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REVIEW ARTICLE 

D-cycloserine in Schizophrenia: New Strategies for Improving Clinical 
Outcomes by Enhancing Plasticity 

 

Donald C. Goff *�

Nathan Kline Institute for Psychiatric Research, NYU School of Medicine, USA 

Abstract: Background: Dysregulation of N-methyl D-aspartate (NMDA) receptor 
signaling is strongly implicated in schizophrenia. Based on the ketamine model of 
NMDA receptor hypoactivity, therapeutic approaches designed to maintain a 
sustained increase in agonist activity at the glycine site of the NMDA receptor have 
produced promising, although inconsistent, efficacy for negative symptoms.  

Methods: A review of the published literature on D-cycloserine (DCS) pharmacology 
in animal models and in clinical studies was performed. Findings relevant to DCS 
effects on memory and plasticity and their potential clinical application to schizophrenia 
were summarized.�

Results: Studies in animals and clinical trials in patients with anxiety disorders have demonstrated that 
single or intermittent dosing with DCS enhances memory consolidation. Preliminary trials in patients 
with schizophrenia suggest that intermittent dosing with DCS may produce persistent improvement of 
negative symptoms and enhance learning when combined with cognitive behavioral therapy for delusions 
or with cognitive remediation. The pharmacology of DCS is complex, since it acts as a “super agonist” at 
NMDA receptors containing GluN2C subunits and, under certain conditions, it may act as an antagonist 
at NMDA receptors containing GluN2B subunits. �

Conclusions: There are preliminary findings that support a role for D-cycloserine in schizophrenia as a 
strategy to enhance neuroplasticity and memory. However, additional studies with DCS are needed to 
confirm these findings. In addition, clinical trials with positive and negative allosteric modulators with 
greater specificity for NMDA receptor subtypes are needed to identify the optimal strategy for enhancing 
neuroplasticity in schizophrenia. 
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INTRODUCTION�
 The potential role of dysregulated glutamatergic 
signaling in psychiatric illness was first recognized in 
schizophrenia over 20 years ago. Since then, therapeutic 
efforts to modulate glutamatergic transmission based on the 
ketamine model of NMDA receptor hypofunction have 
produced promising but often inconsistent results [1]. A 
hypothesized early neurodevelopmental modification of 
NMDA signaling in response to inflammation or hypoxia 
may represent a compensatory neuroprotective response 
which comes at the cost of reduced neuroplasticity. 
Strategies focused on enhancing plasticity as a therapeutic 
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approach for schizophrenia include pharmacologic agents 
targeting the NMDA receptor, as well as neurostimulatory 
approaches, such as transcranial direct current stimulation 
(tDCS). The treatment of refractory depression with 
ketamine infusion is one example of targeting NMDA 
receptors to produce a relatively sustained therapeutic effect. 
A similarly robust NMDA receptor-based intervention has 
not yet been achieved in schizophrenia, but preliminary 
evidence suggests that once-weekly dosing of the glycine 
site partial agonist, D-cycloserine (DCS), may produce 
persistent benefits for negative symptoms and memory 
deficits. This paper will review the pharmacology of D-
cycloserine, with an emphasis upon behavioral effects in 
animal models and cognitive effects in humans. The impact 
of environmental factors and psychiatric illness upon NMDA 
receptor regulation and the implications for therapeutic 
interventions will also be discussed. 
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SCHIZOPHRENIA: EVIDENCE FOR NMDA 
RECEPTOR DYSREGULATION�

 Schizophrenia is a neurodevelopmental syndrome with 
both genetic and environmental risk factors that typically 
develops in young adulthood and is characterized by 
psychosis, apathy, reduced emotional expressivity and 
impairments of memory and executive functioning (Fig. 1). 
Many of the symptoms of schizophrenia can be viewed as 
the consequence of cognitive deficits, such as the inability  
to recognize prediction errors based on delusional beliefs 
(e.g., to “reality test”) and to revise one’s schema of reality 
accordingly, or the inability to recall past hedonic 
experiences and to initiate purposeful activity in anticipation 
of similarly rewarding experience (e.g., “apathy”). In the 
1950s it was observed that phencyclidine (PCP) produces the 
full range of schizophrenia symptoms in adults, including 
delusions, social withdrawal and memory deficits, whereas 
children younger than the age of onset for schizophrenia 
tended to be spared these adverse effects [2]. Thirty years 

later, blockade of NMDA receptor-gated ion channels  
was identified as the mechanism responsible for the 
psychotomimetic effects of PCP and ketamine, and NMDA 
receptor hypofunction was added to the prevailing model of 
dopamine dysregulation as a principle molecular basis for 
schizophrenia [7, 8]. Subsequently, genetic linkage studies 
have implicated several genes involved in NMDA/ calcium 
signaling, neurodevelopment and inflammatory response [3, 4]. 
In addition, DNA methylation studies have identified epigenetic 
patterns consistent with early hypoxia and inflammation [5]. 
Exposure to maternal immune activation in utero provides  
a compelling animal model for schizophrenia, including 
structural and functional alterations that are consistent with 
the developmental timing of symptom emergence in 
schizophrenia [6]. It is notable that both depression and 
schizophrenia have been associated with neuroinflammation; 
however, inflammation-related biomarkers in schizophrenia 
include elevation of the tryptophan metabolite, kynurenic 
acid, which is a potentially neuroprotective glycine site 
antagonist, whereas in depression tryptophan metabolism is 

 

Fig. (1). DSM-5 Diagnostic Criteria for Schizophrenia [136]. 

Table 1. Pharmacology of NMDA subunits.�

Subunit� DCS Activity 
Compared to Glycine�

Characteristics� Effect of Knock-out� Effect of 
Agonist�

Effect of  
Antagonist�

NR1/NR2A� 90%� Synaptic, Mg++ block� Attenuates abnormal 
behavioral effects of 

methamphetamine [135]�

 � Antidepressant [136], 
Neurotoxic, disrupts 

synchrony [73]; 
reduces GAD67 in 

PV interneurons [71]�

NR1/NR2B� 65%� Extra-synaptic,  
Mg++ block�

Knockout is lethal; deletion 
in adulthood produces 

memory impairment [74]; 
replacement of NR2B with 

NR2A produces hyper-
locomotion and social 

withdrawal [70]�

 � Antidepresant [136]; 
Neuroprotective [72], 

does not affect 
synchrony [73] �

NR1/NR2C/NR2D� 200%� Synaptic, decreased 
sensitivity to Mg++ block, 
prominent on hippocampal 

interneurons�

Impaired working memory 
and fear conditioning [94]�

Attenuates some 
MK801 motor 
and cognitive 
effects [137]�

 �
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primarily shunted to quinolinic acid, which is a potentially 
neurotoxic NMDA receptor agonist [7]. 

GLUTAMATERGIC PHARMACOLOGY IN SCHIZO- 
PHRENIA�

 The demonstration that a single infusion of ketamine 
produces social withdrawal, attenuated psychotic symptoms 

and memory impairment in healthy subjects [8] and produces 
a transient relapse of psychosis in schizophrenia patients 
stabilized on haloperidol [9] paved the way for ketamine 
infusion to serve as the dominant model for drug discovery 
in schizophrenia. Because the atypical antipsychotic, 
clozapine, blunted ketamine effects in patients [10], it was 
hoped that the ketamine challenge would identify novel 
agents for treatment refractory symptoms. Therapeutic trials 

Table 2. Placebo controlled trials of D-cycloserine in schizophrenia.�

Study� Participants� DCS Dose� Outcome � Comments�

Goff 1995 [23]� 9 SZ treated with FGA� 15, 50, 250 mg daily for 2 
weeks �

Neg Sx and working 
memory improved with 50 

mg dose only�

Single blind, escalating 
dose, video ratings blind to 

treatment �
Rosse 1996 [138]� 13 SZ treated with 

molindone�
10 mg or 30 mg daily� No effect�  �

Van Berckel 1996 [24]� 26 SZ treated with FGA� 100 mg daily for 8 weeks� Worsening of Pos Sx�  �
Goff 1996 [139]� 10 SZ treated with clozapine� 5,15,50, 250 mg daily for 2 

weeks�
Worsening of Neg Sx with 

50 mg dose only�
 �

Herresco-Levy 1998 [140]� 9 SZ treated with FGA and 
SGA�

50 mg daily for 4 weeks 
(cross-over)�

No effect of DCS compared 
to placebo�

Neg Sx improved with 
DCS compared to baseline�

Van Berckel 1999 [141]� 26 SZ treated with SGA� 100 mg daily for 8 weeks� Worsening of Neg Sx�  �
Goff 1999a [25]� 47 SZ with deficit syndrome 

treated with FGA�
50 mg daily for 8 weeks� Neg Sx improved� No relationship between 

DCS blood level and 
response�

Goff 1999b [130]� 17 SZ treated with clozapine� 50 mg daily for 6 weeks 
(cross-over)�

Worsening of Neg Sx�  �

Heresco-Levy 2002 [31]� 24 SZ treated with FGA & 
SGA�

50 mg daily for 6 weeks 
(cross-over)�

Neg Sx improved� No difference in effects 
with FGA vs SGA�

Evins 2002 [142]� 10 SZ treated with 
risperidone�

5,15,50, 250 mg daily for 2 
weeks�

Neg Sx improved with 50 
mg dose only�

Single blind, escalating 
dose, video ratings blind to 

treatment�

Duncan 2004 [30]� 22 SZ treated with FGA� 50 mg daily for 4 weeks� No effect on Neg Sx or 
cognition�

 �

Goff 2005 [32]� 55 SZ treated with FGA� 50 mg daily for 6 months� No effect� 53% attrition rate�
Yurgelun-Todd 2005 [26]� 12 SZ treated with FGA� 50 mg daily for 8 weeks� Increased temporal lobe 

activation during verbal 
fluency task �

Temporal lobe activation 
correlated with 

improvement of Neg Sx�
Buchanan, 2007 [12]� 157 SZ; 86% SGA� 50 mg daily DCS or glycine 

60 g daily for 16 weeks�
No effect on Neg Sx or 

cognition�
FGA associated with 

significantly greater Neg 
Sx response than SGA�

Goff 2008 [122]� 38 SZ; 87% treated with 
SGA�

50 mg once-weekly for 8 
weeks�

Neg Sx improved� 7-day delayed thematic 
recall improved after 1st 

dose�
Gottlieb 2011 [124]� 21 SZ; 87% treated with 

SGA�
50 mg prior to CBT session� Delusions improved if DCS 

administered before the 1st of 
two sessions�

 �

Cain 2014 [91]� 36 SZ; 81% treated with 
SGA�

50 mg once-weekly for  
8 weeks plus cognitive 
remediation 3-5 times  

per week�

Auditory discrimination 
improved; Neg Sx improved 
in participants with SANS> 

20 at baseline�

 �

DCS= D-cycloserine, SZ= individuals with schizophrenia, Neg Sx= Negative symptoms, Pos Sx= Positive Symptoms, FGA= First generation antipsychotic, SGA= Second 
generation antipsychotic, SANS= Scale for Assessment of Negative Symptoms, CBT= Cognitive behavioral therapy, 
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initially focused on agonists at the glycine co-agonist site of 
the NMDA receptor since direct agonists at the NMDA 
receptor might result in excessive calcium influx and 
excitotoxicity. Early add-on trials with the full agonists, 
glycine and D-serine, were quite encouraging, with largest 
effects observed for response of negative symptoms [11]. 
However, these results were not replicated in subsequent 
larger trials [12-14]. Similarly, the glycine type I reuptake 
transporter (GlyT1) inhibitor, bitopertin, improved negative 
symptoms in an initial trial [15] but failed in two subsequent 
trials [16]. A recent add-on trial of the D-amino acid oxidase 
inhibitor, sodium benzoate, which increases D-serine 
concentrations, produced improvement in positive, negative 
and cognitive symptoms, but these results have not yet been 
replicated [17]. In addition to agents that increase activity at 
the glycine recognition site [18], agents that inhibit 
glutamate release, such as the metabotropic type II agonists 
[19] and lamotrigine [20], also attenuate ketamine’s psycho- 
tomimetic effects but were not consistently effective in 
clinical trials [21, 22]. 

 The glycine site partial agonist, D-cycloserine (DCS) was 
shown to improve negative symptoms at a daily dose of 50 
mg, but not at 250 mg, in an initial dose-finding trial in 
patients treated with first generation antipsychotics [23] and 
at a dose of 100 mg/d in a dose finding trial in medication-
free patients [24]. In an 8-week, placebo-controlled trial D-
cycloserine 50 mg/d added to first generation antipsychotics 
significantly improved negative symptoms without affecting 
positive symptoms or cognition [25]; response of negative 
symptoms correlated with increased activation of the left 
temporal lobe during a verbal fluency task [26]. However, 
psychotic symptoms worsened in D-cycloserine trials 
employing doses of 100 mg/d [27], 250 mg/d [28] and 500 
mg/d or higher [29]. Subsequent trials of D-cycloserine 50 
mg/d produced mixed results [30-32], including the multi-
center CONSIST trial in which neither DCS or glycine 
improved negative symptoms or cognition when added to 
predominantly second generation antipsychotics [12]. Of 
note, response of negative symptoms in the few participants 
treated with first generation antipsychotics was significantly 
greater than in participants treated with second generation 
antipsychotics [12]. In contrast to glycine, efficacy for DCS 
did not achieve statistical significance in a meta-analysis of 
add-on trials [11]. 

 It is unclear why NMDA channel blockade by ketamine 
produces the full range of schizophrenia symptoms in 
healthy adults, whereas treatments intended to enhance 
NMDA activity in patients at best appear only to improve 
negative symptoms and have been inconsistent in clinical 
trials [1]. With the exception of one open-label high-dose 
trial of D-serine [33], these agents have generally failed to 
improve cognitive functioning despite the well-established 
role of NMDA receptors in learning and memory. The 
pattern of initial successes followed by negative trials may 
merely reflect the growing unreliability of clinical trials in 
schizophrenia [34]. In addition, issues of disease hetero- 
geneity, poor CNS bioavailablity, and the complication of 
adding these agents to second generation antipsychotics 
which also influence glutamatergic signaling [35] may all 
have contributed. In addition, the mixed results with DCS may 

reflect increased antagonist activity at higher concentrations 
[36], the rapid deterioration of DCS when exposed to 
humidity [37] and the recent finding that DCS may be 
ineffective when combined with antidepressants [38]. 
Regardless, these experiences indicate that approaches that 
produce sustained activation of the glycine co-agonist site or 
that inhibit glutamate release do not produce effects that are 
large enough to produce consistent efficacy in multi-site 
clinical trials in schizophrenia and raise questions about the 
predictive value of ketamine challenge for drug development 
in schizophrenia. 

DCS EFFECTS ON MEMORY IN ANIMAL MODELS�
 The lack of cognitive effect found in clinical trials with 
glycine site agonists in schizophrenia is in marked contrast 
to a large animal literature in which DCS consistently 
enhances memory [39]. The disparity in results may reflect 
the fact that memory effects are rapidly lost with repeated 
dosing [40, 41], possibly reflecting the facilitating role of the 
glycine site for inward trafficking of NMDA receptors [42]. 
A single dose of DCS administered within 2 hours before or 
after training does not affect immediate recall, but enhances 
delayed recall measured after 24 hours. Memory recall after 
a 24 hour delay traditionally has not been tested in clinical 
trials. In animal models, memory enhancement with DCS 
has been best demonstrated for fear extinction [39] but has 
also been found to enhance extinction of operant reward 
responding for food [43], cocaine [44] and alcohol [45], as 
well as extinction of conditioned taste aversion [46]. DCS 
effects on memory consolidation are not restricted to 
extinction; DCS has been shown to enhance maze learning 
[47], object location memory [48] and episodic-like memory 
in mice [49]. Infusion of DCS directly into the prefrontal 
cortex (PFC) or hippocampus enhanced consolidation of fear 
extinction [50-52]. DCS effects appear to be limited to novel 
learning; for example, if an animal has previously 
experienced extinction training, a second round of extinction 
training following restoration of fear conditioning is not 
facilitated by DCS [53]. Extinction training accompanied by 
DCS differs from extinction training without DCS in 
generalizing to other cues [54]. In addition, whereas classical 
extinction learning appears to require the acquisition of a 
second “safety” memory that negates the original fear-
conditioned memory and which may fade over time, there is 
some evidence that addition of DCS to extinction training 
“erases” the fear memory. This process of “erasure” is 
associated with internalization of post-synaptic AMPA 
receptors [55]. However, the fear memory is only “erased” 
by DCS if extinction training is of sufficient duration or 
intensity. If administered in conjunction with insufficient 
extinction training, DCS may strengthen the fear memory 
[56]. This distinction has been observed in clinical trials 
using DCS to facilitate cognitive behavioral therapy for 
anxiety disorders; DCS may worsen anxiety symptoms if 
desensitization does not occur during the session, whereas 
persistent reduction in anxiety compared to placebo was 
achieved when desensitization was successful during 
sessions augmented by DCS [57]. D-serine is the principle 
endogenous glycine-site ligand in hippocampus [58]. 
Elevation of D-serine levels by administration of a D-amino 
acid oxidase (DAO) inhibitor produced enhancement of 24 
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hour recall of hippocampal dependent tasks including 
contextual fear conditioning and novel object recognition 
[59] and enhancement of LTP in the hippocampal CA1 
subfield similar to that produced by DCS [59]. Elevation of 
D-serine levels by knockdown of DAO or by administration 
of exogenous D-serine produced no effect on initial learning 
of platform location in the Morris Water Task, but a 
significant enhancement of reversal learning when the 
platform was moved [60]. This study did not find evidence 
for attenuation of cognitive effects with prolonged exposure 
to elevated concentrations of D-serine.�

THE IMPACT OF NMDA SUBUNIT COMPOSITION 
ON DCS ACTIVITY�

 DCS activity at NMDA receptors is determined by the 
GluN2 subunit composition (Table 1). For NMDA receptors 
containing GluN2B subunits, DCS activity was 65% 
compared to glycine when both are at saturating 
concentrations, and roughly 90% for NMDA receptors 
containing GluN2A or GluN2D subunits [61]. In contrast, 
DCS exhibits approximately 200% activity compared to 
glycine at NMDA receptors containing the GluN2C subunit 
[61]. Based on these data, DCS would be expected to act as 
an agonist at NMDA receptors containing GluN2C subunits, 
whereas the effect at other NMDA receptors is dependent 
upon the relative occupancy by endogenous full agonists (D-
serine, glycine and D-alanine) and the endogenous 
antagonist, kynurenic acid. Under conditions of relatively 
high occupancy by endogenous glycine site agonists, DCS 
would be expected to act as an antagonist at NMDA 
receptors containing GluN2B subunits. Activity at NMDA 
receptors containing GluN2A subunits would be relatively 
similar to glycine. Because D-cycloserine’s affinity for 
GluN2C containing receptors is greater than its affinity for 
GluN2A and GluN2B subunits, at low DCS concentrations, 
maximal activity may be primarily at GluN2C containing 
NMDA receptors.�

THE DEVELOPMENTAL EXPRESSION AND 
CHARACTERISTICS OF NMDA SUBUNITS�
 The relative activity of DCS at different populations of 
NMDA receptors may have important pharmacologic 
consequences. NMDA receptor subunit composition 
determines the rate and magnitude of calcium conductance 
and resulting depolarization and is influenced by many 
factors, including developmental stage, cell type, and 
synaptic activity [62]. Several psychotropic medications, 
including antipsychotics, also alter NMDA subunit 
expression [35]. Tight control of calcium influx is crucial to 
facilitate use-dependent gene expression which underlies 
plasticity, while avoiding excitotoxicty as a result of 
excessive calcium influx. NMDA receptors are tetramers 
composed of two obligatory GluN1 subunits in combination 
with two subunits from eight categories of GluN2 or GluN3 
subunits. The majority of synaptic NMDA receptors in 
forebrain may be triheteromeric combinations of GluN1, 
GluN2A and GluN2B [74]. Receptors containing GluN2A 
subunits are primarily synaptic whereas those containing 
GluN2B subunits are enriched in the extra-synaptic space. 
NMDA receptors containing GluN2A or GluN2B subunits 

require partial depolarization to remove the magnesium 
blockade of the channel before agonist occupancy at the 
glutamate and glycine sites can open the channel and 
produce an excitatory postsynaptic current (EPSC); these 
receptors are known as “coincidence detectors” since 
multiple depolarizing events are required. GluN2C -
containing receptors have a higher affinity for glutamate and 
are less sensitive to magnesium blockade; they are primarily 
found in cerebellum, but also in thalamus and on PV-
expressing interneurons in PFC and hippocampus [63-65]. In 
layer 4 of the sensory cortex, GluN2C subunits are found on 
spiny stellate cells which are the major targets of 
thalamocortical input [66]. Early in development, during a 
period of rapid synapse formation and myelination, GluN2B-
containing NMDA receptors and AMPA receptors lacking 
the GluR2 subunit are prominent; these two classes of 
receptors allow maximum calcium conductance to guide 
synapse formation but also place cells at risk for 
neurotoxicity in the face of inflammation or hypoxia [67]. In 
the neonate, LTP induction triggers the switch from GluN2B 
to GluN2A [68] and the transition to GluN2A is associated 
with reduced susceptibility to LTP [69]. GluN2B subunits 
are essential in early development; knockout of GluN2B 
subunits is lethal [70]. GluN2A-containing NMDA receptors 
on interneurons are primarily responsible for the 
development and maintenance of GAD67 and parvalbumin 
(PV) expression [71] and promote neuroprotection [72], 
sensory gating and GAMA oscillations [73]. GluN2B-
containing NMDA receptors are also required for LTP; 
deletion of hippocampal GluN2B subunits in adult rats 
modestly impairs memory [74], whereas increased 
expression of GluN2B subunits enhances memory [75]. 
GluN2B subunits are coupled to mTOR pathways via 
calcium/calmodulin-dependent protein kinase II (CaMKII) 
and their activation inhibits protein synthesis and AMPA 
receptor expression underlying neuroplasticity [70]. In 
addition to their involvement in plasticity, GluN2B-
containing NMDA receptors are coupled to pro-apoptotic 
pathways [76], are required for long term depression (LTD), 
and may be essential for reversal learning, or cognitive 
flexibility [77]. Some evidence suggests that long term 
potentiation (LTP) requires channel opening by GluN2A 
subunits in combination with the intracellular tails of 
GluN2B subunits, whereas the GluN2A intracellular tail may 
inhibit LTP [78]. Increased expression of GluN2B subunits 
is associated with greater synaptic plasticity; insertion of 
GluN2A subunits may stabilize neuroplastic changes [78]. 
Given the complex interaction between GluN2A and 
GluN2B subunits, effects of pharmacologic intervention may 
be determined either by conformational changes in calcium 
channel permeability produced by binding to the extracellular 
receptor protein, or by secondary effects on subunit expression 
[79], which may affect LTP in part via scaffolding functions 
of the subunit tails [78]. As an example of the latter 
mechanism, DCS has been shown to increase GluN2B 
expression in hippocampus [52]. 

 In addition, pharmacologic effects are dependent upon 
cell type and developmental stage. Deletion of NMDA 
receptors prior to adolescence results in a loss of PV 
expressing interneurons and disruption of gamma 
oscillations consistent with schizophrenia, whereas the effect 
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is markedly reduced if deletion occurs after adolescence 
[80]. In adulthood, blockade of GluN2A-containing subunits 
disrupts cortical synchrony and may produce neurotoxicity, 
whereas blockade of GluN2B containing receptors is 
neuroprotective but may disrupt reversal learning and cause 
perseveration [73, 77]. Interneurons co-expressing GluN2A 
and PV are selectively decreased in schizophrenia cortex 
[81]. In prefrontal cortex, GluN1 and GluN2A subunit 
expression is decreased postmortem in both schizophrenia 
and depression, whereas GluN2C subunit expression is 
decreased in schizophrenia only and GluN2B subunit 
expression does not differ from healthy control brain [82]. 

 DCS effects on memory are also influenced by the 
activity of brain derived neurotrophic factor (BDNF). Early 
stages of memory consolidation involve GABA A receptors 
in hippocampus which modulate BDNF release during a 3 
hour period after initial learning [83]. BDNF in turn is 
required for acquisition and early consolidation of most 
forms of hippocampal-based learning including object 
recognition, episodic memory, spatial learning, and fear 
extinction, but not fear conditioning [46, 84] and is also 
involved in conditioned taste aversion, a hippocampal 
independent task [46]. Hippocampal release of BDNF up-
regulates NMDA receptor activity by increasing expression 
of GluN1, GluN2A and GluN2B subunits [85], whereas 
BDNF was found to decrease expression of GluN2C 
subunits in cerebellum [86]. BDNF deletion in hippocampus 
impairs fear extinction learning but not acquisition of fear 
conditioning [84]. Similarly, BDNF genotype influences 
extinction learning in mice and hippocampal-dependent 
learning in humans [46]. DCS enhanced extinction in 
animals with reduced BDNF activity and reversed the 
impairment of social behavior produced by a GABA A 
inverse agonist [46, 87]. When administered 24 hours after 
closed head injury in mice, a single dose of DCS restored 
BDNF levels in the hippocampal CA1 subfield and improved 
performance on the object recognition task compared to 
vehicle-treated mice [88]. DCS also reversed the impairment 

of context-based extinction learning that is associated  
with reduced PFC expression of BDNF during adolescence 
[89, 90]. However, pretreatment with BDNF-releasing 
antidepressants attenuated DCS effects on extinction memory 
in rats [38] and was associated with loss of efficacy for DCS 
facilitation of cognitive behavioral therapy in obsessive 
compulsive disorder [38]. A re-analysis of results from our 
study of DCS augmentation of cognitive remediation in 
schizophrenia [91] also suggests that antidepressants  
may interfere with DCS enhancement of memory (Fig. 2). 
BDNF transcriptional and translational expression is also 
influenced by inflammation and stress. Excessive levels of 
inflammatory cytokines reduce both BDNF expression and 
NMDA receptor expression in hippocampus and impair 
memory consolidation [92, 93]. DCS was found to reverse 
memory impairment produced by immune activation; this 
effect occurred in the absence of an effect on BDNF 
concentrations or expression of GluN2C subunit expression 
[93]. DCS has also been demonstrated to increase 
neurogenesis in dentate gyrus [52]. 

 Because DCS exhibits unique high-potency agonist 
activity at NMDA receptors containing GluN2C subunits, 
the role of these receptors in cognition and behavior is of 
particular interest. GluN2C knockout mice display 
impairments of working memory and fear conditioning with 
preservation of novel object recognition and of working and 
reference memory tested in an 8-arm radial maze [94]. The 
impairment of fear conditioning in these animals complicates 
the study of fear extinction; however, it appeared that initial 
extinction learning was intact whereas 24 hour delayed 
extinction recall was compromised. In addition, Lisman and 
colleagues have proposed that decreased activity of GluN2C 
in the thalamic reticular nucleus may contribute to symptoms 
of schizophrenia [95, 96]. They demonstrated that GluN2C-
containing NMDA receptors modulate the oscillatory 
activity of the thalamic reticular nucleus and that blockade of 
these receptors produces delta frequency bursting which is 
reversed by D2 antagonists, consistent with findings in 

 
Fig. (2). Antidepressant effects on DCS augmentation of cognitive remediation (auditory discrimination) [92]. ISI= interstimulus 
interval (shorter interstimulus interval represents improved auditory discrimination performance). 
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schizophrenia. A selective GluN2C/GluN2D potentiator, 
CIQ, enhanced acquisition of fear conditioning and 
extinction but did not affect spatial learning in the Morris 
Water Maze [97]. Of note, both D-serine and DCS also 
failed to improve performance on the Morris Water Maze in 
healthy rats, whereas DCS improved performance in aged 
and scopolamine-treated rats [98-100] and D-serine 
selectively improved reversal learning following movement 
of the platform [60].�

DCS EFFECTS ON MEMORY IN HUMAN STUDIES�
 In 2004 Ressler and colleagues [101] demonstrated that 
DCS augmentation of two sessions of exposure therapy 
successfully reduced symptoms and behaviors related to 
acrophobia (fear of heights) compared to placebo; 
therapeutic effects persisted at three-month follow-up. Since 
that landmark study, several studies have found efficacy for 
DCS augmentation of fear-extinction exposure therapy for 
anxiety disorders. A meta-analysis of ten studies found that 
DCS efficacy compared to placebo was greatest with a fewer 
number of sessions but was independent of DCS dose within 
a range of 50 mg to 500 mg [102]. The diminishing efficacy 
compared to placebo in studies with a larger number of 
sessions may either reflect tachyphylaxis with repeated 
dosing or the fact that exposure therapy alone is quite 
effective given a sufficient number of sessions. Therapeutic 
effects have been less consistent for PTSD, generalized 
anxiety disorder and substance abuse, possibly because 
extinction is often not achieved during sessions that are 
augmented by DCS. Results of DCS augmentation of fear 
extinction have been less impressive in laboratory studies of 
healthy volunteers compared to trials in clinical populations 
[103]. In healthy humans, DCS facilitated procedural 
memory consolidation in one study and enhanced declarative 
memory consolidation in one of two studies [104-106]. DCS 
also facilitated recall of fear memory after a 72 hour delay in 
healthy humans which was associated with increased activity 
in posterior hippocampus and PFC [107]. DCS enhanced 
retention of word pairs only if given before sleep but had no 
effect on retention during wakefulness [108]. Contrary to 
expectation, DCS reduced power of sleep spindles, which 
have been linked to memory consolidation [108]. Nitsche 
and colleagues examined the effect of DCS 100 mg on 
plasticity when co-administered with transcranial direct 
current stimulation and found that DCS significantly 
increased the duration of enhanced cortical excitability as 
measured by transcranial magnetic stimulation-elicited 
motor evoked potentials but DCS did not affect cortical 
excitability when administered alone [109]. 

RELEVANCE OF DCS EFFECTS ON MEMORY 
CONSOLIDATION TO SCHIZOPHRENIA�
 Although quite variable, individuals with schizophrenia 
have a broad range of cognitive impairments, including 
deficits in processing speed, episodic memory, working 
memory, and executive function. These impairments map 
onto functional deficits in medial temporal lobes [110, 111] 
and the prefrontal cortex [112] and are typically present prior 
to the onset of psychosis [113, 114]. Of note, contextual fear 
conditioning is relatively intact in schizophrenia, as is 

immediate recall of fear extinction [115, 116]. However, 
consolidation of contextual fear extinction measured 24 
hours after extinction training is impaired in individuals with 
schizophrenia compared to healthy controls [115, 116]. This 
impairment in 24 hour retention of fear extinction is 
associated with a failure to active vmPFC and with the 
presence of delusions independent of medication status 
[115]. Similarly, individuals with schizophrenia are able to 
learn a procedural learning task at a rate similar to healthy 
controls, but fail to consolidate this learning after 12 hours 
[117]. The failure to consolidate the procedural learning task 
was associated with a reduction in frequency and amplitude 
of slow-wave sleep spindles, which in turn was associated 
with severity of psychosis [118]. In contrast, the impairment 
in learning verbal and visual tasks appears to be primarily 
the result of deficits in encoding and early consolidation 
rather than later consolidation [119]. In addition to 
impairment of extinction learning, individuals with 
schizophrenia exhibit marked cognitive inflexibility on tests 
of set shifting and reversal learning [120, 121]. 

SINGLE AND INTERMITTENT DOSING OF DCS IN 
SCHIZOPHRENIA�

 A single dose of DCS 50 mg administered prior to the 
logical memory test of the Revised Wechsler Memory Scale 
had no effect on immediate recall of items or thematic units 
contained in a brief story compared to placebo in individuals 
with schizophrenia [122]. However, when recall was tested 
after 7 days, participants who received DCS recalled 
significantly more themes from the story than did subjects 
who received placebo (effect size 0.9). Recall of specific 
items of the story did not differ between groups. In contrast, 
DCS 50 mg did not affect immediate or 24 hour delayed 
recall on the logical memory test in healthy subjects [105]. 
Studies of sleep effects on memory in healthy individuals 
suggest that the “gist” of information rather than details are 
consolidated during sleep [123], which may account for the 
preferential effect of DCS on thematic recall in 
schizophrenia. In two placebo-controlled trials in subjects 
with schizophrenia, DCS 50 mg administered once-weekly 
added to second generation antipsychotics improved 
negative symptoms measured 7 days after the last dose  
of DCS [91, 122]. When added to an 8 week cognitive 
remediation training program that emphasized an auditory 
discrimination exercise, DCS significantly enhanced 
performance on the practiced auditory discrimination task 
but did not improve performance on tasks that were not 
practiced [91]. In fact, performance on other cognitive 
domains improved less in the DCS group than in the placebo 
group at a trend level of significance, suggesting that DCS 
enhancement of learning on a practiced task may come at the 
cost of less improvement in unpracticed cognitive tasks, 
consistent with use-dependent plasticity. DCS facilitation of 
learning on the auditory discrimination task appeared to be 
delayed in participants taking selective serotonin reuptake 
inhibitors (SSRIs), consistent with findings in DCS 
augmentation of CBT for OCD (Fig. 2) [38]. Finally, when a 
single dose of DCS 50 mg was combined with a cognitive 
behavioral therapy (CBT) exercise emphasizing cognitive 
flexibility in a placebo-controlled, two-session, random-
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order, crossover design, schizophrenia subjects who received 
DCS prior to the first CBT session demonstrated a large 
improvement in delusional severity compared to participants 
who received DCS prior to the second session (effect size 
0.8) [124]. This finding requires replication in a parallel-
group design, but is consistent with observations from animal 
studies that DCS preferentially enhances consolidation of 
novel memories but may not improve retention of training to 
which the animal was previously exposed [53]. A larger 
replication trial of DCS augmentation of CBT for delusions 
is currently underway. 

CONCLUSION�
 In summary, although strongly implicated in 
schizophrenia, the specific role of NMDA receptors in the 
production of symptoms remains unclear, as does the 
mechanism by which DCS may alleviate negative symptoms 
and memory deficits. During early neurodevelopment, 
NMDA receptors are critical for regulation of use-dependent 
neuronal survival and synaptic connectivity [125] and for the 
development and maintenance of PV+ interneurons which 
modulate brain synchrony [126]. These effects are critical for 
multiple aspects of cognition. In adulthood, NMDA 
receptors are involved in the neuroplastic adaptation to 
environmental change, such as learning in response to novel 
stimuli and reversal learning or extinction. Deficits in 
neuroplastic functions required for adaptation to a changing 
environment may result in persistence of delusions as well as 
diminished motivational response to new sources of reward. 
NMDA receptors also play an important role in the 
modulation of dopamine release as evidenced by the 
reduction by ketamine of striatal dopamine release in 
response to psychostimulant in healthy subjects which 
closely mimics the response to psychostimulant observed in 
schizophrenia subjects [127]. 

 The evidence from clinical trials of daily dosing with 
glycine site agonists in schizophrenia has been inconsistent 
and the evidence from single or intermittent dosing with 
DCS is sparse (Table 2). However, with daily dosing of 
glycine site agonists it appears that response of negative 
symptoms gradually evolves over a period of approximately 
6-8 weeks and tachyphylaxis has not been observed. In 
contrast, memory effects with DCS are produced by a single 
dose and rapidly are lost with repeated dosing, suggesting 
that different mechanisms underlie these two potential 
therapeutic actions. Daily dosing with the full agonists 
(glycine and D-serine) may be more effective than DCS for 
negative symptoms based on results from early trials [11], 
although an advantage for glycine over DCS was not evident 
in the head-to-head comparison provided by the CONSIST 
trial [12]. The poor brain penetrance of glycine and D-serine 
has raised the possibility that the full therapeutic potential of 
glycine site agonists has not been realized. However, the 
GlyT1 inhibitor, bitopertin, has good bioavailability and 
examination of CSF glycine concentrations in animals and 
human subjects in response to bitopertin, combined with PET 
ligand occupancy studies, revealed an inverted U-shaped 
dose response curve for response of negative symptoms 
[128]. Despite optimization of glycine concentrations, the 
effect of bitopertin on negative symptoms was not large [15] 

and was not replicated. One must be very cautious in 
interpreting indirect comparisons between agents that were 
studied under different conditions, however, the effect size 
of negative symptom response has been similar between 
positive trials of daily dosing with glycine, D-serine and 
DCS and with once-weekly dosing with DCS. Thus, in the 
absence of compelling data from head-to-head comparisons 
of these agents, the current clinical data are insufficient to 
determine whether the different pharmacologic actions of 
these agents at subpopulations of NMDA receptors confers 
therapeutic advantage, or whether the efficacy associated 
with intermittent dosing differs from daily dosing. The data 
are highly suggestive, however, that DCS differs from  
the other agents in provoking a worsening of psychotic 
symptoms at high doses. This effect appears to be limited to 
individuals with schizophrenia since it has not been observed 
in patients with anxiety disorders treated with high dose 
DCS [102]. DCS differs from D-serine and glycine primarily 
by possessing stronger agonist activity at GluN2C and 
weaker agonist activity at GluN2B subunit-containing 
receptors; the propensity for worsening of psychotic 
symptoms most likely is attributable to relative antagonism 
at GluN2B subunits. This explanation is supported by the 
finding that a GluN2B subunit-selective NMDA antagonist, 
CP101-606, was psychotomimetic in patients with depression 
at high doses [129]. DCS also is unique among glycine site 
agonists in worsening negative symptoms when added to 
clozapine [130]. This effect occurs at low doses of DCS, 
suggesting that clozapine may alter the pharmacodynamic 
activity of DCS, possibly by increasing endogenous glycine 
concentrations [131]. 

 Limited evidence has suggested that antagonism at 
GluN2B might be neuroprotective but could interfere with 
reversal learning and hence diminish cognitive flexibility. D-
serine in particular has been found to improve reversal 
learning in animal models, whether levels are increased by 
knock-out of D-amino acid oxidase or by direct 
administration of exogenous D-serine [132]. Interestingly, at 
high doses, DCS elevates D-serine levels in forebrain, but it 
is not clear if this effect is relevant in clinical trials in which 
much lower concentrations are achieved [59]. In healthy 
human subjects, ketamine impairs cognitive flexibility as 
reflected by increased perseverative errors on the Wisconsin 
Card Sorting Test (WCST) [8]; however, Tsai and 
colleagues did not find a reduction in perseverative errors on 
the WCST in schizophrenia subjects after six-weeks of daily 
dosing with D-serine [133]. In a study in which a single dose 
of DCS enhanced delayed thematic recall on the logical 
memory test, schizophrenia subjects who received placebo 
displayed a worsening of delayed recall compared to their 
performance at baseline—this worsening of performance 
may have resulted from proactive interference from the prior 
presentation of a different story at baseline [122]. The 
elimination of a proactive interference effect with DCS may 
represent, in part, an improvement in cognitive flexibility. 
Whether the ‘super agonist” effect of DCS at GluN2C-
containing NMDA receptors confers a unique benefit for 
memory enhancement remains to be determined. The 
observations of persistence of memory enhancing effects 
with single dosing, persistence of effects on negative 
symptoms with intermittent dosing, and loss of memory 
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effect with repeated dosing have only been made with DCS. 
Of interest, Glyx13, an NMDA partial agonist with 20% 
activity compared to glycine, enhanced memory following a 
single low dose and improved behaviors associated with 
depression following a higher dose in animal studies [134]. 
Glyx13 has recently been found to improve depression in 
patients [134], an effect that persists after a single dose and 
which has been linked to increased expression of GluN2B 
subunits in PFC [134]. Tolerance for Glyx 13 memory and 
antidepressant effects with repeated dosing has not been 
observed [134]. Answers to these questions await clinical 
trials with agents that are selective for NMDA receptor 
subtypes; partial allosteric positive and negative modulators 
with subunit selectivity are currently in development. The 
very promising results of trials of DCS enhancement of CBT 
for anxiety disorders and ketamine infusion for refractory 
depression clearly support the development of therapeutic 
strategies targeting neuroplasticity with agents acting at 
NMDA receptors. The optimal approach for enhancing 
neuroplasticity in schizophrenia remains to be clarified, but 
preliminary evidence with DCS is encouraging.�
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