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Cognitive deficits in schizophrenia have been hypothesized 
to reflect N-methyl-D-aspartate receptor (NMDAR) dys-
function. However, the mechanisms through which the 
NMDAR contributes to individual cognitive functions dif-
fer. To explore how NMDAR signaling relates to specific 
cognitive deficits in schizophrenia, we tested the effects 
of enhancing NMDAR signaling on working memory 
and experience-dependent plasticity using d-cycloserine 
(DCS). Plasticity was assessed using an EEG paradigm 
that utilizes high-frequency visual stimulation (HFvS) to 
induce neural potentiation, and 2 learning tasks, the infor-
mation integration (IIT) and weather prediction (WPT) 
tasks. Working memory was assessed using an N-back 
task. Forty-five schizophrenia patients were randomized to 
receive a single 100 mg DCS dose (SZ-DCS; n = 24) or pla-
cebo (SZ-PLC; n = 21) in a double-blind, between-groups 
design. Testing occurred on a single day after placebo or 
DCS administration; baseline values were not obtained. 
DCS did not affect plasticity, as indicated by similar 
neural potentiation, and similar IIT and WPT learning 
between groups. However, among patients who success-
fully engaged in the working memory task (ie, performed 
above chance), SZ-DCS (n = 17) showed superior 2-back 
performance compared to SZ-PLC (n = 16). Interestingly, 
SZ-DCS also showed larger pre-HFvS neural responses 
during the LTP task. Notably, this pattern of DCS effects 
is the opposite of those found in our prior study of healthy 
adults. Results are consistent with target engagement of 
the NMDAR by DCS, but suggest that NMDAR signal-
ing was not translated into synaptic plasticity changes in 
schizophrenia. Results highlight the importance of consid-
ering how distinct NMDAR-associated processes contrib-
ute to individual cognitive deficits in schizophrenia.

Key words:  cognition/NMDA receptor/psychosis/ 
long-term potentiation/learning/memory

Introduction

Cognitive impairment is a core feature of schizophre-
nia and has been postulated to reflect dysfunction at the 
N-methyl-D-aspartate receptor (NMDAR).1 Cognitive 
deficits are present prior to psychosis onset, may be the 
most enduring feature of schizophrenia, and are the 
best predictor of long-term outcome.2–4 Expression of 
NMDAR transcripts and NMDAR-associated proteins 
are aberrant in schizophrenia5–10 and genomic studies 
identified genes intrinsic to the NMDAR and genes mod-
ulating NMDAR function as among those most robustly 
associated with schizophrenia.11–15 Notably, in healthy 
individuals, NMDAR antagonists induce not only posi-
tive and negative symptoms, but also cognitive symptoms 
similar to those in schizophrenia.16,17 Given extensive 
evidence from animal studies demonstrating a primary 
role for NMDARs in working memory, learning, and 
memory,18 it is frequently hypothesized that cognitive def-
icits in schizophrenia arise from NMDAR dysfunction. 
However, recent findings suggest that the NMDAR con-
tributes to individual cognitive functions through distinct 
mechanisms. Thus, further research is needed to explore 
how NMDAR signaling relates to individual cognitive 
functions in schizophrenia.

NMDARs are unique receptors and are involved in a 
range of essential brain functions.19 They require concurrent 
binding of glutamate and glycine or d-serine, as well as mem-
brane depolarization from activation of non-NMDARs 
such as amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
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receptors (AMPARs) to relieve blockade from a magne-
sium ion at resting potential. NMDARs bind to scaffold 
and signaling molecules in the postsynaptic density (PSD), 
yielding a vast protein complex that physically links the 
NMDAR to kinases, cytoskeleton, and downstream sig-
naling pathways.20 NMDAR opening leads to influx of 
sodium (Na+), which contributes to postsynaptic depo-
larization, and calcium (Ca2+), which promotes synaptic 
plasticity by activating signaling cascades in the PSD.21 
Relative to AMPARs, the speed at which NMDARs acti-
vate and deactivate is markedly slow. The slow kinetics of 
the NMDAR channel facilitates the generation of sus-
tained excitation in local neural circuits.19,21

These unique characteristics confer the NDMAR a 
specialized role in working memory and experience-
dependent plasticity. Working memory is the abil-
ity to transiently hold and manipulate information to 
guide immediate goal-directed behavior. Experience-
dependent plasticity is the capacity of  the brain to 
encode environmental input and learning via last-
ing structural changes that guide future behavior.25,26 
However, the properties that underlie NMDAR 
involvement in working memory and experience-depen-
dent plasticity differ.23 Studies in nonhuman primates 
showed that during spatial working memory, short-
term representation of  stimuli depends on recurrent 
excitation in dorsolateral prefrontal cortex (dlPFC) 
microcircuits.23 These microcircuits involve glutama-
tergic pyramidal neurons with similar spatial tuning 
that excite each other via AMPARs and NMDARs, 
and GABAergic interneurons that inhibit neurons with 
dissimilar spatial tuning. While AMPAR activation is 
thought to generate the membrane depolarization that 
permits NMDAR activation, it is the slow NMDAR 
channel kinetics that is thought to sustain neural excita-
tion over delay periods for working memory function.24 
In contrast, in experience-dependent plasticity, influx 
of  Ca2+ following NMDAR activation initiates intra-
cellular signaling cascades in the PSD. These signaling 
cascades regulate structural synaptic changes such as 
AMPAR insertion in the membrane and enlargement 
of  dendritic spines on which synapses are located, and 
thus produce long-term potentiation (LTP) or depres-
sion (LTD) of  synaptic strength. Other forms of  plas-
ticity exist in the brain (see Citri and Malenka25 for 
review); however, LTP/LTD is considered the classical 
mechanism underlying most forms of  learning in the 
brain.25,26 NMDAR-mediated LTP has been observed 
at various subcortical and sensory cortex synapses (eg, 
hippocampus, amygdala, striatum, visual, and somato-
sensory cortex), with LTP in each region thought to 
subserve distinct forms of  learning.25–30

Consistent with NMDAR dysfunction, schizophrenia 
patients show deficits in working memory across diverse 
methods of assessment and in both visual-spatial and 
verbal domains.31,32 Schizophrenia patients also show 

deficits across behavioral and electrophysiological mea-
sures of experience-dependent plasticity. Patients show 
impaired simple reinforcement, probabilistic classifica-
tion, and explicit and implicit learning.33–38 Patients also 
show deficits on tasks that use repetitive sensory stimula-
tion to induce LTP in sensory neurons, as measured by 
changes in electroencephalograph (EEG) sensory evoked 
potentials. Animal studies demonstrated that potentiated 
neural responses following repetitive sensory stimulation 
show the cardinal features of synaptic LTP, including 
persistence, input specificity, and NMDAR-dependency. 
Thus, while high-frequency stimulation potentiated neu-
ral responses in healthy adults,41,42 in patients with schizo-
phrenia, such responses were impaired.43,44

In the current study, we explored the effects of augment-
ing NMDAR signaling on working memory and experi-
ence-dependent plasticity in patients with schizophrenia 
using the partial NMDAR agonist, d-cycloserine (DCS). 
DCS binds to the NMDAR glycine-modulatory site and 
augments NMDAR signaling at low doses by increasing 
channel open time and open probability.45,46 Given evidence 
that repeated DCS dosing may desensitize the NMDAR 
complex,47–49 we used a single dose of DCS. In our prior 
study among healthy adults, acute DCS enhanced experi-
ence-dependent plasticity,50 as demonstrated by enhanced 
visual evoked potentials (VEPs) following high-frequency 
visual stimulation (HFvS) and enhanced learning on 2 
cortico-striatal dependent learning tasks: the weather pre-
diction task (WPT)51 and information integration task 
(IIT).52 In contrast, DCS did not affect performance on 
a N-back working memory task that was identical to the 
IIT in stimuli and trial structure. The beneficial effects of 
DCS across electrophysiological and behavioral measures 
of plasticity in healthy adults with no effect on working 
memory is consistent with evidence that beyond a thresh-
old of NMDAR activity necessary to produce recurrent 
excitation in working memory circuits, further NMDAR 
activation has limited benefits.24 The current study closely 
paralleled our prior study to facilitate comparison of DCS 
effects in schizophrenia versus healthy adults.

Methods

Participants and Procedures

A complete description of participants and procedures 
is provided in Supplementary Information. Briefly, 
45 patients with a psychotic disorder were random-
ized to receive a single 100 mg dose of DCS (SZ-DCS; 
n = 24) or placebo (SZ-PLC; n = 21) in a double-blind, 
between-groups design, followed by assessments using 
the Weschler Abbreviated Scale of Intelligence (WASI)53 
and Brief  Psychiatric Rating Scale (BPRS).54 Testing 
occurred on 1 day. EEG testing for the LTP task began 
approximately 3 hours after DCS or placebo administra-
tion, followed by the cognitive tasks in random order. 
The primary outcome measures were performance on the 
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N-back, IIT, and WPT, and plasticity on the LTP EEG 
task (ie, change in VEPs following HFvS). Diagnosis was 
confirmed using the Structured Clinical Interview for 
DSM-IV Axis I Disorders (SCID-IV).55

LTP Task

The LTP task assessed VEPs to a standard checkerboard 
stimulus presented at 0.83 Hz in 2-minute blocks before 
HFvS (ie, providing a pre-HFvS assessment) and after 
exposure to HFvS (figures 1A and 1B).43 For HFvS, the 
standard checkerboard was presented at approximately 
8.87 Hz for 2 minutes. See Supplementary Information 
for task and EEG procedure details.

Cognitive Tasks

The cognitive tasks are shown in figure 2 and described in 
detail in Supplementary Information. Briefly, the N-back 
is a spatial working memory task with 3 memory loads: 0- 
to 2-back. On each trial, a single sine-wave grating stimu-
lus was presented in 1 of 4 quadrants of the screen for a 
maximum of 3 seconds. In the 0-back control condition, 
participants indicated whether stimuli were on the left or 
right. In the 1- and 2-back working memory conditions, 
participants indicated whether stimuli were in the same 
location as the stimulus shown 1 or 2 trials ago, respec-
tively. The IIT is a category learning task in which partici-
pants learned whether circular sine-wave grating stimuli 
that varied in bar width and orientation belonged to 
category A or B.52 Following response, participants were 
provided auditory feedback for 500 ms. Stimuli and trial 
structure were identical between the IIT and N-back. The 
WPT is a probabilistic classification task during which 

participants predicted the weather based on cue combi-
nations that probabilistically predicted “sun” or “rain.”51 
Cues were presented for a maximum of 5  s. Following 
response, feedback showing the cue combination and 
actual outcome for the trial was presented for 1 s.

Statistical Analyses

Statistical analyses were conducted with SPSS, version 
22.0 (SPSS). Independent samples t-tests and chi-square 
tests assessed group differences in demographic and clini-
cal characteristics.

LTP Analyses. C1 and P2 components were analyzed 
using the channel showing the largest amplitudes, Oz. 
One SZ-PLC who had a blind spot and one SZ-DCS who 
was unable to keep his eyes open had unusual VEPs; Oz 
data were unavailable for 2 additional SZ-DCS due to 
EEG equipment problems. LTP data for these 4 partici-
pants were excluded.

Independent samples t-tests assessed group differences 
in pre-HFvS C1 and P2 amplitude. Drug group × block 
repeated measures ANOVA followed by simple contrasts 
compared to pre-HFvS amplitude characterized the time-
course of HFvS effects on C1 and P2 and assessed group 
differences in component amplitudes across blocks. To 
further assess plasticity, pre-HFvS amplitude was sub-
tracted from each post-HFvS amplitude; group differ-
ences in plasticity across post-HFvS blocks were assessed 
using group × block repeated measures ANOVA.

Cognitive Analyses. Percent correct responses per 
80-trial blocks were calculated for each task; group dif-
ferences in accuracy and reaction time were assessed 

Fig. 1. (A) Standard circle black and white checkerboard stimulus presented at 0.83 Hz during visual evoked potential (VEP) assessment 
blocks and at ~8.87 Hz during high-frequency visual stimulation (HFvS). (B) Time course of the long-term potentiation (LTP) paradigm.

Fig. 2. (A) Two example trials for the 1-back condition of the N-back task. (B) Two example information integration task (IIT) trials. 
(C) Two example weather prediction task (WPT) trials. The N-back and IIT were identical in stimuli and trial structure such that the 
only difference participants experienced was whether they were asked to recall whether stimuli were in the same location on the screen as 
recently shown stimuli (ie, for the N-back) or learn about the stimuli (ie, for the IIT).



Page 4 of 11

J. K. Forsyth et al

using drug group × block repeated measures ANOVA. 
Patients who missed more than 5% of trials on a given 
task were excluded for that task, leaving 20 SZ-PLC and 
23 SZ-DCS on the N-back, 21 SZ-PLC and 22 SZ-DCS 
on the IIT, and 20 SZ-PLC and 21 SZ-DCS on the WPT. 
To ensure that null group effects were not due to diffi-
culties understanding or engaging in a task, analyses 
for each task were re-run restricted to patients perform-
ing above chance. For the N-back, this was defined as 
≥75% accuracy during the 0-back control condition and 
≥55% during the 1- and 2-back, leaving 16 SZ-PLC and 
17 SZ-DCS. For the IIT and WPT, this was defined as 
≥55% accuracy during the last block of trials, leaving 15 
SZ-PLC and 16 SZ-DCS on the IIT and 20 SZ-PLC and 
19 SZ-DCS on the WPT.

Parallel analyses including sex, age, IQ, and antipsy-
chotic dose as covariates were conducted for all measures 
and yielded similar results. Mauchly’s test of sphericity 
was violated on the following group × block ANOVA: 
N-back accuracy when all patients were included in the 
analysis; WPT reaction time; all group × block LTP anal-
yses. P values for effects involving block for these analyses 
are reported using Greenhouse–Geiser correction. For 
clarity, noncorrected degrees of freedom are reported. 
An alpha of 0.05 was used for all analyses.

Results

Patient Characteristics

Randomization yielded groups that were similar in age, 
sex, IQ, antipsychotic status and dose, diagnosis, and 
symptom severity (table 1).

LTP Task

Larger Neural Responses But Similar Plasticity in Patients 
Who Received DCS.  The VEP included a negative com-
ponent, C1, that peaked at Oz at 96.10 ms (SD = 19.13) 
in SZ-PLC and 104.62 ms (SD = 6.48) in SZ-DCS, and a 

positive component, P2, that peaked at Oz at 200.70 ms 
(SD = 28.81) in SZ-PLC and 203.19 ms (SD = 24.07) in 
SZ-DCS (figure 3A).

Pre-HFvS C1 amplitude was significantly larger (ie, 
larger negative amplitude) in SZ-DCS compared to 
SZ-PLC, t(39) = 2.03, P = .049, indicating that SZ-DCS 
showed larger neural responses than SZ-PLC prior to 
HFvS. Repeated measures ANOVA across blocks simi-
larly showed an effect of drug, F(1, 39) = 4.86, P = .03, 
with no drug × block interaction, F(4, 156)  =  0.72, 
P = .50, indicating larger C1 amplitude throughout test-
ing in SZ-DCS (figures 3B and 3C). There was a sig-
nificant block effect, F(4, 156) = 5.45, P < .005, due to 
both groups showing depression of C1 at 4–6 minutes 
post-HFvS, P  =  .001. SZ-DCS and SZ-PLC tended 
towards depression at 2–4 minutes post-HFvS, P = .07, 
but showed no significant modulation of C1 at 20–22, 
P = .68, or 120–122 minutes post-HFvS, P = .10.

Pre-HFvS P2 amplitude was similar between SZ-DCS 
and SZ-PLC, t(39)  =  0.25, P  =  .80. Repeated mea-
sures ANOVA across blocks showed no drug effect,  
F(1, 39) = 0.01, P = .92, or drug × block interaction, F(4, 
156) = 2.14, P =  .10 (figures 3B and 3D). There was a 
significant effect of  block, F(4, 156) = 7.10, P < .001, due 
to both groups showing potentiation of  P2 at 120–122 
minutes post-HFvS, P < .001. However, there was no sig-
nificant modulation of  P2 at 2–4, P = .22, 4–6, P = .24, 
or 20–22 minutes post-HFvS, P = .13.

Repeated measures ANOVA on post-HFvS plasticity 
scores confirmed that SZ-PLC and SZ-DCS did not dif-
fer in C1 or P2 potentiation following HFvS. Thus, there 
was no drug effect, F(1, 39) = 0.14, P = .71, or drug × 
block interaction, F(3, 117) = .81, P = .44, on C1 poten-
tiation. There was also no drug effect on P2 potentation, 
F(1, 39) = .18, P = .67. There was a trend toward a drug 
× block interaction for P2, F(3, 117)  =  2.48, P  =  .08; 
however, this was not significant. SZ-PLC and SZ-DCS 
were also similar in C1-P2 peak-to-peak potentiation 
(Supplementary Information).

Table 1. Characteristics of Schizophrenia Patients Who Received Placebo (SZ-PLC) and DCS (SZ-DCS)

SZ-PLC (n = 21) SZ-DCS (n = 24) t or χ2 df P

Age ± SD (range) 28.14 ± 6.62 (18–39) 26.88 ± 6.58 (18–42) 0.64 43 .52
Sex 5 F/16 M 3 F/21 M 0.98 1 .32
WASI ± SD (range) 103.95 ± 13.64 (74–124) 101.79 ± 16.74 (70–127) 0.47 43 .64
BPRS positive symptoms ± SD 5.81 ± 3.40 5.21 ± 2.98 0.06 43 .95
BPRS negative symptoms ± SD 6.14 ± 3.86 6.76 ± 3.50 0.63 43 .53
BPRS total ± SD 40.52 ± 10.87 40.75 ± 12.80 0.55 43 .58
Chlorpromazine equivalence (mg) ± SD 229.89 ± 133.11 224.05 ± 170.74 0.05 42 .96
Antipsychotic-free (n) 3 3 0.03 1 .86
Diagnosis 0.50 2 .78
 Schizophrenia (n) 16 17
 Schizoaffective (n) 3 3
 Schizophreniform (n) 2 4
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Cognitive Tasks

Superior Working Memory But Similar Learning in 
Patients Who Received DCS. When all patients were 
included in the N-back analysis, both groups performed 
better at lower working memory loads, F(2, 82) = 40.97, 
P < .001, but the drug effect, F(1, 41)  =  .10, P  =  .75, 
and drug × condition interaction, F(2, 82)  =  1.00, 
P  =  .36, were not significant. However, when analyses 
were restricted to patients who performed above chance, 
there was a significant drug × condition interaction,  
F(2, 62) = 3.24, P = .046, due to superior performance in 
SZ-DCS compared to SZ-PLC during the 2-back work-
ing memory condition, P  =  .045 (figure  4A). Although 
SZ-DCS also showed higher mean performance during 
the 1-back, this was not significant, P = .36; groups per-
formed similarly during the 0-back control condition, 
P = .49. Exploratory analysis of reaction times compar-
ing chance performers versus above-chance perform-
ers provided additional support that N-back chance 
performers were not adequately engaged in the work-
ing memory task. Specifically, patients who performed 
above chance showed progressively longer reaction times 
with increased working memory load, consistent with 
prior studies,56,57 whereas chance performers showed no 
increase in reaction times for the working memory loads 
relative to the 0-back control condition (Supplementary 

Information). Exploratory analysis also indicated that 
across drug groups, chance performers had significantly 
lower IQs than above-chance performers (Supplementary 
Information). Thus, among patients who successfully 
engaged in the N-back task, SZ-DCS showed superior 
working memory.

In contrast, SZ-PLC and SZ-DCS performed similarly 
on the learning measures of plasticity. On the IIT, there 
was a trend towards an effect of block, F(2, 82) = 2.79, 
P = .07, but no drug effect, F(1, 41) = .04, P = .84, or drug 
× block interaction, F(2, 82) = .78, P = .46 (figure 4B). 
Similarly, on the WPT, there was no effect of block,  
F(2, 78)  =  .98, P  =  .38, drug, F(1, 39)  =  .40, P  =  .53, 
or drug × block interaction, F(2, 78)  =  2.37, P  =  .10  
(figure  4C). Restricting analyses to patients performing 
above chance on each task yielded a similar lack of group 
differences in IIT and WPT learning.

Restricting analyses to patients who performed above 
chance across all 3 cognitive tasks (SZ-PLC n  =  13, 
SZ-DCS n = 12) yielded the same pattern of effects, with 
SZ-DCS showing superior working memory compared to 
SZ-PLC, but similar plasticity across the LTP task, IIT, 
and WPT (Supplementary Information).

Reaction times were similar between SZ-PLC and 
SZ-DCS for each cognitive task (Supplementary 
Information).

Fig. 3. (A) Average visual evoked potentials (VEPs) elicited by the checkerboard stimulus in Oz and (B) topography of VEPs for 
schizophrenia patients who received placebo (SZ-PLC) or DCS (SZ-DCS) across assessment blocks. The VEP included a negative 
component, C1, and a positive component, P2. (C) Mean (±SE) C1 amplitude was larger across blocks in SZ-DCS compared to 
SZ-PLC*. (D) Mean (±SE) P2 amplitude was similar in SZ-PLC and SZ-DCS across blocks.
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Opposite Pattern of DCS Effects in Schizophrenia Versus 
Healthy Adults. To facilitate comparison of the pattern 
of DCS effects in schizophrenia patients versus healthy 
adults, data from our prior healthy adult study were re-
processed and analyzed to parallel the current study. 
Cohen’s d effect sizes for DCS were calculated for each 
study sample for working memory, electrophysiologi-
cal and learning measures of plasticity, and pre-HFvS 
VEP amplitudes. Results highlighted an opposite pat-
tern of DCS effects on working memory and pre-HFvS 
C1 amplitude versus plasticity in schizophrenia versus 
healthy adults (Supplementary Information).

Discussion

The present study used acute DCS to explore how aug-
menting NMDAR signaling affected working memory 
and experience-dependent plasticity in patients with 
schizophrenia. In contrast to our prior findings of DCS 
in healthy adults,50 schizophrenia patients who received 
DCS performed similarly to patients who received pla-
cebo across electrophysiological and learning measures 
of plasticity. Conversely, among patients who per-
formed above chance, patients who received DCS showed 

superior 2-back working memory performance compared 
to patients who received placebo. Interestingly, patients 
who received DCS also showed larger C1 amplitudes 
across pre- and post-HFvS assessments. Exploratory 
analyses comparing the 2 schizophrenia groups to healthy 
adults from our prior study who received placebo sug-
gested that 2-back performance and C1 amplitude were 
impaired in schizophrenia patients who received placebo 
relative to healthy adults, whereas 2-back performance and 
C1 amplitude were similar between patients who received 
DCS and healthy adults (Supplementary Information). 
DCS operates as an NMDAR agonist by increasing the 
open time and open probability of the NMDAR chan-
nel.45,46 Superior working memory and larger C1 ampli-
tude in schizophrenia patients who received DCS versus 
placebo is consistent with this mechanism and suggests 
that DCS was successful in increasing signaling across the 
NMDAR. Conversely, the lack of group differences on 
any measure of plasticity in schizophrenia may indicate 
a failure in the translation of electrical signaling across 
the NMDAR into the synaptic changes that support 
plasticity.

One prior study found beneficial effects of  DCS on 
working memory in schizophrenia;58 however, several 

Fig. 4. (A) Mean ± SE percent correct responses per 80-trial load on the N-back for schizophrenia patients who received placebo 
(SZ-PLC) or DCS (SZ-DCS) and performed above chance. *SZ-DCS performed significantly better than SZ-PLC during the 2-back. 
Inset shows percent correct responses when all SZ-PLC (n = 20) and SZ-DCS (n = 23) were included. Mean ± SE percent correct 
responses per 80-trial blocks for the (B) weather prediction task (WPT) and (C) information integration task (IIT) for SZ-PLC and 
SZ-DCS.



Page 7 of 11

Acute d-cycloserine and Cognition in Schizophrenia

others found no benefits.59–63 The majority of  prior 
studies involved older and more chronic patients, used 
a 50 mg DCS dose, and assessed working memory after 
2–8 weeks of  daily or weekly DCS administration. 
Patients in the current study were relatively young and 
high-functioning, had low symptom levels, and were 
administered a single dose of  100 mg DCS. It is unclear 
which of  these factors might account for the differential 
effects in the current study. However, it is notable that 
group differences on the N-back were only evident after 
patients who performed around or below chance were 
excluded. This suggests that positive effects of  DCS 
were initially washed out by patients who had difficulty 
understanding and/or engaging in the task. For prior 
studies that included more chronic and low-function-
ing patients, this may have weakened power to detect 
benefits of  DCS. Additionally, multiple rodent studies 
found that beneficial cognitive effects following a single 
dose of  DCS did not persist with chronic dosing.47–49 
This suggests that prolonged DCS administration may 
lead to desensitization of  the NMDAR, which could 
also account for prior negative findings.

During spatial working memory, sufficient NMDAR 
activity is necessary to generate the transient, recurrent 
excitation in dlPFC microcircuits that represents stimuli 
over delay periods.24 Convergent evidence indicates that 
both spatial working memory31,32 and NMDAR signal-
ing are impaired in schizophrenia.5–15 Although our find-
ing of superior working memory in patients who received 
DCS compared to placebo requires independent replica-
tion, this suggests that DCS increased NMDAR signal-
ing, possibly restoring recurrent excitation in working 
memory microcircuits.

Interestingly, C1 amplitude was also increased (ie, 
larger negative amplitude) in patients who received DCS 
relative to patients who received placebo. C1 is an early 
preattentive evoked potential generated by primary 
visual cortex neurons.64 Prior studies suggest that early 
VEP components are reduced in schizophrenia, including 
C1.65,66 To our knowledge, no studies have investigated 
mechanisms underlying early visual processing deficits 
in schizophrenia. However, EEG signals are thought to 
reflect excitatory postsynaptic potentials conveyed by 
NMDARs and AMPARs in the cortex.67 Thus, early 
VEP deficits could reflect reduced glutamate signaling 
or responsivity of NMDARs or AMPARs in visual cor-
tex. Our finding of larger C1 amplitude in patients who 
received DCS compared to placebo is consistent with a 
role for NMDAR-mediated transmission in the genera-
tion of C1 and suggests the interesting possibility that 
increasing NMDAR neurotransmission may increase the 
early VEP in schizophrenia.

In contrast to the group differences in working mem-
ory and C1 amplitude, DCS and placebo patients per-
formed similarly across electrophysiological and learning 
measures of  experience-dependent plasticity. The LTP 

task, IIT, and WPT are diverse and indirect measures 
of  synaptic plasticity; however, animal studies suggest 
that each require NMDAR-dependent LTP. Potentiation 
of  neural responses following HFvS has been shown to 
share the cardinal features of  synaptic LTP at visual cor-
tex synapses, including persistence, input specificity, and 
NMDAR dependency.39,40 Similarly, the WPT and IIT 
depend on incremental, feedback-based learning which 
has been shown to require NMDAR-dependent LTP at 
dorsomedial striatal synapses.29,30 Indeed, we previously 
found that augmenting NMDAR signaling using DCS 
in healthy adults enhanced VEP potentiation following 
HFvS and IIT and WPT learning.50 Controlling for anti-
psychotic dose, sex, age, and IQ did not alter the similar-
ity of  placebo and DCS schizophrenia patients on the 
plasticity measures, nor did excluding patients who per-
formed around chance for each learning task. Given that 
the current patients were relatively high-functioning, had 
low symptom levels, and that the same subgroup of  DCS 
patients showed superior working memory performance 
over placebo, it is unlikely that confounding factors such 
as lack of  motivation, inattention, or difficulty under-
standing the tasks accounts for the lack of  group differ-
ences on plasticity. It is possible that DCS patients would 
have shown benefits over a longer period of  practice on 
the WPT or IIT, or on other tasks assessing plasticity. 
However, we found positive effects of  DCS in healthy 
adults over the same number of  trials on each plastic-
ity task (Supplementary Information). One recent study 
found that DCS improved performance on an auditory 
discrimination task on which patients were trained over 
8 weeks.68 However, numerous studies found minimal 
effects of  DCS on neuropsychological tests of  short-term 
verbal or spatial learning in schizophrenia patients.61–63,68 
Given that we did not measure NMDAR signaling or 
synaptic changes directly in the current study, any mech-
anistic explanations for our negative findings of  DCS on 
plasticity in schizophrenia are speculative. However, the 
minimal effects of  DCS on plasticity in the current study 
could reflect a breakdown in the translation of  electrical 
signaling across the NMDAR into the signaling cascades 
and synaptic changes that underlie experience-dependent 
plasticity.

Indeed, impaired translation of NMDAR signaling 
into structural synaptic changes that support plastic-
ity is consistent with growing evidence that the broader 
glutamatergic PSD is compromised in schizophrenia. 
Large-scale genomic studies indicate that schizophre-
nia is associated with common and rare genetic variants 
that converge on both the NMDAR and the broader 
PSD in which NMDARs are embedded. For exam-
ple, schizophrenia was associated with loci spanning 
GRIN2A which encodes the NR2A NMDAR subunit 
and serine racemase which generates the NMDAR co-
agonist d-serine from l-serine, as well as genetic vari-
ants encoding scaffold proteins involved in trafficking 
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and clustering NMDARs and AMPARs at the PSD, 
and activity-regulated cytoskeleton-associated protein, 
which is involved in synaptic remodeling and long-term 
maintenance of synaptic changes.10–13 A  recent review 
concluded that genetic risk for schizophrenia converges 
on NMDAR-associated pathways involved in synaptic 
plasticity.69 Additionally, a recent proteomic study found 
that 143 out of approximately 700 PSD proteins were dif-
ferentially expressed in schizophrenia brains compared to 
controls, with NMDAR-interacting proteins showing the 
most notable alterations.70 If  a breakdown in NMDAR 
signaling occurs in the broader machinery that is coupled 
to NMDARs in schizophrenia, increasing the opening of 
the NMDAR channel would be insufficient to ameliorate 
deficits in plasticity. This could explain the limited effects 
of DCS on plasticity in the current study. Alternatively, 
given that other neurotransmitter systems (eg, dopamine, 
serotonin) and neurotrophic factors that can modulate 
plasticity have also been implicated in schizophrenia,71 
the lack of group differences on experience-dependent 
plasticity in the current study could also reflect aber-
rances in these systems or interactions of these systems 
with NMDAR signaling.

Several limitations to the current study should be 
noted. First, we utilized a between-subject design. Thus, 
it is possible that group differences in N-back perfor-
mance and pre-HFvS C1 amplitude reflected preexisting 
group differences rather than effects of DCS. However, 
the 2 groups were similar in clinical and demographic 
characteristics, IQ, and performance on the WPT and 
IIT. Given that this was an initial exploratory study, a 
between-subject design was chosen over a within-subject 
design to parallel our prior study in healthy adults and 
to avoid learning/practice effects on plasticity measures 
from repeat testing that could confound our ability to 
parse the effects of DCS. In healthy adults, we previously 
found that participant performance on a second day of 
WPT and IIT testing started at the same level as the end 
of practice on the first day of testing.50 Thus, we viewed 
a between-subject design as the most practical approach 
given the practice effects observed on these experience-
dependent plasticity tasks. However, given this limitation, 
the modest sample size, and the fact that beneficial effects 
of DCS on the N-back were only found in the subgroup 
of patients who were defined behaviorally as adequately 
engaging in the task, independent replication is essential, 
including using a within-subject design for nonplasticity 
measures. Second, the majority of patients were taking 
antipsychotic medication, which could interact with the 
effects of DCS. Most prior studies of DCS in schizo-
phrenia involved patients who were taking antipsychot-
ics, including those showing beneficial effects of DCS.59,68 
Patients in the current study were on relatively low anti-
psychotic doses and controlling for antipsychotic dose 
did not alter the effects of DCS. Additionally, patients 
who were antipsychotic-free performed similarly to those 

who were not and showed the same pattern of DCS 
effects across working memory and plasticity measures. 
Nevertheless, it is possible that different DCS effects 
would be found in a larger sample of un-medicated 
patients. Third, while our findings suggested differential 
effects of DCS on working memory versus experience-
dependent plasticity in schizophrenia, we do not have 
information on the sensitivity or discriminating power of 
these tasks to DCS and these tasks are less commonly 
used than clinical neuropsychological tests. We created 
a N-back task with identical stimuli and trial structure 
to the IIT to allow us to compare effects of augmenting 
NDMAR signaling on working memory versus experi-
ence-dependent plasticity with greater clarity than neu-
ropsychological tasks assessing these domains. Indeed, 
given that the N-back and IIT were identical in stimuli 
and trial structure, and that we previously found benefi-
cial effects of DCS across the same plasticity measures in 
healthy adults, it is unlikely that the current lack of DCS 
effects on our plasticity measures was due to low discrim-
inating power of these tasks. However, other tasks assess-
ing these cognitive domains may have yielded different 
results. Finally, the agonist profile of DCS at NMDARs 
with different subunit compositions is complex. DCS 
has been shown to increase the channel open time at 
NMDARs containing the NR2C subunit with ~200% 
efficacy compared to glycine, whereas at NMDARs con-
taining NR2A or 2B subunits, DCS has approximately 
50% efficacy compared to glycine.72 Thus, while DCS is 
an agonist at NMDARs with NR2C subunits regardless 
of dose, at NMDARs with NR2B and NR2A subunits, 
DCS may act as an agonist at low doses (eg, 50–250 mg) 
by stimulating unoccupied glycine sites, but as an antag-
onist at high doses (eg 1000 mg)73 by displacing endog-
enous glycine. We chose a low DCS dose that was likely 
to act as an agonist across NMDAR subtypes and we 
previously found that 100 mg DCS enhanced plasticity in 
healthy adults. Thus, it is unlikely that the agonist profile 
of DCS depending on NMDAR subtype could account 
for the pattern of DCS effects in schizophrenia patients. 
Nevertheless, given that NMDARs with different sub-
units may differentially participate in various cognitive 
functions,74 further studies clarifying the involvement of 
NMDAR subtypes in various cognitive functions as well 
as the agonist profile of DCS at each NMDAR subtype 
would be useful.

The NMDAR has played a prominent role in theories 
explaining the cognitive deficits of schizophrenia. As 
such, numerous studies have attempted to improve cog-
nition in schizophrenia by targeting the NMDAR, with 
relatively limited success.75 The present results require 
replication in a larger sample of patients and in addi-
tional studies comparing patients to age- and gender-
matched controls. Nevertheless, our findings raise the 
intriguing possibility that enhancing NMDAR signaling 
in schizophrenia may partially restore processes that are 
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closely linked to electrical signaling across the NMDAR. 
Conversely, targeting other components of the postsyn-
aptic signaling complex or other factors involved in syn-
aptic plasticity may be required to ameliorate deficits in 
experience-dependent plasticity. These results highlight 
the need for further research investigating how discrete 
NMDAR-associated processes relate to individual cogni-
tive functions in schizophrenia.

Supplementary Material

Supplementary data are available at Schizophrenia 
Bulletin online.
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