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Background: Translational research suggests that D-cycloserine (DCS), a partial N-methyl-D-aspartate (NMDA) receptor agonist, might
facilitate fear extinction and exposure therapy by either enhancing NMDA receptor function during extinction or by reducing NMDA
receptor function during fear memory consolidation. This article provides a quantitative review of DCS-augmented fear extinction and
exposure therapy literature.

Methods: English-language journal articles that examined DCS augmented with fear extinction or exposure therapy were identified
through public databases from June 1998 through September 2007, through references of originally identified articles and contact with DCS
investigators. Data were extracted for study author, title, and year; trial design; type of subject (animal vs. human; clinical vs. nonclinical);
sample size, DCS dose, and timing in relation to extinction/exposure procedures; dependent variable; group means and SDs at post-
extinction/exposure; and follow-up outcome.

Results: D-cycloserine enhances fear extinction/exposure therapy in both animals and anxiety-disordered humans. Gains generally were
maintained at follow-up, although some lessening of efficacy was noted. D-cycloserine was more effective when administered a limited
number of times and when given immediately before or after extinction training/exposure therapy.

Conclusions: This meta-analysis suggests that DCS is a useful target for translational research on augmenting exposure-based treatment
via compounds that impact neuroplasticity. D-cycloserine 's major contribution to exposure-based therapy might be to increase its speed or
efficiency, because the effects of DCS seem to decrease over repeated sessions. This information might guide translational researchers in

discovering more selective and/or effective agents that effectively enhance (or reduce) NMDA receptor function.
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fear is mediated by N-methyl-D-aspartate (NMDA) recep-

tor activity in basolateral amygdala (1-7). The NMDA
glutamate receptor function can be enhanced indirectly and
safely by stimulation of the high-affinity glycine binding site, a
feature of the NMDA glutamate receptor complex (8). D-cy-
closerine (DCS) is a partial agonist of the glycine site and
indirectly increases glutamatergic activity in previously “silent”
synapses (9). Nevertheless, DCS has complex modulatory actions
at NMDA glutamate receptors. When surrounding glycine levels
are low, it facilitates NMDA receptor function with up to approx-
imately 60% of the efficacy of glycine, but when glycine levels
are sufficient to saturate glyciney sites, DCS might reduce NMDA
receptor function by as much as 40%-50% (10-12). Therefore,
DCS might improve the efficacy of exposure-based psychother-
apies by enhancing NMDA receptor functioning, thereby increas-
ing neuroplasticity or by reducing NMDA receptor function and
interfering with the (re)consolidation of fear memories. Both
processes are thought to facilitate fear extinction (13).

Studies of fear extinction in animals suggest that DCS might
increase or accelerate extinction effects. In one study by Walker
et al. (14), rats were conditioned to exhibit a startle reflex toward
a light after the light was paired repeatedly with a foot shock.
Rats were injected with either saline or DCS (15 mg) and tested
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with or without extinction training (light exposure without shock).
Only rats that received DCS in addition to extinction training
showed a reduction in fear-potentiated startle; rats that received
DCS without extinction training did not benefit. In a follow-up
experiment, injection of a glycine site antagonist, HA-960, blocked
DCS extinction enhancement. These results suggest that the facili-
tative effects of DCS are not due to any anxiety-attenuating proper-
ties but rather to the mediation of the neural mechanisms of
extinction. In another experiment performed by these authors, DCS
was associated with a dose-dependent enhancement of extinction
effects. Rats that received moderate (15 mg/kg) or high (30 mg/kg)
DCS doses showed a greater extinction effect (less startle) than
those who received a low-dose DCS (3.25 mg/kg); however, there
were no differences between rats that received moderate and high
DCS doses, suggesting that a moderate dose is sufficient to facilitate
extinction. A subsequent study (15) extended the findings of Walker
et al. (14) with lower DCS doses. At lower doses (2.5, 5, and 10
mg/kg), a dose-response relationship was found when DCS was
administered immediately after extinction training. This finding
suggests that DCS facilitates extinction by acting on memory con-
solidation processes that take place after training.

Given the similarity between fear extinction training in ani-
mals and exposure-based psychotherapy in humans, transla-
tional research from preclinical to clinical work has begun with
DCS. In the first study with humans, Ressler et al. (16) reported
that DCS administration did not affect baseline subjective fear
levels in patients receiving virtual reality exposure therapy for
specific phobia of heights, replicating the animal findings that the
effects of DCS are not due to anxiolytic properties. Patients
receiving either 50 or 500 mg DCS seemed to benefit more from
virtual reality exposure therapy than patients receiving placebo
(PBO). These results have been replicated and extended with 50
to 125 mg of DCS in combination with exposure therapy for
patients with social anxiety, panic, and obsessive-compulsive
disorder (OCD) (17-20).

BIOL PSYCHIATRY 2008;63:1118-1126
© 2008 Society of Biological Psychiatry


mailto:dtolin@harthosp.org

M.M. Norberg et al.

As the preclinical and clinical studies demonstrating the
ability of DCS to augment extinction/exposure therapy accumu-
late, there is a growing need for a succinct review of this
literature. Numerous qualitative reviews of this translational
research have identified DCS as a pharmacological agent that
facilitates extinction learning in rats and potentially exposure
therapy with anxiety-disordered humans (7,21-31). A quantita-
tive description of this literature could allow for stronger infer-
ences to be made regarding the ability of DCS to improve
extinction/exposure therapy and provide methodological sug-
gestions for future research.

The present study employed meta-analytic strategies (32) to
examine the literature on the ability of DCS to facilitate fear
extinction/exposure therapy. Specifically, the effects of fear
extinction/exposure therapy combined with DCS were com-
pared with the effects of fear extinction/exposure therapy com-
bined with PBO at post-treatment and follow-up. The effects of
DCS also were compared between animals and humans and
between nonclinical/subclinical participants and anxiety-disor-
dered humans. Lastly, the moderating effects of dose, dose
timing, and number of dose sessions were explored.

Methods and Materials

Data Sources

Journal articles were identified through searches of the Med-
line and PsychINFO electronic databases from June 1998 through
September 2007 with the search terms [(DCS or D-Cycloserine)
and (extinction or exposure therapy)] and restricting to the
English language. Relevant studies also were identified through
references of originally identified articles and contact with DCS
investigators. This literature search identified 44 articles, which
then were examined for inclusion.

Study Selection

Randomized, PBO-controlled trials were included if: 1) suffi-
cient information was provided to compute effect sizes (or
necessary additional information was supplied by the authors)
and if they 2) examined DCS augmented with fear extinction in
animals or humans or 3) examined DCS augmented with expo-
sure therapy for clinical or nonclinical anxiety in humans. From
the original pool, 29 articles were excluded from analysis.
Reasons for study exclusion included the following:

1. The article was a review that did not present new data or
only presented qualitative information (nz = 12) (7,21-31).

2. The article examined the effects of DCS on something other
than fear extinction, such as perception or impulsive be-
havior (n = 7) (33-39).

3. The article tested the effects of DCS after exposure to a drug
of abuse (n = 3) (40—42).

4. The article tested DCS in conjunction with another sub-
stance (n = 2) (43,44).

5. Extinction training varied between PBO and DCS groups
(n =1 (45).

6. Sufficient information to compute effect sizes could not be
obtained either from the article or from the primary author
(n = 4) (46—49).

The 15 resultant articles yielded 30 independent samples
comparing DCS versus PBO. Of the samples included in the
meta-analysis, 10 included humans and 2 of them examined
nonclinical participants.
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Data Extraction

Data were extracted for study author, title, and year; trial
design; type of subject (animal vs. human; clinical vs. nonclini-
caD); sample size, DCS dose, and timing in relation to extinction/
exposure procedures; dependent variable; and group means and
SDs at post-extinction/exposure and (when available) at follow-
up. Data were extracted by one of the authors and verified by
another author. Table 1 shows the studies used in the present
meta-analysis.

For three of the human clinical studies, multiple potential
dependent measures were available. Two studies of OCD (19,20)
found a significant DCS versus PBO effect after 5 sessions but not
after 10. Because the timing of DCS effects in longer trials is not
yet well understood, only data from the fifth session were
extracted. One study of social phobia (50) employed three
different standardized self-report measures of social anxiety.
Because two of them are not commonly used in trials of
experimental medications, only the outcomes for a measure
widely used in clinical trials, the Liebowitz Social Anxiety Scale
(51), were retained. These choices might increase the likelihood
of Type I error by inflating the effect size for clinical samples;
however, given the relative novelty of DCS augmentation and the
exploratory nature of the present analysis, it was felt that this risk
was preferable to the possibility of missing a clinically meaning-
ful effect.

Data Synthesis

Data were analyzed with Comprehensive Meta-Analysis v.2.2
software. For each comparison of a DCS versus PBO sample, we
calculated Cohen’s d. A d value of .0 indicates no difference
between DCS and PBO participants; conventionally, .2, .5, and .8
are taken to represent small, medium, and large effects, respec-
tively (52). We also calculated the 95% confidence interval (CD),
statistical significance (p), and within-group heterogeneity
(Qwinin) for each effect size estimate. Effect size estimates are
considered significantly different from one another when their
95% CIs do not overlap. For additional clarification of differences
between effect size estimates, we calculated the mixed-effects
between-group heterogeneity (O, .ween)- Al initial test of homo-
geneity of variance indicated heterogeneity across samples,
Quwithin (29) = 74.18, p < .001; therefore, random-effects models
were used. Studies varied according to sample size (range
15—-63); this creates a risk that a small, outlying sample will exert
disproportionate influence over the mean effect size. To mini-
mize this risk, we weighted effect size estimates by sample size
(53). To test the so-called “file drawer effect” (the probability that
unpublished null results would eliminate the obtained results),
for each significant result we computed the “fail-safe N” (FSN) or
the number of null results that would be needed to overturn a
significant result. For the present analyses, we examined the num-
ber of studies that would make p > .05. Generally, if the FSN = 5
times the number of studies in the analysis + 10 (FSN = 5k +
10), the obtained results are considered robust against the file
drawer effect (53). In addition to more traditional measures
(questionnaires and interviews), some of the human studies also
used dependent variables that are atypical in clinical trials (e.g.,
shock expectancy ratings, skin conductance changes). To max-
imize consistency across studies, data for the human studies were
limited to the best-available measure of subjective symptoms,
such as semistructured interviews (18,19,54), standardized self-
report (17,50), or when these were not available, subjective fear
ratings (16,20,55). Moderator variables (dose, dose timing, num-
ber of sessions) were tested with linear regression analyses. The
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Table 1. Studies Included in the Meta-Analysis

M.M. Norberg et al.

Study Name d (post) d (FU) HED (mg/kg) Dose Timing Measure # Sessions
Animal Studies
Ledgerwood et al. (15) Study 1 1.22 — 242 —-.25 % Time Freezing 1
Ledgerwood et al. (15) Study 2 3.49 .02 242 40 % Time Freezing 1
Ledgerwood et al. (15) Study 3 1.43 — 1.61 40 % Time Freezing 1
Ledgerwood et al. (15) Study 3 54 — 40 40 % Time Freezing 1
Ledgerwood et al. (15) Study 3 .80 — .81 40 % Time Freezing 1
Ledgerwood et al. (15) Study 4 2.76 — 2.42 40 % Time Freezing 1
Ledgerwood et al. (15) Study 4 1.43 — 242 240 % Time Freezing 1
Ledgerwood et al. (15) Study 4 .84 — 2.42 4.40 % Time Freezing 1
Ledgerwood et al. (15) Study 4 2.63 — 2.42 .90 % Time Freezing 1
Ledgerwood et al. (15) Study 5 1.26 — 1.61 40 % Time Freezing 1
Ledgerwood et al. (66) 1.09 242 242 40 % Time Freezing 1
Leeetal. (81) .93 — 242 -.33 % Time Freezing 1
Leeetal. (81) 1.91 — 242 .00 % Time Freezing 1
Parnas et al. (57) 1.88 — 242 40 % Time Freezing 1
Walker et al. (14) 117 — — —-.25 % Increase Startle 1
Weber et al. (68) Study 1 .05 — 242 43 % Time Freezing 1
Weber et al. (68) Study 2 1.05 — 242 43 % Time Freezing 1
Weber et al. (68) Study 4 1.25 — 242 43 % Time Freezing 1
Woods & Bouton (82) —.50 — 242 —-.25 Suppression ratio 1
Woods & Bouton (82) .69 — 4.84 —.25 Suppression ratio 1
Human Nonclinical Studies
Guastella et al. (55) Study 1 —-.21 —-.11 .83 —2.50 SUDS
Guastella et al. (55) Study 2 .00 —.43 4.58 —2.50 SUDS 1
Human Clinical Studies
Specific phobia
Ressler et al. (16) .36 27 .83 —3.00 SUDS 2
Ressler et al. (16) .86 47 8.33 —3.00 SUDS 2
Social phobia
Guastella et al. (50) 65 — .83 —1.00 LSAS 4
Hofmannetal. (17) 43 .80 .83 —1.00 SIAS 4
Panic Disorder
Tolinetal. (18) 1.1 .86 .83 —1.00 PDSS 3
Obsessive-Compulsive Disorder
Kushner et al. (20) .89 43 2.08 —2.00 SUDS 5
Storch et al. (54) -.19 —.36 417 —4.00 Y-BOCS 12
Wilhelm et al. (19) .70¢ .57 1.67 —1.00 Y-BOCS 5

d, Cohen’s d; FU, follow-up; HED, human equivalent dose; SUDS, subjective units of discomfort (83); LSAS, Liebowitz Social Anxiety Scale (51); SIAS, Social
Interaction Anxiety Scale (84); PDSS, Panic Disorder Severity Scale (85); Y-BOCS, Yale-Brown Obsessive-Compulsive Scale (86).

“Session 5 data used for post-treatment effect size.

DCS dose was standardized across studies by calculating human
equivalent dose (HED) in mg/kg with formulas set by the U.S.
Food and Drug Administration (56). This was done only for
studies using systemic DCS administration; studies using intra-
amygdala administration (14,15) were not used for dose-re-
sponse analyses. Dose timing was calculated as the number of
hours before the beginning of extinction/exposure that DCS was
administered (negative numbers indicate that DCS was adminis-
tered before the beginning of extinction/exposure; positive
numbers indicate that DCS was administered after the beginning
of extinction/exposure; a score of 0 indicates that DCS was
administered exactly at the beginning of extinction/exposure).
Number of sessions indicates the number of concurrent DCS +
extinction/exposure sessions that were used. Studies in which
multiple doses of DCS were given in the absence of extinction/
exposure (57) were not included in this analysis.

Results

Effect sizes (Cohen’s d) for all studies and specific subgroups
are shown in Table 2. At post-treatment (Table 2), human studies
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were compared with studies of animals. This comparison yielded
a significant difference (Qpeiween = 10.18), with greater effects
seen in animal studies. Both animal and human studies never-
theless were associated with significant effect sizes, with a large
and robust effect in animal studies (d = 1.19) and a small (but not
robust) effect in human studies (d = .42). Although within-group
heterogeneity in the human studies was not statistically signifi-
cant (p = .08), we wondered whether the outcomes for the two
nonclinical human samples (55) might differ from those of
clinical samples. This comparison yielded a significant difference
(Qpetween = 8.57). The effect for the two nonclinical samples was
not significant (in fact, the effect neared the small range in the
opposite direction, with PBO seeming slightly superior to DCS,
d = —.16). The human clinical studies showed a moderate effect
(d = .60), although this effect remained lower than that of the
animal studies (Qp,crween = 0.61). Examining all studies together,
DCS was associated with a significant overall effect size versus
PBO when added to extinction/exposure. This effect was in the
large range (d = .90) and is considered robust against the
file-drawer effect.
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Table 2. Effect Sizes and Comparisons Across Subgroups of Studies
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Comparison k n d 95% Cl FSN Quithin Qpetween
Post-Treatment
Animal 20 336 1.197 .84-1.54 473° 40.09¢
Human 10 296 42¢ A1-74 22 15.38
Animal vs. human 10.18°
Human clinical 8 212 .60° .33-.88 29 6.62
Human nonclinical 2 84 -.16 —.59-.27 — .19
Human clinical vs. nonclinical 8.57¢
Human clinical vs. animal 6.61°
All studies 30 632 907 .62-1.18 743° 74.18°
Follow-Up
Animal 2 36 1.20 —1.14-3.55 — 9.64¢
Human 10 292 .29¢ .01-57 5 12.10
Animal vs. human .58
Human clinical 8 208 474 .19-75 13 5.28
Human nonclinical 2 84 -.19 —.62-.24 — 40
Human clinical vs. nonclinical 6.42¢
Human clinical vs. animal 37
All studies 12 328 .05-.75 24 25.31¢

k, number of independent samples; n, number of participants; d, Cohen’s d; Cl, confidence interval; FSN, fail-safe n; Q,, ;i Within-group homogeneity of

variance; Qpepveen between-group homogeneity of variance.
“p <.001.
bRobust against the file-drawer effect (FSN > 5k + 10).
‘p <.05.

A minority of studies included follow-up data (Table 2).
Animal and human studies did not differ significantly from each
other (Qperween = -38). Only human studies were associated with
a significant effect size (d = .29), although the effect size was
numerically much higher for animal studies than for human
studies (d = 1.20). As was the case for the post-treatment data, a
significant difference was obtained between human clinical and
nonclinical studies (Qy,erween = 0-42), with clinical studies show-
ing a significant and small (although not robust) effect size (d =
.47) and nonclinical studies showing no effect (d = —.19).
Animal and human clinical studies did not differ significantly
from each other (Qpciween = -37). Across all available studies,
DCS augmentation was associated with a significant and small
effect size (d = .40), although this was not robust against the file
drawer effect.

Next, we examined the effect of potential moderating vari-
ables on the effect of DCS versus PBO at post-treatment.
Regression analyses (Figure 1) showed that DCS dose (HED) was
not significantly associated with DCS effect (z = .51, p = .61);
this was true for subgroups of animal, human clinical, and
human nonclinical studies (not shown). The timing of the DCS
dose significantly predicted effect size (z = 4.53, p < .001), with
the greatest effects evident among studies in which DCS was
administered either immediately before or after exposure/extinc-
tion. Studies in which DCS was administered multiple hours
before exposure/extinction had smaller effects. Number of DCS +
exposure/extinction sessions also predicted treatment outcome
(z = —2.19, p = .03), with smaller effects seen for those studies
in which DCS + exposure was given many times. Visual exam-
ination of Figure 1 suggests that this effect might have been the
result of one outlying study (54); when this study was eliminated
from analysis, there was no longer a significant relationship
between treatment outcome and number of DCS + exposure
sessions (z = —.47, p = .64). For additional exploration of the
relationship between number of sessions and DCS effect, we
examined three OCD treatment outcome studies (19,20,54) in
which DCS was compared with PBO at mid- and post-treatment.

As shown in Figure 2, all three studies showed a parallel decrease
in DCS efficacy over time.

Discussion

The results of the present meta-analysis suggest that DCS
augments the effects of fear extinction/exposure therapy in both
animals and humans. Across all samples, the effect size was
large, indicating a substantial increase in efficacy. Although there
is ample evidence that exposure-based treatment is effective for
the treatment of anxiety disorders, many patients fail to respond
adequately to treatment—for example, in studies of panic disor-
der, only one-half of treated patients met criteria for recovery/
high end-state functioning (58,59), and many patients seek
additional treatment within two years after termination (60).
Although it might be expected that combining exposure-based
therapy with traditional antidepressant or anxiolytic pharmacother-
apy would be more effective than therapy alone, the literature to
date has not supported this hypothesis. For example, recent large-
scale trials for social phobia (61), OCD (62), and panic disorder
(63) failed to provide compelling evidence of a long-term
beneficial effect of adding antidepressant medications to expo-
sure-based therapy; similar findings have been obtained in
studies augmenting exposure-based therapy with benzodiaz-
epines (64). Rather than an additive approach in which anxiety-
reducing psychotherapy and pharmacotherapy are combined,
DCS augmentation is based on an interactive model in which the
pharmacotherapy systematically targets and augments the pro-
posed neural mechanism of the psychotherapy.

Animal studies evidenced greater and more robust effects
than human studies; however, this difference was attenuated
when nonclinical human studies were removed from the
analyses. The two nonclinical studies found no evidence of
DCS augmentation in experimentally induced fear when using
a differential shock paradigm (46) or when using exposure
therapy for subclinical spider phobia (55). These results might
be explained by a ceiling effect: 100% of the subclinical spider

www.sobp.org/journal
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Figure 1. Regressions of moderator variables against effect size. DCS, D-cycloserine; HED, human equivalent dose.

fearful participants completed all behavioral assignments over extensive extinction training to return to preconditioning
a 2-hour exposure session, which included handling large levels.

spiders that can produce painful bites (55). Typically, healthy A greater effect in animal studies is perhaps not surprising,
participants or mildly phobic individuals do not require given the greater experimental control over extraneous variables
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in animal studies. In animal studies, subjects only receive extinc-
tion training in the presence or absence of DCS, whereas human
patients are able to expose themselves to their feared situations
outside of the therapeutic context. In addition, research animals
are highly inbred, and thus results would be expected to be less
variable.

Also noteworthy, the human studies were not robust against
the “file drawer” effect, likely owing to the relatively small
number and sample sizes of existing studies (e.g., 8 human
clinical studies with 7 = 84, compared with 20 animal studies
with 7 = 330). Nevertheless, the generally comparable findings
across animal and human studies suggest that DCS is a promising
tool for translational research concerned with enhancing (or
reducing) NMDA receptor function as a method for improving
exposure-based therapy outcomes.

Relatively few studies have examined the long-term effects of
DCS on fear extinction/exposure therapy, although the existing
studies show significant and moderate effect sizes at follow-up.
When analyzing animal and human studies separately, only
human studies were associated with a significant effect size at
follow-up. This finding is likely due to the small number of
animal samples that provided follow-up data, as the effect size
for animal studies was numerically higher than human studies.
Similar to post-treatment data, nonclinical human studies were
not associated with a significant effect of DCS at follow-up. These
preliminary results suggest that the effects of DCS augmentation
do not disappear upon treatment discontinuation, a potential
improvement over other pharmacotherapy augmentation strate-
gies that might actually increase the risk of relapse after discon-
tinuation (63,64).

The present results indicate that the augmenting effect of DCS
is potentially dependent on the timing and number of doses.
These factors are perhaps best illustrated by Storch et al. (54),
who did not find a positive effect of DCS versus PBO. Unlike the
two other OCD trials (19,20), Storch et al. administered DCS for
a longer period of time (12 weeks vs. 5 weeks) and used a longer
duration between administration and initiation of an exposure
session (4 hours vs. 1-2 hours). Figure 1 clearly shows the Storch
et al. study as an outlier in terms of these two variables. When
this study was removed from analysis, the number of DCS
augmented fear extinction/exposure therapy sessions was not
related significantly to outcome; however, when the study was
included in the analysis, smaller effects were seen for those
studies that used a greater number of sessions. The finding that
the number of sessions was related negatively to outcome is

tentative, because two of the effect sizes used for the human
studies (both samples of OCD patients) were selected post hoc
from time points when a separation occurred from DCS and PBO
(19,20). Given the number of uncertainties in DCS research, the
mid-treatment time point was used so that potential differences
between DCS and PBO would not be missed; however, across all
three OCD studies, the effect of DCS decreased over repeated
sessions. This decrease might be the result of desensitization to
DCS (57) or it might reflect floor effects of repeated exposures
(i.e., with enough exposure therapy there might be little need for
augmentation). This suggests that DCS’s major contribution to
exposure-based therapy might be to increase its speed or
efficiency. Consistent with this suggestion, Ledgerwood et al.
(65) have demonstrated in animals that DCS can block the
reinstatement of previously extinguished fear and that its effects
can generalize to non-extinguished conditioned stimuli (66).
Increasing the speed of treatment is a worthwhile pursuit,
because it might be expected to lead to reduced attrition,
increased satisfaction, decreased treatment cost, increased ease
of dissemination to primary care, and decreased economic
burden of illness.

The finding that DCS is most effective when administered
immediately before or after fear extinction/exposure therapy
suggests that the augmenting effects of DCS take place during the
period of memory consolidation that occurs after training. Ani-
mal studies using NMDA receptor antagonists at various intervals
after extinction training suggest that NMDA-dependent fear
extinction occurs in waves lasting 1-2 days after training, as
hippocampal-neocortical synaptic connections are strengthened
(67). Because DCS reaches peak plasma levels 4—8 hours after
oral administration, drug levels would be expected to be highest
during the period of post-session memory consolidation if ad-
ministered after a fear extinction/exposure therapy session.
Another potential benefit of administering DCS immediately after
fear extinction/exposure therapy sessions is the possibility for
the clinician to administer DCS only after sessions in which
within-session extinction has occurred. This procedure would be
consistent with animal research showing that DCS leads to
long-term gains only for animals exhibiting within-session ex-
tinction (68). Such selective administration would also lessen the
possibility of tolerance due to chronic administration, as de-
scribed in the preceding text.

The DCS dose was not significantly associated with DCS effect
in any subgroup. This null finding should be considered tenta-
tive, because only two studies to date have compared multiple
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doses within a single study. Ledgerwood et al. (15) found effects
of .54, .80, and 1.43 for DCS versus PBO in rats with 2.5 mg, 5 mg,
and 10 mg, respectively, whereas Ressler et al. (16) found effects
of .36 and .86 for DCS versus PBO in phobic humans with 50 mg
and 500 mg, respectively. In both of these studies a pattern of
greater effects was evidenced at higher doses.

The beneficial effects of DCS in anxiety disorders contrast
with findings from the use of DCS as a corrective treatment for
neurocognitive deficits in schizophrenia and Alzheimer’s disease
(69,70). Despite early promising results (71-73), larger and more
recent trials (74-70) yielded generally nonsignificant findings
relative to PBO (70,77). In the treatment of schizophrenia and
Alzheimer’s disease, D-cycloserine has been applied in chronic
daily doses, unlike the extinction-augmenting applications used
in treatments of conditioned fear. As shown by the present
results, isolated dosing might be more effective than chronic
dosing for specific learning-based purposes, consistent with the
demonstration of desensitization of the NMDA receptor complex
in cell culture with prolonged exposure to DCS and other
glycinergic ligands (78).

Many questions remain unanswered concerning the useful-
ness of DCS augmented exposure therapy. For example, addi-
tional dose-finding research in animals and humans is needed to
clarify how DCS might interact with other common psychiatric
medications. We excluded, as noted previously, two animal
studies in which DCS was administered concurrently with other
medications (43,44). Yet, many of the human clinical studies
included patients that received concurrent pharmacotherapy.
Thus, it might initially seem that the inclusion criteria for the
meta-analysis differed across human and animal studies; how-
ever, the retained human clinical studies required a period of
medication stability that allows for a more definitive examination
of the effects of DCS, unlike the two animal studies that were
excluded. One animal study (79) found that rats pre-exposed to
imipramine over 14 days showed reduced DCS facilitation of
extinction training. Human trials of DCS administered along with
antidepressant and benzodiazepine medications would clarify
this issue for clinical practice.

Another direction for future research is to examine whether
DCS is effective for individuals who have not successfully
responded to prior trials of exposure-based monotherapy. Such
application would likely reflect typical clinical practice, in which
novel or “off label” compounds are administered after the failure
of more conventional treatments. To the extent that treatment
failure is due to inadequate within- or between-session extinc-
tion, DCS augmentation might be expected to enhance out-
comes.

In addition, DCS needs to be examined in the treatment of a
broader range of anxiety-related conditions. Early studies (16,29)
treated phobic disorders that are fairly homogeneous and whose
treatment is easily standardized. Recent results with chronic and
heterogeneous conditions such as OCD (19,20,54) have been
more mixed but overall seem consistent with the previous
findings. Additional research with conditions such as posttrau-
matic stress disorder, also treated with exposure-based interven-
tions (80), would help clarify the range of DCS applicability.
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Abstract: Enhancing N-methyl-D-aspartate (NMDA) receptor func-
tion via increasing synaptic concentrations of glycine is currently
investigated as a novel approach to treat schizophrenia. The neural
correlates of enhanced NMDA receptor function in humans,
however, are unclear to date. The present study determines the
effects of intravenous administration of the glycine on regional
cerebral metabolic rate of glucose (rCMRGIu) in healthy control
subjects by using ['®F]fluorodeoxyglucose and positron emission
tomography and on neuropsychological behavioral measures.
Thirteen healthy volunteers were recruited, and 12 subjects
completed the protocol. These individuals participated in 1 magnetic
resonance imaging study and 2 [lgF]ﬂuorodeoxyglucose positron
emission tomography studies. In a double-blind, randomized,
controlled, crossover design, participants received on one test day
an intravenous glycine infusion and on the other test day a placebo
infusion. There were no significant behavioral and neuropsychologi-
cal effects of glycine compared with placebo. However, there was a
significant reduction of whole-brain CMRGlu during administration
of glycine compared with placebo (r=2.60, df=11, P=0.023). In the
a priori—selected regions of interest, there was a significant reduction
in the cerebellum (# = —3.18, df= 11, P = 0.009) and the dorsolateral
prefrontal cortex (£ = —2.31, df= 11, P =0.041). When corrected for
whole-brain CMRGlu, rCMRGlu differences were not significant.
This study suggests that studies of whole-brain cerebral metabolism
may be useful for studying glycine-related mechanisms in healthy
humans because there is not a clear cognitive or behavioral signal
related to glycine administration at doses thought to be important
clinically in patient populations.

(J Clin Psychopharmacol 2006;26:595-599)

lycine is a coagonist of N-methyl-D-aspartate glutamate
receptors (NMDARs), which is essential for ion channel
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opening and for the internalization of the NMDAR from the
cell surface."? The high concentrations of glycine in the
plasma, cerebrospinal fluid (CSF), and brain extracellular
fluid suggested that the glycine modulatory site of the
NMDAR might be saturated under physiological conditions.
For example, the affinity of glycine for the glycine
modulatory site (glycineg) ranges from 0.1 to 0.3 pwmol/L,
depending on the NR2 subtype of the NMDAR,? and glycine
concentrations in the CSF is 5—10 wmol/L. However, more
recent studies indicate that the high-activity glycine
transporter (GlyT1) has sufficiently high maximal activity
to produce synaptic glycine levels below that which produces
saturation of glyciney sites.* Subsequent physiological data
further indicated that GlyT inhibitors augment NMDA
receptor function in animals.’~’ GlyT1 inhibition produces
a behavioral profile consistent with antipsychotic efficacy
in rodents,® and there is emerging evidence that GlyT inhibi-
tors may be effective antipsychotics.” Gene knockout of the
GlyT1 also enhanced hippocampal NMDAR function and
memory retention and protected against the disruption of
sensory gating produced by amphetamine.'”

The central bioavailability of glycine in humans has not
been adequately determined. Peripheral glycine administra-
tion produces clear dose-related elevations in both serum and
CSF glycine levels.'! The neural correlate of this increase in
serum and CSF glycine availability remains unclear and
requires further study. Although glycine and other glycineg
site agonists may not have clear detectable effects in
cognition in young healthy human subjects, it may have
acute cognitive effects in aging healthy subjects or in healthy
subjects administered scopolamine or ketamine.'?

Alterations in glycine metabolism and reductions in
NMDAR function have been implicated in schizophrenia and
several clinical trials report beneficial effects of adding
glycineg agonists on a chronic basis to ongoing antipsychotic
treatments in schizophrenic patients.!3~16 For the present
study, we recruited healthy control subjects to avoid
confounding effects of acute or chronic illness and current
or past pharmacotherapy and examined whether the glycine
condition has a cerebral metabolic profile different than the
placebo-treated condition. Thus, it may be useful to establish
in young healthy subjects whether glycine administration
produces detectable effects on cerebral metabolism as a step
toward further development of drugs that facilitate the
function of glycineg receptors as treatments for schizophre-
nia and other disorders associated with deficits in NMDAR
function.
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The present study was designed to detect glycine
effects on regional cerebral metabolic rate of glucose
(rCMRGIu) in healthy human subjects, and by doing so,
evaluate whether positron emission tomography (PET)
studies in healthy human subjects might serve as a platform
for studying agents that might enhance NMDAR function.

METHODS

Subjects

Thirteen individuals were included into the protocol,
and complete data from 12 individuals (4 women; age, 28.5 +
10.5 years) were obtained and subjected to analysis. Subjects
underwent psychiatric evaluation using the Structured
Clinical Interview for the Diagnostic and Statistical Manual
of Mental Disorders, Fourth Edition, Nonpatient Version,17
and medical evaluation including physical examination, blood
and urine analyses, and electrocardiogram. Healthy subjects,
all nonsmokers, did not have a personal or family history of
psychiatric disorders in first-degree relatives as determined by
SCID and by a structured interview assessing family history.!8
Women were studied during the follicular phase of the
menstrual cycle. Urine tests including tests for urine cotinine
on the day of each test day assured the drug-free and
nonsmoking status of all subjects.

Challenge Study Design

A double-blind, randomized, balanced crossover study
involving healthy control subjects was conducted. Healthy
control subjects received on 2 separate days intravenous (1)
glycine (200 mg/kg body weight for 45 minutes) and (2)
saline. ['®F]Fluorodeoxyglucose (FDG) was administered
immediately after completion of the 45-minute infusion of
glycine or placebo at the time when peak plasma and CSF
concentrations of the study drug were expected. The test
days were at least 1 week apart to avoid carryover effects
from 1 test day to the other. Blood samples to measure
plasma glycine and D-serine concentrations were taken at
baseline and subsequent time points.

Brain Imaging and Imaging Data Analysis

Magnetic resonance imaging (MRI) scans (3 T) were
collected in each subject before the PET scan procedures to
(1) exclude individuals with anatomical abnormalities and
(2) to coregister PET and MRI for image analysis.

PET data were collected using an ECAT EXACT HR"
PET scanner. Global CMRGlu and rtCMRGlu (mg/100 g/min)
were measured noninvasively by combining left ventricular
chamber time-activity curve data with venous blood
samples to give the input function needed to calculate the
metabolic rate.'” The left ventricular input function
was obtained from dynamic PET imaging of the heart with
venous blood samples obtained concurrently during imag-
ing after injection of a mean of 5.174 mCi ['*F]JFDG on
day 1 and a mean of 5.170 mCi ['®*FJFDG on day 2. This
was followed by a 20-minute emission and an 8-minute
transmission brain scan at 45 minutes posttracer injection.
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Cross-sectional images of the TCMRGlu were comput-
ed from the plasma input and reconstructed tomographic
data. Individual MPRAGE MR data were resliced to match
the spacial orientation of PET image data and coregistered to
individual glycine and placebo rCMRGlu images. Regions of
interest (ROIs) were defined manually with MEDx software
(Sensor Systems; Sterling, VA). The whole-brain FDG
uptake was measured using an MRI-based template. A
priori—selected ROIs included the cerebellum, hippocampus,
and the dorsolateral prefrontal cortex, regions that exhibit
highest concentrations of GlyTs in association with high
NMDAR expression.?’ 2* Changes in the glucose metabo-
lism within individual ROIs were tested as well as relative
regional changes in metabolism, normalized to global
rCMRGlu.

Statistical parametric mapping software (SPM2; Well-
come Department of Cognitive Neurology, London, UK) run
on a Matlab 6.5 platform was used for voxel-based statistical
analysis. Absolute glucose metabolism scans were spatially
normalized to an FDG template, with voxel size 2 x 2 x 2 mm,
in the Montreal Neurological Institute space. A mean of
each subject’s glycine and placebo absolute glucose
utilization images was used as the source image for
normalization. Images were smoothed using a Gaussian
kernel of 12 mm full width half maximum. Comparison of
glycine and placebo conditions was performed using a voxel-
based paired ¢ test. Results were reported on data with and
without inclusion of global normalization and grand mean
scaling. Brain versus nonbrain was determined with an
explicit mask of all absolute glucose utilization images
proportionally scaled to 0.8. Decreases in glucose metabo-
lism were observed at a height threshold of P = 0.001
(uncorrected) and an extent threshold of 40 voxels.
Significant clusters are reported by their size and maximum
Z value (Z,.) and x, y, and z coordinates in Montreal
Neurological Institute space.

Behavioral Assessments and
Neuropsychological Testing

Behavioral measurements were collected on each study
day at baseline, before administration of glycine/saline, and
immediately after the PET study. Visual analogue scales
were used to evaluate changes in drowsy and emotional
feelings. Neuropsychological testing using the CogState
computerized neuropsychological battery, which includes
measures of attention/vigilance, visual, verbal and working
memory, executive function, and speed of processing
was done at baseline immediately before administration of
glycine/saline. A postdosing assessment was performed
immediately after the PET study.

Statistical Analysis

Drug and time effects on plasma levels were examined
using a linear mixed model with a heterogeneous compound
symmetry covariance structure and Bonferroni post hoc tests.
Pearson correlations were used to evaluate the relationship
between neuropsychological measures and plasma levels.
Paired 7 tests were used to compare ROIs on the drug phases.
Results were considered at P < 0.05, corrected.

© 2006 Lippincott Williams & Wilkins

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



Journal of Clinical Psychopharmacology ® Volume 26, Number 6, December 2006 Cerebral Metabolic Effects of Intravenous Glycine

RESULTS

Plasma Concentration Analysis Glycine

As expected, we found significant main effects of drug
(Fy.11 =331.75, P <0.001), time (F23 = 59.91, P <0.001),
and a significant drug by time interaction (F, ;; = 61.47, P <
0.001). Peak increases of plasma glycine concentration
compared with baseline were found 45 minutes after
initiation of the injection, at the time of the ['|FIEDG
injection (Fig. 1).

Plasma Concentration Analysis D-Serine

Very similar results were found for plasma D-serine
concentrations with significant main effects of drug (F, 1, =
151.76, P < 0.001), time (Fo30 = 34.84, P < 0.001), and a
significant drug by time interaction (Fig36 = 25.55, P <
0.001). Peak increases of plasma D-serine concentration
compared with baseline were found 45 minutes after
initiation of the infusion, at the time of the ['*F]JFDG
infusion (Fig. 2).

Behavioral Effects

No statistically significant behavioral effects were
found during administration of glycine or placebo ( P values
between 0.115 and 1.000).

Neuropsychological Testing

The analyses of variance indicated no significant
interaction between assessment and treatment for any of
the measures. Exploration of the interactions indicated that a
significant difference was found between baseline and
postdrug performance for verbal learning and memory, for
both the placebo and glycine conditions. Furthermore, the
effect sizes computed for these differences indicated large
effects, where performance was poorer in the posttreatment
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-
E
S 200,000
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o """""""—7—
-5 0 15 30 45 60 75 90 120 150 180
Glycine (200 mg/kg 1V)
Time (minutes)
FIGURE 1. Plasma concentrations of glycine during adminis-

tration of intravenous glycine versus placebo. The infusion
was given over a period of 45 minutes between time 0 and 45.
Injection of ['8F]FDG started at 45 minutes for 2 minutes. Data
are presented as means £ SEM.
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FIGURE 2. Plasma concentrations of b-serine during adminis-
tration of intravenous glycine versus placebo. The infusion
was given during a period of 45 minutes between time 0 and
45. Injection of ['®F]FDG started at 45 minutes for 2 minutes.
Data are presented as means + SEM.

(placebo or glycine) condition compared with baseline.
Notably, these effects were not explained by concomitant
fatigue or changes in motivation because only nonsignificant
effects of drug administration were found ion the behavioral
assessments.

Region-of-interest Analysis

There was a significant reduction of whole-brain
CMRGIu during administration of glycine compared with
placebo (5.83+0.80vs. 6.38+0.89;1=2.60,df=11,P=0.023;
9% decrease in CMRGlu during administration of glycine vs.
placebo). In the a priori—selected ROI, there was a significant
reduction in the cerebellum (5.43 £ 0.74 vs. 6.07 £ 0.20; ¢t =
—3.18, df = 11, P = 0.009) and the dorsolateral prefrontal
cortex (5.99 +£ 0.96 vs. 6.56 £ 1.18; t = —2.31,df =11, P =
0.041) and a nonsignificant reduction in the hippocampus
(4.36 £ 0.85 vs. 4.88 £0.98; = —1.62, df = 11, P = 0.133).
When corrected for whole-brain CMRGlu, rCMRGlu differ-
ences were not significant (cerebellum, = —1.26,df=11, P =
0.233; dorsolateral prefrontal cortex, t = 0.57, df = 11, P =
0.955). There were no significant correlations between
changes in glycine or D-serine levels and whole-brain
CMRGlu or tCMRGlu in any of the selected ROI.

Statistical Parametric Mapping Analysis

Scans collected during administration of intravenous
glycine showed a decrease in rCMRGlu, relative to placebo
condition (Table 1). A paired ¢ test analyzing the absolute
values resulted in suprathreshold clusters distributed
throughout the brain (P < 0.001, 40-voxel extent threshold).
Decreases in absolute rCMRGlu during administration of
glycine versus placebo reached significance in the following
regions: superior frontal gyrus (KEoxel extent = 215; Peorr <
0.006; z =4.49 at —20, 52, and —26); right cerebellum (KE =
166; P.orr < 0.023; z = 4.39 at 18, —76, and —20); left
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TABLE 1. Results of the Decrease in rCMRGlu During Glycine Infusion (Relative to Placebo)

Cluster

Level Voxel Level
Pcorr Ke Punc PFWEcor PFDRcor t Ze Punc X5 Vs and z (mm) Brain Region
0.006 215 0 0.382 0.043 7.93 4.49 0 —20, 52, and —16 Left superior frontal gyrus
0.023 166 0 0.484 0.043 7.55 4.39 0 18, —76, and —20 Right cerebellum
0.002 271 0 0.593 0.043 7.2 43 0 —16, —52, and —66 Left cerebellum
0.000 354 0 0.772 0.043 6.65 4.13 0 —34, —80, and —50 Left cerebellum
0.007 210 0 0.657 0.043 7.01 4.24 0 —64, —18, and 14 Left transverse temporal gyrus
0.294 77 0.02 0.252 0.043 8.55 4.64 0 32, —24, and —14 Right hippocampus
0.073 124 0 0.613 0.043 7.14 4.28 0 42,8, and 2 Right insula
0.087 118 0.01 0.912 0.043 6.12 3.96 0 —34, —14, and 16 Left insula

Summary of regions with the most robust changes in rtCMRGIu during administration of glycine versus placebo. None of these regional changes were

significant when corrected for whole-brain CMRGlu.

Voxel size, 2.0, 2.0, and 2.0 mm (1 resel = 217.31 voxels); search volume, S = 1,688,744 mm?> = 211,093 voxels = 849.9 resels; smoothness full width half

maximum, 10.6, 11.9, and 13.8 mm = 5.3, 5.9, and 6.9 voxels.

cerebellum (KE = 271; P,y < 0.002; z = 4.30 at —16, —52,
and —66), left cerebellum (KE = 354; P < 0.000; z =4.12
at —34, —80, and —50), and in the transverse temporal gyrus
(KE = 210; P.ore < 0.007; z = 4.24 at —64, —18, and 14).
Areas on the threshold of significance included the right and
left insula and the right hippocampus. No suprathreshold
clusters were found for increased rCMRGlu during intrave-
nous glycine, without global normalization. The inclusion of
global normalization in the analysis of absolute metabolic
rate scans resulted in no suprathreshold clusters for both
decreased and increased rtCMRGlu.

DISCUSSION

Intravenous administration of glycine resulted in a
significant reduction of whole-brain CMRGlu. Although we
found regional effects of glycine on rtCMRGlu, these effects
were no longer significant after correction for the global
effects. A single administration of glycine does not induce
behavioral changes in healthy control subjects. Also, there
has been no benefit of glycine on the cognitive performance
of the healthy adult individuals studied.

One important question raised by this study is whether
the reduction in cortical metabolism was indicative of a
facilitation of NMDAR function. Several earlier reports
found that ketamine, a drug that blocks NMDAR function
increased human cortical metabolism and blood flow in
many brain areas.”> ?’ The mechanism underlying the
stimulatory effects of the attenuation of NMDAR function
are not clear, but may reflect attenuation of GABA neuronal
activation” and a resulting disinhibition of glutamate and
acetylcholine release.”” 3! Glycine, by facilitating NMDAR,
would be expected to have the opposite effect of ketamine
(ie, to reduce the tone of cortical excitatory neurotransmis-
sion). This step, in turn, would be expected to reduce cortical
metabolism, as reflected in 18FDG-PET because of the
stoichiometric relationship between glucose metabolism and
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glutamatergic metabolism.*® Thus, the current data may
suggest that administration of dose of glycine that was pre-
viously shown to increase CSF glycine levels approximately
4-fold!! also produces a pattern of cerebral metabolic change
consistent with facilitation of NMDA glutamate receptor
function. However, plasma and CSF glycine levels may not
indicate the synaptic level of glycine. The regional metabolic
effects of glycine infusion in this study did not withstand
appropriate statistical corrections. Thus, it is likely that these
effects have a relatively small effect size, consistent with the
absence of cognitive and behavioral effects of glycine in this
study. It would be interesting to know whether there is a
regional cerebral metabolic fingerprint for the ability of
glycine pretreatment to attenuate cognitive and behavioral
effects of the NMDAR antagonist, ketamine, in healthy
human subjects.'? It can be speculated that more specific
effects of exogenous administration of glycine are found
only in the presence of impaired NMDAR function, either
experimentally induced by ketamine or in patient popu-
lations (ie, schizophrenic patients. Altered responses to
glycine might be associated with heritable alterations in
glycine or D-serine metabolism,*® impaired NMDA receptor
function, as may be the case in schizophrenia,* or increased
NMDA receptor function, as may be the case in alcohol
dependence.??

The observation that glycine administration produces a
cerebral metabolic signal that might be consistent with
NMDAR facilitation in the absence of other behavioral
effects may have implications for the development of
18FDG-PET as an approach for evaluating the effects of
other approaches to facilitating NMDAR. In addition to
glycine, D-cycloserine, D-alanine, D-serine, and a growing
array of GlyT inhibitors are in varying stages of development
as treatments for neuropsychiatric disorders. The current data
raise the possibility that 18FDG-PET may detect brain effects
of these agents even at doses and in populations where no
behavioral signal is obtained. As a result, this approach may
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help to validate the penetration of these agents into the brain in
humans in the absence of more selective ligands to detect the
degree of occupancy of their receptor targets.

ACKNOWLEDGMENTS
The authors thank Sue Kasserman, RN, for her recruit-

ment efforts, and the Biostudies nursing staff, particularly
Angelina M. Genovese, RN, MBA, and Elizabeth O’Donnell,
RN, for their nursing support throughout the study.

10.

11.

REFERENCES

. Kemp JA, Leeson PD. The glycine site of the NMDA receptor—five

years on. Trends Pharmacol Sci. 1993;14:20-25.

. Nong Y, Huang YQ, Ju Q, et al. Glycine binding primes NMDA

receptor internalization. Nature. 2003;422:302—-307.

. Danysz W, Parsons AC. Glycine and N-methyl-D-aspartate receptors:

physiological significance and possible therapeutic applications. Phar-
macol Rev. 1998;50:597—-664.

. Roux M, Martinex-Maza R, Le Goff A, et al. The glial and the neuronal

glycine transporters differ in their reactivity to sulfhydryl reagents. J
Biol Chem. 2001;276:17699—-17705.

. Chen L, Muhlhauser M, Yang CR. Glycine transporter—1 blockade

potentiates NMDA-mediated responses in rat prefrontal cortical neurons
in vitro and in vivo. J Neurophysiol. 2003;89:691-703.

. Bergeron R, Meyer TM, Coyle JT, et al. Modulation of N-methyl-D-

aspartate receptor function by glycine transport. Proc Natl Acad Sci
USA. 1998;95:15730—-15734.

. Huang H, Barakat L, Wang D, et al. Bergmann glial GlyT1 mediates

glycine uptake and release in mouse cerebellar slices. J Physiol.
2004;560:721-736.

. Kinney GG, Sur C, Burno M, et al. The glycine transporter type 1

inhibitor N-[3-(4-fluorophenyl)-3-(4"-phenylphenoxy)propyl]sarcosine
potentiates NMDA receptor—mediated responses in vivo and produces
an antipsychotic profile in rodent behavior. J Neurosci. 2003;23:
7586—-7591.

. Lane HY, Chang YC, Liu YC, et al. Sarcosine or D-serine add-on

treatment for acute exacerbation of schizophrenia: a randomized,
double-blind, placebo-controlled study. Arch Gen Psychiatry. 2005;62:
1196-204.

Tsai G, Ralph-Williams RJ, Martina M, et al. Gene knockout of glycine
transporter 1: characterization of the behavioral phenotype. Proc Natl
Acad Sci USA. 2004;101:8485-8490.

D’Souza DC, Gil R, Cassello K, et al. IV glycine and oral p-cycloserine
effects on plasma and CSF amino acids in healthy humans. Biol
Psychiatry. 2000;47:450—462.

. D’Souza DC, Gil R, Castello K, et al. Glycine-ketamine interactions in

healthy humans. 36th Annual Meeting of the American College of
Neuropsychopharmacology; December 8—12, 1997; Kona, HI.

. Javitt DC, Silip G, Cienfuegos A, et al. Adjunctive high-dose glycine in

the treatment of schizophrenia. Int J Neuropsychopharmacol. 2001;4:
385-391.

. Heresco-Levy U, Javitt DC. Comparative effects of glycine and

D-cycloserine on persistent negative symptoms in schizophrenia: a
retrospective analysis. Schizophr Res. 2004;66:89—96.

. Coyle JT, Tsai G, Goff D. Converging evidence of NMDA receptor

hypofunction in the pathophysiology of schizophrenia. Ann N Y Acad
Sci. 2003;1003:318-327.

© 2006 Lippincott Williams & Wilkins

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Tsai G, Yang L, Chung LC, et al. D-Serine added to antipsychotics for
the treatment of schizophrenia. Biol Psychiatry. 1998;44:1081—1089.
First MB, Gibbon M, Spitzer RL, et al. Structured Clinical Interview for
DSM-1V Axis I Disorders: Nonpatient Edition (SCID-I/NP). New York:
Biometrics Department, New York State Psychiatric Institute; 1996.
Maxwell ME. Manual for the Family Interview for Genetic Studies
(FIGS). Bethesda, MD: Clinical Neurogenetics Branch, National
Institute of Mental Health; 1992.

Moore DF, Altarescu G, Barker WC, et al. White matter lesions in Fabry
disease occur in ‘prior’ selectively hypometabolic and hyperperfused
brain regions. Brain Res Bull. 2003;62:231-240.

Jursky F, Nelson N. Developmental expression of the glycine
transporters GLYT1 and GLYT2 in mouse brain. J Neurochem. 1996;
67:336—344.

Goebel DJ. Quantitative gene expression of two types of glycine
transporter in the rat central nervous system. Brain Res Mol Brain Res.
1996;40:139—-142.

Borowsky B, Mezey E, Hoffman BJ. Two glycine transporter variants
with distinct localization in the CNS and peripheral tissues are encoded
by a common gene. Neuron. 1993;10:851-863.

Adams RH, Sato K, Shimada S, et al. Gene structure and glial
expression of the glycine transporter GlyT1 in embryonic and adult
rodents. J Neurosci. 1995;15:2524-2532.

Zafra F, Aragon C, Olivares L, et al. Glycine transporters are
differentially expressed among CNS cells. J Neurosci. 1995;15:
3952-3969.

Lahti AC, Koffel B, LaPorte D, et al. Subanesthetic doses of ketamine
stimulate psychosis in schizophrenia. Neuropsychopharmacology. 1995;
13:9-19.

Breier A, Malhotra AK, Pinals DA, et al. Association of ketamine-
induced psychosis with focal activation of the prefrontal cortex in
healthy volunteers. Am J Psychiatry. 1997;154:805—811.
Vollenweider FX, leenders KL, Oye I, et al. Differential psychopatholo-
gy and patterns of cerebral glucose utilisation produced by (S)- and
(R)-ketamine in healthy volunteers using positron emission tomography
(PET). Eur Neuropsychopharmacol. 1997;7:25-38.

Grunze HC, Rainnie DG, Hasselmo ME, et al. NMDA-dependent
modulation of CA1l local circuit inhibition. J Neurosci. 1996;16:
2034-2043.

Kim SH, Price MT, Olney JW, et al. Excessive cerebrocortical release
of acetylcholine induced by NMDA antagonists is reduced by
GABAergic and alpha2-adrenergic agonists. Mol Psychiatry. 1999;4:
344-352.

Kikuchi T, Wang Y, Shinbori H, et al. Effects of ketamine and
pentobarbitone on acetylcholine release from the rat frontal cortex in
vivo. Br J Anaesth. 1997;79:128—130.

Moghaddam B, Adams B, Verma A, et al. Activation of glutamatergic
neurotransmission by ketamine: a novel step in the pathway from
NMDA receptor blockade to dopaminergic and cognitive disruptions
associated with the prefrontal cortex. J Neurosci. 1997;17:2921-2927.
Magistretti PJ, Pellerin L, Rothman DL, et al. Energy on demand.
Science. 1999;283:496—497.

Goldberg T, Straub RE, Callicott JH, et al. The G72/G30 gene complex
and cognitive abnormalities in schizophrenia. Neuropsychopharmacolo-
gy. 2006;31:2022-2032.

Pilowsky LS, Bressan RA, Stone JM, et al. First in vivo evidence of an
NMDA receptor deficit in medication-free schizophrenic patients. Mol
Psychiatry. 2006;11:118—119.

Krystal JH, Petrakis I, Krasnicki S, et al. Altered responses to agonists
of the strychnine-insensitive glycine NMDA coagonist (SIGLY) site in
recently detoxified alcoholics. Alcohol Clin Exp Res. 1998;22:94A.

599

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



	A Meta-Analysis of D-Cycloserine and the Facilitation of Fear Extinction and Exposure Therapy
	Methods and Materials
	Data Sources
	Study Selection
	Data Extraction
	Data Synthesis

	Results
	Discussion
	Acknowledgment
	References


