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Enhancing glutamate function by stimulating the glycine site of the NMDA receptor with glycine, D-serine, or with drugs that inhibit

glycine reuptake may have therapeutic potential in schizophrenia. The effects of a single oral dose of cis-N-methyl-N-(6-methoxy-1-

phenyl-1,2,3,4-tetrahydronaphthalen-2-ylmethyl) amino-methylcarboxylic acid hydrochloride (Org 25935), a glycine transporter-1

(GlyT1) inhibitor, and placebo pretreatment on ketamine-induced schizophrenia-like psychotic symptoms, perceptual alterations, and

subjective effects were evaluated in 12 healthy male subjects in a randomized, counter-balanced, within-subjects, crossover design. At

2.5 h after administration of the Org 25935 or placebo, subjects received a ketamine bolus and constant infusion lasting 100min.

Psychotic symptoms, perceptual, and a number of subjective effects were assessed repeatedly before, several times during, and after

completion of ketamine administration. A cognitive battery was administered once per test day. Ketamine produced behavioral,

subjective, and cognitive effects consistent with its known effects. Org 25935 reduced the ketamine-induced increases in measures of

psychosis (Positive and Negative Syndrome Scale (PANSS)) and perceptual alterations (Clinician Administered Dissociative Symptoms

Scale (CADSS)). The magnitude of the effect of Org 25935 on ketamine-induced increases in Total PANSS and CADSS Clinician-rated

scores was 0.71 and 0.98 (SD units), respectively. None of the behavioral effects of ketamine were increased by Org 25935

pretreatment. Org 25935 worsened some aspects of learning and delayed recall, and trended to improve choice reaction time. This

study demonstrates for the first time in humans that a GlyT1 inhibitor reduces the effects induced by NMDA receptor antagonism. These

findings provide preliminary support for further study of the antipsychotic potential of GlyT1 inhibitors.
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INTRODUCTION

N-methyl D-aspartate (NMDA) receptor antagonists have
been shown to induce an array of transient schizophrenia-
like positive and negative symptoms, neuropsychological
deficits, sensory deficits, eye movement dysfunction, and
impairments in electrophysiological indices of information
processing in healthy human volunteers (reviewed in Cho
et al, 2008; Kantrowitz and Javitt, 2010). NMDA receptor
antagonists have also been shown to exacerbate symptoms
in schizophrenic patients (Lahti et al, 1995; Malhotra et al,

1997). Accordingly, deficits in NMDA receptor function are
thought to contribute to the neurobiology of schizophrenia.
The therapeutic implications of the NMDA deficit

hypothesis are that facilitation of NMDA receptor function
may have the potential as a treatment for schizophrenia and
that the reversal of NMDA receptor antagonist effects may
be predictive of antipsychotic-like activity of drugs. Direct
activation of NMDA receptors is associated with excitoxicity
(Lynch and Guttmann, 2002) and is therefore not safe.
Stimulation of other modulatory sites on the NMDA
receptor offer safer alternatives. Endogenous glycine and
D-serine both act as co-agonists at the strychnine-insensitive
glycine-B (Gly-B) site on the NMDA receptor, and along
with glutamate, co-activate the receptor (Dingledine et al,
1990; Thomson, 1990). Furthermore, forebrain synaptic gly-
cine and D-serine levels are regulated by the glycine trans-
porter-1 (GlyT1) (Aragon and Lopez-Corcuera, 2005; Betz
et al, 2006; Borowsky and Hoffman, 1998; Borowsky et al,
1993; Harsing et al, 2003) and the alanine–serine–cysteine
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transporter-1 (Asc-1) (Hayashi et al, 1997; Ribeiro et al,
2002), respectively. Thus, drugs with agonist effects at the
Gly-B site, such as glycine and D-serine, or drugs that inhibit
the GlyT1 or Asc-1 may offer a safe approach to facilitate
NMDA receptor function. There is considerable interest in
these approaches for the treatment of schizophrenia.
Drugs that stimulate the Gly-B site either directly or by

inhibiting the reuptake of glycine have been shown to reduce
the effects NMDA receptor antagonists at many levels. The
GlyT1 inhibitor, such as (R)-(N-[3-(40-fluorophenyl)-3-(40-
phenylphenoxy)propyl]sarcosine (NFPS), has been reported
to potentiate NMDAR currents in the presence of glycine
(Chen et al, 2003), and NFPS combined with risperidone, but
not clozapine, potentiates these currents (Konradsson et al,
2006). Preclinical studies have also demonstrated that a
number of Gly-B agonists and GlyT1 inhibitors attenuate
a wide range of effects produced by NMDA receptor
antagonists PCP, MK-801, and ketamine, including loco-
motor stimulatory effects, stereotypies, prepulse inhibition
deficits, c-fos expression, cortical stimulation, and recogni-
tion memory deficits (Contreras, 1990; Gozzi et al, 2008;
Hashimoto et al, 2008; Javitt and Frusciante, 1997; Javitt
et al, 1997; Kanahara et al, 2008; Karasawa et al, 2008;
Kinney et al, 2003; Nilsson et al, 1997; Tanii et al, 1991, 1994;
Toth and Lajtha, 1986). However, this has not yet been
demonstrated in humans. Most recently, the GlyT1 inhibitor
PF-3463275 was shown to reduce ketamine-induced deficits
in spatial working memory, but not ketamine-induced hallu-
cinatory-like behaviors in non-human primates (Roberts
et al, 2010). Taken collectively, the evidence indicates that
glycine sites are not saturated in vivo and furthermore that
stimulating the Gly-B site can facilitate NMDA receptor
neurotransmission and attenuate the effects of NMDA recep-
tor antagonists.
Organon NV developed cis-N-methyl-N-(6-methoxy-1-

phenyl-1,2,3,4-tetrahydronaphthalen-2-ylmethyl) amino-
methylcarboxylic acid hydrochloride (Org 25935), a highly
selective inhibitor of GlyT1 (IC50 B100 nM) (Walker et al,
2007). In functional assays of [3H]glycine assays, it behaves
as a mixed non-competitive inhibitor. Org 25935 has no
significant interactions with GlyT2- or Na/Cl-dependent
transporters (including NA, DA, 5HT, and GABA) and it
does not have any measurable affinity across a broad range
(450) of receptors, ion channels, and enzymes, including
either the strychnine-sensitive or -insensitive glycine
receptors. Org 25935 is a potent sarcosine-related analog
that easily passes the blood–brain barrier and produces
dose-related increases in brain glycine levels (Walker et al,
2007). In preclinical studies, Org 25935 reversed PCP-
induced behavioral deficits observed in the novel object
recognition (NOR) model (Snigdha et al, 2007) and Org
25935 attenuated the hyperdopaminergic state induced by
chronic PCP administration (Javitt et al, 2004). Further-
more, the Org 25935-induced locomotor activity in mice can
be reversed by MK-801. Accordingly, we hypothesized that
Org 25935 would attenuate the psychotomimetic effects of
ketamine in healthy human volunteers.
A preliminary open-label, non-placebo-controlled phase,

dose-escalation study was conducted to establish the highest
dose of Org 25935 that could be safely administered in the
ketamine paradigm. In this preliminary study, two of the six
subjects studied received either a single dose of 4 8, or

16mg Org 25935, followed by ketamine infusion in an open,
sequential, escalating dose design. The preliminary study
showed that 16mg Org 25935 pretreatment followed by
ketamine infusion was safe and well tolerated.

MATERIALS AND METHODS

General Study Design

The effects of highest dose of Org 25935 (16mg) and
placebo pretreatment on the ketamine response was
evaluated in 12 healthy male subjects in a randomized,
counter-balanced, crossover design spread over two test
days separated by 1 week.

Setting

The study was conducted at VA Connecticut Healthcare
System, West Haven, CT, USA.

Approvals

The study was conducted with the approval of the
Institutional Review Boards of VA Connecticut Healthcare
System and Yale University School of Medicine, and the US
Food and Drug Administration. The study was conducted
in full accordance with the Good Clinical Practice Consoli-
dated Guideline approved by the International Conference
on Harmonization. Written informed consent was obtained
from each subject before they underwent any study proce-
dures or assessments.

Sample

Male subjects deemed medically and psychiatrically healthy
on the basis of an extensive screening process were included.

Study Drugs

Org 25935. The 16mg dose of Org 25935 was selected on
its demonstrated safety in both other phase I studies and in
a preliminary open-label, dose-escalation study, described
earlier. This dose of Org 25935 has also been shown to result
in a two- to threefold increase in CSF glycine levels in
humans (data on file). Org 25935 manufactured by Organon
NV was administered per oral in tablet form as were visually
matching placebo tablets.

Ketamine. The dose of ketamine (0.23mg/kg bolus over
1min, followed by 0.58mg/kg per h� 30min, followed by
0.29mg/kg per h� 69min) is well within the range of doses
that were used in previous studies and has been shown to be
safe. This dosing paradigm was selected with the goal of
being able to conduct a battery of assessments while
ketamine blood levels were at steady-state levels.

Schedule of Procedures

On each test day, subjects received Org 25935 or placebo,
followed 2.5 h later by a ketamine bolus (0.23mg/kg bolus
over 1min), followed by a constant infusion (0.58mg/kg per
h� 30min, followed by 0.29mg/kg per h� 69min). There
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was a wash-out of at least 7 days between test days.
The timing of the ketamine infusion was selected to coin-
cide with the peak effects of Org 25935. The subjects
were fasting until the end of the ketamine infusion.
Behavioral, cognitive, and ketamine and Org 25935 blood
level data were obtained on each test day. The schedule
of procedures is described in Supplementary Table 1 and
the outcome measures are described in further detail in the
Supplementary section.

Behavioral and Subjective Measures

Psychotomimetic symptoms were measured using a version
of the Positive and Negative Syndrome Scale (PANSS) (Kay
et al, 1989) adapted for repeated measurements within a short
time period (D’Souza et al, 2004). The items of the PANSS for
passive social avoidance (N4) and active social avoidance
(G16) were excluded because for both these items, the bases
of rating are reports from primary care workers and family.
Perceptual alterations were measured using the self and
clinician administered subscales of the Clinician Adminis-
tered Dissociative Symptoms Scale (CADSS) (Bremner et al,
1998), a scale consisting of 19 self-report items and 8
clinician-rated items rated from 0 (not at all) to 4 (extremely).
The scale evaluates aspects of altered environmental percep-
tion, time perception, body perception, feelings of unreality,
and memory impairment. The CADSS has been shown to be
sensitive to the effects of a number of psychoactive drugs,
including ketamine (Krystal et al, 1994). A number of feeling
states, including ‘high’, ‘anxious’, ‘drowsy’, ‘irritable’, ‘tired’,
‘hungry’, and ‘energetic’, were measured using a Visual
Analog Scales of Mood State (VAS). Ratings were conducted
by experienced and trained research staff who participated in
regular inter-rater reliability sessions led by the principal
investigator. Intraclass correlation coefficients for the PANSS
have been consistently 40.85.

Cognitive Measures

Verbal learning was assessed using the Rey Auditory
Verbal Learning Test (RAVLT), a 15 word list that is not
semantically organized (Rey, 1958). Attention, executive
function, spatial working memory, visual recognition
memory, choice reaction time, and motor function were
assessed using the Cambridge Neuroscience Test Auto-
mated Battery (CANTAB) (Sahakian and Owen, 1992).
Intelligence quotient was measured as part of the CANTAB
using the National Adult Reading Test. To reduce
practice effects, subjects were trained on the CANTAB at
screening.

Neurochemical Measures

Ketamine, its major active metabolite norketamine, and Org
25935 were sampled at various time-points (Supplementary
Table 1) and assayed to determine whether there are any
pharmacokinetic interactive effects.

Safety Assessments

Orientation to time, place, and person was assessed at the
end of each study day using items from the Mini-Mental

State Exam (Folstein et al, 1975) to document that subjects
were at baseline at the time that they were discharged.
Clinical safety included continuous monitoring of adverse
events and routine clinical laboratory parameters, ECG, and
vital signs.
A telephone check-up was performed one day after each

test day and 1 week, 1 month, and 3 months after the last
study drug intake. Furthermore, approximately 2 weeks
after the last study, drug subjects were evaluated with a
physical examination, adverse event questionnaire, vital
signs, and 12-lead ECG recording, as well as a hematology,
biochemistry, and urinalysis assessment.

Statistical Analyses

Initially, data were examined descriptively using means,
standard deviations, and graphs. Each outcome was
assessed for normality visually by normal probability plots
and histograms and Kolmogorov–Smirnov test statistics. All
analyses were performed on an intent-to-treat basisFthere-
fore, data from non-completers were also included in the
analysis.
All PANSS variables were highly skewed and exhibited

floor effects. These outcomes were analyzed using the non-
parametric approach for repeated measures data by
Brunner (2002), where the data were first ranked, and then
fitted using a mixed-effects model with an unstructured
variance–covariance matrix and p-values adjusted for
ANOVA-type statistics (ATS). All other outcomes were
sufficiently normal or successfully normalized by log
transformation (eg, some VAS outcomes) as indicated in
the results.
Linear mixed models were used to analyze normal

outcomes. Each PANSS and CADSS model included
treatment (Placebo vs Org) and time (�175, �30, + 5, and
+ 180min) as within-subjects explanatory factors. Models
for each VAS outcome included these same factors and a
random subject effect. These models allowed for the testing
of the treatment� time interaction. Similar models were
used for blood ketamine levels measured at �10, + 30, + 70,
and + 180min. As visible in the figures, although some
outcomes (eg, PANSS, CADSS) were assessed over time,
there was insufficient variance at any time-point, except at
the 5-min post-ketamine infusion, the analysis was re-
stricted to the peak change from baseline and included only
treatment as a within-subjects variable. Learning measured
by the RAVLT was analyzed in a model, including treatment
and trial (1–5) as within-subjects factors and a random
subject effect. The remaining RAVLT outcomes, and raw
CANTAB outcomes, were assessed only once per test day
and analyzed with treatment as a within-subjects variable.
In each model described above, the best-fitting correlation
structure was selected according to Akaike Information
Criterion and Schwartz Bayesian criterion. Order effects
were tested for, but as they were not present, were excluded
from the model. Although power to detect carryover and
order effects was limited, none was observed in any model.
Ketamine area under the curve was used as a covariate in all
analyses. Data were analyzed using SAS, version 9.1 (SAS
Institute, Cary, NC). All results were considered statistically
significant using the two-sided a¼ 0.05 threshold. In this
report, p-values between 0.05 and 0.1 were considered trend

GLY transporter inhibitor interactions with ketamine
DC D’Souza et al

1038

Neuropsychopharmacology



level significance. Given the preliminary nature of this study
together with the limited sample size, we chose to report
p-values unadjusted for multiple testing.

RESULTS

In all, 20 subjects consented for the study, 18 were screened
and 15 enrolled in the study. Of these, 12 subjects completed
both test days. Three subjects prematurely terminated the
study because they were unable to tolerate the psychoto-
mimetic effects of ketamine following either Org 25935
administration (1 subject) or placebo administration (2
subjects). All data were used in the analysis. The
demographics of the sample are described in Table 1.

Ketamine and Norketamine Levels

Over time, ketamine (F(2,64)¼ 117.9, po0.001) and norke-
tamine (F(2,64)¼ 51.67, po0.001) levels increased from
baseline, reaching a peak around + 70min and then
decreasing (Supplementary Table 2). There were no
statistically significant differences in ketamine levels
(F(1,64)¼ 2.98, p¼ 0.088) or norketamine levels
(F(1,64)¼ 0.17, p¼ 0.68) between the active and placebo
Org 25935 conditions. There were no treatment by time
interactions on ketamine (F(2,64)¼ 0.68, p¼ 0.51) or norke-
tamine (F(2,64)¼ 0.23, p¼ 0.79) levels.

Org 25935 Levels

The concentration-vs-time curves were in good agreement
with previously encountered exposure levels for Org 25935
(Supplementary Figure 1).

PANSS

Org 25935 reduced the peak increase in ketamine-induced
Total PANSS scores significantly (F(1,11)¼ 6.55, p¼ 0.02)
with an effect size (Cohen’s d) of 0.71 (Figure 1; Supple-
mentary Table 3). To rule out the possibility that Org 25935
reduction in Total PANSS scores was not merely related to a
nonspecific sedating effect of Org 25935, post-hoc analysis of
Total PANSS was conducted adjusting for the peak change
from baseline of VAS ‘drowsy’. The effect of Org 25935
persisted despite adjusting for sedation (F(1,11)¼ 5.47,
p¼ 0.039).
Org 25935 trended (F(1,11)¼ 4.12, p¼ 0.067) to reduce the

peak increase in PANSS Positive Symptoms Subscale scores,
and significantly decreased (F(1,11)¼ 7.41, p¼ 0.019) scores
on the PANSS General Symptoms Subscale, but not the
PANSS Negative Symptoms Subscale (F(1,11)¼ 0.05, p¼ 0.83).

Perceptual Alterations

Org 25935 reduced the peak increase in CADSS clinician-
rated scores (F(1,11)¼ 13.23, p¼ 0.0039) with an effect size
(Cohen’s d) of 0.98 (Figure 1; Supplementary Table 3).
To rule out the possibility that the decrease in ketamine-
induced perceptual alterations by Org 25935 was not merely
related to a nonspecific sedating effect of Org 25935,
post-hoc analysis of the CADSS clinician-rated scores was
conducted adjusting for the peak change from baseline of
VAS ‘drowsy’. The effect of Org 25935 persisted despite
adjusting for sedation (F(1,11)¼ 11.21, p¼ 0.0065). Org
25935 did not have any effect on ketamine-induced
subject-rated CADSS scores (F(1,14)¼ 0.25, p¼ 0.62).

Feeling States

The results of the analysis of feeling states are presented
in Table 2 (raw data in Supplementary Table 4). VAS scores
of ‘drowsy’ (F(1,89)¼ 7.69, p¼ 0.0068) and ‘irritable’
(F(1,89)¼ 4.2, p¼ 0.043) were significantly higher on the
active vs placebo Org 25935. There were no significant
differences in any of the other VAS feeling states between
the active vs placebo Org 25935. VAS scores of ‘talkative,’
‘happy,’ ‘energetic,’ ‘calm,’ ‘anxious,’ ‘fearful,’ and ‘hungry’
decreased over time (ketamine effect), whereas VAS scores
of ‘high’ and ‘drowsy’ increased over time. There were
interactive effects of Org 25935 and time on VAS ‘talkative’
scores (F(1,89)¼ 2.65, p¼ 0.053) that trended towards
significance with post-hoc analysis revealing a significant
effect at the + 5min time-point (F(1,89)¼ 4.71, p¼ 0.032).
There were significant interactive effects of Org 25935 and
time on VAS ‘happy’ scores (F(1,89)¼ 3.08, p¼ 0.031), with
post-hoc analysis revealing a significant effect at the
�30min time-point (F(1,89)¼ 5.7, p¼ 0.019). There were
significant interactive effects of Org 25935 and time on VAS
‘high’ scores (F(1,89)¼ 2.99, p¼ 0.035), with post-hoc analy-
sis revealing a significant effect at the baseline (�175min)

Table 1 Demographics

Race

Caucasian 9

Asian 5

Black 1

Native American 0

Ethnicity

Hispanic or Latino 1

Not Hispanic or Latino 14

Smoking status

Smokers 3

Nonsmokers 12

Handedness

Right handed 15

Left handed 0

Mean (SD)

Age (years) 33.2 (9.05)

Education (years) 17.13 (2.56)

Weight (kg) 81.53 (8.59)

Height (m) 1.79 (0.06)

BMI 25.36 (2.23)

National Adult Reading Test (NART), IQ 114.93 (4.5)
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time-point (F(1,89)¼ 5.47, p¼ 0.021). There were no sig-
nificant interactive effects of Org 25935 and time on any
other feeling states’ (Figure 2).

Cambridge Neuroscience Test Automated Battery

The results of the analysis of the cognitive battery are
presented in Table 3. Except for choice reaction time that
trended to be faster (F(1,10)¼ 3.38, p¼ 0.09) in the active vs
the placebo Org 25935 condition, there were no significant
differences on performance in active vs placebo Org 25935
on the rapid visual information processing task, the spatial
working memory task, the delayed match to sample task,
and the Stocking of Cambridge task.

Verbal Learning

Subjects recalled more words with each successive trial
(F(4,102)¼ 58, po0.001), and while Org 25935 treatment did
not have any significant effects, there was a significant
interaction between Org 25935 and trial 5 (F(4,102)¼ 2.47,
po0.049) (Figure 3). Post-hoc analyses revealed that relative
to the placebo condition, subjects recalled fewer words on
the 5th trial on the Org 25935 condition (F(1,102)¼ 3.83,
po0.053), which trended towards significance. There were
no significant effects of Org 25935 on total free recall.
However, Org 25935 significantly impaired both delayed free
recall (F(1,10)¼ 8.37, po0.016) and delayed recognition recall
(F(1,10)¼ 7.7, po0.019), with subjects recalling fewer words
in the Org 25935 condition than the placebo condition.
Post-hoc analyses were conducted using the peak change

from baseline of VAS ‘drowsy’ scores as a covariate. The
effect of Org 25935 on immediate recall (F(4,102)¼ 2.47,
po0.049), delayed free recall (F(1,10)¼ 13.62, po0.004), and
delayed recognition recall (F(1,10)¼ 7.08, po0.023) persisted
despite adjusting for sedation. This suggests that there is no
(linear) relationship between drowsiness peak scores and
cognitive task results.

Safety Results

There were no differences in the end of test day Mini-
Mental State Exam scores across the two test days
(F(1,12)¼ 0.12, p¼ 0.73). There were no serious adverse
events associated with this study. Three subjects prema-
turely terminated the study due to mild-to-moderate

adverse events (discomfort, drug intolerance, disturbance
in attention, and/or feeling abnormal) during ketamine
infusion following either Org 25935 administration (1
subject) or placebo administration (2 subjects). All of these
events were considered to be probably related to the
administration of ketamine. Moderate adverse events were
only reported in the placebo condition (3 subjects). About
85% of subjects experienced some adverse events after
administration of Org 25935, and 53% experienced adverse
events after placebo treatment. Ketamine-related adverse
events were reported by 39% after Org 25935–ketamine and
53% after placebo–ketamine treatment. Ketamine-related
adverse events included disturbance in attention (1 subject),
nausea (1 subject), discomfort (1 subject), drug intolerance
(2 subjects), feeling abnormal (1 subject), dizziness (1
subject), and increased blood pressure (3 subjects). Further
events, for which a relationship to ketamine could not be
completely ruled out, included blurred vision, dizziness,
headache, somnolence, fatigue, asthenia, and sluggishness.
Org 25935-related adverse events mainly included visual

symptoms and CNS effects. The percentage of subjects with
such adverse events was higher after Org 25935 treatment
compared with placebo treatment (77 vs 7% and 54 vs 20%,
respectively). Visual symptoms included single mild cases
of metamorphopsia and visual impairment as well as
blurred vision. CNS effects included mild dizziness, head-
ache, and somnolence. No clinically significant abnormal
routine laboratory result was observed during this study.
There were no clinically relevant changes in vital signs or
ECG parameters during this study. Finally, at the face-to-
face safety assessment 2 weeks post-study and the telephone
evaluations 1 week, 1 month, and 3 months post-study,
there was no evidence of any negative outcomes.

DISCUSSION

To our knowledge this is the first study in humans,
demonstrating that pretreatment with a GlyT1 inhibitor
significantly attenuates the effects of the NMDA receptor
antagonism.

Implications for Psychosis and Cognition

Consistent with other studies, ketamine produced psycho-
tomimetic effects captured by the PANSS and Clinician
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Figure 1 Org 25935 effects on ketamine-induced psychotomimetic effects.
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Administered Dissociative Symptoms Scale (Anand et al,
2000; Krystal et al, 1998a, 1999, 2004, 2005a). Ketamine
also increased VAS ‘high’ scores similar to other studies
(Krystal et al, 1998b). Org 25935 reduced ketamine-induced
increases in Total PANSS, Positive Symptoms subscale score,

and General Symptoms subscale score, but not Negative
Symptoms subscale scores. Org 25935 also reduced CADSS
Clinician-Rated subscale scores. The effects of Org 25935
in reducing ketamine-induced psychotomimetic effects
cannot be explained by differences in ketamine levels or

Table 2 Feeling States (Adjusted for Plasma Ketamine Levels)

Effect Num df Den df F value p-Value Post-hoc test

‘Talkativeness’ Org 25935 1 89 2.04 0.16 Org 25935 effect at time +5min

Time 3 89 4 0.01 (F(1,89)¼ 4.71, p¼ 0.03)

Org 25935�Time 3 89 2.65 0.05

‘Happy’a Org 25935 1 89 0.92 0.34 Org 25935 effect at time �30min

Time 3 89 4.83 0.004 (F(1,89)¼ 5.7, p¼ 0.02)

Org 25935�Time 3 89 3.08 0.031

‘High’a Org 25935 1 89 0.03 0.86 Org 25935 effect at time �175min

Time 3 89 36.62 o0.0001 (F(1,89)¼ 5.47, p¼ 0.0215)

Org 25935�Time 3 89 2.99 0.04

‘Energetic’ Org 25935 1 89 0.91 0.34

Time 3 89 6.27 0.0007

Org 25935�Time 3 89 1.73 0.17

‘Tired’a Org 25935 1 89 2.38 0.13 Org 25935 effect at time +5min

Time 3 89 2.27 0.086 (F(1,89)¼ 3.64, p¼ 0.059)

Org 25935�Time 3 89 1.11 0.35

‘Drowsy’ Org 25935 1 89 7.69 0.007 Org 25935 effect at time �30min

Time 3 89 2.86 0.041 (F(1,89)¼ 13.8, p¼ 0.0004)

Org 25935�Time 3 89 1.82 0.15 Org 25935 effect at time +5min
(F(1,89)¼ 3.32, p¼ 0.07)

‘Tense’a No significant effects

‘Sad’a No significant effects

‘Depressed’a No significant effects

‘Calm’ Org 25935 1 89 1.35 0.25

Time 3 89 3.14 0.03

Org 25935�Time 3 89 0.6 0.62

‘Anxious’a Org 25935 1 89 0 0.97

Time 3 89 9.6 o0.0001

Org 25935�Time 3 89 0.69 0.56

‘Fearful’a Org 25935 1 89 0.34 0.56

Time 3 89 3.85 0.012

Org 25935�Time 3 89 0.13 0.94

‘Mellow’ No significant effects

‘Angry’a No significant effects

‘Mania’a No significant effects

‘Irritable’a Org 25935 1 89 4.2 0.04

Time 3 89 1.74 0.16

Org 25935�Time 3 89 0.26 0.85

‘Hungry’ Org 25935 1 89 0.04 0.85

Time 3 89 13.97 o0.0001

Org 25935�Time 3 89 0.64 0.59

aAnalysis conducted on log-transformed data.
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nonspecific sedating effects of Org 25935, as these effects
survived adjustment for ketamine levels and Org 25935-
induced sedation, respectively. Furthermore, the magnitude

of the effects of Org 25935 on ketamine-induced psycho-
tomimetic effects was moderate to large. These findings
provide preliminary support for testing GlyT1 inhibitors in
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Figure 2 Org 25935 effects on ketamine-induced subjective effects.

Table 3 Effects on Cognition (CANTAB) (Adjusted for Plasma Ketamine Levels)

Task Outcome variable Org 25935 (mean+(SD)) Num df Den df F value p-Value

Placebo Active

Choice reaction time 362.49 (51.89) 336.74 (47.1) 1 10 3.38 0.095

Rapid visual processing A0 0.97 (0.021) 0.98 (0.015) 1 10 1.12 0.31

B0 0.6 (0.72) 0.70 (0.58) 1 10 0.61 0.45

Spatial working memory Between errors 15 (14.63) 12.92 (15) 1 10 1.1 0.32

Stocking of Cambridge (5 moves) Problems solved in minimum moves 5.85 (1.46) 5.83 (1.11) 1 10 0.01 0.94

Mean initial thinking time 6444 (3529) 7263 (2745) 1 10 0.91 0.36

Mean no. of moves 6.77 (1.69) 6.83 (1.2) 1 10 0.01 0.92

Delayed match to sample Total correct 14.54 (1.45) 14.75 (0.97) 1 10 0.01 0.92
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the treatment of the positive symptoms and perceptual
alterations associated with psychotic disorders.
PANSS negative symptom subscale scores were lower on

the active vs the placebo Org 25935 condition, but the differ-
ences were not statistically significant. The lack of statistically
significant effects of Org 25935 on ketamine-induced nega-
tive symptoms in healthy subjects contrasts with a recent
report that the addition of RG1678, a GlyT1 inhibitor, to
atypical antipsychotic treatment resulted in an improvement
of negative symptoms in schizophrenia patients (Umbricht,
2010). However, it should be noted that there are important
differences in the design (single dose vs multiple chronic
dosing), samples (healthy volunteers vs schizophrenia
patients), and target (ketamine-induced symptoms vs schizo-
phrenia-related negative symptoms) between the studies.
Contrary to the study hypothesis, Org 25935 impaired

verbal learning and delayed recall. This is important if Org
25935 is to be developed as a treatment for schizophrenia,
as verbal memory is already impaired in schizophrenia.
This effect seemed specific to verbal learning, because Org
25935 did not affect performance on other measures of
memory, for example, visual recognition memory and
spatial working memory, assessed by the CANTAB.
There are several possible explanations for why Org25925

worsened verbal memory. First, there appears to be an
inverted ‘U’ dose-shaped regulation of NMDAR function in
the hippocampus (Zhang et al, 2008b), such that elevation
of glycine levels beyond a certain point might actually
decrease NMDAR activity. Consistent with an inverted ‘U’
response, other studies have shown that high doses of
glycine impair prepulse inhibition (O’Neill et al, 2010) and
also reduce mismatch negativity amplitude (Leung et al,
2008) in humans. Second, in the hippocampus, glycine can
modulate hippocampal neurotransmission by effects on
excitatory strychnine-insensitive NMDARs (MacDonald
et al, 2006; Mohler et al, 2008) and inhibitory strychnine-
sensitive glycine receptors (GlyRs) (Becker et al, 1993;
Chattipakorn and McMahon, 2003; Malosio et al, 1991;
Racca et al, 1998; Thio et al, 2003). In fact, Zhang et al
(2008a) showed that GlyT1 inhibition induced depression
of hippocampal excitatory post-synaptic potential spike
potentiation, a phenomenon relevant to learning and
memory. Extrapolating these preclinical data to the current
study, it is possible that a consequence of increasing glycine
in the hippocampus might include a disruption in the
balance of inhibitory and excitatory influences mediated by
GlyR and NMDAR, respectively, leading to a disruption
of input–output functions that in turn could impair learn-
ing and memory. A third possibility may be related to
differences in the response of different subunit composi-
tions of NMDAR to glycine. Extracellular glycine has been
shown to differentially activate NR2A- or NR2B-contain-
ing NMDARs, which may lead to variable physiological
consequences (Kohr, 2006; Liu et al, 2004; Loftis and
Janowsky, 2003). Thus, it is conceivable that Org 25935-
induced increases in glycine levels might have different
effects in different brain regions based on the subunit
composition of NMDARs.
There are several explanations for the absence of robust

beneficial effects of Org 25935 on the ketamine-induced
cognitive deficits in this study. It is unclear whether the dose
used was optimal for enhancing cognitive function. While

Org 25935 is procognitive in several animal models of
cognition such as the NOR, there appears to be an inverse
dose–response where robust effects were seen at lower doses,
but this response was abolished at higher doses (Snigdha
et al, 2007). Similarly, in the recent clinical trial with RG1678,
a loss of efficacy was observed at higher doses (Umbricht,
2010). Furthermore, preclinical studies suggest that partial
(50%) occupancy of brain GlyT1 is necessary to obtain
efficacy in behavioral models relevant to schizophrenia
(Alberati et al, 2011). This study selected the highest dose of
Org 25935 that was tested in a preliminary study; therefore,
the optimal dose for Org 25935 to have procognitive and
other effects cannot be determined. Interestingly, in contrast
to the findings of the current study, Roberts et al (2010)
showed that another GlyT1 (PF-3463275) reduced the spatial
working memory deficits induced by ketamine, but not the
perceptual alterations induced by ketamine in non-human
primates. These contrasting effects raise the possibility that
the antipsychotic-like and procognitive effects of GlyT1
inhibitors may be dissociable.
The effects of Org 25935 contrast with the effects of

other drugs that have been tested in the ketamine paradigm
in healthy human subjects. Pretreatment with glycine
(0.1–0.2 g/kg i.v.) failed to attenuate the psychotomimetic
effects of ketamine, although initial analyses suggested that
it reduced ketamine-induced memory impairments (n¼ 38)
(DC D’Souza et al, unpublished observations). The fact that
large doses of glycine did not block the effects of ketamine
and did not produce any visual disturbances, in contrast to
Org 25935, suggests that the doses of glycine used did not
increase central glycine levels sufficiently. Indeed, one of the
limitations of glycine is its poor central bioavailability.
Similarly, the effects of Org 25935 on the ketamine response
contrast with pretreatment with the benzodiazepine loraze-
pam (Krystal et al, 1998a), the dopamine D2 receptor
antagonist haloperidol (Krystal et al, 1999), the group II
metabotropic glutamate receptor (mGluR) agonist LY354740
(Krystal et al, 2004), and nicotine (D’Souza et al, 2010).
Pretreatment with lamotrigine significantly decreased keta-
mine-induced psychotomimetic effects, but in contrast to
Org 25935, it also reduced ketamine-induced verbal learning
and memory impairment (n¼ 16) (Anand et al, 2000).
Lamotrigine increased the mood-elevating effects of keta-
mine. The mechanism by which lamotrigine attenuates the
effects of ketamine is related to its inhibition of glutamate
release. Taken together, only lamotrigine and Org 25935
appear to reduce the psychotomimetic effects of ketamine,
even though they have distinct mechanisms of actions.

Mechanism

This study does not provide insight into the mechanisms
underlying the capacity of Org 25935 to attenuate some of
the effects of ketamine. The increase in extracellular glycine
by GlyT1 inhibition may activate silent receptors and
in doing so overcome the effects of those NMDA receptors
that are blocked by ketamine. Alternatively, increased
glycine levels may increase the ‘off rate’ for NMDA rece-
ptor antagonists (Priestley and Kemp, 1994), or increased
levels of glycine may result in internalization of NMDA
receptors rendering fewer receptors available for ketamine
to bind to.
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Safety

At doses that have been shown to increase brain glycine
levels substantially, Org 25935 did not have significant
effects on a number of feeling states and was well tolerated.
Furthermore, the observation that pretreatment with Org
25935 did not enhance many of ketamine effects suggests
that Org 25935 pretreatment is not making more intra-
channel sites accessible to ketamine. If that were the case,
one would expect an increase in most effects of ketamine.

Strengths and Limitations

The double-blind, randomized, placebo-controlled within-
subjects design, and the use of a well-characterized
paradigm (ketamine) are strengths of this study. The use
of a bolus and constant infusion paradigm allowed a battery
of assessments to be conducted, while ketamine blood levels
were at steady-state levels. However, the use of a single dose
of Org 25935 did not permit testing to be conducted with
Org 25935 at steady-state levels. The use of only one dose
level of Org 25935 did not permit detection of a dose–
response. The study was limited to men and the results may
not generalize to women who show subtle reductions in
ketamine response compared to men (Morgan et al, 2006).
The power to uncover potentially important effects was
limited by the small sample size. Furthermore, in contrast to
the behavioral and subjective measures, the cognitive
measures were captured only once per test day. As there
was no placebo ketamine condition, the effects of ketamine
alone cannot be determined in the current study design.
However, the effects of ketamine on the PANSS, CADSS,
VAS, and memory are well known from many previous
studies (Anand et al, 2000; Krupitsky et al, 2001; Krystal
et al, 1994, 1998a, 1998b, 1999, 2005b; Lahti et al, 2001;
Malhotra et al, 1996). The study design also makes it difficult
to ascertain the effects of Org 25935 alone. Many of these
limitations can be addressed in a large sample follow-up
study with a 2� 2 design. Finally, while laboratory studies in
healthy human subjects may be informative, the therapeutic
efficacy of a drug should ultimately be tested in the target
population.

Conclusions and Future Directions

In this preliminary study, the novel GlyT1 inhibitor, Org
25935, reduced the psychotomimetic effects of ketamine,
indicating that the facilitation of NMDA transmission by
raising endogenous glycine levels may be effective in the
treatment of psychosis and perceptual alterations associated
with hypoglutamatergic states. Furthermore, the reduction
of NMDA receptor antagonist effects by Org 25935 may also
be relevant to other conditions, including alcohol-related
disorders. The results of this study support future studies
with larger samples, multiple doses, and more proximal
measures of brain function, followed by or in parallel with a
clinical trial in the target population.

ACKNOWLEDGEMENTS

This results of this study were presented at the Annual
meeting of American College of Neuropsychopharmacology

meeting (December 2010) and the International Congress
on Schizophrenia Research (April 2011). This work was
funded by Merck, Whitehouse Station, NJ, USA. We thank
Michelle Carbuto, Angelina Genovese, RNC, MBA; Elizabeth
O’Donnell, RN; Brenda Breault, RN, BSN; Sonah Yoo, RPh.;
Rachel Galvan, RPh.; and Willie Ford of the Neurobiological
Studies Unit at the VA Connecticut Healthcare System,
West Haven Campus. The study was further supported by
the Department of Veterans Affairs Schizophrenia Biologi-
cal Research Center.

DISCLOSURE

Nagendra Singh, Jacqueline Elander, Michelle Carbuto, and
Brian Pittman report no financial relationships with
commercial interests. This work was funded by Merck,
Whitehouse Station, NJ, USA. Joanna Udo de Haes, Jacques
Schipper, and Pierre Peters are employees of Merck Sharp &
Dohme, Oss, The Netherlands. Magnus Sjogren was
previously employed by UCB SA. Mohini Ranganathan
receives research grant support from Lilly. Deepak Cyril
D’Souza currently receives research grant support adminis-
tered through Yale University School of Medicine from
Astra Zeneca, Abbott Laboratories, Eli Lilly, Organon,
Pfizer, and Sanofi; he is a consultant for Bristol Meyers
Squibb and also has equity in Pfizer related to his spouse
previous employment at Pfizer.

REFERENCES

Alberati D, Borroni EDM, Hainzl D, Pinard E, Wettstein JG (2011).
Partial Occupancy of the Glycine Transporter Type 1 (GLYT1)
Inhibitor in Rat by RG1678 Leads to Efficacy in Models Relevant
to Schizophrenia. 13th International Congress on Schizophrenia
Research, Colorado Springs, CO.

Anand A, Charney DS, Oren DA, Berman RM, Hu XS, Cappiello A et al
(2000). Attenuation of the neuropsychiatric effects of ketamine with
lamotrigine: support for hyperglutamatergic effects of N-methyl-D-
aspartate receptor antagonists. Arch Gen Psychiatry 57: 270–276.

Aragon C, Lopez-Corcuera B (2005). Glycine transporters: crucial
roles of pharmacological interest revealed by gene deletion.
Trends Pharmacol Sci 26: 283–286.

Becker CM, Betz H, Schroder H (1993). Expression of inhibitory
glycine receptors in postnatal rat cerebral cortex. Brain Res 606:
220–226.

Betz H, Gomeza J, Armsen W, Scholze P, Eulenburg V (2006).
Glycine transporters: essential regulators of synaptic transmis-
sion. Biochem Soc Trans 34: 55–58.

Borowsky B, Hoffman BJ (1998). Analysis of a gene encoding two
glycine transporter variants reveals alternative promoter usage a
novel gene structure. J Biol Chem 273: 29077–29085.

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

Bremner JD, Krystal JH, Putnam FW, Southwick SM, Marmar C,
Charney DS et al (1998). Measurement of dissociative states with
the Clinician-Administered Dissociative States Scale (CADSS).
J Trauma Stress 11: 125–136.

Brunner E, Domhof S, Langer F (2002). Nonparametric Analysis of
Longitudinal Data in Factorial Experiments. 1st edn. John Wiley
and Sons: New York, NY.

Chattipakorn SC, McMahon LL (2003). Strychnine-sensitive
glycine receptors depress hyperexcitability in rat dentate gyrus.
J Neurophysiol 89: 1339–1342.

GLY transporter inhibitor interactions with ketamine
DC D’Souza et al

1044

Neuropsychopharmacology



Chen L, Muhlhauser M, Yang CR (2003). Glycine tranporter-1
blockade potentiates NMDA-mediated responses in rat prefron-
tal cortical neurons in vitro and in vivo. J Neurophysiol 89:
691–703.

Cho H, Edward Perry E, Gunduz-Bruce H, D’Souza DC (2008). The
ketamine paradigm in humans: relevance to psychotic disorders.
In: Heresco-Levy E, Javitt DC (eds). Glutamate in Neuropsychia-
tric Disorders. Research Signpost: Trivandrum, Kerala, India.
pp 99–131.

Contreras PC (1990). -serine antagonized phencyclidine- and
MK-801-induced stereotyped behavior and ataxia. Neurophar-
macology 29: 291–293.

D’Souza DC, Perry E, MacDougall L, Ammerman Y, Cooper T, Wu
YT et al (2004). The psychotomimetic effects of intravenous
delta-9-tetrahydrocannabinol in healthy individuals: implica-
tions for psychosis. Neuropsychopharmacology 29: 1558–1572.

D’Souza DC, Ranganathan M, Elander J, Carbuto M, Pittman B,
Jaeger J et al (2010). Interactive Behavioral Cognitive Effects of
Nicotine Ketamine in Healthy Humans Subjects: Implications for
Understanding Smoking Schizophrenia. Schizophrenia Interna-
tional Research Society Meeting, Florence.

Dingledine R, Kleckner NW, McBain CJ (1990). The glycine
coagonist site of the NMDA receptor. Adv Exp Med Biol 268:
17–26.

Folstein MF, Folstein SE, McHugh PR (1975). ‘Mini-mental state’.
A practical method for grading the cognitive state of patients for
the clinician. J Psychiatr Res 12: 189–198.

Gozzi A, Herdon H, Schwarz A, Bertani S, Crestan V, Turrini G
et al (2008). Pharmacological stimulation of NMDA receptors via
co-agonist site suppresses fMRI response to phencyclidine in the
rat. Psychopharmacology (Berl) 201: 273–284.

Harsing Jr LG, Gacsalyi I, Szabo G, Schmidt E, Sziray N, Sebban C
et al (2003). The glycine transporter-1 inhibitors NFPS and Org
24461: a pharmacological study. Pharmacol Biochem Behav 74:
811–825.

Hashimoto K, Fujita Y, Ishima T, Chaki S, Iyo M (2008).
Phencyclidine-induced cognitive deficits in mice are improved
by subsequent subchronic administration of the glycine
transporter-1 inhibitor NFPS and D-serine. Eur Neuropsycho-
pharmacol 18: 414–421.

Hayashi F, Takahashi K, Nishikawa T (1997). Uptake of D- and
L-serine in C6 glioma cells. Neurosci Lett 239: 85–88.

Javitt DC, Balla A, Burch S, Suckow R, Xie S, Sershen H (2004).
Reversal of phencyclidine-induced dopaminergic dysregulation
by N-methyl-D-aspartate receptor/glycine-site agonists. Neuro-
psychopharmacology 29: 300–307.

Javitt DC, Frusciante M (1997). Glycyldodecylamide, a phencycli-
dine behavioral antagonist, blocks cortical glycine uptake:
implications for schizophrenia and substance abuse. Psycho-
pharmacology 129: 96–98.

Javitt DC, Sershen H, Hashim A, Lajtha A (1997). Reversal of
phencyclidine-induced hyperactivity by glycine and the glycine
uptake inhibitor glycyldodecylamide. Neuropsychopharmacology
17: 202–204.

Kanahara N, Shimizu E, Ohgake S, Fujita Y, Kohno M, Hashimoto T
et al (2008). Glycine and D-serine, but not D-cycloserine, attenuate
prepulse inhibition deficits induced by NMDA receptor antago-
nist MK-801. Psychopharmacology (Berl) 198: 363–374.

Kantrowitz JT, Javitt DC (2010). N-methyl-D-aspartate (NMDA)
receptor dysfunction or dysregulation: the final common path-
way on the road to schizophrenia? Brain Res Bull 83: 108–121.

Karasawa J-I, Hashimoto K, Chaki S (2008). d-serine and a glycine
transporter inhibitor improve MK-801-induced cognitive deficits
in a novel object recognition test in rats. Behav Brain Res 186:
78–83.

Kay SR, Opler LA, Lindenmayer JP (1989). The Positive and
Negative Syndrome Scale (PANSS): rationale and standardisa-
tion. Br J Psychiatry (Suppl) 59–67.

Kinney GG, Sur C, Burno M, Mallorga PJ, Williams JB, Figueroa DJ
et al (2003). The glycine transporter type 1 inhibitor N-[3-(40-
fluorophenyl)-3-(40-phenylphenoxy)propyl]sarcosine potenti-
ates NMDA receptor-mediated responses in vivo and
produces an antipsychotic profile in rodent behavior. J Neurosci
23: 7586–7591.

Kohr G (2006). NMDA receptor function: subunit composition
versus spatial distribution. Cell Tissue Res 326: 439–446.

Konradsson A, Marcus MM, Hertel P, Svensson TH, Jardemark KE
(2006). Inhibition of the glycine transporter GlyT-1 potentiates
the effect of risperidone, but not clozapine, on glutamatergic
transmission in the rat medial prefrontal cortex. Synapse 60:
102–108.

Krupitsky EM, Burakov AM, Romanova TN, Grinenko NI,
Grinenko AY, Fletcher J et al (2001). Attenuation of ketamine
effects by nimodipine pretreatment in recovering ethanol
dependent men: psychopharmacologic implications of the
interaction of NMDA and L-type calcium channel antagonists.
Neuropsychopharmacology 25: 936–947.

Krystal JH, Abi-Saab W, Perry E, D’Souza DC, Liu N, Gueorguieva
R et al (2004). Preliminary evidence of attenuation of the
disruptive effects of the NMDA glutamate receptor antagonist,
ketamine, on working memory by pretreatment with the
group II metabotropic glutamate receptor agonist, LY354740,
in healthy human subjects. Psychopharmacology (Berl) 179:
303–309.

Krystal JH, D’Souza DC, Karper LP, Bennett A, Abi-Dargham A,
Abi-Saab D et al (1999). Interactive effects of subanesthetic
ketamine and haloperidol in healthy humans. Psychopharmacol-
ogy (Berl) 145: 193–204.

Krystal JH, Karper LP, Bennett A, D’Souza DC, Abi-Dargham A,
Morrissey K et al (1998a). Interactive effects of subanesthetic
ketamine and subhypnotic lorazepam in humans. Psychophar-
macology (Berl) 135: 213–229.

Krystal JH, Karper LP, Seibyl JP, Freeman GK, Delaney R, Bremner
JD et al (1994). Subanesthetic effects of the noncompetitive
NMDA antagonist, ketamine, in humans. Psychotomimetic,
perceptual, cognitive, and neuroendocrine responses. Arch Gen
Psychiatry 51: 199–214.

Krystal JH, Perry E, Gueorguieva R, Belger A, Madonick S, Abi-
Dargham A et al (2005a). Comparative and interactive
human psychopharmacologic effects of ketamine and ampheta-
mine: implications for glutamatergic and dopaminergic
model psychoses and cognitive function. Arch Gen Psychiatry
62: 985–994.

Krystal JH, Perry Jr EB, Gueorguieva R, Belger A, Madonick SH,
Abi-Dargham A et al (2005b). Comparative and interactive
human psychopharmacologic effects of ketamine and ampheta-
mine: implications for glutamatergic and dopaminergic
model psychoses and cognitive function. Arch Gen Psychiatry
62: 985–994.

Krystal JH, Petrakis IL, Webb E, Cooney NL, Karper LP,
Namanworth S et al (1998b). Dose-related ethanol-like effects
of the NMDA antagonist, ketamine, in recently detoxified
alcoholics. Arch Gen Psychiatry 55: 354–360.

Lahti AC, Koffel B, LaPorte D, Tamminga CA (1995). Subanesthetic
doses of ketamine stimulate psychosis in schizophrenia.
Neuropsychopharmacology 13: 9–19.

Lahti AC, Weiler MA, Tamara Michaelidis BA, Parwani A,
Tamminga CA (2001). Effects of ketamine in normal and schizo-
phrenic volunteers. Neuropsychopharmacology 25: 455–467.

Leung S, Croft RJ, O’Neill BV, Nathan PJ (2008). Acute high-dose
glycine attenuates mismatch negativity (MMN) in healthy
human controls. Psychopharmacology (Berl) 196: 451–460.

Liu L, Wong TP, Pozza MF, Lingenhoehl K, Wang Y, Sheng M
et al (2004). Role of NMDA receptor subtypes in governing
the direction of hippocampal synaptic plasticity. Science 304:
1021–1024.

GLY transporter inhibitor interactions with ketamine
DC D’Souza et al

1045

Neuropsychopharmacology



Loftis JM, Janowsky A (2003). The N-methyl-D-aspartate receptor
subunit NR2B: localization, functional properties, regulation,
and clinical implications. Pharmacol Ther 97: 55–85.

Lynch DR, Guttmann RP (2002). Excitotoxicity: perspectives based
on N-methyl-D-aspartate receptor subtypes. J Pharmacol Exp
Ther 300: 717–723.

MacDonald JF, Jackson MF, Beazely MA (2006). Hippocampal
long-term synaptic plasticity and signal amplification of NMDA
receptors. Crit Rev Neurobiol 18: 71–84.

Malhotra AK, Pinals DA, Adler CM, Elman I, Clifton A, Pickar D
et al (1997). Ketamine-induced exacerbation of psychotic
symptoms and cognitive impairment in neuroleptic-free schizo-
phrenics. Neuropsychopharmacology 17: 141–150.

Malhotra AK, Pinals DA, Weingartner H, Sirocco K, Missar CD,
Pickar D et al (1996). NMDA receptor function and human
cognition: the effects of ketamine in healthy volunteers.
Neuropsychopharmacology 14: 301–307.

Malosio ML, Marqueze-Pouey B, Kuhse J, Betz H (1991). Wide-
spread expression of glycine receptor subunit mRNAs in the
adult and developing rat brain. EMBO J 10: 2401–2409.

Mohler H, Rudolph U, Boison D, Singer P, Feldon J, Yee BK (2008).
Regulation of cognition and symptoms of psychosis: focus on
GABA(A) receptors and glycine transporter 1. Pharmacol
Biochem Behav 90: 58–64.

Morgan CJ, Perry EB, Cho HS, Krystal JH, D’Souza DC (2006).
Greater vulnerability to the amnestic effects of ketamine in
males. Psychopharmacology (Berl) 187: 405–414.

Nilsson M, Carlsson A, Carlsson ML (1997). Glycine and D-serine
decrease MK-801-induced hyperactivity in mice. J Neural
Transm 104: 1195–1205.

O’Neill BV, Croft RJ, Mann C, Dang O, Leung S, Galloway MP et al
(2010). High-dose glycine impairs the prepulse inhibition
measure of sensorimotor gating in humans. J Psychopharmacol;
e-pub ahead of print 8 July 2010.

Priestley T, Kemp JA (1994). Kinetic study of the interactions between
the glutamate and glycine recognition sites on the N-methyl-D-
aspartic acid receptor complex. Mol Pharmacol 46: 1191–1196.

Racca C, Gardiol A, Triller A (1998). Cell-specific dendritic
localization of glycine receptor alpha subunit messenger RNAs.
Neuroscience 84: 997–1012.

Rey A (1958). L’Examen Clinique en Psychologie. Press Universi-
taire de France: Paris.

Ribeiro CS, Reis M, Panizzutti R, de Miranda J, Wolosker H (2002).
Glial transport of the neuromodulator D-serine. Brain Res 929:
202–209.

Roberts BM, Shaffer CL, Seymour PA, Schmidt CJ, Williams GV,
Castner SA (2010). Glycine transporter inhibition reverses ketamine-
induced working memory deficits. Neuroreport 21: 390–394.

Sahakian BJ, Owen AM (1992). Computerized assessment in
neuropsychiatry using CANTAB: discussion paper. J R Soc Med
85: 399–402.

Snigdha S, Shahid M, Grayson B, Marston HM, Neill JC (2007). A
potential role for glycine transport inhibitors in ameliorating
cognitive dysfunction in schizophrenia: effects of Org 25935.
Schizophr Bull 33: 542.

Tanii Y, Nishikawa T, Hashimoto A, Takahashi K (1991).
Stereoselective inhibition by D- and L-alanine of phencyclidine-
induced locomotor stimulation in the rat. Brain Res 563:
281–284.

Tanii Y, Nishikawa T, Hashimoto A, Takahashi K (1994).
Stereoselective antagonism by enantiomers of alanine and serine
of phencyclidine-induced hyperactivity, stereotypy and ataxia in
the rat. J Pharmacol Exp Ther 269: 1040–1048.

Thio LL, Shanmugam A, Isenberg K, Yamada K (2003). Benzodia-
zepines block alpha2-containing inhibitory glycine receptors in
embryonic mouse hippocampal neurons. J Neurophysiol 90: 89–99.

Thomson AM (1990). Glycine is a coagonist at the NMDA
receptor/channel complex. Prog Neurobiol 35: 53–74.

Toth E, Lajtha A (1986). Antagonism of phencyclidine-induced
hyperactivity by glycine in mice. Neurochem Res 11: 393–400.

Umbricht D (2010). Glycine Transporter Type 1 (GLYT1) Inhibitor
RG1678: Positive Results of the Proof-of-Concept Study for the
Treatment of Negative Symptoms in Schizophrenia’. 49th
Annual Meeting of the American College of Neuropsychophar-
macology, Miami Beach, FL.

Walker GB, Ge J, Cruise L, Hamilton W, Bruin J, Henry B et al
(2007). Characterization of Org 25935: a selective GlyT-1 glycine
uptake inhibitor. Schizophr Bull 33: 325.

Zhang LH, Gong N, Fei D, Xu L, Xu TL (2008a). Glycine uptake
regulates hippocampal network activity via glycine receptor-
mediated tonic inhibition. Neuropsychopharmacology 33: 701–711.

Zhang Z, Gong N, Wang W, Xu L, Xu TL (2008b). Bell-shaped
D-serine actions on hippocampal long-term depression and
spatial memory retrieval. Cereb Cortex 18: 2391–2401.

Supplementary Information accompanies the paper on the Neuropsychopharmacology website (http://www.nature.com/npp)

GLY transporter inhibitor interactions with ketamine
DC D’Souza et al

1046

Neuropsychopharmacology

http://www.nature.com/npp

	Glycine Transporter Inhibitor Attenuates the Psychotomimetic Effects of Ketamine in Healthy Males: Preliminary Evidence
	INTRODUCTION
	MATERIALS AND METHODS
	General Study Design
	Setting
	Approvals
	Sample
	Study Drugs
	Org 25935
	Ketamine

	Schedule of Procedures
	Behavioral and Subjective Measures
	Cognitive Measures
	Neurochemical Measures
	Safety Assessments
	Statistical Analyses

	RESULTS
	Ketamine and Norketamine Levels
	Org 25935 Levels
	PANSS
	Perceptual Alterations
	Feeling States
	Cambridge Neuroscience Test Automated Battery
	Verbal Learning
	Safety Results

	DISCUSSION
	Implications for Psychosis and Cognition
	Mechanism
	Safety
	Strengths and Limitations
	Conclusions and Future Directions

	Acknowledgements
	Note
	References




