright © 2002, Cell Press. All rights reserved.25

With permission from Cell Press.
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amygdala, as well as a reversal of fear- or LTP-associ-
ated increases in phosphorylated target molecules such
as Akt. Finally, depotentiation-inducing low-frequency
stimulation of the amygdala in vivo 10 min after fear
acquisition blocks the expression of conditioned fear
24 h later, an effect that could be interpreted as a mim-
icking of extinction.27,28

These findings are impressive but puzzling because it
is not clear at the present time how to reconcile them
with observations of recovery of fear after extinction
through spontaneous recovery, renewal, and reinstate-
ment. Clearly, if treatments could be devised that would
lead to an erasure of traumatic fear memories, this could
potentially be very significant from a clinical perspec-
tive, and for this reason our laboratory currently is trying
to tease apart variables that might produce an erasure of
fear memory versus those that might lead to an active
inhibition of fear memory in animals. For all practical
purposes, however, extinction seems to be best charac-
terized as an active inhibition of fear. Consistent with
this, most pharmacological treatments that facilitate fear
extinction in animals appear to do so by interacting with
the major inhibitory neurotransmitter in the mammalian
brain, GABA.

PHARMACOLOGICAL APPROACHES TO
IMPROVE EXTINCTION

Although the study of the neurobiological basis of
extinction is still in its infancy, several groups are ac-
tively pursuing pharmacological means of facilitating
extinction. The general strategy is to perform basic stud-
ies in animals to determine the neurotransmitters that are
critical to either the development or the expression of
extinction, and then to test drugs that act on those neu-
rotransmitters in the direction predicted to facilitate ex-
tinction. For example, if transmitter X is found to be
critical for extinction because blocking its receptors
blocks extinction, then agonists of transmitter X’s recep-
tors would be predicted to facilitate extinction, assuming
that under normal conditions transmitter X’s receptors
are not already fully saturated. Conversely, if agonists of
transmitter Y’s receptors block extinction, then antago-
nists of transmitter Y’s receptors would be predicted to
facilitate extinction. Using this approach, several candi-
date pharmacotherapies for use as adjuncts to exposure-
based CBT have been identified.

The role of GABA in extinction
As noted above, most drugs that facilitate extinction

appear to do so though interactions with GABAergic
neurotransmission. For this reason, a brief review of the
role of GABA in extinction is warranted here.
Because extinction reflects the operation of an active

inhibitory process, it is likely that GABA serves as the

source of that inhibition via its actions at ionotropic
(GABAA) and metabotropic (GABAB) receptors. It has
been argued for some time that GABA is involved in the
consolidation of fear acquisition, as GABA agonists dis-
rupt and GABA antagonists facilitate acquisition of aver-
sively motivated tasks.29 More recently, these findings
have been extended to fear inhibition as well. For exam-
ple, McGaugh et al.30 reported that postextinction train-
ing administration of the GABA antagonist picrotoxin
enhanced extinction retention in a test conducted 24 h
later, as assessed with an active avoidance paradigm. The
facilitatory effect of picrotoxin was specific to animals
receiving extinction training because there was no dif-
ference in test performance between nonextinguished ve-
hicle-treated and nonextinguished drug-treated groups.
In a similarly designed study, Izquierdo and Pereira31

found that pre-extinction training administration of diaz-
epam, a benzodiazepine that acts at the GABA receptor
complex to increase chloride flux, had no effect on per-
formance within the extinction session but was associ-
ated with impaired extinction retention in a test con-
ducted 24 h later.
A problem associated with the use of anxiolytic and

anxiogenic compounds in studies of extinction, however,
is the possibility of state dependency as opposed to a true
effect on the inhibitory learning process.32 That is, it is
possible that a drug administered before or immediately
following extinction training produces an internal state,
or drug context, that is discriminable to the animal. If
testing is then conducted in the absence of this drug state,
responding to an extinguished CS may be “renewed” in
much the same manner as it is with a shift of physical
context. Thus, suitable controls (e.g., a group of animals
receiving the drug before both extinction training and the
subsequent retention test) must be included in any study
purporting to demonstrate a drug-dependent retardation
of extinction. Indeed, it has been suggested that the ap-
parent effects of GABAergic compounds on extinction
retention actually reflect state dependency,33 although
others have challenged this conclusion.29,34

In addition to its putative role in the consolidation of
inhibitory learning, GABA has also been implicated in
the expression of extinction. Harris and Westbrook35

demonstrated that FG-7142, an inverse agonist (i.e., a
functional antagonist) of the GABAA receptor, dose-
dependently impaired within-session extinction and,
when administered before test, blocked extinction reten-
tion in the context in which extinction training had been
given but produced no effect on performance in a novel
context. That is, vehicle-treated but not FG-7142-treated
animals exhibited extinction retention when tested in the
extinction training context, but both groups showed a
similar renewal of the fear response when tested in the
novel context. The lack of an increased renewal effect in
FG-7142-treated animals is significant because it indi-
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cates that FG-7142 did not nonspecifically increase the
fear response, but rather “selectively reversed the com-
ponent of extinction linked to the environmental context
where extinction training had occurred” (p. 113). Sepa-
rate experiments indicated that this effect could not be
explained by state dependency. Thus, it appears that
GABA-mediated inhibition is indeed involved in the ex-
pression of extinction, and furthermore that GABA re-
lease is itself modulated by other systems that are re-
sponsive to factors such as contextual cues.
More recently, we found that a protein called gephyrin,

which contributes to the regulation of GABAergic neu-
rotransmission by clustering GABAA receptors at the
synapse, is upregulated after extinction training.36 This is
in contrast to the downregulation of gephyrin after fear
acquisition, which we reported previously.37 In our latest
study, we replicated the acquisition finding, reporting a
decrease in gephyrin protein 2 h after fear acquisition
and a decrease in the surface expression of GABAA
receptors (as evidenced by decreased binding of 3H-
Flunetrazepam) 6 h after fear acquisition in the basolat-
eral amygdala. After extinction training, gephyrin
mRNA and protein levels in the basolateral amygdala
increased significantly, as did 3H-Flunetrazepam bind-
ing, at 2, 4, and 6 h, respectively (FIG. 2). These results
implicate gephyrin in both fear acquisition and extinction
and suggest that the modulation of gephyrin and GABAA
receptor surface expression in the basolateral amygdala
may play a role in the experience-dependent plasticity
underlying both of these types of learning. Increased
levels of gephryin in the postsynaptic membrane after
extinction would be expected to bring GABA receptors,
normally at some distance from each other, closer to-
gether. In this way, the same amount of GABA released

by the presynaptic cell would be expected to bind to a
greater number of receptors, thereby enhancing GABA
transmission. Conversely, after fear conditioning, the
downregulation of gephyrin would be expected to result
in receptors being even farther apart on the postsynaptic
membrane so that the same amount of GABA release
would be expected to bind to fewer receptors and hence
have less of an inhibitory effect, making these postsyn-
aptic cells more excitable. This mechanism may provide
a window of increased excitability in the basolateral
amygdala that may be important for consolidation of
fear.
In summary, it appears that extinction is mediated to a

significant extent by inhibition of the amygdala by
GABA. Thus, extinction develops when sensory path-
ways conveying information about fear-eliciting cues
come to engage GABAergic transmission within the
amygdala via experience-dependent forms of synaptic
plasticity (such as LTP) at synapses onto inhibitory in-
terneurons. For this reason, inverse agonists of GABA
receptors block the expression of extinction35 and gephy-
rin expression and GABAA receptor clustering increase
within the amygdala after extinction training.36 In this
light, it seems likely that the exact location of targeted
manipulations of GABA receptors within the amygdala
may be a significant factor in determining the direction
of the effect because modulation of local GABAergic
transmission that tonically inhibits the excitatory drive
required for consolidation of extinction would be ex-
pected to have a different effect than modulation of
GABAergic transmission in other areas that might me-
diate the expression of extinction. For this reason, it
seems unlikely that pharmacotherapies that broadly tar-
get GABA receptors will be useful in facilitating expo-
sure-based therapy. However, emerging evidence indi-
cates that it may be possible to modulate more
selectively either the development of plasticity onto
GABAergic interneurons or the increased GABAergic
transmission mediating the expression of extinction via
modulation of other neurotransmitter systems. In the sec-
tions that follow, we discuss the role of glutamate, en-
dogenous cannabinoids, dopamine, and norepinephrine
in extinction, and suggest that each of these neurotrans-
mitters may ultimately exert their effects on extinction
through modulation of GABA.

The role of glutamate in extinction
Glutamate is the major excitatory neurotransmitter in

the mammalian brain and acts at three major classes of
receptors: AMPA, NMDA, and metabotropic glutamate
receptors.38,39 Of these, NMDARs are particularly inter-
esting because they have been implicated heavily in
learning and memory in the behaving animal as well as
in experience-dependent forms of plasticity such as LTP.
Antagonists of NMDARs impair fear acquisition when

FIG. 2. Surface expression of GABAA receptors in the basolat-
eral amygdala increases following extinction training, as indi-
cated by increased binding of H3-Flunetrazepam.36 A: The in-
crease in binding is evident at 2 and 6 h after extinction training,
relative to nonextinguished controls. B: Comparison of autora-
diographic images of brains taken from nonextinguished (A) and
extinguished (B) animals reveals increased binding within the
baolateral amygdala. Adapted with permission from Chhatwal et
al. Regulation of gephyrin and GABAA receptor binding within
the amygdala after fear acquisition and extinction. J Neurosci
25:502–506. Copyright © 2005, Society for Neuroscience.36

With permission from the Society for Neuroscience.

DAVIS ET AL.86

NeuroRx�, Vol. 3, No. 1, 2006



administered before pairings of a cue and an aversive
event.40 It is hypothesized that this is because NMDAR
blockade prevents plasticity at synapses between sensory
pathways conveying information about the cue to the
amygdala and intrinsic amygdalar principal neurons. Be-
cause the development of extinction is believed to in-
volve similar experience-dependent plasticity between
sensory pathways and GABAergic interneurons within
the amygdala, several laboratories have examined the
effect of modulation of NMDAR-mediated transmission
before and shortly after extinction training.
Falls et al.18 reported that intra-amygdala infusions of

the NMDAR antagonist AP5 blocked extinction in a
dose-dependent manner. Importantly, extinction reten-
tion was measured the following day, when AP5 had
been metabolized fully and was no longer active within
the brain. Other experiments indicated that this impair-
ment could not be attributed to an effect on NMDARs
outside the amygdala, to damage or destruction of the
amygdala, or to an impairment of sensory transmission
during extinction training. A similar blockade of extinc-
tion of contextual fear conditioning, inhibitory avoid-
ance, and eye blink conditioning has since been reported
with administration of AP5 and other NMDAR antago-
nists,19,41,42 and additional studies have confirmed that
these effects cannot be explained by state dependency.43,44

Blockade of NMDARs after extinction training also impairs
extinction, suggesting that NMDAR-mediated transmission
is important for the consolidation of extinction.45

In light of these findings, the question arose as to
whether it would be possible to enhance extinction by
enhancing the functioning of the NMDAR. It is known
that a compound called D-cycloserine (DCS) binds to the
NMDAR as a partial agonist and improves its efficacy.
Thus, we predicted that giving DCS before extinction
training would enhance extinction. In a series of exper-
iments conducted very similarly to those of Falls et al.18,
our laboratory46 administered DCS either systemically or
directly into the amygdala before extinction training and
then tested retention of extinction the next day without
administering any more of the drug. DCS dose-depen-
dently enhanced extinction in rats exposed to lights in the
absence of shock but not in control rats that did not
receive extinction training. This indicated that the drug’s
facilitatory effect was specific to extinction and did not
result from a general dampening of fear expression.
Ledgerwood et al.47 found that DCS given either sys-

temically or directly into the amygdala also facilitated
extinction of conditioned fear. Most interestingly, DCS
could still facilitate extinction when given up to about
3 h after extinction training, a finding consistent with the
idea that DCS facilitates consolidation of extinction.
More recently, the same researchers found that DCS
reduced the ability of unsignaled US presentations to
disrupt extinction.48 Thus, control rats given shocks after

extinction training showed the typical return of condi-
tioned fear (reinstatement), whereas experimental rats
previously treated with DCS continued to express extinc-
tion (i.e., showed much less reinstated fear).
In summary, glutamate acting at NMDARs seems to

be involved critically in extinction. At first glance, this
would appear to be inconsistent with the hypothesis that
extinction depends primarily on GABAergic neurotrans-
mission. However, increased GABA release from inter-
neurons is primarily a mechanism of the expression of
extinction. Glutamate is believed to be involved to the
extent that sensory pathways conveying information
about the extinguished cue become able to engage those
interneurons through experience-dependent plasticity,
i.e., as extinction develops over the course of extinction
training. Consistent with this, antagonism of NMDARs
has no effect on the expression of extinction that devel-
oped previously.43,44 Hence, modulation of NMDARs is
hypothesized to modulate the degree to which GABAer-
gic neurotransmission comes to be engaged in extinction,
consistent with a central role for GABA in the expression
of extinction.

The role of cannabinoids in extinction
Manipulation of the endogenous cannabinoid (eCB)

system has become a major focus of current research,
especially in the search for novel therapeutics to treat
many common mental illnesses, including anxiety disor-
ders, depression, and drug addiction.49,50 Indeed, the po-
tential therapeutic value of cannabinoid modulation is
underscored by the dense expression of the CB1 receptor
in regions known to be important for anxiety and emo-
tional learning, including the amygdala, hippocampus,
and throughout the mesolimbic dopamine reward sys-
tem.51–53

Recent studies of CB1 knockout mice have demon-
strated that the genetic deletion of the CB1 receptor leads
to increased anxiety in several well-studied measures.54

Furthermore, the elegant studies of Marsicano, Lutz, and
colleagues55 have demonstrated CB1 knockout mice also
show profound deficits in extinction, whereas the acqui-
sition of the initial fear response was normal. In the same
study, the authors demonstrated that pharmacologic
blockade of the CB1 receptor led to a similar deficit in
extinction in mice, demonstrating the importance of CB1
receptor activation to extinction in mice.
Given the mounting clinical interest in modulators of

the eCB system, we recently examined whether the CB1
antagonist rimonabant (SR141716A) would block ex-
tinction of fear in rats as measured with fear-potentiated
startle. We then examined if administration of an agonist
(WIN 55,212-2) or of an inhibitor of reuptake and break-
down (AM404) would enhance extinction of fear. In so
doing, we addressed whether manipulation of the eCB
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system could lead to enhancements as well as decre-
ments in extinction.56

Our results indicate that systemic administration of the
CB1 antagonist rimonabant (SR141716A) before extinc-
tion training led to significant, dose-dependent decreases
in extinction. Additionally, we found that, whereas the
administration of the CB1 agonist WIN 55,212-2 did not
appear to affect extinction, administration of AM404, an
inhibitor of eCB breakdown and reuptake, led to dose-
dependent enhancements in extinction. In addition to
showing decreased fear 1 and 24 h after extinction train-
ing, AM404-treated animals showed decreased shock-
induced reinstatement of fear. Control experiments dem-
onstrated the effects of AM404 could not be attributed to
changes in the expression of conditioned fear, locomo-
tion, shock reactivity, or baseline startle, as these param-
eters seemed unchanged by AM404. Furthermore, coad-
ministration of rimonabant with AM404 blocked this
enhancement of extinction, suggesting that AM404 was
acting to increase CB1 receptor activation during extinc-
tion training.
Taken together, these results suggest that the CB1

receptor is a critical player in extinction learning and that
the endocannabinoid system can be modulated to en-
hance or decrease extinction. More specifically, it seems
that the endocannabinoid system may allow for a within-
session reduction of the fear response during extinction
training itself, which may well be a critical step in form-
ing a lasting extinction memory. Notably, this is consis-
tent with the fact that postextinction administration of
CB1-antagonists do not block extinction and that
CB1	/	 mice show impaired within session extinc-
tion,55 as well as our finding that AM404-enhanced ex-
tinction is measurable at short time points following
extinction.
Because of the notion that CB1 receptor activation is

important for the within-session reduction of conditioned
fear seen during extinction training, coupled with the
foregoing discussion of GABA and glutamate, we have
developed a circuit diagram to serve as a working hy-
pothesis from which to examine the interplay of these
transmitter systems (FIG. 3). A key feature of this circuit
diagram is that it largely separates the neural circuitry
underlying fear acquisition and expression from the cir-
cuitry needed for the endocannabinoid-mediated reduc-
tion of conditioned fear, while still suggesting that both
pathways receive sensory information regarding the CS
and US. This separation allows for the preservation of
the plasticity of the original fear memory during acqui-
sition even after extinction learning takes place, in keep-
ing with the wide array of evidence that extinction in-
volves new learning, rather than erasure of the original
fear memory. Additionally, this hypothetical circuit also
emphasizes the importance of GABA-mediated inhibi-
tion of amygdala output neurons to the reduction in fear

observed on a behavioral level. Indeed, we speculate that
much of the plasticity taking place during extinction may
involve modulating the feed-forward inhibition of this
amygdala output neuron.

The role of dopamine in extinction
Following on a number of somewhat contradictory

studies of the role in dopamine in fear acquisition, a few
recent studies have emerged examining the role of do-
pamine in the extinction of conditioned fear. The studies
of Willick and Kokkinidis57 suggest that the use of am-
phetamine and other enhancers of dopaminergic efflux
seemed to decrease the development of extinction. Ad-
ditionally, this same group has demonstrated that the
D1-agonist SKF-38393 also impairs extinction; however,
it has also been reported that D1-receptor knockout mice
show deficits in extinction as well.58

More recently, Nader and LeDoux59 found that the
D2-agonist quinpirole both attenuated the acquisition of
second-order fear conditioning, and the extinction of
conditioned fear. Following up on these findings, Barad
and colleagues60 endeavored to determine whether the
administration of a D2-antagonist may facilitate extinc-
tion. Their results indicate that administration of

FIG. 3. A hypothetical circuit describing the neural circuitry of
fear conditioning and extinction. A: In agreement with many
other studies, we propose that association of the CS with the US
during acquisition leads to an increase in the ability of the CS to
increase the firing of amygdalar output neurons, thus allowing a
post-training fear response to the CS. We further suggest that a
plastic reduction in GABAergic inhibition of the output neuron
enhances the ability of the CS to evoke a fear response. B: Early
in extinction training (i.e., while high levels of fear to the CS are
manifest), the CS is still able to efficiently drive the output neu-
ron; later in extinction, as the behavioral error signal increases
(with increasing nonreinforced CS presentations), the release of
endogenous cannabinoids such as anandamide allow for the
feed-forward inhibition of amygdala output neurons and a de-
crease in fear during the testing trial (within session extinction).
Later, during the consolidation period after extinction learning,
this enhancement of feed-forward inhibition becomes more sta-
ble and no longer requires further endocannabinoid release. This
may occur by enhancement of several different synapses in this
circuit but is ultimately dependent on increased GABAergic in-
hibition of the output neuron.
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sulpiride to mice before extinction training led to en-
hancements of extinction retention as compared with
vehicle-treated controls. Additionally, as part of the same
study, the authors were able to demonstrate that
sulpiride-treated animals demonstrated extinction to
widely spaced presentations of the CS, a protocol that
usually provides for very low levels of extinction.60

The role of norepinephrine in extinction
The role of �-adrenergic transmission, particularly

within the amygdala, as a modulator of memory consol-
idation has been the subject of much research.61,62 When
administered systemically or directly into the amygdala,
adrenergic agonists facilitate memory consolidation in
Pavlovian and instrumental conditioning situations,
whereas adrenergic antagonists (such as the �-adrenore-
ceptor antagonist propranolol) impair memory retention.
This occurs when the injections are given shortly after
training but not when an extended interval is interposed
between the completion of training and injection, leading
to the conclusion that the effect of these compounds is on
consolidation of memory as opposed to encoding or
some lingering drug effect on retention.
Similar effects on extinction have been reported with

the administration of drugs that facilitate norepinephrine
release (yohimbine) or block �-adrenergic receptors
(propranolol). Cain, Blouin, and Barad63 demonstrated
that extinction of contextual fear conditioning in mice
was facilitated by yohimbine given immediately pre-
extinction training, as assessed in tests conducted 24 h
later in the absence of the drug. Yohimbine also facili-
tated extinction of cue conditioning (i.e., fear of a tone)
when given immediately before extinction training using
either a “massed” exposure protocol (5-s intervals be-
tween nonreinforced cue presentations) that produced
good extinction or a “spaced” exposure protocol (20-min
intervals between nonreinforced cue presentations) that
did not produce extinction in the vehicle group. This did
not seem to be an effect on consolidation of extinction
because yohimbine did not facilitate extinction when
given immediately after cue exposure. Although pro-
pranolol given before extinction training did not affect
extinction retention measured 24 h later using the massed
extinction training protocol, it impaired extinction reten-
tion 24 h after extinction training with the spaced extinc-
tion protocol. Under these conditions, spaced extinction
trials typically lead to an increase in freezing across the
session, which Cain et al.63 suggest results from an in-
cubation of fear. Although this increase in freezing does
not normally persist into the next day, they suggest that
administration of propranolol during spaced extinction
training allows this incubation effect to persist. More
generally, Cain et al.63 suggest that cue exposure leads to
both extinction and incubation of fear and that “enhanc-
ing adrenergic activity appears to tip the scales in favor

of extinction, whereas impairing adrenergic activity ap-
pears to tip the scales in favor of incubation” (p. 184).
Consistent with these findings, a study by Berman and
Dudai64 reported that pre-extinction training infusion of
propranolol directly into the insular cortex disrupted ex-
tinction of conditioned taste aversion, another form of
aversive Pavlovian conditioning, and infusion of clen-
buterol, a �-adrenergic agonist, reduced spontaneous re-
covery.
At the present time, the mechanism of noradrenergic

modulation of extinction is unclear, although based on
what has been learned about other modulators of extinc-
tion it seems reasonable to presume that interactions with
GABAergic neurotransmission (either the development
of plasticity at synapses onto interneurons or subsequent
conditioned GABA release by those interneurons) are
likely to be significant. Looking from a different per-
spective, it is interesting to speculate as to how yohim-
bine-induced facilitation of extinction might relate to
known aspects of psychotherapy. Yohimbine is anxio-
genic, and it is well known that patients need to be
somewhat anxious during psychotherapy to learn to
overcome their fears. In fact, benzodiazepines, which
reduce fear and anxiety, may actually interfere with the
benefits of psychotherapy by preventing the patient from
experiencing sufficient anxiety during the therapeutic in-
tervention.
Basic behavioral and theoretical work provide some

clues as to why this might be so. Studies in rats have
shown that the amount of inhibition that develops to a
cue that signals the absence of an aversive footshock is
directly related to the intensity of the shock or number of
training trials used to condition fear. For example, in an
experiment involving a paradigm called conditioned in-
hibition, different groups of rats learned that a 1200 Hz
tone (A) predicted either no shock or a low or a high-
intensity shock, but when the tone was presented in
compound with a flashing light (X), the shock would not
occur (Table 1).5 Hence, the light predicted the omission
of shock and is called a conditioned inhibitor or safety
signal. All three groups were also trained to associate a
third cue, a 250-Hz tone (C), with a low-intensity shock.
Later, the rats were tested to see how the light would
affect fear of the 250-Hz tone. Figure 4 shows a recon-
struction of the results, comparing the amount of inhibi-
tion of fear to C when presented alone versus when
compared in compound with X. Figure 4 clearly shows
that the light originally paired with the high-intensity
shock was much more effective in inhibiting fear to the
tone than was a light originally paired with no shock or
a low shock. This indicates, therefore, that to overcome
high levels of fear (such as those conditioned with an
intensely aversive event), it is necessary to develop high
levels of inhibition. Because extinction generally appears
to involve the development of inhibition, the more stress-
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ful the situation is during extinction training the greater
the inhibition that should develop, provided of course
that enough extinction training is given. If too little is
given, then only sensitization may develop, and this
could explain why short debriefing sessions given after
trauma may actually not help but sometimes even worsen
symptoms.65–67

But what does this have to do with yohimbine? It is
known that footshock releases norepinephrine as does
yohimbine. Moreover, patients with PTSD given yohim-
bine experience flashbacks, vivid memories of their prior
trauma.68 Hence, giving yohimbine during extinction
may recreate an internal state that resembles that during
fear acquisition and hence vividly remind the mouse that
this cue or situation was associated with a very bad
event. On this basis, one would expect that the inhibition
that developed would actually be stronger under these
unpleasant conditions.
At first glance, therefore, it would appear that treat-

ments that increase activation of �-adrenergic receptors
might facilitate extinction in anxiety disorder patients in
a clinical situation. Unfortunately, direct �-adrenergic
receptor agonists do not easily cross the blood-brain
barrier, so more indirect pharmacotherapies would be
necessary, such as those that might increase norepineph-
rine cell firing or block norepinephrine reuptake. How-
ever, these would not be specific to �-adrenergic receptor

activation, and little is known about how activation of
other noradrenergic receptors might affect extinction.
Moreover, because yohimbine is known to cause panic
attacks in patients with panic disorder69 or PTSD,70 it
and other drugs in this same class would be contraindi-
cated in such patients.

CLINICAL IMPLICATIONS

Of the drugs just discussed, only one, D-cycloserine,
has yet been tested for clinical utility in facilitating ex-
posure-based CBT in phobic patients. This primarily is
because DCS already is approved by the Food and Drug
Administration for use in humans for a different purpose.
DCS also is the most extensively studied of these drugs
in terms of its interactions with fear acquisition and
extinction in animals. In addition to the findings pre-
sented above showing that DCS facilitates fear extinc-
tion, other data indicate that DCS may be particularly
useful clinically because of its unique behavioral fea-
tures. In this section, we will first discuss this additional
animal data, then present the results of the clinical study
examining the utility of DCS as a pharmacologic adjunct
to exposure therapy for acrophobia (fear of heights) in
humans.

Does DCS cause “generalized” extinction?
Perhaps the most surprising result from the recent

studies on DCS and extinction is that DCS seems to lead
to generalized extinction.71 Extinction normally is cue
specific, meaning that it does not generalize to other cues
that have been fear conditioned but not extinguished. In
the Ledgerwood et al. study,71 rats were fear conditioned
to two different cues (a light and a tone) through pairings
with a very loud (120 dB), aversive noise. The next day,
some rats were extinguished to the light and immediately
thereafter were injected with DCS or saline. Other rats
were injected with saline or DCS but were not given
extinction training. Twenty-four hours later, all rats were
tested for fear (freezing) to the light and tone. Perfor-
mance to the light replicated earlier findings in that rats
given DCS after extinction training exhibited less fear of
the light than did either rats given saline after extinction
or rats injected with DCS or saline but not extinguished.
The most interesting aspect of the experiment was per-
formance to the tone, which had not been extinguished
for any of the rats. Rats given extinction training to the

TABLE 1. Experimental Design Employed by Rescorla5

Phase 1 Phase 2 Test

Group 1 A-no shock, AX-no shock C-0.5 mA shock C, CX
Group 2 A-0.5 mA shock, AX-no shock C-0.5 mA shock C, CX
Group 3 A-1.0 mA shock, AX-no shock C-0.5 mA shock C, CX

FIG. 4. Results of the experiment by Rescorla, as reported in
Rescorla and Wagner (1972),5 whose design is summarized in
Table 1. The bars present responding to C minus responding to
CX in test. Conditioned inhibition to X was greater when the A
cue was trained with more intense shocks (1.0 mA), suggesting
that inhibition develops more fully when the amount of fear to be
inhibited is greater. Adapted with permission from Rescorla and
Wagner. A theory of Pavlovian conditioning: variations in the
effectiveness of reinforcement and nonreinforcement. In: Classi-
cal conditioning II (Black A, Prokasy W, eds), pp 64–99. Copy-
right © 1972, Appleton-Century-Crofts. All rights reserved.5 With
permission from Robert Rescorla and Appleton-Century-Crofts.
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light and injected with DCS exhibited reduced fear of the
tone, i.e., generalized extinction of fear, whereas rats
injected with saline after extinction training to the light
or rats injected with DCS or saline but not given extinc-
tion showed no reduction in fear to the tone (FIG. 5).
One interpretation of this finding of generalized ex-

tinction after DCS administration is that DCS facilitates
extinction by devaluing the US representation. To under-
stand this concept fully, some background information is
required. It has been suggested that Pavlovian condition-
ing occurs when an organism forms mental or neural
representations of the stimuli involved (the fear-inducing
cue, also called a conditioned stimulus or CS, and the
aversive event, also called an unconditioned stimulus or
US) and then creates associations (bonds) between them.
When the CS-US association is formed, physical presen-
tation of the CS activates the CS representation directly
and the US representation indirectly via the associative
bond between CS and US representations. The US rep-
resentation, when activated associatively, then triggers
conditioned fear responses (CRs).
Association formation traditionally has been viewed as

the primary mechanism of Pavlovian conditioning, al-
though modulation of the CS and US representations also
may play a role. Devaluation of the US representation,
meaning a reduction in the strength or salience of the
mental or neural representation of the aversive event,
was suggested by Rescorla and Heth9 to be particularly
important in extinction. Among the evidence they pre-
sented in support of this notion is an experiment by
Rescorla72 in which rats received pairings of a cue (CS)
with a loud noise (US). Afterward, some rats were ha-
bituated to the loud noise, i.e., they were presented with
the loud noise repeatedly in the absence of the cue. Those
rats that were habituated to the noise subsequently ex-
hibited less fear of the cue (measured by lick suppres-

sion) than those rats not habituated to the noise, suggest-
ing that the representation of the loud noise had been
weakened through repeated exposures to that stimulus. It
should be noted that the drop in fear to the cue occurred
despite the fact that no further pairings of the cue and the
loud noise occurred, and no extinction training to the cue
was given between fear conditioning and test. Rescorla
and Heth9 suggested that extinction after nonreinforced
presentations of the cue might result from a similar pro-
cess of US devaluation. That is, if it is assumed that the
cue associatively activates the mental or neural represen-
tation of the loud noise during the extinction trials, then
the absence of physical noise presentations might result
in a devaluation of the representation of the noise. As a
result, subsequent presentations of the cue (as in a test
conducted after extinction training) produce little or no
fear because the cue activates a representation of the
noise that is too weak to trigger fear responses.
Returning to the observation of generalized extinction

after administration of DCS, Lederwood et al.71 pro-
posed that US devaluation might account for that phe-
nomenon if it is assumed (as most theories of Pavlovian
conditioning do) that separate representations of the light
and tone cues each form an associative bond with a
single representation of the US. Devaluation of the US
representation through extinction of the light would then
“transfer” to the tone because physical presentation of
the tone after extinction to the light will associatively
activate a weakened US representation that is less able to
elicit a conditioned fear response. To examine this hy-
pothesis further, in a separate experiment designed sim-
ilarly to that of Rescorla72 reported above, Ledgerwood
et al.71 trained rats to fear a light and a tone through
pairings with a loud noise US. Some rats were then
habituated to the loud noise. In a subsequent test, the rats
habituated to the loud noise exhibited much less freezing
to the light and tone than did rats that were not habitu-
ated. In other words, the rats habituated to the noise
before test exhibited a pattern of performance (general-
ized dampening of fear) just like that seen in rats given
DCS after extinction training with a visual cue but then
tested later with both a visual and auditory cue (gener-
alized extinction).
The US devaluation hypothesis of the modulation of

extinction by DCS is attractive but not without its prob-
lems. For example, it does not easily explain why DCS
also prevented reinstatement because unsignaled presen-
tations of a US following extinction would be expected
to revive the degraded representation of the shock, and
hence lead to a reinstatement of the fear response to the
cue previously paired with that shock.9 On the other
hand, reinstatement is context specific (i.e., unsignaled
shock presentations must be given in the same context in
which rats ultimately are tested, otherwise they are inef-
fective), which would seem to suggest that US devalua-

FIG. 5. Effect of DCS on extinction of conditioned freezing, as
reported by Ledgerwood et al. (2005).71 A: Mean percent of time
rats spent freezing to the light following either extinction training
to the light or handling. B: Mean percent of time rats spent
freezing to the tone following either extinction to the light or
handling. Reprinted with permission from Ledgerwood et al. D-
Cycloserine facilitates extinction of learned fear: effects on re-
acquisition and generalized extinction. Biol Psychiatry 57:841–
847. Copyright © 2005, Society for Biological Psychiatry.71 With
permission from the Society for Biological Psychiatry.
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tion is not the only mechanism of or even a significant
contributor to reinstatement.8 Another possibility sug-
gested by Richardson et al.73 is that DCS-injected rats
develop an extremely strong (and possibly context-inde-
pendent) inhibitory CS-US association. For example,
Denniston et al.74 reported that massive extinction (800
extinction trials) reduced renewal. If DCS causes extinc-
tion to become context independent after only a few
trials, then reinstatement might be more difficult to dem-
onstrate in these rats compared with saline-treated rats.
That is, it may be necessary to provide stronger, or more,
shock exposures to observe reinstatement in the DCS-
treated animals. Clearly, further research is required to
examine this possibility.
In clinical terms, generalized extinction after DCS may

be beneficial in the sense that extinction of a single cue
might generalize to other cues that acquired fear at the
same time, which could greatly facilitate therapy for
complex anxiety disorders such as PTSD in which many
cues trigger fear reactions. For example, a person who
witnessed the World Trade Center disaster and devel-
oped PTSD might have multiple fear triggers including
odors, sounds, and certain visual cues, all of which were
in effect conditioned in a single “trial” and might be
particularly amenable to generalized extinction via ex-
tinction of just one cue. Much more research is required,
however, to examine carefully the situations in which
generalized extinction might be beneficial versus those in
which it could actually be detrimental. It seems clear, for
example, that generalized extinction to cues that trigger
adaptive fear responses would not be wise.

DCS does not seem to facilitate fear conditioning
and may even reduce it
If DCS is so effective in facilitating learning, then one

might wonder whether it could actually be harmful if
combined with exposure-based psychotherapy. For ex-
ample, bringing to mind awful memories of a traumatic
event can lead to sensitization rather than extinction if a
full therapeutic exposure is not carried out.65–67 Perhaps
sensitization would be exacerbated by DCS by strength-
ening the fearful memories. Thus far, none of us has seen
any evidence of this in our rodent studies, nor was any
evidence of this observed in our clinical study (see be-
low). In fact, we found that DCS does not facilitate fear
conditioning under the conditions we use (Walker, D. L.,
and M. Davis, unpublished observations).
Why might DCS not facilitate fear acquisition? DCS is

an analog of a naturally occurring chemical in the brain,
D-serine. D-Serine and glycine bind to the same site on
the NMDAR, as does DCS, and make the receptor work
better. So it is possible that NMDARs involved in fear
conditioning are already saturated with D-serine or gly-
cine, making these receptors work optimally. This opti-
mal functioning would be adaptive because it is very

important for all animals to learn quickly what stimuli
are dangerous so as to avoid them in the future. If the
receptors are already saturated, DCS would not be able to
have any further effect. In fact, DCS is actually less
effective than either D-serine or glycine and so, if the site
on the NMDARs involved in fear conditioning is fully
saturated, DCS might actually reduce the activity of the
receptors by displacing the more effective endogenous
chemicals. This could explain why DCS appears to ac-
tually inhibit fear conditioning in some situations.
But how does this explain the ability of DCS to facil-

itate extinction? Perhaps the NMDARs involved in ex-
tinction are different from those involved in fear condi-
tioning (e.g., on different neurons), and perhaps those
involved in extinction are not saturated with glycine or
D-serine. This would suggest these particular NMDARs
do not work as efficiently, an explanation for why ex-
tinction takes much longer to develop than fear condi-
tioning. But because these receptors are not already sat-
urated, then the effect of giving DCS would be to
facilitate NMDA transmission and, therefore, extinction.
In conclusion, with clinical use of DCS there does not

seem to be any danger of inadvertently facilitating fear
rather than extinction because there is no evidence of an
acquisition effect in animals.

A clinical test of combining DCS with behavioral
exposure therapy for acrophobia
Recently, we tested whether DCS given in combina-

tion with exposure therapy for the treatment of specific
phobia in humans would improve the effectiveness of
this therapy.75 We wished to examine the ability of DCS
to enhance exposure therapy in humans using the most
optimally controlled form of psychotherapeutic learning
available. Virtual reality exposure (VRE) therapy is ideal
for clinical research assessment because exposure and
testing is identical between patients, is well controlled by
the therapist, and occurs within the spatial and temporal
confines of the limited therapy environment.76 This
method has proven to be successful for the treatment of
specific phobias as well as PTSD.76–79 With VRE for
fear of heights, we used a virtual glass elevator in which
participants stood while wearing a VRE helmet and were
able to peer over a virtual railing. Previous work has
shown improvements on all acrophobia outcome mea-
sures for treated as compared with untreated groups after
seven weekly therapy sessions.76 To examine whether
DCS would enhance the learning that occurs during ex-
posure therapy for humans with specific phobia, we en-
rolled 28 volunteer participants who were diagnosed
with acrophobia by DSM-IV.75 Participants were ran-
domly assigned to three treatment groups, placebo �
VRE therapy, or DCS � VRE therapy at two different
doses of DCS (50 or 500 mg). Treatment condition was
double blinded, such that the subjects, therapists, and
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assessors were not aware of assigned study medication
condition. Although we used two different doses of DCS,
preliminary analysis of our data indicated that there were
no significant differences between the 50- and 500-mg
drug groups for the primary outcome measures of acro-
phobia. Therefore, we combined the two drug groups for
analysis.
Participants underwent two therapy sessions, which is

a suboptimal amount of exposure therapy for acropho-
bia.76 They were instructed to take a single pill of study
medication 2-4 h before each therapy session, such that
only two pills were taken for the entire study. A post-
treatment assessment was performed within a week after
the two therapy sessions, and an additional follow-up
assessment was performed 3 months after the therapy.
At both 1-2 weeks and 3 months after treatment, sub-

jects who received DCS in conjunction with VRE ther-
apy had significantly enhanced decreases in fear within
the virtual environment (FIG. 6, A and B; P 
 0.05).
Patients who received DCS in conjunction with therapy
felt that they had improved significantly more than the
placebo group in their overall acrophobia symptoms at
the 3-month follow-up (FIG. 6C). Furthermore, within
the virtual environment, skin conductance fluctuations, a

psychophysiological measure of anxiety, was signifi-
cantly decreased in the group that received DCS in con-
junction with therapy (FIG. 6D).
One of the cardinal features of extinction in animal

models is the context specificity of the extinction envi-
ronment. However, Richardson and colleagues71 have
demonstrated that DCS enhancement of extinction in rats
appears to lead to generalization across cues. We there-
fore wondered if the decreased fear of heights found
within the virtual environment would generalize to other
settings. This question was assessed in two ways, first by
asking questions related to the subject’s fear of heights in
the real world, and secondly by assessing how much the
subjects had decreased their avoidance of heights since
the treatment. We found that patients’ self-exposure to
heights in the “real world” had increased, suggesting
decreased avoidance (FIG. 6E).
Our data indicate that participants receiving DCS ex-

perienced no increase in anxiety or fear during the ex-
posure paradigm so that the enhancement of extinction is
not due simply to enhanced intensity of exposure. Par-
ticipants in the DCS group showed some evidence of
enhanced extinction after only a single dose of medica-
tion and therapy. After two doses of medication and
therapy, they showed significant reductions in levels of
fear to the specific exposure environment. Finally, we
found that 3 months after the two treatment sessions, the
DCS participants showed significant improvements on
all acrophobia outcome measures, their own self-expo-
sures in the real world, and their impression of clinical
self-improvement relative to participants who received
placebo.75

It is important to note that the timing of dosing of DCS
may be critical in the use of this agent in the augmenta-
tion of exposure therapy. Despite animal studies suggest-
ing enhancement of spatial learning,80–83 the studies of
human trials in patients with dementia have found only
minor improvements84,85 or no significant effect on
memory enhancement.86–88 We believe that a principal
difference between those studies, our human acrophobia
study, and the animal literature is the frequency and
chronicity of drug dosing. The human memory enhance-
ment studies used daily dosing for weeks to months
compared with single dosing before the learning event in
animal experiments and in our exposure study. In fact,
Quartermain and colleagues81 explicitly examined single
versus chronic dosing of DCS in animals for improve-
ment of learning. They found that a single dose of drug
before training enhanced the learning of the task,
whereas 15 days of drug before the task had essentially
no effect on the learning. This has very recently been
explicitly tested with extinction by Richardson and col-
leagues89 in which they found that rats receiving five
doses of DCS on an every other day schedule received no
benefit when given DCS in combination with an extinc-

FIG. 6. Results of the clinical study with D-cycloserine as an
adjunct to exposure therapy for the treatment of acrophobia.75

A: Change in subjective units of discomfort (SUDS) from pre- to
post-test after two therapy sessions that occurred approxi-
mately 1 week before this short-term follow-up assessment.
Decrease in SUDS level is shown for each floor (1-19) of the
virtual glass elevator. B: Change in SUDS from pre to post-test
at the 3-month long-term follow-up assessment. C: Percent of
patients in the DCS or placebo groups reporting “Much im-
proved” at 3-month follow-up. D: Self-report of number of in vivo
exposures to heights since the treatment 3 months earlier. E:
Number of spontaneous galvanic skin fluctuations in the simu-
lated glass elevator before and 1-week after therapy in the two
groups. Adapted with permission from Ressler et al. Cognitive
enhancers as adjuncts to psychotherapy: use of D-cycloserine in
phobic individuals to facilitate extinction of fear. Arch Gen Psy-
chiatry 61:1136–1144. Copyright © 2004, American Medical As-
sociation. All rights reserved.75 With permission from AMA.

PHARMACOLOGICAL TREATMENTS FOR FEAR EXTINCTION 93

NeuroRx�, Vol. 3, No. 1, 2006



tion training session compared with significant facilita-
tion of extinction with acute dosing.
Interestingly, it is now accepted that most psychiatric

medications have their intended psychotropic effect not
through their acute mechanisms, but through chronic
mechanisms that often involve receptor, cellular, and
systemic regulatory mechanisms that are quite distinct
from the acute pharmacologic drug effect. However, in
the case of DCS augmentation of exposure therapy,
chronic treatment may actually result in a loss of efficacy
due to tachyphylaxis, as well as other regulatory phe-
nomena that are likely to occur with prolonged activation
of the NMDAR. Thus, in contrast to other psychotropic
medication, to achieve the intended effect of enhancing
NMDAR activity, DCS may need to be taken on an acute
schedule specifically in combination with the exposure-
based treatment.

CONCLUSION

In conclusion, we have applied some of the lessons
learned in extinction training in animals to humans with
exciting results. The use of a specific pharmacological
intervention to enhance the beneficial effects of psycho-
therapy represents a new paradigm in psychiatry. Al-
though we have focused on the effects of a partial
NMDA antagonist in the present review, it should be
noted that other agents can enhance extinction of learned
fear in nonhuman animals. Future clinical studies on
potential pharmacological enhancement of exposure-
based therapy should focus on agents that enhance the
learning that occurs during the exposure sessions, rather
than on agents that reduce the anxiety experienced dur-
ing those sessions.
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