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The combination of pharmacotherapy and cognitive retraining (CRT) for the cognitive deficits of schizophrenia may be more efficacious

than either approach alone, but this has not yet been tested. This study evaluated the feasibility, safety, tolerability, and efficacy of

12 weeks of D-serine, combined with CRT in the treatment of cognitive deficits in schizophrenia at two academic sites in parallel, in India

and the United States. In a randomized, partial double-blind, placebo-controlled, parallel-group design, 104 schizophrenia subjects

(US site¼ 22, Indian site¼ 82) were randomized to: (1) D-serine (30mg/kg)þCRT (5 h/week), (2) D-serineþ control CRT, (3)

CRTþ placebo D-serine, and (4) placeboþ control CRT. Completion rates were 84 and 100% in the Indian and US samples,

respectively. On various outcome measures of safety and tolerability, the interventions were well tolerated. D-Serine and CRT did not

show any significant effect on the Global Cognitive Index, although both interventions showed differential site effects on individual test

performance. CRT resulted in a significant improvement in Verbal Working Memory, and a trend toward improvement in Attention/

Vigilance. This is the first study to demonstrating the feasibility, safety, and tolerability of combination pharmacotherapy and CRT in a

multicenter international clinical trial. These preliminary findings provide support for future studies using higher doses of D-serine that

have been shown to be efficacious or other pharmacotherapies, along with the newer cognitive remediation strategies that are

individualized and that target basic information processing.
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INTRODUCTION

There is a need to develop new treatments for schizo-
phrenia. Existing antipsychotic drugs, all of which block
D2 receptors, continue to be the mainstay of treatment
(Kapur and Mamo, 2003). Dopamine D2 receptor antago-
nists have limited efficacy for negative symptoms
and cognitive deficits (Buchanan et al, 2007; Keefe et al,
2007). Cognitive deficits affect most patients with
schizophrenia (Keefe et al, 2005), range from moderate to
severe (Heinrichs and Zakzanis, 1998), and are strongly
correlated with functional outcome (Green et al, 2000).

In fact, the degree of neurocognitive deficits is a better
predictor of disability and vocational functioning than
positive symptoms (Tsang et al, 2010). Currently, the
strategies that are being developed to target cognitive
deficits broadly consist of pharmacological agents and
cognitive retraining (CRT).
A number of putative pharmacological cognitive enhan-

cers are being tested in schizophrenia (Arnsten et al, 1994;
Bradley et al, 2010; Homayoun and Moghaddam, 2010;
O’Donnell et al, 2010; Radek et al, 2010). It may be the case
that when patients are studied in the context of the
impoverished level of cognitive stimulation that is typical
of schizophrenia and that is not conducive to experience-
dependent plasticity, it will be difficult to detect any
cognitive enhancement from experimental pharmacothera-
pies. Thus, just as physical exercise is necessary to realize
the benefits of anabolic steroids, cognitive exercise might be
necessary to realize the benefits of cognitive enhancers
(Keefe et al, 2011).
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CRT refers to ‘behavioral training based intervention
that aims to improve cognitive processes’. CRT has been
shown to produce modest improvements in cognition
with modest durability in the domains of attention, speed
of processing, problem solving, and social cognition
(McGurk et al, 2007b) in patients receiving antipsychotic
treatment. CRT has also been shown to help in the
acquisition of new skills and generalizes to work outcome
(McGurk et al, 2007a, b).
Although CRT and psychopharmacological approaches to

enhance cognitive function have been used separately, to
our knowledge they have not been used in combination,
even though, as discussed below, the combination is likely
to be more effective than either strategy alone.
Several lines of evidence suggest that deficits in NMDA

receptor function contribute to the neurobiology of schizo-
phrenia (Coyle and Tsai, 2004; Javitt, 2007). Furthermore,
NMDA receptors play an important role in neuronal
plasticity (Rebola et al, 2010). The significant role played
by NMDA glutamate receptors in both the pathophysiology
of schizophrenia (Krystal et al, 2003) and neuronal
plasticity (Rebola et al, 2010) suggest that facilitation of
NMDA receptor function might address the cognitive
deficits in schizophrenia. Stimulation of the co-agonist
glycine allosteric site on the NMDA receptor offers one
method to enhance NDMA receptor function. NMDA
receptor function can be safely enhanced either directly
with agonists of the NMDA receptor-associated glycine site
such as glycine and D-serine or indirectly with glycine
transporter inhibitors. There is growing evidence that
D-serine is an important endogenous ligand at the NMDA
receptor glycine site (Gustafson et al, 2007) and distur-
bances in D-serine metabolism have been reported in
schizophrenia (Kantrowitz et al, 2010). Augmentation of
antipsychotic treatment with glycine-like drugs or glycine
transporter inhibitor has shown modest effects on a range
of symptoms associated with schizophrenia (Javitt, 2009). D-
Serine, by facilitating NMDA receptor function and enhan-
cing synaptic plasticity, would be expected to maximize the
benefits that schizophrenic patients could derive from
computerized CRT.
The primary aim of this study was to determine the

feasibility and safety of combining CRT and D-serine in a
multisite trial, and the secondary aim was to determine the
efficacy of the combination.

PATIENTS AND METHODS

Setting

The study was a mixed, double-blind, placebo-controlled,
parallel-group design and was conducted at two interna-
tional sites: (1) VA Connecticut Healthcare System, West
Haven, Connecticut, USA and (2) National Institute of
Mental Health and NeuroSciences (NIMHANS), Bangalore,
India.

Approvals

The study was conducted with the approval of the relevant
regulatory bodies in India and the United States (see
Supplementary Text). Written informed consent was

obtained from each patient in English or the main local
languages, Kannada and Hindi. The consent process
included a questionnaire that subjects had to pass to ensure
that they understood the key risks and benefits of the study.
Efforts were made to involve family members, the treating
clinician, and, where relevant, an ombudsperson in the
consent process.

Sample

For both sites, male and female patients diagnosed with
DSM-IV schizophrenia or schizoaffective disorder, aged 18–
65 years with at least primary-school education (8 years),
were included. For the India site, only English-, Hindi- or
Kannada-speaking subjects were included and at the US site
only English-speaking subjects were included. Patients were
required to be medically healthy and clinically stable as
determined by their primary clinician, to have been treated
with antipsychotic medications for at least 6 months, to be
on a stable dose of the same antipsychotic medication over
the past 1 month, and able to give informed consent.
Patients who had been recently hospitalized, or had
required an increase in antipsychotic medications, were
excluded. Patients with screening Calgary Depression Scale
(CDS) score 410 and Simpson-Angus Neurological Rating
Scale (NRS) score 420 were excluded to minimize the
likelihood of significant depression and/or extrapyramidal
symptoms interfering with the assessment of negative
symptoms and cognitive deficits. Subjects taking lamotri-
gine, carbamazepine, or clozapine, and those who were
treatment refractory were excluded because these drugs
may interfere with the effect of D-serine on facilitating
NMDA receptor function (Javitt et al, 2005; Lee et al, 2008;
Ninan et al, 2003; Giustizieri et al, 2008). Subjects with IQ
o70, abnormal thyroid function, and recent (3 months)
risk of suicide or substance abuse or dependence (except for
nicotine) were also excluded. Women of child-bearing
potential were required to have a negative pregnancy test, to
be using an acceptable method of contraception, and not be
pregnant or lactating. Antipsychotic dose and brand could
not be changed during the course of the study. Antic-
holinergic medications and benzodiazepines were withheld
for 12 h before cognitive testing to minimize potential acute
effects on cognitive assessments.

Randomization

After an extensive screening process (Supplementary Text),
eligible subjects were randomized to receive: (1) D-serine
plus CRT, (2) placebo D-serine plus CRT, (3) D-serine plus
control CRT (video viewing), or (4) placebo D-serine plus
control CRT for 12 weeks. Randomization was stratified by
screening performance IQ (71–80, 81–90, 91–100, and
4100). Separate randomization schedules with a block size
of 4 were generated within each IQ stratum.

Duration

The treatment phase lasted 12 weeks, followed by an
additional 24 weeks to determine the durability of any
effects of the intervention.
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Drugs

Subjects received D-serine (30mg/kg) or placebo for 12
weeks. D-Serine was obtained from Degussa, Paris, France
at 499.1% purity and packaged by the VA Cooperative
Studies Program Clinical Research Pharmacy (Albuquerque,
NM) into 200 and 500mg capsules along with matching
placebo. D-Serine was tested every 6 months and remained
well within the potency acceptance criteria of 85–115%.

Blinding

The drug condition was double blind. The CRT condition
was single blind with the rater, but not the subject, being
kept blind to whether the subject was receiving CRT or
control CRT.

Cognitive Retraining

Subjects were randomized to computerized or control CRT
for 5 h per week spread across 2–3 days/week under the
supervision of a clinical psychologist and research physi-
cian in the Neurocognitive Retraining Laboratory. For the
control CRT condition, subjects watched noninteractive,
neutral videos of popular local TV programs. The
computerized CRT module consisted of 20 computer-
assisted tasks (4 tasks per cognitive domain) targeting
attention, memory, verbal and visuospatial working mem-
ory, and executive function that were derived from the
Psychological Software Services CogRehab software (Chen
et al, 1997) (detailed in Supplementary Text).

Payment

Subjects were paid for participation in the study. Subjects in
the US sample received $100.00 after screening and $200.00
at the end of the study. In addition, subject received $3.40
per hour for the active or control CRT sessions. Therefore,
subjects in the US sample received a total of $504.00 for
participating in all study procedures. Subjects in the Indian
sample were paid taking into account the prevailing
socioeconomic conditions and research culture at NIM-
HANS. Thus, subjects in the Indian sample were paid Rs 300
at screening and Rs 600 at the end of the treatment phase,
Rs 600 per week for completing 5 h per week of the active or
control CRT sessions, and Rs 300 each for the two follow-up
visits. Therefore, subjects in the Indian sample received a
total of Rs 8700 (B$175) for participating in all study
procedures.

Outcome Measures

As detailed in Supplementary Table 1, outcomes were
measured at baseline, at several times during the active
treatment phase, and at the follow-up phase.

Feasibility Outcomes

The key indicators to evaluate the feasibility of this study
were the rate of enrollment, retention of patients, number of
training sessions completed during the course of the trial,
and completion rate of primary outcome.

Safety Outcomes

Psychosis and depression were assessed using the Positive
and Negative Syndrome Scale (PANSS)(Kay et al, 1989) and
Calgary Depression Scale (Addington et al, 1990), respec-
tively, at weeks 0, 2, 4, 8, and 12 of the active treatment
phase of the study and at the 1-, 3-, and 6-month time
points during follow-up. Side effects were assessed using the
NRS; Simpson and Angus, 1970), Barnes Akathisia Rating
Scale (BARS; Barnes, 1989), Abnormal Involuntary Move-
ment Scale (AIMS; Guy, 1976 (reprinted 1991)), and Udvalg
for Kliniske Undersogelser (UKU) Side Effects Rating Scale
(Lingjaerde et al, 1987). Change in renal function, as
evidenced by a 30% increase in serum creatinine, was
monitored as changes in renal function have been reported
in rats with very high doses of D-serine.

Cognitive Efficacy Measures

Among the cognitive outcome measures, attention was
assessed using Continuous Performance Test (CPT; Gordon,
1986) similar to the AX-CPT; speed of processing was
measured using WAIS-III Digit Symbol coding and Trail
Making Test, part A; verbal working memory was measured
using WAIS-III Digit Span and WAIS-III Letter/Number
Sequencing; visual working memory was assessed using
WAIS-III Spatial Span; memory was assessed using the
Hopkins Verbal Learning Test-Revised (HVLT-R) and
WAIS- III Logical Memory; and executive functioning was
assessed using the Tower of London (TOL) and Wisconsin
Card Sorting Test (WCST; Supplementary Table 2).

Functional Outcome Measures

These included Social Skills Performance Assessment
(Patterson et al, 2001b), Medication Management Ability
Assessment (Patterson et al, 2002), University of California
San Diego (UCSD) Performance-Based Skills Assessment
(UPSA) (Patterson et al, 2001a), and Heinrichs-Carpenter
Quality-of-Life Scale (QOL) (Heinrichs et al, 1984). The
HLVT-R and UPSA were modified for the Indian site to
make them relevant to the Indian context (detailed in
Supplementary Text).

Statistics

The primary outcome for this trial was determination of the
feasibility, safety, and tolerability of conducting a multisite
trial using D-serine, completion rate, and cognitive retrain-
ing during the treatment phase (baseline to week 12). The
z-scores of the Indian and US samples were calculated
separately at all time points because of significant between-
site heterogeneity (Table 1 and Supplementary Table 3d).
Each outcome was tested for normality using Kolmogorov–
Smirnov test statistics and normal probability plots. A
Global Cognitive Index (GCI) was computed using data
from tests that tapped into different cognitive domains. The
tests included Trails A, WAIS-III Digit Symbol coding
(Speed of Processing), Hopkins Verbal Learning Test,
WAIS-III Logical Memory-immediate recall (Verbal Learn-
ing and Memory), Continuous Performance Test (CPT-d0)
(Sustained Attention domain), letter-number sequencing

D-Serine and cognitive retraining in schizophrenia
DC D’Souza et al

494

Neuropsychopharmacology



and spatial span (Working Memory), and WCS, and TOL
(Reasoning and Problem solving). Missing data were
handled using last-observation-carried-forward (LOCF)
method for weeks 4, 8, and 12, and mean imputation in
case of missing baseline data. The z-scores were then
summed to derive the GCI (Raw data in Supplementary
Tables 9.i–9.iii).
Factorial ANOVA with D-serine (placebo vs active), CRT

(video vs active), and Time (week 0 to week 12) as fixed effects
was used to evaluate GCI as the outcome variable, and the
interactions between Site, Time, D-serine, and CRT were tested.
Significant interactions were interpreted using post hoc tests
(ie, comparing CRT effects within each level of D-serine, and
vice versa) and graphical displays. Data were analyzed using
SAS, version 9.1 (SAS Institute, Cary, NC). All results were
considered statistically significant at Po0.05.

RESULTS

Enrollment

Subjects were enrolled between 2003 and 2008, with
enrollment of subjects in India starting later (2005) and
ending in 2008 (Supplementary Table 10).

Demographics

The four treatment groups within each site did not differ at
baseline on any of the demographic and clinical outcome
measures (Supplementary Tables 3a, 3b, 3c, 6, and 7).
However, there were statistically significant differences in
age, weight, marital status, handedness, and PANSS scores

of subjects between the two sites (Table 1). There were also
significant (all P-values o0.05) between-site baseline
differences on a number of cognitive and functional
measures (Supplementary Table 3d).

Feasibility

Of the 132 subjects (US site¼ 36, Indian site¼ 96) who were
screened, 104 subjects were randomized as illustrated in the
Consort diagram (Figure 1). In the Indian sample, 69 of 82
(84%) completed the 12-week active treatment phase and
43/82 (52%) completed the 6-month follow-up, whereas in
the US sample, 22/22 (100%) completed the treatment phase
and 21/22 (95.5%) completed the follow-up phase. The
number of subjects who dropped out in the Indian sample
were n¼ 2, n¼ 5, n¼ 3, and n¼ 3 in the D-serineþ placebo
CRT, CRTþ placebo D-serine, D-serineþCRT, and placebo
conditions, respectively. Of the 13 noncompleters, 8 were
unable to maintain the time commitment, 1 reported
exacerbation of psychotic symptoms, 2 reported abdominal
discomfort, and 2 withdrew for unspecified reasons.

Study Completion Rates

There were no significant differences in completion rates
among the four groups during the active treatment phase
(w2(3)¼ 1.59, p¼ 0.66).

Completion of Cognitive Efficacy Measures

For the primary efficacy measures, 90.9% (±5.7) of data
were available from the Indian sample across all the

Table 1 Demographics (n¼ 104)

Continuous variables Sample from the Indian site (n¼ 82) Sample from the US site (n¼ 22) df t-test Significant

Mean SD Mean SD

Age (years) 35.21 8.72 44.59 8.36 104 4.52 o0.001

Education (years) 12.68 2.37 12.68 1.49 57.06 0.002 0.99

Weight (kg) 63.53 11.56 93.19 18.98 25.86 6.95 o0.001

Performance Intelligence Quotient 91.89 12.00 88.50 12.58 102 � 1.16 0.26

PANSS total score 56.90 15.57 62.77 10.54 49.10 2.07 0.04

Duration of illness 9.23 7.31 16.14 8.07 86 3.74 o0.001

Categorical variables Frequency Percent Frequency Percent df X2 Significant

Gender

Male 64 78.05 14 63.64 1 1.92 0.18

Female 18 21.95 8 36.36

Handedness

Rt handed 81 98.78 17 77.27 a a o0.001

Lt handed 1 1.22 5 22.73

Marital status

Single 45 54.88 12 40.91 2 6.28 0.04

Married 32 39.02 5 22.73

Separated 5 6.10 5 22.73

aFisher’s exact test.
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cognitive assessments and 100% (±0%) from the US
sample. Less than 5% of data were missing at baseline
because some assessments could not being completed due
to conflicting demands of the baseline visit. For missing
baseline data, the site means were imputed; the latter were
used because of between-site baseline differences.

Number of Cognitive Retraining Sessions Completed

Among those who completed the 12-week active treatment
phase, the rates of completion of cognitive retraining
sessions were 100% at both sites.

Safety/Tolerability

There were no significant differences among the four
treatment group overall symptoms (PANSS Total and all
subscales) and depression (Calgary Depression Scale),
either in the treatment phase (0–12 weeks) (Table 2a) or
in the follow-up phase (12–36 weeks), and on extrapyr-
amidal symptoms (NRS) in the treatment phase. Akathisia
scores (BARS) decreased from baseline to 12 weeks with
D-serine in the Indian sample (p¼ 0.07; D-serine� site�
time interaction F(1, 96)¼ 4.13, p¼ 0.04) whereas the CRTþ
placebo arm showed an increase in abnormal involuntary
movements in the US sample (p¼ 0.02; CRT� D-serine�
site� time interaction F(1, 96)¼ 4.09, p¼ 0.046; CRT�
D-serine� time interaction F(1, 96)¼ 3.98, p¼ 0.049;
Table 2a), but these were very small effects of uncertain
clinical significance. There were no significant medication-

related side effects (UKU Side Effects Rating Scale) between
D-serine and placebo (patient-rated global assessment of
interference w2(1)¼ 1.21, p¼ 0.27; physician-rated global
assessment of interference w2(1)¼ 0.26, p¼ 0.61) at the 12-
week time point. Laboratory testing conducted at weeks 0, 4,
8, and 12 did not show any clinically significant changes. In
the Indian sample, three subjects reported abdominal
discomfort, which was judged to be possibly related to
study medication, and one subject experienced an exacer-
bation of psychosis after having missed a dose of depot
neuroleptics.

Cognitive Efficacy Outcome Measures

Global cognition index. There was no significant change
in cognition as measured by the GCI in any of the four arms
over the active treatment phase (Table 2bi). In the factorial
ANOVA, there were no significant main or interactive
effects of D-serine, CRT, site, or time on the GCI, although
there was a drug�CRT� site� time interaction at a trend
level of significance (F(1, 96)¼ 3.51, p¼ 0.06), with no
significant post hoc comparisons.

Individual cognitive test performance data.
D-Serine effects: On the Spatial SpanTotal, a measure of

Nonverbal Working Memory, D-serine showed a differential
Site effect over time (D-serine� site� time interaction
F(1, 96)¼ 4.34, p¼ 0.04) (Table 2bii). This was mediated by
a worsening in performance with D-serine in the Indian

Assessed for Eligibility (n=96)
India Site

• Excluded  (n=1)
• Not meeting inclusion criteria (n= 6)
• Refused to participate (n=7)
• Other reasons (n=0)

D-serine Alone

Allocated to Treatment
Intervention (n=20) 

Allocation

Enrollment

Randomized (n=82)

CRT Alone

Allocated to Treatment
Intervention (n=21) 

D-Serine+ CRT

Allocated to Treatment
Intervention (n=19) 

Control

Allocated to Treatment
Intervention (n=22) 

• Received allocated
intervention (n=18) 

• Discontinued
intervention (n=2) 

• Received allocated
intervention (n=16) 

• Discontinued
intervention (n=5) 

• Received allocated
intervention (n=16) 

• Discontinued
intervention (n=3) 

• Received allocated
intervention (n=19) 

• Discontinued
intervention (n=3) 

Active Treatment Phase

Follow-Up Phase 

• Lost to follow-up
(n=9)

• Lost to follow-up
(n=5)

• Lost to follow-up
(n=6)

• Lost to follow-up
(n=6)

Analysis

• Active Treatment
Phase (n=18) 

Active Treatment
Phase (n=16) 

Active Treatment
Phase (n=16) 

Active Treatment
Phase (n=19) 

Active Treatment
Phase (n=7) 

Active Treatment
Phase (n=6) 

Active Treatment
Phase (n=5) 

Active Treatment
Phase (n=4) 

• Follow-Up (n=9) Follow-Up (n=11) Follow-Up (n=10) Follow-Up (n=13) Follow-Up (n=7) Follow-Up (n=6) Follow-Up (n=5) Follow-Up (n=4)

•

•

•

•

•

•

Assessed for Eligibility (n=36)
U.S Site

• Excluded  (n=11)
• Not meeting inclusion criteria (n= 2)
• Refused to participate (n=0)
• Other reasons (n=0)

D-serine Alone

Allocated to Treatment
Intervention (n=7) 

Allocation

Enrollment

Randomized (n=22)

CRT Alone

Allocated to Treatment
Intervention (n=6) 

D-Serine+ CRT

Allocated to Treatment
Intervention (n=5) 

Control

Allocated to Treatment
Intervention (n=4) 

• Received allocated
intervention (n=7) 

• Discontinued
intervention (n=0) 

• Received allocated
intervention (n=6) 

• Discontinued
intervention (n=0) 

• Received allocated
intervention (n=5) 

• Discontinued
intervention (n=0) 

• Received allocated
intervention (n=4) 

• Discontinued
intervention (n=0) 

Active Treatment Phase

Follow-Up Phase 

• Lost to follow-up
(n=0)

• Lost to follow-up
(n=0)

• Lost to follow-up
(n=0)

• Lost to follow-up
(n=0)

Analysis

•

•

•

•

•

•

•

•

Figure 1 Consort chart.
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sample and an improvement in performance in the US
sample, although post hoc comparisons were not significant.

CRT effects: CRT was associated with a significant effect
on ‘Verbal Working Memory’ as measured by Digit Span-
Forward score (CRT� time interaction (F(1, 96)¼ 3.60,
p¼ 0.049)). This effect was mediated by an improvement
in the CRT group and a worsening in the group that
received placebo CRT, although post hoc comparisons were
not significant.

CRT was also associated with a trend (D-serine�CRT�
time interaction (F(1, 96)¼ 3.81, p¼ 0.05)) towards improve-
ment in ‘Attention/Vigilance’ as measured on the CPT-d0

in the group that received placebo D-serine (post hoc
p¼ 0.077). There was a significant effect of site (D-serine�
CRT� site� time interaction F(1, 96)¼ 3.75, p¼ 0.056), with
the US sample showing significant improvements between
week 12 and baseline (p¼ 0.008) and the India sample
showing numerical worsening that did not reach statistical
significance. Irrespective of D-serine treatment, there
was also an effect of site (CRT� site� time interaction

(F(1, 96)¼ 8.54, p¼ 0.004)) driven by the two sites showing
divergent responses. However, the improvements in the US
sample and the worsening in the Indian sample did not
reach statistical significance.

Interactions between D-Serine and CRT: D-Serine did not
increase the effects of CRT as measured on cognitive test
performance.

Follow-Up Comparison Between Weeks 12 and 36

Global cognitive index. Only 52% of the sample com-
pleted the 36-week follow-up. Using a LOCF approach, at the
36-week follow-up, the group that received D-serine trended
to have higher scores on the GCI compared with week 12 (D-
serine� time interaction (F(1, 96)¼ 3.56, p¼ 0.06)). Further-
more, there was a differential site effect (D-serine� site�
time interaction (F(1, 96)¼ 4.23, p¼ 0.04)), with the two sites
showing divergent responses; however, the performance
improvements in the US sample and the decline in the
Indian sample did not reach statistical significance.

Table 2a Safety Outcome Measures

Test Study arm N Week 0 Week 12 Week 36 Significant

Mean (SD) Mean (SD) Mean (SD)

Positive and Negative Syndrome
Scale—Positive subscore

D-SerineþCRT 24 � 0.07 (0.90) � 0.11 (0.91) 0.02 (0.91)
D-Serineþ Placebo CRT 27 � 0.02 (0.85) 0.03 (0.91) � 0.07 (0.89)

CRTþ Placebo D-Serine 27 0.06 (1.25) 0.08 (1.21) 0.19 (1.32)

Placebo D-Serineþ Placebo CRT 26 0.02 (0.97) � 0.01 (0.96) � 0.13 (0.79)

Positive and Negative Syndrome
Scale—Negative subscore

D-SerineþCRT 24 0.13 (1.11) 0.07 (0.93) 0.05 (0.97)
D-Serineþ Placebo CRT 27 0.03 (1.02) � 0.07 (1.07) � 0.09 (1.04)

CRTþ Placebo D-Serine 27 � 0.22 (0.93) � 0.13 (0.99) 0.06 (1.12)

Placebo D-Serineþ Placebo CRT 26 0.08 (0.94) 0.15 (1.01) � 0.02 (0.88)

Positive and Negative Syndrome
Scale—General Psychopathology
subscore

D-SerineþCRT 24 0.37 (0.95) 0.07 (0.97) 0.34 (0.99)
D-Serineþ Placebo CRT 27 � 0.07 (0.87) 0.03 (0.92) � 0.16 (0.89)

CRTþ Placebo D-Serine 27 � 0.27 (1.16) � 0.12 (1.09) � 0.02 (1.22)

Placebo D-Serineþ Placebo CRT 26 0.00 (0.93) 0.03(1.03) � 0.13 (0.79)

Positive and Negative Syndrome
Scale—Total score

D-SerineþCRT 24 0.26 (0.91) 0.03 (0.99) 0.22 (1.07)
D-Serineþ Placebo CRT 27 � 0.11 (1.14) 0.02 (0.99) � 0.14 (0.96)

CRTþ Placebo D-Serine 27 � 0.19 (0.98) � 0.13 (1.04) 0.04 (1.15)

Placebo D-Serineþ Placebo CRT 26 0.08 (0.90) 0.09 (0.99) � 0.11 (0.77)

Calgary Depression Scale—Total
score

D-SerineþCRT 24 0.05 (0.95) � 0.16 (0.89) � 0.19 (0.66)
D-Serineþ Placebo CRT 27 � 0.05 (0.94) 0.15 (1.09) 0.05 (1.08)

CRTþ Placebo D-Serine 27 0.01 (1.12) � 0.08 (1.07) � 0.01 (1.06)

Placebo D-Serineþ Placebo CRT 26 � 0.01 (1.00) 0.08 (0.93) 0.14 (1.11)

Simpson-Angus Neurological Rating
Scale—Total score

D-SerineþCRT 24 � 0.10 (0.77) � 0.11 (0.61) —
D-Serineþ Placebo CRT 27 0.09 (1.09) 0.08 (1.23) —

CRTþ Placebo D-Serine 27 � 0.08 (0.96) � 0.26 (0.86) —

Placebo D-Serineþ Placebo CRT 26 0.09 (1.14) 0.26 (1.09) —

Barnes Akathisia Rating Scale—Total
score

D-SerineþCRT 24 0.15 (1.37) � 0.05 (0.96) —
D-Serineþ Placebo CRT 27 0.03 (1.17) � 0.25 (0.02) — Drug� site� time

(p¼ 0.04)CRTþ Placebo D-Serine 27 � 0.03 (0.76) 0.00 (0.91) —

Placebo D-Serineþ Placebo CRT 26 � 0.14 (0.52) 0.30 (1.48) —

Abnormal Involuntary Movement
Scale—Total score

D-SerineþCRT 24 � 0.02 (0.74) � 0.05 (0.81) —
D-Serineþ Placebo CRT 27 0.01 (1.02) 0.02 (1.09) —

CRTþ Placebo D-Serine 27 � 0.11 (1.13) 0.00 (1.21) —

Placebo D-Serineþ Placebo CRT 26 0.12 (1.06) 0.03 (0.84) —
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Functional Outcome Measures

There were no significant effects for D-serine, CRT, or
D-serine�CRT interaction over time on any of the functional
outcome measures except for trend-level effects of CRT
over time on the Social Skills Performance Assessment
(F(1, 96)¼ 3.25, p¼ 0.07) mediated by an improvement on
Social Skills performance in the group that received CRT and
a worsening in the group that received placebo CRT (Table
2c). However, these changes did not reach the level of
statistical significance on post hoc comparisons.
Medication Management Ability Assessment data re-

vealed a significant site� D-serine interaction over time
(site� D-serine� time; F(1, 96)¼ 5.83, p¼ 0.02) mediated by
a worsening in the D-serine group in the US sample and an
improvement in the D-serine group in the Indian sample,
although there were no significant post hoc comparisons
(Table 2c).

D-Serine Levels

D-serine treatment was associated with higher plasma
D-serine levels over 12 as described in the Supplementary
section and Supplementary Figure 1.

DISCUSSION

To our knowledge, this is the first randomized, controlled
study investigating the feasibility, safety, tolerability, and
efficacy of the combination of a pharmacological and
cognitive retraining approach to ameliorate cognitive
dysfunction in schizophrenia. Furthermore, this is the first
study, to our knowledge, combining CRT and D-serine with
ongoing antipsychotic medication in the treatment of
cognitive symptoms of schizophrenia.

Feasibility

The time commitment for subjects was considerable.
Subjects had to travel to the clinic at least 2 times a week
for several hours per visit. This was particularly challenging
for subjects in Bangalore, India, who faced the traffic
problems of a growing metropolis. Furthermore, subjects
were repeatedly subjected to a battery of clinical and
cognitive assessments. Despite this, 84% of subjects
completed the treatment phase, 100% of subjects completed
the cognitive training sessions, and 490% completed the
cognitive efficacy assessments during the treatment phase,
suggesting that subjects did not seem to find the time

commitment, the assessments, or the training burdensome.
These completion rates are comparable to other cognitive
retraining trials and pharmacological trials for cognition in
schizophrenia (Klingberg et al, 2011; Wykes and Spaulding,
2011), suggesting that the combination of CRT and
pharmacological intervention should not significantly affect
recruitment, retention, or study completion. A number of
factors that may have contributed to the high completion
rates during the treatment phase include, but are not limited
to, the possibility of receiving a new pharmacotherapy and
novel nonpharmacological treatment, and payment for study
visits.
In terms of training of study personnel, enrollment,

patient engagement, and study completion, the results of
this study suggest that transcontinental, multisite trials of
combined cognitive retraining and pharmacotherapy are
feasible. In contrast to the treatment phase, only 52% of
subjects completed the follow-up phase in the Indian
sample. This raises questions about the feasibility of the
follow-up phase. There were no significant differences
between completers and noncompleters on cognitive
measures at baseline or week 12 (Supplementary Tables 8i
and ii). The most likely explanation for the high dropout
rate is that the travel burden for the follow-up visits
exceeded the benefits. The end of treatment and the lower
cumulative compensation for the follow-up visits relative to
the treatment phase may have reduced the incentive for
subjects to return. Furthermore, the duration between
follow-up visits compared with the weekly treatment visits
may have promoted disengagement. Relative to the US site,
subjects in India had greater challenges traveling to
appointments. The travel time ranged from 2 to 4 h per
visit and in several instances subjects traveled with family
members from nearby towns and villages the night before
and stayed over at the NIMHANS guest house to be on time
for appointments. Given the importance of determining
how durable the effects of combination pharmacotherapy
and CRT, future studies will need to devise strategies to
reduce attrition.

Safety and Tolerability

The combination of D-serine and CRT, D-serineþ placebo
CRT, and CRTþ placebo D-serine was safe and well
tolerated as reflected in no significant worsening in
measures of psychosis, depression, extrapyramidal symp-
toms, drug side effects, and laboratory indices. The latter
add to the limited data on the renal safety of D-serine in
humans.

Table 2bi Cognitive Outcome Measures

Test Study arm N Week 0 Week 12 Week 36 Significant

Mean (SD) Mean (SD) Mean (SD)

Global Cognitive Index D-SerineþCRT 24 0.35 (5.90) 0.38 (5.90) 0.46 (6.48) D-Serine�
CRT� site� time (p¼ 0.06)

D-Serineþ Placebo CRT 27 0.41 (5.54) 0.26 (6.35) 0.54 (5.55)

CRTþ Placebo D-Serine 27 � 0.76 (5.28) � 0.47 (5.91) � 0.75 (5.40)

Placebo D-Serineþ Placebo CRT 26 0.04 (6.38) � 0.12 (5.85) � 0.21 (6.20)
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Table 2bii Cognitive Outcome Measures

Test Study Arm N Week 0 Week 12 Week 36 Significant

Mean (SD) Mean (SD) Mean (SD)

Logical Memory—Immediate Recall D-SerineþCRT 24 0.01 (1.02) � 0.02 (1.01) 0.03 (1.12)

D-Serineþ Placebo CRT 27 0.06 (1.00) � 0.03 (0.94) 0.13 (0.88)

CRTþ Placebo D-Serine 27 � 0.15 (0.99) � 0.13 (0.95) � 0.19 (0.99)

Placebo D-Serineþ Placebo CRT 26 0.08 (1.01) 0.18 (1.10) 0.04 (1.01)

Logical Memory—Delayed Recall D-SerineþCRT 24 0.17 (1.03) 0.19 (0.98) 0.11 (1.02)

D-Serineþ Placebo CRT 27 � 0.05 (1.01) 0.01 (1.02) 0.17 (0.99)

CRTþ Placebo D-Serine 27 � 0.14 (0.98) � 0.13 (0.99) � 0.23 (0.99)

Placebo D-Serineþ Placebo CRT 26 0.04 (0.99) � 0.05 (1.02) � 0.04 (0.98)

Tower of London—Move Count D-SerineþCRT 24 � 0.04 (0.94) 0.03 (0.74) 0.13 (0.85)

D-Serineþ Placebo CRT 27 � 0.14 (0.95) � 0.18 (1.28) � 0.12 (1.19)

CRTþ Placebo D-Serine 27 � 0.013 (1.04) 0.13 (0.64) 0.05 (0.78)

Placebo D-Serineþ Placebo CRT 26 0.32 (1.02) 0.04 (1.17) � 0.05 (1.13)

Continuous Performance
Test (AX- version)
(d0)

D-SerineþCRT 24 0.25 (0.76) 0.11 (0.67) � 0.07 (1.00) CRT� site� time
(p¼ 0.004)
CRT� D-serine� time
(p¼ 0.05)
CRT� D-
serine� site� time
(p¼ 0.056)

D-Serineþ Placebo CRT 27 � 0.07 (1.08) 0.05 (1.16) 0.17 (1.03)

CRTþ Placebo D-Serine 27 � 0.08 (1.11) � 0.05 (1.09) � 0.10 (1.09)

Placebo D-Serineþ Placebo CRT 26 � 0.09 (0.98) � 0.11 (1.00) � 0.01 (0.88)

Trail Making Test- A
(Time)

D-SerineþCRT 24 � 0.02 (1.07) 0.12 (1.16) 0.15 (1.02)
D-Serineþ Placebo CRT 27 0.24 (1.01) 0.27 (0.75) 0.41 (0.61)

CRTþ Placebo D-Serine 27 � 0.05 (0.90) � 0.29 (1.13) � 0.25 (1.11)

Placebo D-Serineþ Placebo CRT 26 � 0.17 (1.01) � 0.09 (0.85) � 0.29 (1.05)

Trail Making Test-B
(Time)

D-SerineþCRT 24 0.12 (0.92) 0.24 (0.69) � 0.03 (1.19)
D-Serineþ Placebo CRT 27 0.00 (1.22) 0.18 (0.64) 0.21 (0.69)

CRTþ Placebo D-Serine 27 0.03 (0.90) � 0.22 (1.22) � 0.07 (1.06)

Placebo D-Serineþ Placebo CRT 26 � 0.15 (0.94) � 0.18 (1.22) � 0.12 (1.03)

Digit Symbol Coding
(Total Correct)

D-SerineþCRT 24 � 0.17 (1.03) � 0.07 (0.89) � 0.08 (0.94)
D-Serineþ Placebo CRT 27 0.12 (0.99) 0.19 (1.05) 0.17 (0.90)

CRTþ Placebo D-Serine 27 0.04 (0.81) 0.01 (0.94) � 0.01 (0.84)

Placebo D-Serineþ Placebo CRT 26 � 0.02 (1.15) � 0.14 (1.10) � 0.10 (1.28)

Digit Span—Total
(Correct Responses)

D-SerineþCRT 24 � 0.21 (0.83) � 0.13 (0.89) � 0.03 (1.06)
D-Serineþ Placebo CRT 27 0.08 (1.08) 0.00 (1.02) � 0.05 (1.06)

CRTþ Placebo D-Serine 27 0.07 (1.07) 0.29 (1.17) 0.21 (1.04)

Placebo D-Serineþ Placebo CRT 26 0.03 (0.98) � 0.19 (0.84) � 0.14 (0.82)

Digit Span—Forward
(Correct Responses)

D-SerineþCRT 24 � 0.18 (0.93) � 0.09 (1.04) � 0.06 (1.04) CRT� time
(p¼ 0.049)D-Serineþ Placebo CRT 27 0.11 (1.44) � 0.06 (1.03) � 0.05 (0.97)

CRTþ Placebo D-Serine 27 � 0.09 (1.08) 0.31 (0.98) 0.17 (0.98)

Placebo D-Serineþ Placebo CRT 26 0.14 (1.07) � 0.18 (0.91) � 0.08 (1.03)

Digit Span—Backward
(Correct Responses)

D-SerineþCRT 24 � 0.19 (0.77) � 0.11 (0.76) � 0.03 (0.96)
D-Serineþ Placebo CRT 27 0.10 (1.06) 0.05 (1.03) � 0.05 (1.09)

CRTþ Placebo D-Serine 27 0.13 (1.13) 0.18 (1.27) 0.20 (1.12)

Placebo D-Serineþ Placebo CRT 26 � 0.07 (0.99) � 0.13 (0.84) � 0.18 (0.80)

Letter Number
Sequencing—Correct Responses

D-SerineþCRT 24 0.14 (1.06) 0.21 (1.14) 0.23 (1.10)
D-Serineþ Placebo CRT 27 0.03 (1.01) � 0.09 (1.03) � 0.07 (1.03)

CRTþ Placebo D-Serine 27 � 0.01 (0.96) 0.08 (0.95) 0.03 (0.89)

Placebo D-Serineþ Placebo CRT 26 � 0.15 (0.99) � 0.18 (0.87) � 0.17 (0.97)

Wisconsin Card Sorting Task—%
conceptual level response

D-SerineþCRT 24 0.20 (1.04) 0.16 (1.11) 0.13 (1.11)
D-Serineþ Placebo CRT 27 � 0.11 (1.02) � 0.06 (1.02) � 0.04 (1.02)

CRTþ Placebo D-Serine 27 � 0.10 (0.85) � 0.17 (0.84) � 0.18 (0.89)

Placebo D-Serineþ Placebo CRT 26 0.03 (1.08) 0.09 (1.03) 0.11 (0.99)

Spatial Span—Total correct
response

D-SerineþCRT 24 � 0.12 (0.79) � 0.09 (0.80) 0.00 (0.99) D-Serine� site� time
(p¼ 0.04)D-Serineþ Placebo CRT 27 0.07 (1.21) 0.09 (1.13) 0.01 (1.02)

CRTþ Placebo D-Serine 27 0.05 (1.01) 0.10 (1.05) 0.07 (1.03)

Placebo D-Serineþ Placebo CRT 26 � 0.01 (0.94) � 0.12 (0.99) � 0.05 (0.97)
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Efficacy

D-Serine, CRT, or the combination of the two did not show
any significant effect on the GCI. The lack of improvement
in cognitive test performance with D-serine may be related
to the dose of D-serine used in this study (30mg/kg), as
higher doses (60mg/kg) have been shown to be improve
cognitive test performance (Kantrowitz et al, 2010).
However, at the time this study was conceived, the known
safety of D-serine limited the dose that could be adminis-
tered safely to humans to 30mg/kg. D-Serine and other
agonists of the NMDA glycine site have had mixed results in
clinical trials, likely because of their poor oral bioavail-
ability. Perhaps, glycine transporter inhibitors (D’Souza
et al, 2011; Umbricht, 2010), which have better bioavail-
ability and are more target specific, might have greater
promise.
Consistent with some studies (Kurtz et al, 2009;

Silverstein et al, 2009), CRT resulted in improvements
in measures of attention/vigilance and verbal working
memory. However, unlike other studies (d’Amato et al,
2011; Hodge et al, 2010), CRT did not result in any improve-
ments on reasoning and problem solving, and verbal
learning and memory.
There were some site differences on the individual

cognitive tasks, but not on the GCI, behavioral ratings,
safety, or feasibility. The absence of any consistent
pattern in site differences on individual test performance
makes it challenging to provide a coherent explanation
for site differences. Although admittedly speculative,
differences in education, language, learning styles,
familiarity, and comfort using computers, transportation,
D-serine metabolism, and NMDA receptor function across
sites could influence treatment outcomes. These and other
site differences pose some challenges to conducting
international studies. Future studies will need to attempt
to account for these differences especially as clinical trials
have become increasingly global.
The rates of improvement on neuropsychological test

performance were surprisingly high in all conditions
(Supplementary Table 4). In fact, the placebo D-serine–
control CRT condition had an improvement rate ranging

from 31% (memory encoding) to 54% (for memory
retrieval) and an average of 46% across the various
neuropsychological domains. The high placebo response that
has been reported elsewhere too (Keefe et al, 2008) may also
have obscured true treatment effects. It is tempting to
speculate to what extent expectancy, payment for study
participation, practice effects, or other heretofore unidenti-
fied factors contributed to the high placebo-response rate.
The high demands related to study participation may have
biased toward selecting a less ill sample. In fact, the mean
PANSS score of the sample at baseline was low
(56.19±16.72). Alternatively, negotiating public transporta-
tion and maintaining a budget while commuting to the center
twice a week, by itself, may have provided opportunities to
exercise cognitive skills and strategies in the real world,
and therefore obscured treatment-specific improvements.
Such opportunities are known to be vital for functional
outcomes (Wykes, 2010) and may have been a confound in
this study.

Exploratory Analyses

Exploratory analyses (Supplementary Table S5) revealed
that training did not necessarily improve the same domain
of cognitive function and, furthermore, training in one
cognitive domain was associated with improvements in
another domain as has been reported elsewhere (Bell et al,
2009). Verbal Working Memory training was associated
with improved Memory Encoding (p¼ 0.05) and cross-
modally with Visual Working Memory improvement
(p¼ 0.03), but not with Verbal working memory improve-
ment (p¼ 0.77). Attention training had an impact on Verbal
Working Memory (p¼ 0.03), although not on Attention
(p¼ 0.83). This suggests that researchers and clinicians
should be cautious in presuming the specificity of training.

Strengths and Limitations

The strengths of the study include the randomized and
placebo-controlled design, the use of tests that overlap with
the MATRICS Consensus Battery, low subject attrition,

Table 2bii (Continued )

Test Study Arm N Week 0 Week 12 Week 36 Significant

Mean (SD) Mean (SD) Mean (SD)

Hopkins Verbal Learning Test—Total
correct over trials

D-SerineþCRT 24 0.12 (1.12) � 0.04 (1.19) � 0.03 (1.27)
D-Serineþ Placebo CRT 27 0.17 (0.83) 0.01 (0.88) � 0.09 (0.86)

CRTþ Placebo D-Serine 27 � 0.36 (0.93) � 0.13 (0.99) � 0.13 (0.86)

Placebo D-Serineþ Placebo CRT 26 0.08 (1.06) 0.16 (0.96) 0.27 (0.97)

Hopkins Verbal Learning Test—
Delayed Recall

D-SerineþCRT 24 0.13 (1.13) 0.00 (1.19) 0.19 (1.24)
D-Serineþ Placebo CRT 27 0.18 (0.83) 0.06 (0.95) � 0.10 (0.88)

CRTþ Placebo D-Serine 27 � 0.27 (0.94) 0.00 (0.91) � 0.17 (0.82)

Placebo D-Serineþ Placebo CRT 26 � 0.02 (1.07) � 0.06 (0.97) 0.10 (1.03)

Hopkins Verbal Learning Test—
Recognition

D-SerineþCRT 24 0.32 (0.65) � 0.12 (1.19) � 0.15 (1.18)
D-Serineþ Placebo CRT 27 0.16 (0.67) � 0.02 (0.97) 0.12 (0.88)

CRTþ Placebo D-Serine 27 � 0.27 (0.69) � 0.04 (1.01) 0.05 (0.87)

Placebo D-Serineþ Placebo CRT 26 � 0.19 (1.57) 0.18 (0.83) � 0.03 (1.08)
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completeness of data, and the novel approach of combining
CRT with pharmacotherapy. Finally, plasma levels of
D-serine in a random subsample confirmed that D-serine
administration (30mg/kg) resulted in increased plasma
D-serine levels significantly. This also provided some
evidence of compliance to study medication.
However, the choice of passive TV viewing, rather than

active computer games for control CRT, may be a limitation.
Relative to more recently developed CRT, the PSSCogRehab
(Chen et al, 1997) software may have limitations. Study
compensation, although increasing treatment retention, may
have inflated placebo response and in doing so, obscured
treatment effects. Another limitation of the study is that as
some of the outcome measures used had not been rigorously
validated for use in India, there are limitations to comparing
the results of this study to future studies using similar but
validated versions of the outcome measures. Finally, unlike
this study, future studies will need to be adequately powered
to detect the efficacy of combining D-serine with CRT for
cognitive deficits in schizophrenia.
In conclusion, this is the first study demonstrating the

feasibility, safety, and tolerability of combination pharma-
cotherapy and CRT in a multicenter international clinical
trial. These preliminary findings provide support for future
studies using higher doses of D-serine that have been
shown to be efficacious, other pharmacotherapies, or other
cognitive-enhancing agents along with the newer cognitive
remediation strategies that are individualized and that
target basic information processing.
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Table 2c Functional Outcome Measuresa

Test Study Arm N Week 0 Week 12 Week 36 Significant

Mean (SD) Mean (SD) Mean (SD)

Social Skills Assessment (score) D-SerineþCRT 24 � 0.14 (1.31) � 0.05 (1.06) � 0.09 (1.04) CRT� time
(p¼ 0.07)D-Serineþ Placebo CRT 27 0.17 (0.77) 0.00 (1.14) � 0.06 (1.18)

CRTþ Placebo D-Serine 27 0.03 (0.95) 0.26 (0.78) 0.24 (0.82)

Placebo D-Serineþ Placebo CRT 26 � 0.08 (0.94) � 0.22 (0.97) � 0.11 (0.92)

Medication Management Ability
Assessment (score)

D-SerineþCRT 24 0.04 (1.08) 0.06 (1.00) 0.00 (1.14) D-serine� site� time
(p¼ 0.02)D-Serineþ Placebo CRT 27 0.05 (1.05) 0.07 (1.13) 0.24 (0.77)

CRTþ Placebo D-Serine 27 0.02 (0.82) � 0.08 (0.98) � 0.08 (1.13)

Placebo D-Serineþ Placebo CRT 26 � 0.11 (1.07) � 0.04 (0.90) � 0.17 (0.92)

UCSD Performance- Based Skills
Assessment (score)

D-SerineþCRT 24 0.04 (0.96) 0.05 (1.25) 0.15 (1.24)
D-Serineþ Placebo CRT 27 0.16 (1.06) 0.02 (0.89) 0.01 (0.92)

CRTþ Placebo D-Serine 27 � 0.23 (0.87) � 0.01 (0.88) � 0.04 (0.87)

Placebo D-Serineþ Placebo CRT 26 0.04 (1.08) � 0.06 (0.99) � 0.11 (0.98)

Heinrichs-Carpenter Quality of Life
(score)

D-SerineþCRT 24 � 0.24 (1.06) � 0.11 (1.07) � 0.09 (1.04)
D-Serineþ Placebo CRT 27 0.12 (0.89) 0.04 (0.89) � 0.05 (0.85)

CRTþ Placebo D-Serine 27 0.11 (1.04) 0.11 (1.16) 0.07 (1.07)

Placebo D-Serineþ Placebo CRT 26 � 0.02 (1.02) � 0.05 (0.87) 0.06 (1.06)

Abbreviation: CRT, cognitive retraining.
aValues are reported as z-scores because of between-site heterogeneity.
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