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Abstract
Combining an effective psychological treatment with conventional anxiolytic medication is typically
not more effective than unimodal therapy for treating anxiety disorders. However, recent advances
in the neuroscience of fear reduction have led to novel approaches for combining psychological
therapy and pharmacological agents. Exposure-based treatments in humans partly rely on extinction
to reduce the fear response in anxiety disorders. Animal studies have shown that D-cycloserine (DCS),
a partial agonist at the glycine recognition site of the glutamatergic N-methyl- D-aspartate receptor
facilitates extinction learning. Similarly, recent human trials have shown that DCS enhances fear
reduction during exposure therapy of some anxiety disorders. This article discusses the biological
and psychological mechanisms of extinction learning and the therapeutic value of DCS as an
augmentation strategy for exposure therapy. Areas of future research will be identified.
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Introduction
The most effective strategies for treating anxiety disorders include exposure-based
interventions and anxiolytic pharmacotherapy (such as benzodiazepines, tricyclic
antidepressants, monoamine oxidase inhibitors, and selective serotonin reuptake inhibitors, to
name only a few). Exposure-based treatments are effective interventions for a range of anxiety
disorders, including social phobia (e.g., Feske & Chambless, 1995), panic disorder and
agoraphobia (e.g., Clum, Clum, & Surls, 1993), obsessive–compulsive disorder (e.g.,
Abramowitz, 1996), post-traumatic stress disorder (e.g., Foa et al., 1999), and specific phobias
(e.g., Öst, Svensson, Hellstrom, & Lindwall, 2001). Nevertheless, there is still considerable
room for improvement for these interventions. In an attempt to maximize treatment response,
it has been generally assumed that combining two effective interventions should result in
greater gains than only one of them. Surprisingly, there is no clear evidence to suggest that a
combination strategy of exposure-based therapy and pharmacotherapy is more effective than
unimodal therapy in the long term (for a review, see Foa, Franklin, & Moser, 2002; Otto, Smits,
& Reese, 2005). For example, clinical trials of panic disorder showed that patients who received
a combination therapy between cognitive behavioral therapy (CBT) and imipramine (Barlow,
Gorman, Shear, & Woods, 2000) or benzodiazepine (Marks et al., 1993) medications showed
a loss of efficacy once the medication was discontinued relative to patients who received CBT
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alone. Moreover, the combination between CBT and the active drug did not outperform the
combination between CBT and a pill placebo (e.g., Barlow et al., 2000).

Similarly, in a randomized trial comparing the individual and combined effects of fluoxetine
and CBT for social anxiety disorder, Davidson et al. (2004) found a combination treatment
response rate of 54.2% as compared with a response rate of 51.7% for CBT alone, and 50.8%
for fluoxetine alone at post-acute. Consistent results were reported in a clinical trial comparing
unimodal therapy and the combined effects of exposure plus response prevention and
clomipramine for obsessive–compulsive disorder (Foa et al., 2005). The findings of this trial
revealed no significant difference in the efficacy between CBT and combination treatment.
The response rates for CBT were 62% for the intent-to-treat sample relative to 70% for
combination treatment. Similar results were reported in other trials with obsessive–compulsive
disorder (e.g., Franklin, Abramowitz, Bux, Zoellner, & Feeny, 2002).

This brief review of the clinical trial literature shows no clear advantage of combination therapy
relative to exposure-based intervention plus pill placebo at post-acute, and also no advantage
as compared with unimodal therapy at follow-up. The reason for the disappointing efficacy of
combined therapy is not known. It is possible that the affect-modulating properties of
pharmacotherapy and their associated side effects may interfere with CBT by providing
conditions for state-dependent learning during the exposure-based therapy sessions (e.g., Otto
et al., 2005). In other words, discontinuing the medication may alter the internal state, which
may in turn interfere with the learning during exposure-based therapy that happens during an
internal state due to the influence of the pharmacological agent. This perspective receives some
support from animal studies suggesting that extinction learning from exposure to feared cues
is sensitive to context effects (e.g., Bouton, 2002, 2004). It is also possible that the anxiolytic
effect of pharmacotherapy inhibits the full activation of the fear structure, leading to a
suppression of emotion processing of the feared stimuli (Foa & Kozak, 1986). This account is
consistent with studies suggesting that strategies to decrease the perceived threat of exposure
lead to less fear reduction (e.g., Powers, Smits, & Telch, 2004; Rodriguez & Craske, 1993).
Finally, it is possible that fear reduction during exposure-based therapy is attributed to the pill
rather than the exposure practices during combined treatment, which may negatively affect the
person’s perception of self-efficacy with regard to the treatment gains.

In sum, the context and the affect-modulating properties of pharmacotherapy, while offering
effective treatment of anxiety disorders, may also undermine some of the beneficial effects of
CBT, so that combined treatment may not outperform CBT alone and may place patients at
relatively greater risk of relapse when the medication is discontinued. We have previously
outlined a number of recommendations in order to maximize the efficacy of combination
therapy (Otto, Basden, Leyro, McHugh, & Hofmann, 2007). Following these
recommendations, exposure-based therapy is more likely to be enhanced if the
pharmacological agent (1) produces few side effects and has little affect-modulating effects to
minimize state-dependent learning; (2) allows full activation of the fear structure and emotional
processing of feared stimuli during the exposures; and (3) can be delivered in isolated dosing
to allow patients to attribute a significant degree of the therapeutic effects to the successful
exposures. Finally, and perhaps most importantly, the pharmacological agent should support
aspects of the therapeutic mechanism exposure-based therapy. These recommendations seem
to be overly ambitious and practically unattainable with conventional pharmacotherapy for
anxiety disorders. However, basic research in animal extinction learning has recently been
translated into clinical applications. This research points to a pharmacological agent that meets
all of the above-mentioned recommendations for enhancing exposure-based therapy. The
following will summarize the preclinical (animal) studies that led to the discovery of this agent,
and that were more recently translated into research with clinical and nonclinical (human)
subjects.
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Extinction learning in exposure-based therapy
Exposure therapy is rooted in behaviorism that began in the early 1900s (Watson, 1924) and
grew out of the Pavlovian fear conditioning paradigm. In this paradigm, an initially innocuous
stimulus, such as a light or tone (conditioned stimulus, CS), is presented together with an
innately aversive stimulus, such as a foot shock (unconditioned stimulus, US), which leads to
an adaptive fear response (unconditioned response, UR). After repeated pairings of the CS and
US, the subject (typically a mouse or rat) exhibits a conditioned fear response (conditioned
response, CR) to the CS. The strength of the fear response in animals is determined by the
number of repetitions of association between the CS and US, and the intensity of the UR.
Moreover, the repeated presentation of the CS in the absence of the US leads to a gradual
decrease of the CR, which was termed extinction.

Watson and Rayner (1920) demonstrated the direct application of these Pavlovian principles
to human fear conditioning and extinction. In the classic case of Little Albert, Watson and
Rayner (1920) first presented an 11-month-old orphan with several objects, including a rat, a
rabbit, a fur coat, and a dog. Little Albert showed no initial signs of fear toward these objects.
However, the infant exhibited clear distress in response to the US, which was a loud noise
made by banging a heavy hammer against a steel bar. During the conditioning trial, the
experimenters repeatedly paired the rat (CS) with the noise (US). After seven trials over the
course of 1 week, Little Albert was presented with the rat without the noise. As predicted, the
boy exhibited signs of distress and fear when only seeing the rat. The experimenters then
presented Little Albert with other hairy objects, including a rabbit, a fur coat, and a dog. The
boy reacted similarly distressed to each of these objects, suggesting that the response
generalized to other objects with hair. A similar reaction was observed 5 days and, to a lesser
degree, 31 days after the initial conditioning trial. When the subject was tested in a different
context (by moving him to a different room) the fear response was still noticeable but
significantly decreased. After repeated presentations of the CS alone, the distress response
eventually dissipated.

In sum, Watson and Rayner’s (1920) classic experiment illustrates the Pavlovian principles of
fear conditioning, fear generalization, and context effects in humans and also exemplifies the
role of extinction learning in exposure-based therapy in humans. As in the case of Little Albert,
extinction learning is procedurally very similar to exposure-based therapy. Specifically,
exposure-based therapy involves exposure to the feared object or situation in the absence of
any danger. This is not to say that extinction learning is the only mechanism through which
exposure-based therapy acts, and my intention is not to trivialize psychotherapy. In fact, a host
of treatment-relevant variables are likely to contribute to treatment success, ranging from
specific maladaptive cognitions over perceived self-efficacy to therapeutic alliance, empathy,
and other common factors. However, basic extinction processes are also likely to be involved
in exposure-based therapy.

Mechanisms of extinction learning
Associative processes

Although extinction has been described and studied since Pavlov (1927), the process of
extinction has remained speculative. Some of the earlier theories assumed that the excitatory
association between the CS and the US representation formed during acquisition is weakened
and ultimately eliminated (“un-learned”) through extinction training (Mackintosh, 1975;
Rescorla & Wagner, 1972). Evidence against the notion that extinction is merely due to an un-
learning or erasure of previously acquired fear include the observations that the original fear
response returns after the passage of time (spontaneous recovery; e.g., Robbins, 1990), after a
change of context from the extinction context (renewal; e.g., Bouton & Bolles, 1979;
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Rodriguez, Craske, Mineka, & Hladeck, 1999), or after unsignaled presentations of the US that
occur within the context of the retention test (reinstatement; e.g., Bouton & Swartzentruber,
1991; Dirikx, Hermans, Vansteenwegen, Baeyens, & Eelen, 2004; Hermans et al., 2005;
Rescorla & Heth, 1975).

Modern learning theories of extinction assume that conditioning happens as subjects form
representations of the relevant cues (CS and US) and situational contexts, and as they acquire
information about the association between these cues and the situations (see Myers & Davis,
2007, for a review). These associations can be either excitatory (i.e., activation of one
representation activates another) or inhibitory (i.e., activation of one representation inhibits
activation of another). Acquisition of CSs is explained by the formation of an excitatory
association between representations of the CS and US. The US representation is activated
indirectly through its association with the CS representation, which in turn triggers the CS.
Extinction is assumed to proceed through multiple mechanisms (Myers & Davis, 2007) that
also include new learning that inhibits the excitatory association between CS and US (e.g.,
Bouton, 1993; Myers, Ressler, & Davis, 2006). As part of this new form of learning, the subject
changes the CS–US contingency in such a way that the CS no longer signals an aversive event
and thereby inhibits the expression of the fear response (e.g., Bouton, 1993, 2004; Myers &
Davis, 2002).

Cognitive processes
It is typically assumed that animals only learn by using basic associative mechanisms.
However, rats can perform causal reasoning, which allows the animal to predict outcomes on
the basis of observation without the reliance on any associative processes (Bleisdell, Sawa,
Leising, & Waldmann, 2006). Similarly, a number of studies have shown that reductions in
the CS–US expectancy are correlated with reductions in CRs during the course of extinction
(e.g., Biferno & Dawson, 1977; Lipp & Edwards, 2002). Furthermore, extinction appears to
be associated with a reduction in the strength of the CS–US expectancy (Hofmann, in press;
Shell, Dawson, & Marinkovic, 1991).

Not surprisingly, the influence of higher cognitive processes in extinction is particularly
evident in humans. For example, it has further been shown that experimentally induced
autonomic fear responses can be eliminated by simply informing subjects that the US will no
longer follow the CS (Grings, 1973). Moreover, extinction can be disrupted by adding a
stimulus that serves as a safety signal (Lovibond, Davis, & O’Flaherty, 2000). In sum, the
literature on cognitive processes in extinction learning suggests that extinction is accompanied
by changes in the CS–US contingency (namely that the CS no longer signals the US). Moreover,
verbal instructions, which are part of exposure-based therapies, can directly modify extinction
processes by changing this contingency.

Biological processes
Animal research implicates the amygdala during fear extinction, including the medial
prefrontal cortex in rats (Milad & Quirk, 2002) and humans (Phelps, Delgado, Nearing, &
LeDoux, 2004), and specifically the basolateral nucleus of the amygdale (Quirk, Repa, &
LeDoux, 1995; Repa et al., 2001). Although the specific role of the amygdala in memory
formation is not completely understood (Cahill, Weinberger, Roozendaal, & McGaugh,
1999), fear learning and extinction appear to involve movement of calcium ions into amygdala
neurons, followed by a number of intracellular mechanisms that lead to long-term changes in
synaptic function and morphology (Blair, Tinkelman, Moita, & LeDoux, 2003; Boje, Wong,
& Skolnick, 1993).
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Glutamate is one of the most important excitatory neurotransmitters in the mammalian brain
and performs an important role in the brain circuitry underlying fear processing. The N-methyl-
D-aspartate (NMDA) receptor is an ionotropic receptor for glutamate. In fact, fear and extinction
learning are both blocked by antagonists at the NMDA receptor (see for a review Myers &
Davis, 2007). NMDA receptors are heteromeric complexes (Laube, Kuhse, & Betz, 1998) that
contain a number of subunits (Lao, Wang, Yasuda, Dunah, & Wolfe, 1997; Laube, Hirai,
Sturgess, Betz & Kuhse, 1997). It has been shown that long-term potentiation (LTP) is mediated
by NMDA receptors containing NR2A subunits in pyramidal cells of the hippocampus in area
CA1 (Liu, Wong, & Pozzza, 2004). Analyses of LTP in cells of this region (Lisman, 1989)
suggest that the process is governed by the “Hebb rule” (Hebb, 1949), which states that the
induction of LTP involves the NMDA class of glutamate-activated channels in the postsynaptic
membrane (e.g., Collinridge, Kehl, & McLennan, 1983) that only open if there are both
presynaptic release of glutamate and also substantial depolarization of the postsynaptic
membrane (Nowak, Bregestovski, Ascher, Herbert, & Prochiantz, 1984). Variations in the
intracellular Ca2+ concentration regulate the induction of long-term synaptic plasticity at the
glutamatergic synapses (Bliss & Collingridge, 1993; Malenka, & Nicoll, 1999; Nishiyama,
Hong, Mikoshiba, Poo, & Mato, 2000). Activation of NMDA receptors allows flow of Na+

and K+ ions, and influx of a small amount of Ca2+ ions. The influx of Ca2+ ions (Jahr & Stevens,
1993; MacDermott, Mayer, Westbrook, Smith, & Baker, 1986) then triggers an increase in
synaptic weight, a cellular mechanism for learning and memory (Lynch, Larson, Kelso,
Barrionuevo, & Schottler, 1983). NMDA receptors in the amygdala are also considered
essential for LTP, a process that underlies specifically fear learning and extinction (Fanselow
& LeDoux, 1999; Lee, Choi, Brown, & Kim, 2000).

Activation of NDMA receptors requires binding of both glutamate and the co-agonist glycine
for the efficient opening of the Ca2+ ion channel. Some of the subunits bind the co-agonist
glycine and other subunits bind the neurotransmitter glutamate. It has been shown that D-serine
can co-agonize the NMDA receptor with even greater potency than glycine (see for a review,
Wolosker, 2006). D-4-amino-3-isoxazolidone (D-cycloserine, DCS) is an analogue of D-alanine
and a partial agonist at the glycine recognition site of the glutamatergic NMDA receptor that
works very similar to D-serine. Fig. 1 depicts an NMDA receptor that is co-activated by DCS.
A more detailed description of NMDA receptor activation can be found in Laube et al.
(1998).

Studies have shown that DCS facilitates the process of extinction of conditioned fear when
administered in individual doses prior to or soon after extinction trials in animals (Davis,
Walker, & Myers, 2003; Falls, Miserendino, & Davis, 1992; Parnas, Weber, & Richardson,
2005; Richardson, Ledgerwood, & Cranney, 2004). Some of the most important studies of the
recent preclinical literature will be reviewed next.

Augmentation strategies of extinction learning: animal studies
The animal literature consistently reports that NMDA antagonists inhibit extinction. For
example, a study by Falls and colleagues showed that intra-amygdala infusions of an NMDA
receptor antagonist shortly before extinction training dose-dependently blocked extinction
(Falls et al., 1992). This impairment is not due to an effect on NMDA receptors outside the
amygdala, damage to or destruction of the amygdala, or an impairment of sensory transmission
during extinction training. Furthermore, the inhibitory effect of NMDA antagonists on
extinction cannot be explained by state dependency, and blocking NMDA receptors after
extinction training also blocks extinction (Santini, Muller, & Quirk, 2001).

The first study to demonstrate that DCS facilitates extinction learning was reported by Walker,
Ressler, Lu, and Davis (2002). At the same time, this experiment served as a model study of
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DCS in animals. In essence, the investigators found that either systemic administration or
infusion of DCS into the basolateral nucleus of the amygdala prior to extinction training
enhanced the extinction of learned fear in rats, as measured by fear-potentiated startle. Adult
rats first received 10 pairings of a light (CS) and a shock (US). Two days later, some rats were
given 30 extinction trials by presenting the CS without the US. Thirty minutes prior to these
extinction trials, rats were injected with DCS or a saline solution. All rats were then tested the
following day to assess the fear response to the CS alone. Specifically, the investigators
measured fear-potentiated startle by presenting an acoustic startle stimulus by itself on some
of the test trials, and preceded by the CS on other trials. The results showed that rats treated
with DCS prior to the extinction trials exhibited less fear response to the CS at test than rats
treated with a saline solution. This effect was only observed in rats given the extinction trials
and could not be attributed to any nonspecific drug effects. Moreover, the effect of DCS on
extinction was dose-dependent because rats systemically injected with either 15 or 30 mg/kg
of DCS exhibited facilitated extinction, whereas rats given 3.25 mg/kg of DCS responded
similarly to saline-treated controls. Finally, the investigators were able to show that DCS
specifically acts on the amygdala.

Later studies replicated the facilitation effect of DCS on extinction. For example, Ledgerwood
and colleagues similarly reported that DCS facilitates extinction of conditioned freezing when
given either systemically or directly into the amygdala (Ledgerwood, Richardson, & Cranney,
2003, 2004). Interestingly, DCS could still facilitate extinction when given up to about 3 h
after extinction training, which is consistent with the idea that DCS acts to facilitate memory
consolidation of extinction (Richardson et al., 2004). However, DCS temporarily failed to
facilitate extinction of learned fear when the animals had been previously exposed to DCS
(Parnas et al., 2005). Specifically, Parnas et al. (2005) found that five pre-exposures to DCS
over a 10-day period eliminated the enhancing effects of DCS on the extinction of conditioned
freezing. Similarly, DCS in animals revealed positive effects on spatial learning only for
isolated dosing (Quartermain, Mower, Rafferty, Herting, & Lanthorn, 1994). This is consistent
with the demonstration of desensitization of the NMDA receptor complex in cell culture with
prolonged exposure to DCS and other glycinergic ligands (Boje et al., 1993). This highlights
the importance to consider the number of DCS exposures and the interval separating these
exposures, because chronic administration temporarily appears to change the function of the
glycine/NMDA receptor complex. In this context, it is also important to note that long-term
exposure to all major classes of antidepressants (including selective serotonin reuptake
inhibitors, tricyclics, and monoamine reuptake inhibitors) appear to result in neurochemical
changes at the glycine-binding site of the NMDA receptor complex (Nowak, Trullas, Layer,
Skolnick, & Paul, 1993; Paul, Nowak, Layer, Popik, & Skolnick, 1994). Similar effects have
been reported after electroconvulsive shock therapy (Popik, Wrobel, & Nowak, 2000).
Therefore, it is possible that previous treatments with conventional pharmacological treatments
and electroshock therapy impair the effects of DCS on extinction in humans, at least
temporarily.

It has further been shown that DCS not only facilitates extinction but also reduces the
occurrence of reinstatement-induced relapse (Ledgerwood et al., 2004). This has led
Richardson and colleagues to the hypothesis that DCS not only enhances extinction learning
but that DCS-treated patients may also be less likely to relapse following successful exposure-
based treatment (Richardson et al., 2004). In fact, as I will review further below, the early
clinical data do suggest that the effects of DCS tend to be more pronounced at follow-up.

The research literature is most convincing and robust for the effects of DCS on extinction
learning (cf., Richardson et al., 2004). However, there are isolated reports of at least some
facilitation of other learning tasks, including spatial learning in a Morris water maze (Lelong,
Dauphin, & Boulouard, 2001), a thirst-motivated linear maze learning task (Quartermain et
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al., 1994), inhibitory avoidance learning (Land & Riccio, 1999), and a visuospatial-guided
delayed win-shift performance task (Pussinen, & Sirvio, 1999). These studies provide some
support for the potential efficacy of DCS outside extinction learning, but leave open questions
as to whether enhancement effects are more optimal around extinction-based or stress-based
tasks.

Augmentation strategies of exposure therapy: clinical studies
Early studies

DCS is an established antibiotic medication for the chronic treatment of tuberculosis at high
doses (500 mg daily) in humans. It should be noted that the antibiotic effects are unrelated with
DCS’s ability to facilitate extinction learning. In addition, DCS has been applied as a chronic-
dose strategy to improve negative symptoms in schizophrenia (Goff & Coyle, 2001; Goff et
al., 1999; Rowland et al., 2005), social behavior in autistic disorder (Posey et al., 2004), and
cognitive functioning in Alzheimer’s disease (Schwartz, Hashtroudi, Herting, Schwartz, &
Deutsch, 1996; Tsai, Falk, Gunther, & Coyle, 1999). However, despite some early promise in
its application to both schizophrenia and Alzheimer’s disease, the evidence in general has been
disappointing. For example, across 13 studies between 1995 and 2005, at least half of the trials
reported nonsignificant effects (Otto et al., 2007). Similarly, a review of four studies using
DCS for Alzheimer’s disease revealed that the drug was generally ineffective (Laake &
Oeksengaard, 2002). As noted earlier, one potential reason for the lack of efficacy for DCS in
these applications may be the reliance on chronic rather than isolated dosing strategies.
Moreover, it is possible that the DCS effects are limited to enhancing extinction learning in
exposure-based therapy. The use of DCS with minimal side effects when given acutely in small
doses allows it to be easily tested as a potential adjunctive treatment to exposure-based therapy
for anxiety disorders.

Specific phobia
The first study to examine the utility of DCS as a method to enhance exposure therapy in
humans was conducted by Ressler et al. (2004). The authors randomized 28 subjects with a
DSM-IV diagnosis of specific phobia of heights (acrophobia) to two treatment conditions. In
one condition, participants received two sessions of virtual reality exposure therapy preceded
in double-blind fashion by administration of single doses of DCS (50 or 500 mg) taken 2–4 h
prior to each of the sessions. In the other condition, participants received a placebo pill before
the identical intervention. The results showed that exposure-based therapy combined with DCS
resulted in significantly greater reductions of acrophobic symptoms at 1 week and 3 months
following treatment. No difference in efficacy was observed between the two doses, and no
adverse effects from DCS administration were reported. Subjects who received DCS prior to
the exposures further showed significantly greater decreases in skin conductance fluctuations
during the virtual exposures and significantly greater improvement on general measures of
real-world acrophobia symptoms as compared with subjects receiving placebo prior to the
exposures. These group differences became evident early in treatment and further improved at
the 3-month follow-up.

Social anxiety disorder
My research team conducted the second double-blind placebo-controlled study in a human
sample of anxiety disorder patients. This study randomly assigned 27 patients with a principal
DSM-IV diagnosis of social anxiety disorder (social phobia) to receive either exposure therapy
plus DCS (50 mg) or exposure therapy plus pill placebo.

The first treatment session consisted of an introduction of the treatment model and
psychoeducation. The following 4 sessions emphasized stepwise social exposures, with
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administration of the study pill 1 h before each session. The exposure practices consisted of
giving speeches of increasing difficulty level about topics chosen by the therapists in front of
the other group members or confederates and a video camera. At the end of each exposure
session, patients were encouraged to continue to apply home-practice strategies (such as giving
speeches in front of a mirror). Although the in-session exposure practices only focused on
public speaking, 51.9% of the subjects had a generalized subtype of social anxiety disorder,
and 40.7% had at least one additional DSM-IV axis I diagnosis. The level of social anxiety
was assessed at baseline, post-treatment, and at the 1-month follow-up. The primary treatment
outcome measure consisted of the Social Phobia and Anxiety Inventory (SPAI; Turner, Beidel,
Dancu, & Stanley, 1989). Additional measures included the Clinical Global Impression Scale,
Severity (Guy, 1976) and the Liebowitz Social Anxiety Scale (Liebowitz, 1987). Participants
who received DCS augmentation as compared with placebo augmentation demonstrated
significantly greater improvement at post-treatment as assessed by clinician-rated and self-
report instruments, with evidence of maintained and extended treatment effects at the follow-
up evaluation.

As shown in Fig. 2, the difference between the DCS and placebo group increased linearly with
time, with the greatest effects of DCS being evident at the 1-month follow-up. Similar results
were observed for the other measures. The between-group effect sizes at both post-treatment
and follow-up indicated a medium to very large effect size for the advantage of DCS over
placebo, with larger effects at follow-up than immediately following treatment.

Obsessive– compulsive disorder
Another recent study examined DCS as an augmentation strategy for exposure and prevention
for obsessive-compulsive disorder (Kushner et al., in press). In this study, 32 patients with
obsessive disorder (Yale-Brown Obsessive–Compulsive Disorder score ≥18; Goodman, Price,
Rasmussen, & Mazure, 1989) were randomly assigned to twice-weekly exposure and response
prevention plus 10 doses of 125 mg of DCS or exposure-based treatment plus 10
administrations of pill placebo. At pre-test, a hierarchy of the 10 most distressing disorder-
related situations was established. Exposure exercises proceeded from the least to most
distressing situations. Once a person’s distress rating was reduced by at least 50%, a more
difficult exercise was introduced until subjective distress ratings were reduced by 50% as
compared with baseline or until the 10th session was reached. The results showed that
participants who received DCS were less likely to discontinue the therapy and required fewer
exposure sessions to achieve the 50% reduction in distress from baseline. After four exposure
sessions, patients in the DCS group reported significantly greater decreases in obsession-
related distress as compared with the placebo group. The effect size was medium to large.
However, consistent with the animal literature, the difference between the two groups became
less pronounced with repeated administrations of the drug. Similar results were reported by
Wilhelm et al. (2006). Preliminary analyses of this not yet completed trial suggest that acute
administration of DCS facilitates the effects of exposure and response prevention for OCD.

Panic disorder with mild or moderate agoraphobia
Lastly, a recently completed study on the augmentation strategy of DCS for panic disorder
recruited 25 outpatients with a primary diagnosis of panic disorder mild to moderate
agoraphobia (Tolin et al., 2006). Participants were randomly assigned to either receive 5 weekly
sessions of individual exposure therapy for panic disorder plus 50 mg of DCS or the same
psychological therapy plus pill placebo. The treatment included standard cognitive
restructuring techniques to modify maladaptive thoughts associated with anxiety and panic.
During the exposure practices, patients were repeatedly exposed to fearful somatic sensations
of anxiety (e.g., hyperventilation to induce dizziness, parasthesias, flushes, etc.). These sessions
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were delivered in a 90-min format and preceded by administration of the blinded medication
1 h before the session. Home practice assignments were assigned after each session.

The results revealed that, as compared with the placebo condition, the DCS group showed a
significantly greater reduction from pre-test to post-test, and a trend toward greater reduction
from pre-test to follow-up in symptom severity on dimensional measures (Panic Disorder
Severity Scale; Shear et al., 1997). Clinical interview data by blind raters using the Clinical
Global Impression Scale, Improvement (CGI, Guy, 1976) further showed that at post-
treatment, 62% of patients receiving DCS were considered to be in remission, as compared
with 21% of patients in the placebo group. At follow-up, 75% of DCS patients, as compared
with 31% of patients in the placebo condition, were in remission. The between-group effect
sizes (Cohen’s d) on change scores (from pre-treatment) for the PDSS and CGI at post-
treatment and at the 1-month follow-up were large for both the PDSS and CGI, favoring greater
change in the DCS group than in the PBO group. At follow-up, the effects remained moderate
to large, again showing greater change in the DCS group.

In sum, a number of clinical studies provide strong support for the use of DCS as an
augmentation strategy of exposure-based therapy in patients with anxiety disorders, including
specific phobia, social anxiety disorder, obsessive–compulsive disorder, and panic disorder
with low or moderate agoraphobia. Although the effects found in these studies are surprisingly
large, these trials are limited by the relatively small sample size. Future studies are needed to
replicate these promising results in larger samples.

Non-clinical studies
In contrast to the above-mentioned clinical studies, research with nonclinical adults has yet to
document an advantage for DCS in reducing experimentally acquired fear. Only one research
group so far has examined the effect of DCS in subclinical samples (Guastella, Dadds,
Lovibond, Mitchell, & Richardson, 2007; Guastella, Lovibon, Dadds, & Mitchell, 2007). In
one study, the authors compared the effects of DCS with pill placebo in enhancing extinction
in a de novo fear conditioning paradigm (Guastella, Lovibond et al., 2007). The results revealed
no effect for DCS when fear acquisition and extinction were conducted on the same day.
Likewise, no effect for DCS was found in a revised design using fear-relevant stimuli (i.e.,
pictures of snakes for nonclinical snake-anxious students) and the separation of acquisition and
extinction on separate days. In addition, Guastella, Dadds et al. (2007) used DCS in two studies
of nonclinical spider-fearful participants treated in a single session with psycho-education,
cognitive therapy, and up to 2 h of intensive exposure practices. All participants tended to
respond well (e.g., in one study all participants were able to complete a post-treatment exposure
test), and no difference between DCS and placebo augmentation was evident.

These disappointing results may very well be explained due to a ceiling effect because in de
novo fear conditioning, little extinction is commonly required to return healthy participants to
pre-conditioning levels of arousal. In fact, in the treatment of nonclinical as well as clinical
fears of spiders, single-session interventions lead to significant and long-lasting changes (Orr
et al., 2000). By way of contrast, the clinical studies demonstrating a treatment facilitation
effect of DCS (Hofmann, Meuret et al., 2006; Hofmann, Pollack, & Otto, 2006; Ressler et al.,
2004) only administered one-third to one-half the standard number of exposure sessions. In
reducing the strength of exposure interventions, these studies were fully in line with the animal
research, where only half the standard number of extinction trials is typically used to allow
sufficient levels of residual fear to detect the DCS enhancement effect (e.g., Walker & Davis,
2002). Accordingly, in the studies by Guastella, Dadds et al. (2007) and Guastella, Lovibond
et al. (2007), the combination of weak levels of fear (i.e., de novo and nonclinical fears),
combined with a relatively high dose of exposure intervention, may have created extinction
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conditions where there was little room to show DCS enhancement due to ceiling effects.
Nonetheless, the preliminary studies of DCS as an augmentation strategy for exposure in
subclinical fears provide a challenge to the field to better identify the setting conditions where
strong DCS effects can be observed.

Summary and future direction for clinical research
A large number of patients fail to improve after exposure-based therapy and pharmacotherapy.
In an attempt to develop more efficacious intervention strategies, a number of large treatment
trials have been conducted in the hope of demonstrating greater efficacy of a combination
between pharmacotherapy and exposure-based treatments as compared with unimodal therapy.
However, these attempts have led to consistently disappointing results. I discussed a number
of possible reasons, ranging from state-dependent learning to attribution effects.

Recent translational research from preclinical to clinical work identified D-cycloserine as a
pharmacological agent that facilitates extinction learning in rats and probably also exposure-
based therapy in humans (see also Davis, Ressler, Rothaum, & Richardson, 2006). These
clinical studies suggest that participants who received DCS augmentation as compared with
placebo augmentation to exposure-based therapy demonstrated significantly greater
improvement at post-treatment as assessed by clinician-rated and self-report instruments, with
evidence of maintained and extended treatment effects at the follow-up evaluation in some of
the studies.

Despite the highly promising findings, a number of remaining questions need to be addressed
in order to move this field of research further ahead. These questions include the following:

Which process in extinction is targeted by DCS?
Extinction is likely to proceed through multiple mechanisms that include some forgetting,
associative processes, and higher-level cognitive processes that alter the previously learned
CS–US expectancy. It remains to be seen what the primary processes in extinction are, and
whether DCS targets all or only some of these processes.

What are the long-term consequences of DCS?
DCS may not only enhance extinction learning or other performance tasks, but it may also
prevent relapse following successful exposure-based therapy (Richardson et al., 2004). Some
of the clinical studies support this idea because the effects of DCS were maintained or even
stronger at follow-up than immediately following the treatment. Clinical trials on DCS with
long-term follow-up data are necessary to answer this important question.

Are the effects of DCS limited to fear extinction?
There is some evidence to suggest that DCS not only enhances extinction of previously learned
fear, but also enhances other learning tasks, including spatial learning and other performance
tasks in animals. However, no human trial thus far has been published on the effects of DCS
on performance tasks.

Are the effects on fear extinction limited to DCS?
DCS is only one of many possible agonists at the glycine recognition site of the glutamatergic
NMDA receptor. It is possible that other agonists at the glycine recognition site are even more
potent than DCS. Moreover, it is possible that other receptor sites, or even other glutamate
receptor subtypes, are also involved in extinction learning. For example, the AMPA receptor
is another major subtype of glutamate receptors. A recent report has shown that PEPA, 4-[2-
(phenylsulfonylamino)ethylthio]-2,6-difluorophenoxyacetamide, a potentiator of the AMPA

Hofmann Page 10

Behav Res Ther. Author manuscript; available in PMC 2008 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



receptor, facilitates extinction learning for contextual fear memory (Zushida, Sakurai, Wada,
& Sekiguchi, 2007). Future studies will need to explore these new leads and pursue a similar
translational research program that has begun with the early work in DCS.

What is the optimal administration of DCS?
There is strong evidence to suggest that chronic administration of DCS (as well as conventional
antidepressants) at least temporarily changes the function of the glycine/NMDA receptor
complex. Chronic administration of DCS in previous trials to improve cognitive function in
some disorders might have been the reason why the results have been inconsistent and
disappointing overall. The animal literature and the recent clinical trials in humans suggest that
only acute administration of DCS results in the facilitation effect during extinction and
exposure-based therapy. However, it remains unclear what the optimal interval of drug
administration is.

What is the optimal timing of DCS administration with relation to exposure therapy?
DCS shows excellent central bioavailability (Nair, Epstein, Baron, & Mulinos, 1956) and it is
primarily excreted renally with a half-life of 10 h. A single oral administration of 50 mg leads
to peak cerebrospinal fluid DCS levels of approximately 2.9±0.96 mg/dl (D’Souza, Gil,
Cassello, & Morrissey, 2000) within 1–2 h, although high-fat meals may delay absorption
(Zhu, Nix, Adam, & Peloquin, 2001). Therefore, administering DCS 1 h before a session is
likely to result in peak CSF DCS levels during the actual exposure practices and consolidation
phase. However, it remains uncertain what the optimal timing of DCS is.

What is the optimal DCS dosage?
Ressler et al.’s (2004) study, which is the only study so far that examined dose dependency,
found no difference between 250 and 50 mg. Future studies are necessary to determine the
most effective range of dosage.

What is the optimal dosage of exposure-based therapy?
The nonclinical literature seems to suggest that DCS does not show a facilitation effect, which
is probably due to a ceiling effect of exposure-based therapy. Similar effects are likely present
in clinical samples, which will need to be investigated.

What are the disorder-specific effects of DCS?
So far, there is evidence for the utility of DCS for the treatment of specific phobia, social anxiety
disorder, obsessive–compulsive disorder, and panic disorder. Even based on this preliminary
literature, it appears that some disorders may be more responsive to DCS-augmented exposure-
based therapy than others. A systematic comparison on this issue will be important.

Is DCS effective in all subpopulations?
It is not known whether the effect of DCS can be generalized to all clinical and nonclinical
subpopulations, or whether there are differences in diagnostic subtypes, sex, ethnicity, age,
and other relevant variables.

What are the drug interactions between DCS and other drugs and interventions?
Animal studies showed that prolonged treatment with antidepressants affects the functional
activity of the glycine-activated NMDA receptors such that DCS loses its therapeutic effect.
Similar effects have been reported after electroconvulsive shock therapy. This raises the
possibility that concomitant or previous treatments with anti-anxiety medication or
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electroshock therapy impair the effects of DCS on extinction in humans. It is further important
to know whether these effects, if they exist, are temporary or permanent.

Concluding comments
It is possible that we are at the beginning stage of a genuine paradigm shift of treatment research,
because basic knowledge from the field of neuroscience is directly translated into novel clinical
applications. These new applications are unlike the traditional “horse race comparisons” of
clinical trials that typically lack a sound theoretical rational for combining pharmacotherapy
and psychotherapy. For the first time, a pharmacological agent that does not have any anxiolytic
properties was used to enhance some of our most effective psychological treatments for anxiety
disorders based on a known mechanism. Future research in this exciting field may not only
maximize the efficacy and cost effectiveness of the treatments, but may also answer some of
the remaining and important theoretical questions concerning the mechanism of treatment
change of exposure-based therapy for anxiety disorders.
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Fig. 1.
Schematic depiction of the NMDA receptor that is co-activated by D-cycloserine. NMDA
receptors require the binding of two molecules of glutamate or aspartate and two molecules of
glycine or glycine agonists.
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Fig. 2.
Means and standard errors of the Social Phobia and Anxiety Inventory (SPAI) at pre-test, post-
test and 1-month follow-up assessment of treatment completers. From Hofmann, Meuret et al.
(2006). Reprint permission has been requested.
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